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Abstract

Themajorproblemof roboticsresearchtodayis thatthereis abarrierto entryinto
roboticsresearch.Robotsystemsoftwareis complex anda researcherthatwishesto
concentrateononeparticularproblemoftenneedsto learnaboutdetails,dependencies
andintricaciesof thecompletesystem.This is becausea robotsystemneedsseveral
differentmodulesthatneedto communicateandexecutein parallel.

Todaythereis not muchcontrolledcomparisonsof algorithmsandsolutionsfor a
giventask,which is thestandardscienti�c methodof othersciences.Thereis alsovery
little sharingbetweengroupsandprojects,requiringcodeto be written from scratch
over andover again.

This thesisproposesa generalframework for robotics. By examiningsuccessful
systemsandarchitecturesof pastandpresent,yieldsanumberof key properties.Some
of theseareeaseof use,modularity, portability andef�ciency. Even thoughthereis
muchconsensuson that the hybrid deliberate/reactive is the bestarchitecturalmodel
thatthecommunityhasproducedsofar, a framework shouldnotstipulateaspeci�c ar-
chitecture.Insteadtheframework shouldenablethebuilding of differentarchitectures.
Suchaschemeimpliesthatthemodulesareseenascommonpeersandnotdividedinto
clientsandserversor forcedinto a setlayering.

Using a standardizedmiddlewaresuchasCORBA, ef�cient communicationcan
be carriedout betweendifferentplatformsandlanguages.Middlewarealsoprovides
network transparency which is valuablein distributedsystems.

Component-basedSoftwareEngineering(CBSE)is an approachthatcouldsolve
many of theaforementionedproblems.It enforcesmodularitywhich helpsto manage
complexity. Componentscanbe developedin isolation,sincealgorithmsareencap-
sulatedin componentswhereonly the interfacesneedto beknown by otherusers.A
completesystemcan be createdby assemblingcomponentsfrom different sources.
Comparisonsandsharingcangreatlybene�t from CBSE.

A component-basedframework calledORCA hasbeenimplementedwith thefol-
lowing characteristics.All communicationis carriedoutbeeitherof threecommunica-
tion patterns,query, sendandpush. Communicationis doneusingCORBA, although
mostof theCORBA codeis hiddenfor thedeveloperandcanin thefuturebereplaced
by othermechanisms.Objectsaretransportedbetweencomponentsin theform of the
CORBA valuetype.A componentmodelis speci�ed thatamongotherthingsinclude
supportfor a state-machine.This alsohandlesinitialization andsetsup communica-
tion. Con�guration is achieved by the presenceof an XML-�le per component.A
hardwareabstractionschemeis speci�ed thatbasicallyroutethecommunicationpat-
ternsright down to thehardwarelevel.

The framework hasbeenveri�ed by the implementationof a numberof working
systems.

Keywords: robotics,mobilerobots,autonomousrobots,component-basedsoftwareengi-
neering,softwarearchitectures.
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Chapter 1

Intr oduction

Robotscomein many shapesandsizesasthetermhasaquitebroadmeaning.It canbean
android,amanipulatorarm,a mechanicalcockroach,anairplaneor a cart.

Whatpeopleassociateto whenhearingtheword robotdifferssigni�cantly but is often
in�uencedby literatureand�lm. Herethethemeis usuallydystopicwherearti�cial super-
intelligent beingsthreatento take over the world. The conceptionof the generalpublic
of what the robotsof today actually can do, is usually quite far from the truth. Those
with knowledgeof the �eld know that we at besthave masteredto createmachineswith
intelligenceonparwith insects.

Thetermrobotcomesfrom robotawhich is a Czechword meaningforcedlabor. Un-
fortunatelyfor usSwedishroboticists,theword robot in Swedishis alsousedfor military
missiles.Automatedsoftwareprogramsthatcrawl theInternetarealsocalledrobots.This
thesishoweveronly dealswith robotsthathavephysicalinstantiation.

Thisintroductorychapterstartsbyprovidingashorthistoryof roboticsandthendemon-
stratesareasin whichrobotsarein use.Thenwede�ne somerobotcharacteristicsfollowed
by anaccountof theproblemsfacingroboticiststoday. Theintroductionendswith detail-
ing thecontributionsandanoutlineof thethesis.

1
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1.1 History

Therehasbeenacademicresearchwithin the �eld of roboticsfor somedecades,but the
underlyingideasaremucholder.

Robotsin the Literatur e

Theideaof arti�cial personsdatesbackat leastto ancientGreekmythology, e.g. in Pyg-
malion wherethe statueof Galateacameto life. Thereis also the golemfrom Jewish
legends,a clay monstercreatedby magic.Leonardoda Vinci designeddrawingsof a me-
chanicalknight, probablybasedon his anatomicalresearch.As the technologyadvanced
in theeighteenthandnineteenthcenturies,severalmechanicalcreatureswereconstructed.
In 1738Jacquesde Vaucansoncreatedan androidthat playedthe �ute, aswell asa me-
chanicalduckthatreportedlyateanddefecated.

The book Frankenstein, written in 1818by Mary Shelley, is analogousto the theme
of robotsreplacingtheir humancreators.This is further expressedin the classicmovie
Metropolis(1927).Similarconceptionsarefoundin horrormoviesfrom the�fties but also
in morerecentmoviessuchasBladeRunner(1982)andTheTerminator(1984). In Star
Wars (1977),theimageof robotswasmuchmorepositive.
The science�ction writer IsaacAsimov, createdthe ThreeLaws of Robotics(Asimov
1950):

1. A robotmaynot harma humanbeing,or, throughinaction,allow a humanbeingto
cometo harm.

2. A robot mustobey the ordersgiven to it by the humanbeings,exceptwheresuch
orderswould con�ict with theFirst Law.

3. A robotmustprotectits own existence,aslong assuchprotectiondoesnot con�ict
theFirst or SecondLaw.
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Modern History

Following is acollectionof samplemilestonesin themodernhistoryof mobilerobotics.

1953 A robotictortoisewascreatedfrom theideasof NorbertWiener, whofounded
the�eld of cybernetics, acombinationof informationscience,controltheory
andbiology.

1956 JosephEngelbergertogetherwith GeorgeDeroeformedthe�rst robotcom-
pany, calledUnimate.

1961 Unimateshipsthe�rst commercialrobot.
1968 Shakey wasconstructedat StanfordResearchInstitute (SRI). It featureda

televisioncameraandbumpersassensors.
1970 The Swedishcompany ASEA formeda industrial roboticsdivision (today

ABB Robotics)anddeliveredtheir �rst unit in 1974.
1973 KUKA developedanindustrialrobot.
1975 HILARE wasa robotprojectat LAAS in Toulouse,France.To perceive the

world it useda videocamera,laserrange�nder andultrasonicsensors.
1977 The StanfordCart usedstereovision in orderto navigate. Sincethe vision

processingwasslow, therobotonly movedaboutfour metersperhour.
1984 WasedaUniversityin Japanpresentedapiano-playinghumanoidrobot.
1990 Autonomoushighway driving at high speedwasdemonstratedat Carnegie

Mellon Institutein 1990with thevehicleNavlab5, aconvertedPontiacTrans
Sport.

1994 Dickmann's group in Munich demonstratedautonomousdriving through
heavy traf�c aroundParis.

1995 In a projectcalledNo HandsAcrossAmerica, Navlab 5 wasusedto drive
mostof theway from Pittsburgh to SanDiego.

1996 TheSwedishcompany Husqvarnaintroducedaroboticlawn mower.
1997 TheroverSojourneroperatedon thesurfaceof Mars.
1998 HONDA presentedthe�rst in a rangeof verysophisticatedhumanoids.
1999 SONYlaunchedtheirwell known AIBO dog,anentertainmentrobot.
2000 Electroluxshippedthe�rst roboticTrilobite vacuumcleaner.
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1.2 Usesof Robots

Therearemany usesof robotstoday, andmoreareanticipatedfor thefuture.Hereis a list
of someareas.

Industrial manufacturing Industrialrobotsgainedwideusein manufacturingplantsdur-
ing the1970s.Especiallytheautomotive industryhasreplacedmany humanlabor-
erswith robots.Thetypical industrialrobotis programmedto carryoutonespeci�c
task,suchasweldingor painting.

Mining Roboticvehiclesaredeployedwithin the mining industry, e.g. in Australiaand
Sweden.

Unmannedaerial vehicles(UAV) Flying vehiclesareprimarily in usefor military recon-
naissance.The Predator, an UnmannedAerial Vehicle(UAV) wasdeployed in the
1999Kosovo air campaignaswell asoverAfghanistanfrom 2001.

Underwater robots Underwaterrobotsareusedfor e.g.in cableinspectionandrepairing.

Automated cars Tremendousresearchhasgoneinto developingautomatedsystemsfor
ordinarycarsso that they canstayon theroadandavoid colliding with othervehi-
cles. Thesesystemsaremainly designedfor highwaysandperformvery well. A
conceptcalledplatooningmeansthatcarsdriveverycloselyspacedin orderto pro-
vide spacefor morevehicleson the road. This technologyis matureandsafe,but
thedeploymentis hinderedby humanattitudeandtheunsolvedinsurancesituation.

Service robots A servicerobotisasystemthatserviceshumanswherethecost/performance
ratio is bene�cial. Examplesaretheautomatedlawn mowerandvacuumcleaner. A
sophisticatedtype of servicerobot is the personalassistantrobot. Theseare not
commontodaybut areexpectedto haveagreatfuture.This is motivatedby anaging
populationin the WestandJapan.Robotscould hereaid the elderly with house-
hold taskssuchascleaning,cooking,andeven feeding. In hospitals,food-plates
andmedicinescanbedeliveredto therooms,andin of�ce environmentsmail canbe
deliveredto thestaff. Pyxis hasdelivered120Helpmaterobotic couriersto health
carefacilities. Anotherareaof serviceroboticsis actingastour-guidesin museums
andsimilarplaces.For avision for servicerobotics,see(Engelberger1989).

Bomb and mine disarming, hazardousenvir onments Tele-operatedrobotsarein wide-
spreaduseat taskswhereahumanwouldbeatrisk. For examplethepoliceusethem
for disarmingbombs.

Spacemissions Theuseof robotsin spaceexplorationis ratherwell-known to thegeneral
publicafterthesuccessfulmissionsto Mars.FirsttheSojourner(Figure1.1)in 1997,
thentheSpirit andOpportunityin 2004.Thereareotherusesof robotsin space,e.g.
in unloadingof cargoon-boardspaceshuttles.

A recenttopic for researchinvolveshaving multiple robotscooperatingin carryingout
tasks. This however hasnot yet reachedpracticalusesbut will undoubtedlydo in the
future.
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Figure1.1: TheSojournerrover.

1.3 Characteristicsof Robotics

Roboticsis a multi-faceted�eld coveringmany differentaspects.Herewe take a look at
threeof thethese.

Mobility

Realrobotsalwayshave moving parts. With mobile robotswe meanrobotsthat canlo-
comote,i.e. move in its entiretyin space.On theordinarygroundthis usuallymeansthe
robot haswheels,legs or tracks. If the robot actsin the air or underwater, surelyother
methodsof transportareused.

Industrialrobotsarealmostalwaysstationary, althoughthey usuallyhavemoving arms
(manipulators).This typeof robotdoesthennot qualify asa mobilerobot.For robotsthat
performfetch-and-carrytasksin an indoor setting,mobility is of coursea key property.
Likewise,robotsthatareusedoutdoorsgenerallyneedsmobility.

Autonomy

Anotherdegreeof freedomis autonomywhich describeshow independentfrom humans
a robot canoperate.At oneendis a robot that is fully controlledby a humanoperator,
suchasa tele-operatedbombdisarmingrobot. At the otherextreme,the robot is totally
autonomous.Mostwouldarguethatwe havenotyetachievedthis. We havehoweverseen
autonomousdriving in rushhour traf�c (Maureret al. 1995)andautonomous�ight over
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extendeddistances.But therobustnessto differentkindsof disturbancesis still limited, in
thesensethatthey havea hardtimecopingif 25%of thesensorsfail, or whenmechanical
failuresoccurs.

The notionof autonomyis tied to the level of disturbancesthat canbe handledin an
"intelligent" fashion.Tobeautonomous,therobotneedsto beabletoadaptreasonablywell
to unexpectedchangesin theenvironment.Theprimarymotivationfor theindustrialrobots
in wide usetoday, is it high degreeof repeatabilitythat ensurea homogeneousquality.
Suchsystemsrely on no or minimum sensing,and as suchrequireengineeringof the
environmentfor particulartasks.As suchthesystemis not termedautonomous.In order
to achieve a level of autonomy, awarenessof theworld surroundingis necessary. Robots
usesensorssuchassonarsandcamerasto obtainthis. Dealingwith sensorsthereforeforms
a majorpartfor anyoneworking with autonomousrobots.

A highdegreeof autonomydemandsthatreasoningandplanningarepartof thesystem.
The word intelligenceis sometimesusedin this area,but is not really a goodterm since
intelligenceis mostlyin theeyeof thebeholder. A robotcouldlook verysmartbut actually
have a very simpledesignandvice versa. For example,by addingspeechsynthesisand
recognition,a robotwill beperceivedasmuchsmarter.

On a sidenote,mostroboticistswould not agreethatthey areworking within the�eld
of arti�cial intelligence(AI), asthe �elds arefairly decouplednowadays.Nonethe less,
techniquesfrom AI areoften usedwhendevelopingautonomousrobots. Examplesare
arti�cial neuralnetworks,fuzzy logic anddifferentmethodsfor learningandplanning.

Versatility

Robotsareoften built to performonespeci�c task. Specializedrobotsareeasierto con-
structandcanbemademorerobust. Again, industrialrobotsserve to provideanexample
of this kind, but alsotheautomatedvacuumcleanerasit performsonly onefunction.

Otherrobots,suchasa personalassistantrobot,or roboticbutlers, shouldin contrast
beableto carryouta wide rangeof tasks.This putshigherdemandsonboththehardware
andsoftware.Robustnessis alsomuchharderto obtainin this kind of robot. Researchers
building anthropomorphicrobots(humanoidsakaandroids)evenhavehighergoals,asthey
strive to mimic thecapabilitiesof humanbeings.

This thesisis primarily concernedwith roboticsystemsthat are mobile, autonomous,and
versatile.

1.4 Problemsof Modern Robotics

Roboticsis alsoa multi-disciplined�eld. In encompassescontrol-theory, computersci-
ence,computerprogrammingandmathematics.Also electronics,mechanicsandmecha-
tronicsarenecessaryto build andmaintainthehardwareplatforms.

This thesisdealsfor themostpartwith thecomputersciencepartof robotics.However
bothhardwareandsoftwarerelatedproblemsarediscussedin this section.
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Hardware

Roboticswasinitially part of several �elds. The mostspectacularrobotswereprobably
derived from arti�cial intelligence,but efforts have alsobeenmadein mechanicalengi-
neering,controlengineering,sensorysystems,andvehiclestechnology, to mentiona few.
It wasonly recentlythat it wasrealizedthat thereis a needto integrateall of thesedisci-
plinesto facilitatedesignof systems.

Most researcherscomingfrom arti�cial intelligenceexperiencedthatmakingthe leap
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
shelfceaseto functionasthevendorsgooutof business,or to whichpartscannolongerbe
obtained.Constructingnew hardwareis alsoverycostly. Most labscannotafford to make
new designs,sotheevolutionof hardwareis quiteslow.

Thesituationtodayishowevermuchbetterthanit usedto be.A decadeago,researchers
hadto build their own hardware,but todayrobotscanbe readilypurchasedoff theshelf.
Thecostdeclineof computingpoweranddatastoragehasalsobeenbene�cial. Theareaof
sensinghasalsoimproved,e.g. camerasandlaser-range�ndershave becomesmallerand
cheaper.

Onespeci�c problemareaof robothardwareis thatof batteries.Powerconsumptionis
oftenhighandbatteriesusuallydonot lastlongerthanacoupleof hours.Batteriesarealso
very heavy which reducestheutility payload.Thereareexampleof robotsthatcandock
to a powersourceandrecharge,but this severelylimits therangeandversatility.

Figure1.2showsaSONYAIBO with hardwarepartsmarkedout,andFigure1.3shows
thesamerobotwith thecover platingremoved. Theseimagesgive a hint at how compli-
catedthemechanicalstructureof robotsusuallyneedto be.

Software

This sectionpinpointsthe mostimportantproblemsof roboticstoday, problemsthat this
thesisaimsto address.

Barrier to Entry

Autonomousrobotic systemsarewhat is called complex systems. They needto have a
numberof competencesin orderto function.Examplesof theseare:

� locomotion

� navigation

� sensorydatainterpretation

� localization

� planning
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Figure1.2: Externalview of theSONY AIBO.

Figure1.3: TheSONY AIBO with removedcover plating.
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� interactionwith humans

� obstacleavoidance

Every competencerequiresspeci�c domainknowledgefrom the developerand are
researchtopicsin themselves.Many researchersspecializein oneor moreof thesetopics,
whichusuallyinvolvesdevelopmentof algorithms.However, in orderto testacompetence
onarealrobot,acompletesystemis neededinvolving mostof theabovementioned.Many
of thesearerequiredto run in parallelandneedto communicatebothsynchronouslyand
asynchronously. This putsa tremendousburdenon thedeveloperif heor shehasto build
everythingfrom scratch.Evenfor aroboticslaboratoryinvolving severalpeople,theeffort
is still considerableto constructa completeand robust working system. The barrier to
entryinto roboticsresearchis thushigh. If themanpowerhasnotbeenavailableto furnish
acompletesoftwaresystem,puresimulationhasoftenbeentheonly alternative.

Comparisonand Veri�cation

Most other disciplinespride themselvesby following the standardscienti�c methodof
comparingdifferent solutionsand algorithmsin a controlledway. This hasbeenvery
dif�cult in theroboticscommunitysincebasicallyevery laboratoryhasbeenrunningtheir
own softwaresystem.Thesesystemsarenot compatible,soa programimplementingan
algorithmcannot readilybe executedat anothersite. Socomparingdifferentalgorithms
that try to solve the sameproblemhasbeenvery dif�cult. From this follows also that
verifying a solutionin differentenvironmentsandunderdifferentcircumstanceshasbeen
hard.

SoftwareRe-use

Anotherareawhichalsoneedsto bemastered,apartfrom thespeci�c domainknowledge,
is computerscience. Domain expertisein this areais often overlooked, and cannotbe
expectedfrom everyone.Too seldomhowever, arecomputerscientistscalledin to assist.
Theresultsareofteninferior solutionsthatarehardto re-useandmaintain.

As statedabove, thesituationtodayis thatmostresearchershave to write mostof the
codethey needthemselves. Codecannotbe sharedsinceeachpieceof software have
differentdependencies.Even re-usebetweenplatformsandsoftwaregenerationsat the
samelaboratoryis quiterare.

Re-useby adaptingsource-codeis possiblebut laborsomeanderror-prone.Only if the
sharedprogramsarein a binary formatcaneffective re-useandsharingbepossible.This
wouldalsoopenup for a marketof re-usablesoftware.

Conclusion

Theoverallconclusionis thatthemajorproblemsfor roboticstodaylie not in thehardware
but on the softwareside. Thereis however no shortageof well functioningand robust
algorithmsdevelopedby competentresearchers.The �eld hasmaturedandmostneeded
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tasksaretodayunderstoodandhavegoodsolutions.No, thebiggestproblemis thelackof
a standardizedframework in which theseresearcherscanplug their work without having
to hasslewith toomuchcomplexity.

Thesemodulesneedto be put in an elaboratesystemthat prescribesthe interfaces,
communicationmethodsand limitations that the modulesmust adhereto. The system
shouldalsoprovide servicesso that the individual modulescanbe madeascoherentand
simpleaspossible.A long list of requirementscanbemadefor a system.Herearesome
of themostimportantpropertiesthatcanberequired:

� modularity

� easeof use

� hardwareportability

� run-timeef�ciency

� extendabilityandscalability

� robustness

� run time �e xibility

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

1.5 Contributions

The contributionsof this thesisregardthestructuralprinciplesfor softwarearchitectures
for mobileautonomousrobots.A �rst iterationwasthe ISR (BERRA) architecture.This
systemwasanearlyexampleof a standardizedclient-server topologyexhibiting network
transparency. It wasdesignedandimplementedin cooperationwith MattiasLindström,
with anequalshare.

This systembecamea very successfuldemonstratorwith a large setof capabilities.
Severalabilitieswerealsoaddedby short-termguestresearchers,proving its extendability
andrelative easeof use. It hasbeenin operationon severalplatformsfor severalyearsat
theCentreof AutonomousSystemsat KTH andalsoat otherinstitutions.
ISR/BERRAis describedin thefollowing publications.

� Andersson,M., Oreback,A., Lindstrom,M. & Christensen,H. (1999),Intelligent
SensorBasedRobotics,SpringerVerlag,Heidelberg, chapterISR: An Intelligent
ServiceRobot.

� Lindstrom,M., Oreback,A., & Christensen,H.I.: BERRA: A research architec-
tur e for service robots, RoboticsandAutomation,2000. Proceedings.ICRA '00.
IEEEInternationalConferenceon,Volume:4 , 24-28April 2000Pages:3278- 3283
vol.4
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Next theemergingscienceof ComponentBasedSoftwareEngineering(CBSE)wasstudied
andthe implicationsfor roboticswereaddressed.TheconclusionswerethatCBSEcould
simplify:

� exchangeof softwarepartsbetweenlabs,allowing specialiststo focuson their par-
ticular �eld.

� comparisonof differentsolutions.

� startupin robotresearch.

Thework waspresentedin thefollowing paper:

� Oreback,Anders,Components in Intelligent Robotics Component-BasedSoft-
wareEngineering:Stateof theArt, MälardalenUniversity, 2000

An extensivecomparativestudywaslaterperformed,whereseveralexistingsoftwaresys-
temswereevaluated.This wasdoneby implementingthesamecapabilitieson oneplat-
form usingthedifferentsoftware.A numberof key principlesandcharacteristicscouldbe
de�ned from this studywhich is publishedin thefollowing journalarticle.

� AndersOreback& Henrik I. Christensen:Evaluation of Ar chitecturesfor Mobile
Robotics, AutonomousRobots,Volume14,Issue1, January2003,Pages33 - 49

The secondmajor designfor a new systemwaswithin the EU sponsoredprojectORO-
COS.The lessonslearnedfrom thepreviouswork resultedin a component-basedframe-
work. The systemis peer-basedwith standardizedcommunicationbut with very little
restrictionselsewherein thesystem.Therationalewasthatmany componentscannotbe
de�ned aseithera client or a server. A strict layeringis alsoabandonedfor thesamerea-
sons.Communicationpatternsplay en integral role. Furthermore,a hardwareabstraction
schemeis includedallowing for easyextensionof supportedhardware. This systemhas
beendeployedin anumberof projectsaroundtheworld. It hasbeenrenamedto ORCA,is
availableat Sourceforgeandhasanactiveuserbase.

This work hasnot beenpublishedelsewhereexcept for in this thesisand in reports
in connectionwith theevaluationfor EU. However oneapplicationusingthis systemhas
beendescribedin thefollowing conferencearticle.

� WenfengLi, DingfangChen,Christensen,H.I., & Oreback,A., An architecturefor
indoor navigation RoboticsandAutomation,2004.Proceedings.ICRA '04. 2004
IEEE InternationalConferenceon ,Volume:2 , 26 April-1 May 2004,Pages:1783-
1788
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1.6 Outline

Thethesisis comprisedof two mainparts.

Part I: Fundamentals

This �rst partaimsat providing a foundationonwhich thesecondpartis based.

Chapter 2: Robot Ar chitectures

This chaptercontainsa brief exposéof theevolution of softwarearchitectures.This will
give the readera senseof how the fundamentalview haschangedover theyearson how
robotsshouldbeprogrammed.

Chapter 3: SoftwareSystems

Herewe take a look at a numberof successfulsoftwaresystemsat closerdetail. While
chapter2 is at amoretheoreticallevel, theseareactualimplementations.

Chapter 4: SoftwareEngineering Issues

Softwareengineeringplaysa largerole whenimplementinga robotsystem.Thechoices
madehaveasigni�cant impactontheendresult.Hereweaddressissuessuchasoperating
systemsandcommunicationtechnologies.

Chapter 5: Development

Sincethe developmentof a pieceof softwarein practicenever reachesa �nal state,the
developmentenvironmentin�uencesthe daily life of a robot researcher. In this chapter,
developmentmethods,processesandtoolsarediscussed.

Part II: A Designfor RoboticsSoftware

This partof thethesisshows in somedetail thedesignandimplementationof a proposed
softwareframework for mobilerobotics.

Chapter 6: Intr oduction

In this chaptertheimportanttaskof stipulatingprerequisitesfor our framework is carried
out. Designingasystemthatshouldbeableto carryoutany taskin any environmentis not
feasible,solimitationsarede�ned for whatoursystemshouldbeableto do.

Chapter 7: Communication

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

Typesandobjectsthatareusedin roboticsis importantsinceit in�uencesperformancebut
alsoimplicitly de�nes a “world view”. This chapterde�nes the typesandobjectsof the
proposedsoftwaresystem.

Chapter 9: ComponentModel

A componentmodelservesthepurposeof establishinga standardfor developingcompo-
nentswithing the framework. This easesdevelopmentand interactionbetweencompo-
nents.In this chaptera proposedcomponentmodelis presented.

Chapter 10: HardwareAbstraction

In orderto provideportabilityacrossdifferenthardwareplatforms,a schemefor hardware
abstractionis veryvaluable.Sucha schemeis laid out in this chapter.

Chapter 11: Ar chitectureand Implementation

This chapteraddressesthe activity of assemblingdifferentcomponentsinto a complete
runningsoftwaresystem.Deploymentof thesystemis alsodiscussed.

Chapter 12: Summary and Futur eResearch

A summaryandasectionon futureresearchconcludesthethesis.
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Chapter 2

Robot Ar chitectures

This chapterintroducesthe fundamentalideasthat shapedrobot architecturesover time.
For in depthreadingon thissubject,seee.g.(Arkin 1998)or (Kortenkampet al. 1998).

The word architectureneedsa shortdiscussion.Traditionally, the word wasalways
usedwhendescribingthe softwaresystemsdevelopedfor robots. The architecturespre-
scribesand limits how the differentactivities in a systemare organizedandscheduled.
Recentlyhowever, moregeneralframeworkshave becomepopular. In theseframeworks,
modulescanbeassembledin orderto producemany differentarchitectures.

In this thesiswe make thefollowing distinction.An robotarchitecture is a theoretical,
organizationalview of the software. The implementationof an architecturebecomesa
system.An architecturecanactuallybeimplementedin anumberaways.Whengrounding
anarchitectureinto asystem,a lot of issues,suchascommunication,mustbesolved.This
is discussedin laterchapters.

2.1 Sense-Plan-Act

Early robotic directedat single functionsweredesignedascontrol systemswith a clear
feedbackmodel. A sensorgeneratesfeedback,which is comparedto the expectedfeed-
backwhich is derived from a modelof the system.Any deviation is usedto updatethe
control signalsoasto minimize theerror over time. As complexity grew andthe robots
neededto perform more thanone function, the perception-actionloop was extendedto
haveaplanningcomponent.Thiswasanaturallinearextensionbeyondtraditionalcontrol
towardscybernetics.Early AI, sometimesreferredto asGOFAI, goodold fashionedAI,
usedthismethodologyto build robotsystems.Thisresultedin ahierarchicalsystemhaving
anelaboratemodelof theworld, usingsensorsto updatethis model,andto draw conclu-
sionsbasedon theupdatedmodel. Actionswerenot a directconsequenceof perception.
This is sometimescalledthesense-plan-actparadigm.

Albusetal proposedtheReal-timeControlSystemreferencearchitectureRCS(Barbera
et al. 1984)which is a highly layeredsystem.Eachlayer consistsof four parts;sensory
processing,world modeling,taskdecompositionandvaluejudgment. All layerssharea

17
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globalmemorywhererepresentationalknowledgeis stored.TheUnitedStatesgovernment
evendecidedin themid 1980sto fund a standardarchitecturefor tele-roboticcontrol. It
wasjointly developedby NASA andNIST andwaswasbasedon RCSandcalledNAS-
REM (Albus et al. 1987). The architecturewasnever widely acceptedbut is still used
today. In fact it mustbeusedby thosecompetingfor contractsfor tele-operatedrobotsin
thespaceprogram.

Thesense-plan-actsystemsdid not performvery well, especiallyin dynamicandun-
predictableenvironments.Partly becauseof the dif�culty in the modelingof the world,
partly becauseof relying too muchon inadequatesensors.Most would saythat thecom-
plexity wasunderestimated.Anotherproblemwasthat of groundingsymbolsin reality.
Especiallysimulation,whichwastheusedextensively, suffersfrom this problem.

2.2 Behavior BasedSystems

In 1986Rodney Brooks revolutionizedthe �eld by presentingan architecturebasedon
purelyreactivebehaviorswith little or noknowledgeof theworld. Brooksusedthephrase

Planningis just a wayof avoiding�guring outwhatto donext.

Brookscalledit thesubsumptionarchitecture(Brooks1986).
The architectureconsistsof horizontallayers,not vertical layersasin the state-plan-

act architectures.Eachlayer hasa distinct taskandthey all executeasynchronouslyand
concurrently. Avoid-ObjectsandExploreareexamplesof layer tasks. A priority-based
coordinationis achievedby inhibition andsuppression.Communicationbetweenlayersis
allowedbut only at low bandwidth.Lower layershave no notionof higherlayers,which
makesthesystemeasyto extend.Morerecentwork by Brooksis COG(Brooksetal.1999).
COGis basedon theideaof developmentalpsychology, in which thesetof behaviors are
acquiredover time from simple to complex. The rational is that the interplay between
control,representationandplanningmightbetoocomplex to beengineeredinto asystem,
so it might be bene�cial to uselearningfor this. To testscalabilitybeyond triviality, an
upper-body torsohasbeenconstructedwith humanlike competenciesin termsof motor
control.

Anotherbehavior-basedapproachthatsurfacedshortlyafterthesubsumptionarchitec-
turewasmotorschemas(Arkin 1989). Examplesof schemasare;Move-ahead,Move-to-
goal, Noise, Avoid-obstacle. Eachmotorschema(behavior) outputsa vector(orientation
andmagnitude).Vectorsfrom all activeschemasaresimplysummed.

TheReactive Action Packages(RAPs)(Firby 1989),shouldalsobementioned.It lies
in betweenthebehavior basedandhierarchicalmethods.RAPsaretaskbasedratherthen
behavior based,andreliesheavily on a world model. In the architecture,a setof task-
situationsareidenti�ed andfor eachof thesea methodis described.Themethodscontain
sequencesof stepsthat areto be taken in order to accomplishthe task. Several systems
werebuilt uponRAPs.
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Figure2.1: Thehybriddeliberative architecture.(No verticalmessagingshown.)

2.3 Hybrid Systems

Robotsthat were running reactive behavior basedsystemsperformedvery well, also in
changingenvironments.However, thepurelyreactiveschemeis notcapableof performing
complex tasks.

A hybridapproach,combininglow-level reactivebehaviorswith higherlevel delibera-
tion andreasoning,hassincethenbeencommonamongresearcherse.g.(Arkin 1990).

Thehybrid systemsareusuallymodeledashaving threelayers;onedeliberative, one
reactiveandonemiddlelayer.

The Reactive Layer

Thereactive layerof a hybridsystemis oftenbehavior based.This meansthatthesubsys-
temconsistsof separatebehaviors runningin parallel,whereeachbehavior hasonespec-
i�ed non-complex task. Examplebehaviors aregoto-goal,avoid-obstaclesandtraverse-
door.

The behaviors representsa tight coupling from the sensorsto the actuators.Part of
thereactive layerarealsosensorsandactuators.Sensorsproducedatathatarepassedon
to oneor moreconcurrentlyrunningbehaviors. Sensorfusionmodulescanextracthigher
level datafrom two or moresensors.

Sinceseveralbehaviors canbe active at thesametime, the resultsmustbe fusedinto
a singlecrispactuatorcommand.This is donein anactuatorcommandfusionmodule.A
modelof a generichybriddeliberativearchitecturecanbeseenin Figure2.1.

Thecalculationsin thereactive layershouldbecarriedout in nearreal-timefor safety-
critical considerations.Themodulesin this layerarenormallystateless.
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The Deliberative Layer

Thedeliberative layerhandles

� missionplanningandreasoning,

� localization,

� pathplanning,

� andinteractionwith humanoperators

Hereis the global stateof thesystemdecided.Differenttypesof state-machinescan
beusedhere.Oftenplanningis viewedascon�gurationof underlyinglayers.Tasksin this
layer areallowed to becomputationallyexpensive andtherefortake relatively long time.
Ideally, thislayershouldbeoccupiedwith preparingfor activitiesin thefuture.But in most
implementations,this layeris dormantasthereactivelayeris active,exceptfor monitoring
humaninteraction.Learningtechniquescanbedeployedthatmakesthesystemmorefault
tolerant.

Localizationmeanshaving an á priori map of the world and comparingperceptual
inputsto this map.Whetherthis taskbelongsto thedeliberative layercanbedebated,but
is putheresinceit oftenis verytimeconsuming.It shouldbenotedthatahotresearchtopic
is having therobotautomaticallyconstructthemapasit navigatesnew environments.

Thereareseveralalgorithmsfor path-planning,A* beingaaverycommonone.A path-
plannershouldtake into accountdistancesbut alsothetime it takesto reachthetargets.If
routeis blocked,theplannershouldbeableto rerouteif possible.

Interactionwith humanscanbe throughe.g. keyboardor speech.A syntaxandvo-
cabulary needto bede�ned aswell ascommonreferencepointsin theworld. Thehuman
input needto beparsedandtranslatedinto commandsthatmakessensefor therobot.

Obviously theskills andcomplexity thatareneededin thedeliberativelayerarehighly
relatedto theamountof autonomyoneis seeking.

The SequencerLayer

The middle layer, often called either the sequencerlayer, or supervisorylayer, bridges
thegapbetweenthedeliberativeandthereactive layers.Its basicfunctionis to rewire the
reactivelayeraccordingto aglobalstateobtainedfrom thedeliberativelayer, thusdeciding
which setof behaviors thatshouldberunning. It shouldmonitor thereactive layerandbe
informedof whenstepsaredone,but alsocatchinstanceswherethe reactive layer fails.
It could thenexecuteauxiliary plansor surrendercontrol to the deliberative layer. The
sequencercane.g.berule-basedor a �nite statemachine.

2.4 LessonsLearned

The hybrid deliberate/reactive hasprovenvery successful,practicalandrobust in a large
numberof implementations,andthereis generalagreementthat this the besttype of ar-
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chitecturethat thecommunityhasproduced.However, sometypeof modulesarehardto
forceinto any particularlayer, sothestrict layeringcanbeopenfor discussion.

Whenconstructinga generalframework, no speci�c architectureshouldbeenforced.
Nevertheless,good supportfor builders of the hybrid deliberate/reactive architectureis
important.This impliese.g.parallelexecutionof behaviors.





Chapter 3

Software Systems

Thischapterpresentsanumberof implementedroboticsystems.Theselectionis basedon
success,popularityandto a certaindegreefame,but is by nomeanscomplete.At �rst we
look at someof thepropertiesby whicha systemcanbedescribed

3.1 Properties

As statedin section1.4, therearea numberof propertiesthatcanbede�ned for a system.
Herearethesameonesnotedagainaswell asa coupleof more:

� easeof use

� portability

� ef�ciency

� generalizability

� versatility

� extendabilityandscalability

� processdistribution

� documentation

� easeof development

Easeof userefersto whetherthesystemis easyto install, execute,andnot leastof all,
shutdown. Portability meansif thesoftwarecanbe run on differenthardwareplatforms
anddifferentoperatingsystems.Ef�ciency is abouttheruntimeoverheadwhich is de�ned
by memoryandCPU requirements.Generalizability is a measurementon how mucha
systemimposesa certainarchitecture.Versatility, asstatedin section1.3, refersto if the
systemis designedto carryoutmany or just onetask.

23
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Extendabilityrefersto whetherthereis supportfor addingnew softwaremodulesand
also indeedhardwaredevices. A systemis saidto be scalableif the addingof modules
without the systembeingboggeddown, which might be the casewherea bottle-neckis
presentin the system. Researchenvironmentstendto evolve in termsof both hardware
andsoftware.Addingnew sensorsis prettymuchastandardactivity in suchenvironments.
In termsof software, in behavior basedsystemsthe additionof new behaviors is alsoa
commonpractice.

A robotsoftwaresystemcanberunningin onesingleprocess,in severalprocessesona
singlehost,or onprocessesspreadoverseveralhosts.Thelattertypeof systemsarecalled
distributed. Obviously this presentsboth prosandcons. The prosare that the load can
bespreadover severalmachines.Robustnessis alsoincreasedsinceif a modulecrashes,
it will not necessarilybring down the whole systemwith it. Insteadthe faulting module
can restartedor exchanged.The consaree.g. increasedcomplexity andmoredif�cult
debugging.

Documentationis very importantfor developersaswell asfor users.Documentingis
unfortunatelynot thefavorite activity of mostprogrammers.Relatedto documentationis
easeof development. This refersto how easyit is for otherdevelopersto addnew modules
to, rewrite, or debuga system.
See(Orebäck& Christensen2003)for moreonevaluatingpropertiesof roboticsystems.

3.2 AuRA

Theconceptof thehybrid deliberativearchitectureis generallyattributedto Arkin (Arkin
1986,Arkin 1987). The approachwas implementedin the AuRA architecture.AuRA
consistsof a missionplanner, a spatialreasoner(pathplanner),a plan sequencer, anda
reactive system.Thereactive systemis basedon motorschemas(section 2.2). A schema
managercontrolsandmonitorsthe behavioral processesduring execution. A graphical
view of thearchitecturecanbeseenin Figure3.1.

Eachbehavior is associatedwith aperceptualschemathatprovidesthestimulusthatthe
behavior requires.Thecontrolcommandsfrom thebehaviorsaresummedandnormalized
in aspecialprocessandthensentto thehardware.

AuRA is very modularand�e xible. Severalof themoduleshave beenreplacedover
time. Learninghasalsobeenincorporatedin variousforms. AuRA hasgoodgeneraliz-
ability which hasallowed it to be usedfor a wide rangeof tasks,suchasmanufacturing,
indoorandoutdoornavigation,mobilemanipulation,andmilitary scenarios.

Ourconclusionis thatAuRA hasanumberof strengthsthathasattributedto itssuccess.
Oneis modularitywhich helpsextendabilityandeaseof development.It doeshave some
generalizabilitybut it doesimposea certainarchitecture.

3.3 TaskControl Ar chitecture (TCA)

The Task Control Architecture(TCA)((Simmons1994)) includescapabilitiesfor both
inter-processcommunicationsandtask-level control. The inter-processcommunications
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Figure3.1: TheAuRA architecture.

featuresanonymoussocket-basedcommunicationusingTCP/IP that supportsboth pub-
lish/subscribeandclient/server modesof messagepassing.TCA alsosupportsautomatic
marshalingandunmarshallingof databasedona formatde�nition language.All commu-
nicationsin TCA areroutedthrougha centralserver, whichcanlog all messagetraf�c.

The task-level control portion of TCA includescapabilitiesfor hierarchicaltaskde-
composition,tasksequencingandsynchronization,resourcemanagement,executionmon-
itoring, andexceptionhandling.By "task-level", is meanttheintegrationandcoordination
of perception,planningandreal-timecontrol to achieve a given setof goals(tasks). A
centralserverdispatchestasks.

TCA canbethoughtof asa robotoperatingsystemandcanbeusedfor a wide variety
of robots,tasks,andenvironments.Oneexampleis theXAVIER robot (O'Sullivanet al.
1997)thathasbeendevelopedatCMU. Thesystemiscomposedof four layerswith speci�c
functions:taskplanning,pathplanning,navigation,andobstacleavoidance.

Later, thepropertiesof TCA wasrewritten split into two packages,IPC (Inter-Process
Communications)andTCM (TaskControlManagement).IPChascommunicationfeatures
similar to TCA but alsopeer-to-peercommunicationsaswell asothernew enhancements.
TCM is acompletereimplementation,written in C++,of theTCA task-level controlcapa-
bilities.

Later the TaskDescriptionLanguage(TDL)(Simmons& Apfelbaum1998)wasde-
veloped. TDL is a supersetof C++ that includesexplicit syntaxfor task-level control
capabilities.Theobjectivewasto facilitatewriting task-level controlprogramsby embed-
ding suchsyntaxin a languagefamiliar to roboticists.TDLC, a translatorwritten in Java,
transformsTDL codeto pureC++.Morerecently, TDL hasbeenextendedto work in a
distributedfashion,MTDL (Multi-TDL).
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Figure3.2: TheSaphirasystem.

TCA and its successorshave beendeployed in a large numberof projectsat CMU,
NASA, andelsewhere.Thetask-controlpartstipulatesaspeci�c architecturebut thecom-
municationspartisgeneralenoughto suitmostpeoplebut thesocket-basedapproachmight
betoorestrictive to providea generalframework.

3.4 Saphira

SAPHIRA (Konolige& Myers1996)is a robotcontrolsystemdevelopedat SRI Interna-
tional'sArti�cial IntelligenceCenter. It was�rst developedin conjunctionwith theFlakey
mobile robotproject(Saf�otti et al. 1993),asan integratedarchitecturefor robotpercep-
tion andaction.Thesoftwarerunsa reactive planningsystemwith a fuzzy controllerand
a behavior sequencer.

Thereareintegratedroutinesfor sonarsensorinterpretation,mapbuilding, andnaviga-
tion. At thecenterof thearchitectureis theLocal PerceptualSpace(LPS),seeFigure3.2.
It accommodatesvariouslevelsof interpretationof sensorinformation,aswell asa priori
informationfrom sourcessuchasgeometricmaps. The main systemconsistsof a robot
server thatmanagesthehardware,andSaphirawhich is aclient to this server.

Saphirahasbeenimplementedon a numberof differentoperatingsystemsandin ad-
dition an API acrossa numberof languageshasbeendeveloped,in particularto support
differenttypesof experimentsfrom low-level control to taskplanning. Thereareseveral
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Figure3.3: A Teambotssoccersimulation.

codingmethodsusedin theSaphiraarchitecture.Thecoreof thesystemis programmedin
theC language.A specialhigh-level interpretedlanguagehasbeendesignedcalledColbert
(Konolige1997). It hasa C-like syntaxwith semanticsbasedon �nite statemachines.A
partof Saphirais written in LISP.

Oneratherconfusingmatteris thedistinctionbetweenactivities,processes,behaviors,
tasksandroutines.The learningcurve is thussteepto masterthesystemat a reasonable
level althoughcolbertpresentsa convenientscriptinglanguage.Therobotserver concept
is crudeandmeansthat portability is dif�cult. All sensorandcontrol datapassthrough
onecommunicationchannel.Both this andthe LPS arepotentialbottle-necks.The fact
that fuzzy logic control is basicallymandatedby Saphiraputsunnecessaryrestrictionson
theprogrammer.

3.5 Teambots

TeamBots(Balch2000)is a Java-basedcollectionof applicationprogramsandJava pack-
agesfor single-andmulti-agentmobileroboticsresearch.A verylargecollectionof classes
andinterfacesareavailablefor developingnew software.

Oneselectionof theseclassesis calledClaywhich is apackageof Javaclassesthatcan
becombinedto createbehavior-basedrobotcontrolsystems.Clay takesadvantageof Java
syntaxto facilitatecombining,blendingandabstractionof behaviors. Clay canbe used
to createsimplereactivesystemsor complex hierarchicalcon�gurationswith learningand
memory. A basicinterfaceis inheritedby all robot classes.TeamBotsis widely usedin
researchandeducation.It hasbeenportedto a numberof robot platforms. TeamBotsis
primarily constructedfor simulation,andit hasaneasyto usegraphicalinterfacefor such
purposes(seeFigure3.3).
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TheTeamBotsarchitecturehasnorealdeliberationlayerbut doescontainmethodsfor
sequencingof tasks.

TeamBotsis entirely built in JAVA andthe sourcehasbeencarefully groupedinto a
collectionof �ne grainedclasses.TeamBotscanthusberunonbasicallyall platformsthat
supportJAVA. This includesmosttypesof UNIX, MS Windows,aswell asMacOS.Note
thatin orderto runonarealrobot,theactualhardwaremustbesupportedby devicedrivers.
Thedevicedriversaretypically realizedby usingJNI (JavaNative Interface)whichwraps
platform-speci�cfunctionality.

Many peopleconsiderJava to beinappropriatefor a time critical systemlike thatof a
robot. It canbe easilyshown thata largeportion of the time that thesystemspendsin a
control loop, consistsof calls to thehardware.This is totally irrespectiveof theprogram-
ming languageused.Thereis alsothepossibilityof usingJNI to embedtime critical code
written in otherlanguages.

Teambotscouldbe calleda generalframework but doesstipulatean architecture,es-
pecially regardingrobot control. It is also a single processapplicationwhich makes it
non-distributableandlessrobust.

3.6 BERRA

BERRA (BEhavior basedRobot ResearchArchitecture)(Lindström et al. 2000), is an
architecturewith the primary designgoalsof scalabilityand�e xibility . All components
are heavy weight processesand can be transparentlyplacedanywhereon the network.
The implementedsystemmakesheavy useof theAdaptive CommunicationEnvironment
(ACE) (Schmidt1994)package.By usingthis package,OS dependentsystemcalls are
wrapped,allowing for portabilityacrossawide rangeof OperatingSystems.

ACEalsoincludespowerful patternsfor client/servercommunicationandservicefunc-
tions(Schmidt& Suda1994)which areusedin thesystem.Theimplementedsystemhas
beentestedin a signi�cant numberof missionsin the lab, whereoneroom hasbeenset
up asan ordinaryliving room(Anderssonet al. 1999). An abstractrepresentationof the
BERRA architectureis shown in Figure3.4.

Sensorsandsensorfusion modulesarecalledresources. Controllers representboth
theactuatorsandactuatorcommandfusers.Themiddlelayeris calledtheTaskExecution
Layer. BERRA hasbeentestedon SolarisandLinux andit hasbe evaluatedon a range
of differentplatformsincluding Nomadic200, NomadicScout,NomadicXR4000,and
ActivMedia Pioneer. Theoretically, all platformssupportedby ACE canbe considered.
BERRA is writtenentirelyin C++.

The BERRA systemclearly separatesthe systeminto IPC, componentarchitecture,
and control. The multi-processbehavior basedschemeprovidesgood performancebut
alsomakesit hardto debug. It is poorly documentedwhich makesis hardto useandto
extend.
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Figure3.4: TheBERRA system.

3.7 Smartsoft

Smartsoft(Schlegel& Wörz1999,Schlegel2004)is acomponentframeworkandarchitec-
turefor robotsystems.Smartsoftis in many waysverysimilar to BERRA.Oneinteresting
differenceis thatat thecoreof theframework area numberof communicationpatterns.

� AutoUpdateTimed

� AutoUpdateNewest

� Command

� Query

� Event

� Con�guration

TheAutoUpdatepatternis oftenreferredto asPush. It is a subscriptionbasedconcept
usedwhenclientswantnew dataassoonasit is ready. Typical usesarewhenbehaviors
consumedatafrom sensor-dataservers.

In theTimedversion,whenclientsissuea subscription,a valueis passedalongnoting
thedesiredtime interval betweenupdates.Thiscanalsobecalledsynchronousmode.

In theNewestversion,theclientswantupdatesassoonasnew databecomesavailable,
nomatterhow longor shortthetimeinterval is. Thiscanbecalledanasynchronousmode.

Queryis likeamethod-callreturningavalue.Thecall canoptionallyhaveaparameter.
This resembleswhatis oftenreferredto asPull.

Commandis asimplenon-returning(likevoid in C/C++)method-call.
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In theEventpattern,theclient askstheserver to continuouslyevaluatea booleanex-
pression,andto inform theclientwhentheexpressionreturnstrue.

Con�gurationis aratherSmartSoft-speci�cpatternwhereclientscansetandquerythe
internalstateof aserver.

The communicationis socket-basedbut was later rewritten to useCORBA (section
4.3).Thecomponentframeworkprovidesverygoodcommunicationbut is toocomplicated
andin a sensehierarchical.Thecomponentsinternalstateis e.g. alwayscontrolledfrom
theoutside,somethingnoteveryoneagreeswith.

3.8 Player/Stage

Player(Gerkey et al. 2001,Gerkey et al. 2003)is a robot device server developedat the
Universityof SouthernCaliforniaRoboticsResearchLabs.Playeris asocket-baseddevice
serverthatallowscontrolof awidevarietyof roboticsensorsandactuators.Playerexecutes
ona machinethatis physicallyconnectedto acollectionof suchdevicesandoffersa TCP
socket interfaceto clientsthatwish to controlthem.

Clientsconnectto Playerandcommunicatewith thedevicesby exchangingmessages
with Playerovera TCPsocket. In this way, Playeris similar to otherdevice servers,such
asthestandardUNIX printerdaemonlpd. Like thoseservers,Playercansupportmultiple
clients concurrently, eachon a different socket. BecausePlayers external interfaceis
simply a TCP socket, client programscanbe written in any programminglanguagethat
providessocketsupport.

In orderto provide a uniform abstractionfor a variety of devices,Playerfollows the
UNIX modelof treatingdevicesas�les. Thusthe familiar �le semanticshold for Player
devices.For example,to begin receiving sensorreadings,theclient openstheappropriate
device with readaccess;likewise,beforecontrollinganactuator, theclient mustopenthe
appropriatedevice with write access.In additionto theasynchronousdataandcommand
streams,thereis a request/replymechanism,akin to ioctl(), thatclientscanuseto getand
setcon�guration informationfor Playerdevices. Several clientscanconnectsimultane-
ously to a device asthereis no locking mechanism.Device interfacesareseparatedfrom
devicedrivers.

Stagesimulatesapopulationof mobilerobotsmoving in andsensingatwo-dimensional
bitmappedenvironment. Varioussensormodelsareprovided, including sonar, scanning
laserrange-�nder, pan-tilt-zoomcamerawith color blob detectionandodometry. Stage
devices presenta standardPlayerinterfaceso few or no changesare requiredto move
betweensimulationandhardware.

ThePlayer/Stageprojectoffersa device abstractionacrossroboticsplatformsbe it in
simulationor physically instantiated,however it doesnot imposeany architecturalcon-
straintssoit may, at leastin principle,beusedwith many of theothersystemsdescribedin
this section.

The Player/Stageprojecthasbecomevery popularandwidely used. The successis
undoubtedlybecauseof theopenandunrestrictivenatureof thesystem.Therearehowever
somedrawbacks. It is using a client-server model and not a peer-to-peermodel. The
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messageformatsareratherstatic. It alsomakesa numberof assumptionsabouthardware
whichmake it hardto port someplatforms.

3.9 LessonsLearned

Quite a few lessonscan learnedfrom this study. Unlessyou really want to imposea
architecturalconstraints,the systemshouldbe as �e xible andgeneralaspossible. This
alsoimpliesa peer-to-peermodelwithout centralservers.

Communicationshouldbe separatedfrom the restof the framework. Theconceptof
communicationpatternsasusedin Smartsoftis veryattractive. Furthermore,hardwareab-
stractionshouldbeemphasizedin orderto ensureportability betweenhardwareplatforms
andto easethe addingof sensors.Documentationis often a problem. This is of course
relatedto easeof use.But eventhebestdocumentationcannotmakeup for acomplicated
design.

Notableis that few systemshave a fully �edged planner/deliberationsystem.This is
likely becauseit is oftenthelastpartof asystemthatgetsattention.It is alsocomplex and
requiresspeci�c domainknowledge.Thisknowledgeis probablyrarein robotlaboratories
today.

Regardingprogramminglanguage,many systemsarebasedon C++. Otherlanguages
arepossible,but at leastaC++ apiwouldbegood.Anotherobservationis thatreal-timeis
rarelya majordesigncriteria.





Chapter 4

Software Engineering Issues

Goingfrom theoryto practice,to actuallyimplementa system,presentsa wholerangeof
problemsanddesigndecisionsto bemade.Onehasto chooseoperatingsystem,program-
ming language,andwhatever toolsandlibrariesto use.Theseissueswill bediscussedin
thischapter.

4.1 Operating Systems

The operatingsystem(OS), takescareof several importanttasksin a computersystem,
suchas

� handlingof hardware,

� providing a �le system,

� schedulinguserprograms,

� handlingof security, and

� providing anumberof servicesfor userprograms.

All of theseitemsareessentialandarepresentin any standardOS.Recommendedreading
on this matteris theclassicbook(Tanenbaum& S.Woodhull1987,1997).

BasicPropertiesand Services

Hereis a list of propertiesthatmayor notbesupportedby anOS,

� multi-tasking,

� multi-CPUsupport,

� multi-user,

33
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� threading,

� network communication.

Therearehoweveranumberof low-level servicesthatareimportantfor arobotapplication
programmer. Theseincludesemaphores,signals,sharedmemory, pipes,�fos, andsockets.
Thereareotherconsiderationsto take into accountsuchasavailablesoftware,tools and
hardwaresupport.

Thepropertiesandservicesneededfrom theOSin a roboticsystemof coursedepends
on what typeof systemthatoneis constructing.Multi-taskingis needede.g. wheremul-
tiple behaviorswill beexecutingconcurrently. IPC(InterProcessCommunication)is then
alsorequired.Network communicationis neededfor a distributedsystem.

Fortunately, all of theabovepropertiesareavailablein modernoperatingsystemssuch
asrecentversionsof Windows anddialectsof UNIX. Granted,differencesexist e.g. re-
gardingprocessesandthreads.A potentiallist includes:

� WindowsXP/NT/2000

� SunSolaris

� Linux

� QNX

� VxWorks

Real-Time

Operatingsystemscanalsobe eitherreal-timeor non real-time. Strictly speaking,there
aresomethat areconsideredto be in between(soft real-time),but that distinctionis not
madehere.In theservicerobotics�eld, real-timeoperatingsystemsarerarelyused.Thisis
becausehardreal-timepropertiesarenotreallynecessary, normalOS'sprovidesatisfactory
timely execution.A mobile robotdoesnot really have to reactto obstaclesfasterthanin
the orderof tenthsof a second(comparehumans). But if the robot is equippedwith a
manipulator, real-timemust be used. This is becauseit is neededto perform the �ne
controlnecessaryto pick up objects,andfor safetyreasons.It is actuallymoredangerous
to be hit by a robotic arm thanby a robot moving around. A commonmisconceptionis
thatreal-timehasto do with speed.This is not true,it is a questionof guaranteeingthata
taskwill beexecutedwithin a giventime-frameor not.

Linux

Linux is todaythe mostwidely usedOS in robotics. Therearea numberof reasonsfor
this.

� is basedon theGNU toolsandenvironment
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� is opensourcewith a freelicense

� goodhardwaresupport

� is well documented

� hasnomonetarycost

� hasexcellentperformanceandstability

Regardinghardwaresupport,it maynotalwaysbethe�rst OStosupportnew hardware,
anduncommonhardwaremight not besupportedat all. This issueis however constantly
improving.

Linux is not real-time,althoughmoreandmorereal-timecapabilitiesarebroughtinto
thestockkernel. Beforetheeraof Linux, Microsoft DOSwasmany timesused.Among
the real-timeOS's, QNX andvxWorks usedto be the mostpopular. However, the trend
movestowardsusingtheLinux versionsRTLinux andRTAI. Especiallythe latter, asthe
RTLinux is encumberedwith patents.

4.2 Object Oriented Programming

Quitecontraryto commonbelief,object-orientedprogrammingis notverynew. It �rst saw
thelight of dayin theprogramminglanguageSimula67developedat theNorwegianCom-
putingCenter, Oslo,Norwayby Ole-JohanDahl andKristenNygaard.Simulaintroduced
importantobject-orientedprogrammingconceptslike classesandobjects,inheritance,ab-
stractdatatypes,anddynamicbinding.Alan Kay'sgroupatXeroxPARC usedSimulaasa
platformfor theirdevelopmentof SmalltalkandBjarneStroustrupstartedhisdevelopment
of C++ (in the 1980s)by bringing the key conceptsof Simula into the C programming
language.Object-orientedprogrammingis todaybecomingthedominantstyle for imple-
mentingcomplex programswith large numbersof interactingcomponents.Among the
multitudeof object-orientedlanguageareEiffel, Eifeel andPROLOG. In particularthe
Internet-relatedJava (developedby Sun)hasrapidlybecomewidely usedin recentyears.

In robotics,C wasthepredominantlanguageup until themid nineties.Thereasonfor
this is probablythefact that roboticshasbeenvery closelyrelatedto programminghard-
ware.Eventoday, devicedriversandhardwareAPI'saregenerallywritten in C. Obtaining
the highestpossibleexecutionspeedhasalsobeendesirable,andalthoughnot necessar-
ily true, C waswidely attributedasbeingthe fastestoption. As the ambition,size,and
complexity of roboticsprojectsgrew, the needfor propertieslike encapsulation,separa-
tion of concerns,andcodereusebecamemoreimportant. Sincethen,mostmembersof
theroboticscommunityhave beenusingC++ andlately we have seensystemsbeingpro-
grammedin JAVA.



36 CHAPTER4. SOFTWARE ENGINEERINGISSUES

4.3 Communication

A key featurein a robot systemis a reliable and ef�cient communicationmechanism.
Modulesneedto exchangedatasuchassensordataandeventssuchasemergency stop
commands.Runtimemonitoringanderrorhandlingarealsoof greatimportance.

Roboticsystemsareoftendistributedover a numberof hosts.This happenswhenthe
load is too high for theon-boardprocessingpower andoff-boardcomputersareneeded.
Evensinglevehiclesaremoreandmoreequippedwith morethanonecomputer. Distribu-
tion is alsointegralin sensornetworksandmulti-robotsystems.Anothersituationis during
thedevelopmentphase,whereit is convenientto work atadesktopcomputercontrollinga
remoterobot.

Communication Technologies

Operatingsystemsprovidevarioussupportfor interprocesscommunication(IPC).Sockets
andsharedmemoryareprobablythemostencounteredmechanismswithin robotics.

UNIX sockets Protocolfor connectionsbetweenprocesseson thesamemachine.

INET sockets Protocolfor connectionsbetweenprocessesondifferentmachines.

Sharedmemory A communicationover sharedmemorycanbe usedbetweenprocesses
what cansharea commonmemoryblock. This is preferablyusedwhenthereare
largechunksof informationthatneedsto betransferredfast,for exampleimages.

OtherOSsupportedmethodsfor communicationarepipes,�les, FIFOs,andsignals.Note
that also single processprogramsoften needcommunicationmethods,e.g. in order to
synchronizebetweenthreads.

Therearehowever someproblemsassociatedwith theseprotocols.Oneis that these
methodsoperateonaratherlow level andthey arethereforerrorproneandnotconvenient
to usedirectly. But the biggestproblemis that different platformsusedifferent byte-
ordering,the so-calledendianproblem. This meansthatdatacannotbe sentacrosssuch
platformswithout conversion.

The �rst standardto addresstheseshortcomingswasremoteprocedure calls (RPC).
Here the caller doesnot call the remoteend directly, but calls a local stub. This stub
linearizes(marshals)thedataandsendsto theremotepart. Hereanotherstubunmarshals
the dataandpassesit on the the actualcallee. Neither the caller nor the calleeneedto
know, or indeedcareabout,that thecommunicationis not local. RPCis in usein many
systems,nowadaysoften in combinationwith XML 4.5. Light-weight versionscan be
foundin theWindowsNT operatingsystemandcommonlyprovide thecommunicationin
graphicaluserinterfaces.
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Middleware

A goodde�nition of middlewareis providedby (Emmerich2000):

“A layerbetweennetwork OS's andapplicationsthataimsto resolve hetero-
geneityanddistribution.”

Onecanalsosaythatmiddlewarecoordinateshow partsof applicationsareconnectedand
how they inter-operate.This enablesandsimpli�es theintegrationof programsdeveloped
by differentvendors. The mostwell known of theseareCORBA, (D)COM, andEnter-
priseJavaBeans(EJB).They aredisjunctbut canbe madeto interactby variousbridges
available..NET is a newly arrivedcontenderfrom Microsoft.

Somemiddlewarecanalsobecalledcomponenttechnologies.Component-BasedSoft-
wareEngineering(CBSE)is a rathernew approachtowardssystem-building. The ideais
thatsystemscanbemadeby assemblingbuilding blocks,components.Thesecomponents
caneitherbe commercialoff-the-shelf(COTS) or producedin-house.Componentshave
thefollowing properties:

1. A componentis abinaryunit of deployment.

2. They implementoneor morewell-de�ned interfaces.

3. Shouldbere-usablebetweenapplications.

Similar conceptsarealsofound in plugin-basedarchitecturessuchasweb-browsersand
media-players.

Componentsaremeantto bemoreeasilyre-usedthanclassesor objects.Components
shouldcorrespondto readily-understoodentities,while classesaregenerallymore �ne-
grainedwith dependenciesrequiringdetailedknowledge.Moreover, thebinarynatureof
componentsimply thefollowing:

� They canbe deployedwithout any familiarity with thesourcecode,facilitatingre-
use.

� As new versionsof a componentis released,the usercan just replacethe entire
binary.

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

The hopeis that softwareengineerswould be able to browseandpurchasecomponents
from catalogs,muchin thesamewayasmechanicalengineerscandowith hardwareparts.
This is becomingtrueat placeslike www.componentsource.com.

A numberof middlewaretechnologiesareexplainedbelow in somedetail. Onemajor
sourceof referencefor this sectionis (Szyperski1998).
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DCE

TheDistributedComputingEnvironment(DCE) is a standardof theOpenSoftwareFoun-
dation(TheOpenGroup1997). It implementsfull RPCbetweenmachinesacrosshetero-
geneousplatforms. It alsousesversioncontrolof services.DCE is includedheremostly
for historicreasons,sinceit introducedmany key aspectsof moderncomponenttechnolo-
gies.First andforemosttheinterfacede�nition language(IDL).

IDL IDL separatesthe interfacefrom the implementation. It to de�nes the interface
that sitson theoutsideof theboundary, allowing theonly communicationthat theobject
conductswith theoutsideworld. Thelanguageenforcesobjectorientationandsupportsro-
bustexceptionhandling.IDL is independentof programminglanguage,but mapsto other
programminglanguages.For eachremotelycalledprocedure,IDL speci�esthecomplete
signatureincludingthetypesof parametersandreturnvalues.Propertieslike therangesof
basictypesare�x ed in orderto ensurecrossingof machineboundaries.Both theclient-
andserver-stubsmentionedearlieraregeneratedfrom thesameIDL �le. IDL is anpub-
lishedISOInternationalStandard(ISO/IEC1999).

UUIDs DCEalsointroducedtheconceptof universallyuniqueidenti�ers(UUIDs). Names
areconstructedusinganalgorithmthatguaranteesuniqueness.Thesenamesareunread-
ableandmeaninglessfor humans.

CORBA

CORBA(CommonObjectRequestBrokerArchitecture)is astandardmanagedby theOb-
ject ManagementGroup(OMG) (OMG 2004).Seee.g.(Henning& Vinoski 1999)which
is anauthoritativebookonCORBA and(Siegel2001)which includeslaterdevelopment.

With CORBA, OMG setout to solve theproblemof allowing for object-orientedsys-
temsimplementedon differentplatformsin differentlanguagesto communicate.Thetar-
get areawasenterprisecomputing. Initially releasedin 1991, the openapproachled to
incompatibility betweenimplementations.With CORBA 2.0 releasedin 1995,the stan-
dard includedthe Internetinter-orb protocol (IIOP). This recti�ed the situationand the
CORBA storyeventuallyturnedinto a success.More sowith CORBA 3.0,importantnew
additionshavebeenmade.Amongtheseareintegrationwith XML, theintroductionof val-
uetypesandacomponentmodel.ThelattermeansthatCORBA is becomingafull-featured
componenttechnology. Valuetypesenablescall-by-valueinsteadof call-by-reference.

CORBA applicationsaremadeup of objects,unitsof runningsoftwarethat combine
functionality anddata. For eachobject type, an interfaceis de�ned in OMG IDL. The
interfaceis asortof contractthattheserveroffersto clientsthatinvokeit. OMG IDL maps
to all of thepopularprogramminglanguagesC, C++,Java,COBOL,Smalltalk,Ada,Lisp,
Python,andpossiblymore.

In CORBA, theObjectRequestBroker (ORB) takescareof all of thedetailsinvolved
in routinga requestfrom client to object,androuting the responseto its destination.On
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thesever side,theORB alsode-activatesinactive objects,andre-activatesthemwhenever
a requestcomesin.

Any client thatwantsto invokeanoperationon theobjectmustusethis IDL interface
to specifythe operationit wantsto perform,andto marshalthe argumentsthat it sends.
Whenthe invocationreachesthe targetobject,thesameinterfacede�nition is usedthere
to unmarshalthe argumentsso that the objectcanperformthe requestedoperationwith
them.Theinterfacede�nition is thenusedto marshaltheresultsfor their trip back,andto
unmarshalthemwhenthey reachtheir destination.

In order to invoke the remoteobject instance,the client must �rst obtain its object
reference. Thereare several ways to do this, e.g. the Naming Serviceand the Trader
Service(seesection4.4).

CORBA is not without criticism. It is by many regardedasa slow-moving beastwith
a steeplearning-curve. Therearemany optionsandwayswithin CORBA to solve a given
problem. Componentversioningis a not fully solved problemin CORBA. The different
implementationsstill suffer from minor incompatibilitiesandusuallyimplementthestan-
dardsto a variabledegree.Many feel however that thesituationhasimprovedduring the
lastyears.SeveralCORBA implementationsexist onalargenumberof platforms,many of
themarefreeandopen-source.Many IDEs (IntegratedDevelopmentEnvironment)have
standardtemplatesfor CorbabasedIPC.

COM and DCOM

COM is Microsoft's technologyfor componentbasedsoftware. COM standsfor Compo-
nentObjectModel (Microsoft 2004). It is a binary standardandis language-independent
with primaryimplementationsin VB (Visualbasic)andVC++ (VisualC++). EveryCOM
interfacehasto supportthemethodQueryInterface. By usingthis method,a client can
get from any interfaceto any otherinterfacesupportedby thatcomponent.By startingat
themandatoryinterfacecalledIUnknown, initial entrycanbemade.This interfaceis also
usedto uniquelyidentify the component.COM usesa modi�ed versionof UUID called
GUID (GloballyUniqueIdenti�ers). Referencecountingis usedfor memorymanagement.
COM hasit' s own versionof IDL, but usingthe standarddevelopmenttools, the IDL is
automaticallygenerated.A COM interfacecanneverbechangedwithout incrementingthe
versionnumber. Furthermore,old versionsof interfacesmustbe preserved. This canbe
seenasdrawbacks,but actuallysolvestheversioningproblem.

DistributedCOM (DCOM) builds on top of COM andusesRPCin orderto provide
communicationbetweenprocessesondifferentmachines.

Themainnichefor COM hasbeenin desktopapplicationsin relationto theWindows
operatingsystem.TheMicrosoft Of�ce suiteis a goodexample.However, a morefor us
relevantexampleis ABB'sOperateIT.

Apart from Microsoft Windows,COM is availableon theMacintoshanda numberof
otherplatforms.No freeor open-sourceversionseemsto exist though.Developmenttools
areverywell advanced.

COM hasevolvedgraduallywith severalbekinderedtechnologiessuchasVBX, OLE,
ActiveX andCOM+. Thestrivefor maintainingbackwardscompatibilitymeansthatmany
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reduntantmechanismswithin thesetechnologiesexist. Microsoft now recommendsthat
developersusethe .NET Framework (seesection4.3) ratherthanCOM for new develop-
ment.

Enterprise JavaBeans

SunhascreatedEnterpriseJavaBeans(EJB) in orderto provide a componenttechnology
for Java. This is mainlyachievedby theintroductionof theobjectserializationserviceand
theremotemethodinvocation(RMI). Thegarbagecollectionsigni�cant for Java hasalso
beenextendedto work in a distributedsetting. Theversioningproblemis addressedin a
painstakingway.

JavaBeanshasprimarily beenusedin webapplications.Developmenttoolsaresome-
whatavailable.

XML-RPC and SOAP

XML-RPC and SOAP are very similar and sharesthe sameancestry. They do remote
procedurecalling usingXML asthe encoding. It communicateover HTTP in order for
it to go through�re walls. Therearemany compatibleimplementationsthat spanmany
operatingsystemsandprogramminglanguages.

XML-RPC came�rst but is now more like a subsetof SOAP. The speci�cationsis
roughly� vepages,andveryeasyto understand.It hasbeencalled"low-techwire protocols
basedon thestandardsof theInternet"by DaveWiner, oneof its authors.

SOAP extendsXML-RPC by implementinguserde�neddatatypes,theability to spec-
ify therecipient,messagespeci�c processingcontrol,andotherfeatures.XML-RPM mes-
sagescanusedwith SOAP by embeddingit in anenvelope.

.NET

The .NET framework is a vastMicrosoft initiative comprisingseveral technologies.It is
primarily designedto be usedfor so calledWeb services. A Web serviceis designedto
beaccesseddirectlyby anotherserviceor softwareapplication.Webservicesarereusable
piecesof softwarethat interactover thenetwork throughXML andSOAP. Web services
canbe combinedwith eachotherandotherapplicationsto build so called .NET experi-
ences.

Theframework includesanew programminglanguagecalledC#,whichcouldbecalled
a Microsoft fork from SUN's JAVA. It addsadditionalfeaturesrelatedto componentde-
velopment.

A "commonlanguageruntime", which runsbytecodesin an InternalLanguage(IL)
format. Codeandobjectswritten in onelanguagecanbe compiledinto the IL runtime.
Providing thatanIL compileris developedfor thelanguage.

The.NET technologiesarevery muchcon�ned to theMicrosoft platforms.While the
mottoof JAVA is write once, run anywhere, the.NET clr is quitetheopposite.

Thereis anopen-sourceinitiative calledMONO which aimsto providesomefeatures
of .NET to theLinux community.
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Conclusions

Middlewarelift the problemof distributedprogrammingto a higherlevel of abstraction.
This is indeedusefulasroboticsis inherentlydistributed.Usinga technologythat is stan-
dardizedandusedby a vastnumberof people,is preferredover constructinga separate
communicationtoolkit for robotics.

Introducingcomponent-basedsoftwareengineeringto roboticswouldcertainlyalsobe
very bene�cial. In fact,it couldhelpto solve muchof theproblemsstatedin 1.4. First of
all, complexity couldbemanagedsinceCBSEenforcesmodularityatafunctionallevel. By
allowing domainexpertsto only concentrateonmaking“their” componentwithouthaving
to dealwith intricaciesof therestof thesystem.Furthermore,componentsthat internally
usedifferentalgorithmsbut sharethe sameinterfacescaneasilybe interchanged.This
facilitatescomparisonandveri�cation.

However, noneof the mentionedtechnologiescanreally be calleda framework or a
systemarchitecture.No matterwhich technologyis chosen,theavailabledegreesof free-
domaremany. In orderto producesomethingthatcanbecalledacomponentarchitecture,
restrictionsonhow componentscaninteractmustbesetaswell ashow componentscanbe
assembledandused.

COM is probablythemostsuccessfultechnology, largelydueto thesuccessof theWin-
dowsOperatingsystem.A largenumbercomponentsareavailablecommercially. Thelack
of freeandopenimplementationsis however a majordrawbackaswell aspoor platform
andlanguagesupport.

Basedon JAVA, EJB is of courseavailableon many platformsbut thenalsoexcludes
otherlanguages.Sinceit is mainly designedfor webapplications,usagein a domainlike
roboticswhere(near)real-timebehavior is needed,performancecanbequestioned.

Thesamecande�nitely besaidaboutXML-RPC,soapand.NET. Thelatteralsoposes
problemsbecauseit lacks supporton many platformsand all the speci�cationsare not
open.

Somearguethatusingmiddlewareresultsoverheadanda decreasein ef�ciency. This
is howevernotnecessarilytrueandin any case,ahighincreasein productivity andstability
shouldbeexpected.Problemsthatincurwhencommunicatingbetweendifferentplatforms,
languagesandoperatingsystemsarealsotakencareof. Middlewareis todaynotapplicable
in embeddedapplicationsdueto the large footprint. However, thereis a concertedeffort
to drive down the footprints. At thesametime hardwareperformanceis pushingup. As
it standstoday, CORBA seemsto offer thebestsolution. Especiallyasit is theonly true
vendor-neutralproduct.
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4.4 Services

Componentstypically make useof externalservicesin orderto e.g. locateothercompo-
nents.

CORBA Services

OMG hasde�nedanumberof services.Thefollowing list doesnot includethemall, rather
a subsetwhichcontainstheonesmostrelevantfor robotics..

Naming Service

TheNamingServiceprovidesa basicservicelocationmechanismfor CORBA systems.It
managesa hierarchyof name-to-object-referencemappings.Typically theserver process
hostinganobject,bindsanobjectreferencewith anamein theNamingServiceby provid-
ing thenameandobjectreference.Namescanbegroupedinto a hierarchyusingcontexts.
This is very similar to thedirectorystructurein �le systems.In this analogy, contexts are
like folder-names.Clientscanthenqueryfor namesandnavigatenamingcontexts.

More recently, CORBA NamingServicewassubsumed/extendedby theCORBA In-
teroperableNamingService,a.k.a.INS.Thisinheritsall thefunctionalityfrom theoriginal
NamingServicespeci�cationin additionto addressingsomeits shortcomings.In particu-
lar, INS de�nesa standardway for clientsandserversto locatetheNamingServiceitself.
The INS serviceallows the ORB to be con�gured administratively to returnobject ref-
erencesfrom CORBA::ORB::resolveinitialreferencesfor non-localityconstrainedobjects.
TheservicealsointroducesthecorbalocIOR format,which canbeusedto bootstrapser-
vices not available at ORB installationtime. The corbalocformat is a human-friendly
formatwhich resemblesa www-address.

TheNamingServiceMechanismcanbeseenasa telephonebook'swhitepages,

Trading Service

The TradingServicecanbe likenedto a telephonebook's yellow pages.It is usedwhen
a client wantsto locateanothercomponentthathassomespeci�c properties.In therobot
context thiscouldbeabehavior wishingto locatearange-sensor. A serverthatwantsto use
aTraderServiceto advertiseits serviceis calledanexporter. Theexportermust�rst ensure
that its servicetypeis presentin theservicetyperepositoryof thetargettrader. A service
typeis basicallyalist of properties.Theexporterthensendsthislist �lled in to thetrader. A
client thatwantsto �nd anexporteris calledanimporter. Theimporterconstructsa query
in which providesthenameof a servicetypeandacceptableconstraintson thevaluesfor
theproperties.Uponreceptionof this query, thetraderreturnsany matches.

Event Service

TheCOSEventServiceprovidesa meansof distributing datafrom oneserver to oneore
moreclients.Thiscanbedonein eitherpushor pull fashion.
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The Implementation Repository

Accordingto theCORBA speci�cation,"The ImplementationRepositorycontainsinfor-
mationthatallows theORB to locateandactivateimplementationsof objects".As further
explainedin (Henningn.d.),theImplementationRepositoryperformsthefollowing three
functions.

� Maintaina registryof known servers

� Recordwhichserver is currentlyrunning,andwhichport andhostit uses.

� Startsserversondemandif they areregisteredwith theImplementationRepository.

4.5 DocumentMarkup Technologies

SGML and XML are languagesthat are usedfor de�ning markuplanguages.In other
words,they aremetalanguagesthatfacilitatethede�nition of descriptivemarkuplanguages
for the purposeof electronicinformation encodingand interchange.SGML and XML
supportthede�nition of markuplanguagesthatarehardware-andsoftware-independent,
aswell asapplication-processingneutral.

SGML

StandardGeneralizedMarkup Language(SGML) is an ISO standard(ISO 1986). The
key ideaunderlyingSGML is separatingthe representationof informationstructureand
contentfrom informationprocessingspeci�cations.Informationobjectsmodeledthrough
anSGML markuplanguagearenamedanddescribedusingattributesandsub-elementsin
termsof whatthey are,not in termsof how they areto bedisplayedor otherwiseprocessed.

SGML is very large,powerful, andcomplex. It hasbeenin heavy industrialandcom-
mercialusefor over a decade,andthereis a signi�cant bodyof expertiseandsoftwareto
gowith it.

XML

XML (ExtensibleMarkupLanguage)(W3C 2004)is a dialectof SGML that is designed
to enable'genericSGML' to beserved,received,andprocessedon theWorld Wide Web.
XML originatedin 1996,asa resultof frustrationwith thedeploymentof SGML on the
Internet.XML simpli�ed therequirementsfor implementation,with thespeci�c intention
of enablingdeployment of markupapplicationson the Internet. XML is a lightweight
cut-down versionof SGML which keepsenoughof its functionality to make it usefulbut
removesall theoptionalfeatureswhichmakeSGML toocomplex to programfor in aWeb
environment.

A DTD is a formaldescriptionin XML DeclarationSyntaxof aparticulartypeof doc-
ument. It setsout what namesare to be usedfor the different typesof element,where



44 CHAPTER4. SOFTWARE ENGINEERINGISSUES

they mayoccur, andhow they all �t together. A broadrangeof commercialandfreesoft-
warehasbeendevelopedto assistuserswith markupimplementation.DOM andSAX are
correspondingAPIs thatarelanguageindependentandsupportedby numerouslanguages.

XML canandisusedin many moreareasthantheInternet.Anywherewheredataneeds
to betransferedor processed,XML is becomingthethepreferredchoicefor many people.
Within roboticsthereis aprojectcalledRoboML(www.roboml.org),thatis anXML-based
languagefor datarepresentationandinterchangein roboticapplications.Combinedwith a
setof communicationprotocols,it is aimedat providing a commoninterfacefor hardware
andsoftwareroboticagentscommunicatingvia Internetnetworks.

XML would be an useful tool to describeandcon�gure a robotic system. When it
comesto using XML for transportone must be aware that the ef�ciency is quite low.
Thereis however anassociationbetweenXML andtheCORBA Valuetypewhich canbe
usedastransportobject.

4.6 LessonsLearned

Themostimportant�ndings in this chapterare

� Usingoff-the-shelfmiddlewareis aneffectiveoptionto handlecommunication.

� Thecomponent-basedapproachcouldhelpto solvemany problemsof robotics.

� Linux is a goodchoicefor operatingsystem.

� XML is aneffective tool for certainareasof robotics.

These�ndings will befurtherdiscussedin Part II.



Chapter 5

Development

The developmentsideof any computersystemis of paramountimportance.Designand
structureneedto becommunicatedbetweendevelopers,andadequatetoolsshouldbeused
thataid theindividualdevelopersaswell assupportscollaboration.Documentationshould
be extensive and current. The learningcurve for new developersshouldbe as shallow
aspossible. Easycodemaintenanceshouldbe plannedfor. All theserequirementsare
of courseeasyto list, but it is often hard to �nd the time, resourcesandmotivation to
satisfythem. Programmersoften prefersto dive straightinto coding. Although it is not
immediatelyapparentto theend-users,easeof maintenancealsoeffectsthem.if bug-�x es,
updates,andfeatureextensionsarenot beingput out by thevendoron a regularbasis,it
mightverywell bebecausethesoftwarewasnotdevelopedwith maintenancein mind.

5.1 Levelsof Programming

Thereareseveralgoodreasonsto separatethedesign,developmentandsystemusageinto
differentlevels. Theselayersshouldre�ect thelevelsof abstractionsof a systemandthus
helpsthe initial designaswell asmakesit easierfor novice developersin gettingstarted.
Maintenanceis alsogreatlybene�ted.

The SystemAr chitect

Thesystemarchitectis responsiblefor theglobaldesigndecisionsthatmake thefounda-
tion for all further development.This groupusuallyconsistsof the initial developersof
a system.For examplein thetypeof systemwe arediscussing,this meansdesigningthe
infrastructure.If thearchitectcanmake thedesigncomprehensibleto otherprogrammers,
thearchitectdoesnotnecessarilyhaveto dotheactualcoding.Thesystemarchitectshould
haveexpertisein computerscienceandsystems,but shouldalsohaveverygoodknowledge
of thedomainfor which thesystemis made(roboticsin this case).

45
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The ComponentProgrammer

The componentprogrammercreatesnew componentswith speci�c competence,e.g. de-
vice drivers,robotic behaviors, localizers.Componentsshouldtypically be programmed
by domainexperts. Developingnew componentsshouldnot requiredeepknowledgein
computerscience,but a fair degreeof programmingskills couldbeexpected.

The Application Programmer

The applicationprogrammerassemblesandcon�gurescomponentsinto a working com-
pletesystem.A graphicaluserinterfacecouldbeprovidedat this level.

The End User

The end-userstarts,executes,monitorsandstopsa working system.Thereshouldabso-
lutely beno requirementsof skills in programmingor indeedadvancedcomputingat this
level. The job could be carriedout using a graphicaluserinterface,voice recognition,
gestures,joysticksetc.

This grouphardly exists for a research/academicrobotic system,but never the lessit
shouldalwaysbeconsideredat theotherlevels.Of courseif andwhena systemis offered
commercially, this level is very importantto guaranteesuccessin themarket.

5.2 Uni�ed Modeling Language

The governingideasandprinciplesof a softwaresystemcanbe visualizedin a graphic
manner. A singlegraphcanoftenclarify pagesof explanatorytext. UML(UML 2004),the
Uni�ed ModelingLanguagehasbecomeis a standardtool for bothdesignandvisualiza-
tion.

UML dealswith things, relationshipsanddiagrams. Thingsaredividedinto structural,
behavioral, groupingor annotationalthings. The structureof a classis portrayedas in
Figure5.1,whereit canbeseenthat theclass-nameis shown in thetop compartment,at-
tributesin themiddle,andoperationsin thebottomcompartment.Onekind of relationship
is alsoshown in thatdiagram,inheritance.

Severaltypesof diagramscanbemadewith UML.

1. Classdiagram

2. Objectdiagram

3. Usecasediagram

4. Sequencediagram

5. Collaborationdiagram

6. Statechartdiagram
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Figure5.1: A UML classdiagram.

7. Activity diagram

8. Componentdiagram

9. Deploymentdiagram

UML doeshaveasyntax,but it isgenerallyconsideredthatonehasasigni�cant amount
of freedom- themaingoal is to convey ideas.Severalpro�les havebeenmadeto provide
standardmeansfor expressingthe semanticsof differentareas,suchasCORBA IDL. A
goodsourcefor learningmoreaboutUML is (Boochetal. 1999).UML hastheadvantage
that it is supportedby several tools thatallow design,re-engineering,analysisandcode-
generation.Most of themcostrathermuch.Therearea numberof freeopen-sourcetools,
but they aregenerallynotasadvanced.

Thereis onemajor pitfall associatedwith UML. That is the risk of putting too much
into onediagram.Eventrying to �t in all classesin a smallsysteminto onediagramwill
resultin somethingmessyandincomprehensible.Soinsteadof loweringthelearningcurve
of a system,it will effectively scarepeopleaway. This meansthatoneshouldreally try to
limit thescopeandto choosesuitableabstractionlevelswhenconstructingUML diagrams.

5.3 The DevelopmentProcess

Most projectsare probablybeing executedwithout any particulardevelopmentprocess
in mind. This may be �ne for very small projects,but not if the project is of greater
size, involvesa lot of people,or representsa �nancial stake. Using acceptedmethods
andprocessesis alsoa prerequisitefor someISO certi�cationswhich in turn will provide
bene�ts in a competitive market. The documentationobtainedduring the development
processis alsoveryusefulduringlatermaintenanceandpossiblerefactoring.
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Requirements

System spec.

Programming

Verification

Integration

Module-testing

Figure5.2: TheV developmentapproach.

The Waterfall Approach

This is consideredto be the oldestmethod. It is basicallya single-passapproachfrom
requirementsanalysisto delivery. Resultsarefrozenafterevery stageandnothingcanbe
donein parallel.Thenameprobablycomesfrom theanalogythat in a waterfall thewater
only �o ws in onedirection.Of coursethis makesit a highly in�e xible approach.

It is worthnotingthatsome(Weisert2003)arguethatthismethodneverreallywaspro-
posedor advocatedby anyone,but ratheraconstructionby peoplewhowantedto sellnew
methodsandneedold methodsto miscredit. Nonethe less,the essenceof this approach
is in usestill today. At a large Swedishtelecomcompany, binary patchesareknown to
beappliedby theengineersat thetestingdepartment,ratherthanfeedingbacktheresults
upstream.

The V-Model

TheV-modelis saidto bea re�nementof thewaterfall approach.A graphicalview of the
approachcanbeseenin Figure5.2. Thereareseveralversionsof themodelwith different
labelsacrossthe axes. The meaningof the arrows also vary. Somemeanthat stages
canbeexecutedin parallel,otherssaythat it is single-passjust asthewaterfall approach.
Onegoodpropertyis that testingandveri�cation is assignedashigh importanceas the
programming.

The Rational Uni�ed Process

TheRationalUni�ed Process,RUP(Jacobsonetal. 1999),wascreatedby TheThreeAmi-
gos, i.e. GradyBooch,IvarJacobsonandJamesRumbaugh.A softwarelife cycleis acycle
over four phasesin thefollowing order: inception,elaboration,construction,transition.A
phaseis thespanof time betweentwo majormilestonesin thesoftwaredevelopmentpro-
cess.Major milestonescanbethoughtof assynchronizationpointswherea well-de�ned
setof objectivesis met,decisionsaremetto moveor not to into thenext phase.

Theessenceof RUPis iteration.And theessenceof iterationis thateachiterationends
in a deliverable.A projectplanis not a statementof whatwill be. Ratherit is a statement
of how riskswill bemanaged.
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5.4 The OpenSourceModel

The open-source modelis not really a developmentmodel althoughmany refer to it as
such. It is rathera philosophy. It emulatesthe classicalscienti�c researchapproach- to
build on otherpeopleswork andto sharetheresults.Therearehowever a few interesting
methodologiesthathaveemergedwithin theopen-sourcecommunities.

Therearea largenumberof verysuccessfulopensourceprojects.

� Apachewebserver

� Mozilla Internetbrowser

� Linux operatingsystem

� OpenOf�ce.org of�ce suit

� TheGimp imagemanipulation

All thesearewidelyusedandare(exceptfor Linux) availablefor severaloperatingsystems.
Let ustakea look at thebackground.

Background

In the beginning of the softwaredevelopmenthistory, the cultural tradition wasto share
thesoftwarecode(Stallman1999). But whencommercialsoftwaregrew asan industry,
the incentives to protectinvestmentsin developmentincreased,andvendorsintroduced
restrictionsandnon-disclosureagreementsto protecttheir productsfrom beingcopied.

Thismoveinto aproprietarysoftwaretraditionwasstronglyopposedby RichardStall-
manwho wasthena researcherat theMIT AI Lab. He supportedthescienti�c research
approach;knowledgemustbesharedanddistributedfreely in orderfor societyto develop.

In 1984StallmanstartedtheGNU projectwith theaim to createa completeoperating
systemthat wascompletelybasedon free sourcecode. He starteda communityfor de-
veloperswho all couldcontribute. They startedwith constructingthecompilerandother
necessarytools. The work on the kernelprogressedratherslowly. Thenin 1991Linus
Torwalds,a Finnishstudent,announcedon the Internetthat he hadbeganworking on a
new UNIX-lik e kernelfor thestandardPC.He publishedthesourcecodeandinvited oth-
ersto help him in the development.By combiningthis kernelwith the GNU softwarea
completeoperatingsystemwasobtained.(Thereis now anall GNU kernelcalledHurd.)
The GNU/Linux systemspawneda quite a hugefollowing which gave a big pushto the
GNU principles.

ThetermFreeSoftwarewascoinedby Stallman.Thetermitself hasledto someconfu-
sionsandStallmanusestheexpressionfreeasin beeror freeasin speech to emphasizethe
dualmeaninginherentin theword free. Freemeansfreedomanddoesnot have anything
to dowith price.Thebasicprinciplesfor FreeSoftwareare(Stallman1999):
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� Freedomto run thesoftware.

� Freedomto modify thesoftwarefor yourown needs.

� Freedomto distributecopiesof thesoftware,eithergratisor for a fee.

� Freedomto distribute modi�ed versionsof the softwareso that otherscanbene�t
from your improvements.

Lateron theseprincipleshadto beformalized,in orderfor thegrowing FreeSoftware
communityto beableto work by thesamerules. Theprinciplesfollowedtheexpression
copyleft,all rights reversedas opposedto copyright andstatedthe rules for the useof
FreeSoftwarewith thepurposeof keepingsoftwarecodefreeandnotprivatized.Different
typesof licensesfor differentpurposesdevelopedout of this copyleft principle, themost
commonis theGNUGeneralPublicLicence(GPL)5.4.Theveryconceptof FreeSoftware
codeis of coursecontroversialandopposesthestrengthof patentandcopyright laws that
hasdeveloped.

Someof thepeoplein theFreeSoftwarecommunitywereconcernedthat thecurrent
vision was too strict andanti-commercialandcontributedto alienatethe FreeSoftware
communityfrom therestof theindustry. They wantedto make theFreeSoftwareconcept
morebroadlyavailable. In 1997they took on a new term, OpenSourceSoftware(OSI
2004),andat thesametime got away from theambiguityof theword free. OpenSource
wasde�nedslightly different,oneof thedifferencesbeingthatit takesamorerelaxedview
onmixing OpenSourceandproprietarysolutions.

OpenSourceMethods

TheOpenSourceapproachis communitybased.In a developmentprojectanyonein the
project communitycan contribute to the software. Eachcontribution is then generally
reviewedby a councilor board,or sometimesby oneleadingdeveloperasin thecaseof
Linux, beforeit is decidedwhatgoesinto theactualsoftware.

This processof peerreview is what makesscienti�c resultsandthereforealsomany
meanopensourcesoftwarerobustandreliable.Anotherimportantbene�t is control.Com-
paniesusingOSShave controlover their softwareandhave thefreedomto modify it after
their own needs.They do nothave to belockedin with a vendorandlimited by whatthey
choseto offer. Theopenmentalityalsoimpliesanhonestyabouterrors.If onedeveloper
hasa problemwith somethinggoingwrong he will turn to thecommunityto gethelp to
get it �x ed. This hasbuilt in a quality featurein theOSSculture. In proprietarysoftware
developmentthecompaniesusuallydo not wantto admitany �a ws in their products.The
advocatesof OpenSourcearguethatsoftwaredevelopmenthasto befreeto maximizede-
velopmentandinnovation. By not sharingtheknowledgethesocietywill not evolve and
therewould only beindividualgains.

This communityapproachcouldnot have existedwithout thedevelopmentof the In-
ternet.In factthewholeInternetevolvedmuchby thesamedriversastheOSSapproach.
Several collaborationtools exist that aid developerscooperatingover the Internet. The
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Internetalsoprovidesmeansfor distribution. This helpsanothercornerstonein theOSS
approach,namelywhat is referredto asReleaseearly andoften. By makingthesoftware
availableuserscandownloadit andhelpingin ironingoutbugs.

Eric S.Raymonddescribesin anarticletitled TheCathedral andtheBazaar(Raymond
2000), two distinct typesof development. The �rst approachis like the building of a
cathedral,structuredplanning,carefullycraftedandcontrolledby a smallgifted groupor
a singleindividual. This is theclassicalway to approacha largeandcomplex project.But
with Linux andotherOpenSourceprojectscameanotherway to handlethesituation.He
describesit asa greatbabblingbazaarwheredifferentideasmeetandmelt together.

Onebig bene�t of usingthe Free/OpenSourcemodel is the fact that thereare large
numberof freely availablelibrariesthatcanbeused.Soby usingFreesoftware,time and
money canbesavedinsteadof building from scratchor buyingcode.

Licenses

One way to make a programFreeis to put it in the public domainwithout copyright.
But this also allows othersto convert the programto proprietarysoftware. By placing
thesoftwareundera licensethe freedomsareprotected.Note that thecopyright mustbe
retainedby theprogrammeror transferedto someotherentity. It is only theholderof the
copyright that canchangethe license. Hereis a list of the mostcommonlicenses.The
completelicencetextscanbeseenat (FreeSoftwareFoundation,Inc. 2004).

GPL

The GNU GeneralPublic License(GPL) is the mostpureandmostusedof thecopyleft
licenses.It is themostrestrictive. Basicallytherecanbenomixing with non-freecode.If
apieceof softwarereliesoncodeundertheGPL,thenthewholesoftwaresystemmustbe
putundertheGPL.Any modi�ed GPLdsourcemustbemadeavailable.

LGPL

TheGNU LesserGeneralPublicLicenseis usedfor somelibraries. Theseslibrariesmay
belinkedto by proprietarycode.Theuseof thislicenseis motivatedwhenthereareseveral
proprietaryalternatives.By allowing linking, thesoftwarehasa greaterchanceof gaining
wideuse.

BSD

TheBSD(Berkely SoftwareDistribution)licenseis usedfor all softwarein theBSDUNIX
dialects. It is very permissive and allows for making modi�cations without publishing
them. Theoriginal licenseincludedanadvertisementclause.Wherever softwarethat in-
cludedBSD codewasadvertised,a speci�c sentencehadto be included.This clausehas
for practicalreasonsbeenremoved. The BSD license(without the advertisingclause)is
not copyleft, but is compatiblewith theGPL.
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5.5 Debugging

Softwaredebuggingis a valuableTools for debugginghasbeenaroundfor a long time.
However, thereareseveralproblemsassociatedwith currentdebuggingtools. First there
is the issueof learninghow to operatethem. It is not very easywhich resultsin that
programmersoften do not usethe tools. Second,many problemscannotnot be solved
usingcurrentlyavailable tools. This is especiallytrue whendealingwith distributedor
parallelsoftware.

GDB

GDB, the GNU Debugger, is the most commonlyusedtool for debugging, at leaston
UNIX-�a voredsystems.Theuserexecuteshis/herprograminsideGDB. It is possibleto
setbreak-points,examinevariablesandregistersandevenchangevalues.Mostly, it is used
for just �nding whatline in thesource�les causesacrash.

GDB supportsC, C++, Fortran, Java, Chill, assembly, and Modula-2. Thereexist
graphicaluserinterfacesbuilt ontopof GDB.ExamplesareKDbg andDDD (DataDisplay
Debugger).GDB is licensedundertheGNU GeneralPublicLicense.

Valgrind

Valgrind is a fairly new tool that aids in �nding memory-managementproblemsin pro-
grams.Whena programis run underValgrind'ssupervision,all readsandwritesof mem-
ory arechecked,andcallsto malloc/new/free/deleteareintercepted.Thus,problemssuch
asthe useof uninitializedmemory, reading/writingmemoryafter it hasbeenfreed,and
memoryleakscanbeeffectively detected.

Problemslike thesecanbedif�cult to �nd by othermeans,often lying undetectedfor
long periods,thencausingoccasional,dif�cult-to-diagnosecrashes.Valgrindcanbeused
in combinationwith GDB. Valgrindis licensedundertheGNU GeneralPublicLicense.

Logging

Logging is often usedfor debuggingbut can be usedfor other purposesas well. E.g.
the outputfrom a computationalunit canbe loggedin orderto validatethe calculations.
Anotheruseis to recorddatafor usein futuresimulations.Thesedifferentcasesrequires
differentkinds of logging output. This needsto be consideredwhendesigninglogging
mechanisms.

Thereare a numberof ready-madetools available for logging. In Java thereis the
widely usedLog4J. Similar packagesfor C++ existscalledlog4cppandlog4cplus.

5.6 Documentation

Documentationis theAchillesheelof programming!Many greatprogramshavebeenwrit-
tenthatlacksevenrudimentarydocumentation.This is mainly dueto thefactthatwriting
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documentationis consideredmuchmoreboring thanwriting code. Only in commercial
contexts wherepeoplearehired strictly for that purpose,is the situationbetter. Another
big problemis thatof keepingthedocumentationcurrentwith programsandcode.There
areseverallevelsof documentation,relatingto thelevelsof programming5.1.

DoxyGen

Doxygenis a documentationsystemfor C++, Java, IDL (Corba,Microsoft and KDE-
DCOP�a vors)andC.

It canhelpyou in threeways:
It cangenerateanon-linedocumentationbrowser(in HTML) and/oranoff-line refer-

encemanual(in ) from a setof documentedsource�les. Thereis alsosupportfor gen-
eratingoutputin RTF (MS-Word),PostScript,hyper-linkedPDF, compressedHTML, and
Unix manpages.Thedocumentationis extracteddirectly from thesources,which makes
it mucheasierto keepthedocumentationconsistentwith the sourcecode. Doxygencan
be con�gured to extract the codestructurefrom undocumentedsource�les. This canbe
very usefulto quickly �nd your way in largesourcedistributions. Therelationsbetween
thevariouselementsarebevisualizedby meansof includedependency graphs,inheritance
diagrams,andcollaborationdiagrams,whichareall generatedautomatically. Youcaneven
`abuse'doxygenfor creatingnormaldocumentation(asI did for thismanual).Doxygenis
developedunderLinux, but is set-upto behighly portable.As aresult,it runsonmostother
Unix �a vorsaswell. Furthermore,anexecutablefor Windows9x/NT is alsoavailable.

5.7 VersionControl Systems

A versioncontrol systemis crucial for softwaredevelopment. Especiallywhenseveral
developersareinvolved.Its functionis to managemultipleversionsof �les. Theseversions
arestoredin acentralrepository. Wheneveradeveloperjoinsaproject,he/shechecksouta
privateversionwhich is storedlocally. After modi�cationsto thecodehavebeendone,the
developerthencommitsthemodi�ed �les alongwith alog message.Thecentralrepository
is thenupdated.

This way any changescanbe tracked,androllbackscanbe carriedout if themodi�-
cationslaterareregretted.Severaldeveloperscanalsowork simultaneouslyon thesame
�le. Thesystemwill automaticallytry to mergethe�les asthey arecheckedin. As longas
modi�cationshavenotbeenmadeon thesamelinesof code,therewill benoproblems.If
con�icts arisethey haveto besortedoutmanually.

Herea numberof versioningtoolsarediscussed.

RCS

The Revision Control System(RCS)(Barberaet al. 1984) was the �rst versioncontrol
systemanddatesbackto theeighties.RCSis rathersimpleandis hardlyusednowadays.
It is howeverstill avalid alternative for singledeveloperprojects.
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CVS

CVS is themostwidely usedversioningtool today. It builds uponRCS,providing addi-
tional featuressuchasreleasemanagement.It workswell over theInternet.Several tools
suchasgraphicalinterfacesexist suchasCervisia.

CVS worksvery well but hasa numberof drawbacks.Oneis thatdirectoriesand�le
cannotbe renamed.They have to be deletedandthenaddedwith a new name.Another
problemis thatseveral �les anddirectoriescannotbecommittedin oneatomicoperation.
Log messagesarestoredper�le insteadof percommit.

Subversion

Subversionwasstartedin orderto addressthedrawbacksof CVSmentionedabove. It can
alsousethe HTTP-basedWebDAV/DeltaV protocolfor network communicationandthe
Apachewebserver. It reachedversion1.0early2004andis still not consideredmatureby
everyone.

Bitk eeper

Bitkeeperis a commercialproductthat receivedfamewhenLinus Torvaldsstartedto use
it for the maintenanceof the Linux kernelsource. In contrastto CVS andSubversionit
is a distributedpeer-to-peersysteminsteadof client/server. The repositoryis storedin
a databaseandis replicatedamongall peers.The nameBitkeeperrefersto its ability to
maintaindataintegrity. Othersystemscanhaveundetected�le corruption.

Bitkeepercostsmoney but thereis analternative to useit at no cost.Theconditionis
thatall log messagesaresentto awebsitewherethemessagesareopento seefor anyone.

5.8 CodeIssues

Therearenumberof issuesthatareimportantenoughto bementionedbut do not warrant
its own chapter.

Versioning

Versionnumbersof softwarereleasescanbehandlesin severalways.Commercialsoftware
often in�ates versionnumbersin orderto signalgreatenhancementsthaturgescustomers
to upgrade.Open/Freesoftwareis on the otherhandoften too restrictive in termsof in-
creasingversionnumbers.

Lately a standardhasmoreor lessemergedin this area.This schemeis e.g. usedfor
the Linux kernel. The notationis major level, minor level, andpatch level, like 2.4.27.
A changein themajornumbermeansmajorchanges.Theminor numbersigni�es added
or changedfunctionality. The lastnumberusuallyonly meansthatbugshave been�x ed.
Only for achangein thepatchlevel numbercancompatibilitybeassumedandthattheAPI
will nothavebeenchanged.
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LanguageBindings

Languagebindings,or wrappers,meansthat a library canbe usedfrom a programming
languageother than the one usedto build the library. This meansthat even thougha
projectmightdecideto useaspeci�c programminglanguage,otherlanguagescanbeused
if languagebindingsaremadeavailable. Thebinding is saidto becompleteif every part
of theAPI is wrappedby thelanguage.

A commonbinding tool is the Java Native Interface(JNI)which helpsto createJava
bindingsfor a C library. Anotheruseful tool is the Gnu Compiler for Java (GCJ).This
makesit veryeasyto createJava bindingsfor C++ code.

Coding Guidelines

A projectof decentsizemustdecideonasetof guidelinesfor how thecodewill bestyled.
This will help programmersgo into any codeand quickly �gure out what is going on.
Mistakesin thecodearealsomoreeasilyspotted.Theguidelineswill dictatehow classes,
methodsandvariablesshouldbenamed.Thiscane.g.bethatclassnamesshouldstartwith
a capitalletter, andthatcapitallettersshouldbeusedasword separators.Of coursethese
guidelinesshouldbeagreeduponearlyin a projectbeforemuchcodehasbeenproduced.

A relatedissueis thatof namespaces.It shouldbedecidedearlyhow namespaceshall
be used. For examplewhethera projectshouldbe put into onesingle namespaceor if
differentpartsshouldhave its own or nestednamespaces.

5.9 LessonsLearned

Herewesummarizethemostimportantaspectsof thechapter.

� Theconceptof dividing programminginto levelsis veryusefulwhenconstructinga
programmingframework.

� Modelingof systemis preferablydoneusinganUML tool.

� Usinglicensesandmethodsfrom theOpenSourcecommunitybringsmany bene�ts.

� A versioncontroltool is de�nitely invaluable.
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Chapter 6

Intr oduction

This partof thethesisshows in somedetail thedesignandimplementationof a proposed
softwareframework for mobilerobotics.Our maingoalwasto constructa genericframe-
work for roboticsthatdoesnot imply a speci�c architecture.This becausewe believe that
onearchitecturecannot bedesignedthat�ts any robotapplication.And hadwe restricted
our work to a speci�c architecture,architectureresearchandexperimentingwould not be
possible.

The�ndings asdescribedin the �rst partof this thesiswasusedto designandimple-
menta componentframework (ORCA 2004). It wasinitially a part of an EU sponsored
project(OROCOS2002). The softwarehasattractedroboticistsfrom aroundthe world,
andhasbeensuccessfullydeployedin a numberof projects.Additions to the framework
hasprimarily beenmadeat theAustralianCentrefor Field Robotics(ACFR).This will be
indicatedin thetext whereapplicable.

6.1 Prerequisites

Beforesettingout to designa softwaresystem,a list of prerequisitesmustbede�ned. All
to often, this stepis overlooked. Either the list doesnot exist, or it includeseverything
imaginable.This is very importantfor the following reasons.Firstly, all peopleinvolved
maynothavethesamegoalsor ideasasfor whatthedesignwill beusedfor. Secondly, the
choiceof toolsarea consequenceof theprerequisites.E.g. CORBA might not bea good
choiceif the target is embeddedhardwarewith low computingresources,while it may
beanexcellentchoiceon a standardPC.Thirdly, without clearlyde�ning limitations,the
unachievablegoalof makingasupergeneral-purpose,goodfor everythingkind of system,
mightbestrivedfor, andthusneverreached.

Domain and Application

Thedomainthat the robotswill beusedin, is primarily a researchenvironmentwith em-
phasison�e xibility , re-usabilityandscalability. Performanceisnotgivenashighapriority.
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Thiscontraststo e.g.anindustrialdomain,wherespecialization,performanceandproduc-
tion costsarehighly importantfactors.Becauseof thechosendomain,adesirableproperty
is that it shouldnot betoo hardto learnfor a novice. However, a fairly high level of pro-
grammingskill couldbedemandedfrom theprogrammer, correspondingto theeducation
obtainedby a master's thesisstudent.

Furthermore,thedesignis mostlyaimedfor robotsoperatingin indoorenvironments,
e.g. of�ce, industrialor hospitalsettings. Applicationsin mind areof the type usually
referredto asfetch-and-carry. Thismeansthattherobotshouldbeableto navigatearound
andperformtasksaccordingto commandsin an interactive manner. Commandscouldbe
issuedby ahumanoperatore.g.via voice,web,PDA or keyboard.Exampleof tasksare:

1. takevisitorsona tourof theenvironment

2. locateandbringbackanobject

3. patrolling

4. delivermessages

5. createa mapof theenvironment

Platform

Thechosenplatformsarerobotswhichtypically consistof abase,acomputerandsensors.

Base

The basehaswheelsandelectricmotorsfor drive andsteer. A holonomicbaseis both
commonanddesirable.Themotorscanbeeitherof typesynchro-driveasontheNomadics
Scout,or differential-drive ason the Nomad200. On somerobots,e.g. Nomad200, a
revolving turretis �tted on thebase.

Computer

The computeris a PC or an industrialboard. Speci�cationson CPU,RAM, disk etc are
comparableto a normaldesktopPC.Theoperatingsystem(OS) is alsoof standardtype.
Linux is theobviouschoicefor reasonsexplainedin 4.1. As manipulatorsarenot consid-
eredin this design,real-timeis notnecessary.

Sensors

Standardsensorsin serviceroboticsinclude:

1. sonars

2. laserrange�nder

3. infrared(lidars)
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4. cameras

5. bumpers

Sonarstypically consistof 8 to 24 sensorseachoperatingat a speedaround5 Hz. A
laserrange�nderoperatesat speedsup to 500 kbs (USB interface). Bumpersoperateby
triggeringdiscreteinterrupts.Odometryrequiresat least100Hz in dataresolution.Band-
width requirementsfor thecameraaremuchhigher, typically around50000kbsandthus
demandsspecialattentionregardingchoiceof communicationmechanism.

License

Thesoftwarewill bemadeopen-source(section5.4)with a freelicense.This hasimpacts
onthechoiceof toolsthatwill beusedsincelicensescanbeincompatible.Thechoicewas
madeto useLGPL (section5.4) for librariesandGPL (section5.4) for applicationcode.

Programming Language

In generalmostOOPwouldbeapplicablefor thedesignof asystem.For applicationssuch
asroboticsthereis typically a needfor I/O programmingor accessto APIs,which makes
C or C++ anobviouschoice. However, givena de�nition of genericAPIs with language
bindings,many differentlanguagescouldbeused,in particularfor interfacesandreactive
partsof ahybriddeliberativesystem.

Java might be an ef�cient choicefor GUI programming,which functionallanguages
suchasHaskallandLisp might beoptionsfor thedeliberationpart. However, C++ might
beanoperationalchoicefor mostof thefunctionsconsidered.

6.2 Lessonsfr om Part I

Herewerecapitulatesomeof out conclusionsfrom the�rst partof this thesis.

Ar chitecture

We haveseenthata numberof traitshaveprovensuccessfulfor systems,andthatthelack
of certainpropertieshave raisedhindrances.Modularity, opennessandextendibility are
indeedvaluableassets.Anotheroneis simplicity. Thereis a goodrule of thumbcalled
KISS,KeepIt SimpleStupid.

No systemhasreally gainedwide use. We think this is becausethat most of them
enforcetoo mucha speci�c architecture.Player/Stage(section3.8) is the exceptionand
is probablythemostpopulararoundtheworld. It doessuffer somedrawbackssuchasa
client-servermodel.To createanarti�cial layeringstructureshouldalsobeavoided,asthe
placingof componentscanbeambiguous.

In orderto enableaneffectivebehavior basedarchitecture,parallelexecutionof behav-
iors is necessary. This meanswe mapthe behaviors onto processes.This alsoincreases
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vulnerabilityagainstcrashes.Another(well-known) lessonis to avoid bottle-necksin order
to facilitatescalability.

Providing a framework for hardware abstractionis importantso that new hardware
can be supported.One tricky part is to make assumptionsaboutthe hardware that are
generalbut still non-complex. To enableinterprocesscommunicationanddistribution of
the systemacrossseveral hosts,the communicationframework needsto be powerful but
simple.

Communicatingpatternsasthoseusedin Smartsoft(section3.7)areveryusefulin that
they provide simplestandardizedmethodsfor communication.Player(section3.8) hasa
similar conceptwheredevicesaretreatedasUNIX �les.

6.3 What WeAr eAiming At

This part of the thesiswherethe designis described,is written in a bottom-upfashion.
While atop-downapproachwouldhavebeenmorepedagogicalandbettermirror theactual
process,it presentsdif�culties. As every part builds upon,and is explainedwith terms
describedin lower levels.

To try to remedythis in someway, a simplegraphicalview (Figure6.1) of a hypo-
thetical implementationis presentedhere. This can be comparedto the generalhybrid
architecture,Figure2.1. By usingour systemandframeworks, this type of architecture
shouldbeeasyto construct.
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Chapter 7

Communication

7.1 Communication Toolkit

For reasonsstatedin section4.3,CORBA hasbeenchosenascommunicationtechnology.
If thesystemhadto be implementedon microcontrollerssuchasMC68332with limited
memorythechoiceof CORBA would have beenlessobvious. Whatremainsis to choose
theprimarytoolkit. This turnsout to bequitea dauntingtask.

CORBA Implementations

Themainfactorsto considerwhenmakingthis choiceis

1. popularity,

2. documentation,

3. adherenceto CORBA speci�cation,

4. availableservices.

Therearequitea largenumberof toolkitsavailable.Hereis a list of themostpopular.

1. ORBit

2. omniORB

3. TAO

4. JacORB

5. MICO

6. Numerous
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ORBit is part of the GNU project and is supportedby Redhatand Ximian. ORBit
is usedby the GNOME GUI desktopenvironment. This ORB is written in C which is
alsotheprimary target language.Maturebindingsexist alsofor C++ andPython.At the
time of writing, it is compliantto CORBA 2.4. ORBit2 is developedandreleasedunder
GPL/LGPL.

TAO is basedon the famous(and infamous)ACE (Adaptive CommunicationEnvi-
ronment)(Schmidt1994). ACE is a framework that implementsa numberof standard
communicationpatterns.It providessupportfor signals,events,IPC,concurrentexecution
andmuchmore.

TAO is progressingquickly andis in wideuse.It is howeverconsideredto havea large
footprint in all aspects.Thedistributionis impressivebut rathermessyandhardto grasp.It
providesa largenumberof servicesandsupportsalmostall recentCORBA speci�cations.
TAO is notGPL but releasedunderaFreelicenceapprovedby OSI (OSI2004).

OmniORB is a toolkit developedat AT&T LaboratoriesCambridge. When AT&T
closeddown operationtherein 2002, developmentceased.OmniORB thenbecamean
independentproject,but severalof theoriginal developerscontinuetheir involvement.It
adheresto version2.6of theCORBA speci�cationandis GPL.

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

MICO, acronym for MICO Is CORBA, is a ratherpopularimplementation,especially
in Germany, which is its nativecountry.

TAO was�nally chosen.Apart from theissuesmentionedabove, therewasthefactof
positiveexperiencewith usingthetoolkit ACEonwhichTAO is based.

Protocols

OneseriousdrawbackthatchoosingCORBA astransportationmechanismis thefact that
basicallyall communicationwill take placeusingINET sockets. INET (Internet)sockets
work betweenprocesseson differenthostsaswell ason a singlehost. This is of course
practicalwhendealingwith a distributedsystem.But if all communicatingprocessesrun
on thesamemachine,therearemoreef�cient methodsof transport.Both UNIX sockets
andsharedmemoryprovidemorethroughputandshouldbeusedwhenrunningbandwidth-
intensecommunicationon onehost. For instancevision applicationsneedsthis, where
largeamountof video-dataneedto betransportedfastbetweenprocesses.

ISR(section3.6)automaticallyidenti�es asalink is beingsetup,if thecommunicating
processesresideon the samehostor not. If they do, UNIX socketsareused,otherwise
INET. This is totally transparentto the user. TAO providessomethingcalledpluggable
protocols. This is meantto be somethingsimilar, andcanswitch betweenINET, UNIX,
sharedmemory, SSL,UDP/IPandunreliablemulticast.Ourplanis to utilize thiswhenthe
needarises.

Ideally, sinceCORBA is a standard,oneshouldeasilybe ableto switch toolkit later
without having to make changesto thecode,but in practiceit is quitea bit of work. All
toolkits varyslightly on thesyntax.
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7.2 Transportation Data-format

Thereareanumberof optionsto choosefrom concerningwhatto actuallytransportacross
the wire. The choicesaresometimesstipulatedby the choiceof communicationtoolkit.
Whencommunicatingacrossdifferentplatforms,theendianproblemmustbehandled.In
Java,basicallyall class-objectscanbetransportedthanksto theserializemethod.Whenus-
ing puresocket-basedschemes,stringsor structsarecommon.XML is usedin conjunction
with SOAP (section4.3).

RecentCORBA standardsincludea new constructcalledvaluetype. Unlike traditional
CORBA callswhich areof typecopy-by-reference,thevaluetypeis copy-by-value. This
meansthat thedatais copiedacrossthewire. Valuetypesalsohave propertiesthatmakes
themeasyto usetogetherwith XML (OMG 2003). Somepeople�nd valuetypeshardto
use(they resembleC++autopointers).Nevertheless,thechoicewasmadeto usevaluetypes
for this project.

In order to be ableto usethe sameIDL-�le andunderlyingcoderegardlessof what
objectswill be transported,singleancestorwasmade. It wascalledOrcaObject and
hasonly a few basicoperations.

valuetype OrcaObject {
void dump();
public ORCA::TimeValue creationTime;
public string origin; // name of sender
factory create_default(in string name);
factory create(in string name, in ORCA::TimeValue tv);

};

Basedin this object,several standardobjectssuitablefor roboticswereconstructed,
suchasPose2D, MotionCommand andSonarRangeReadings .

7.3 Communication Patterns

A communicationtoolkit usually provides genericand often low-level communication
mechanisms.Soafterchoosingwhich toolkit to use,decisionshaveto madewhetherrules
andmechanismsneedto beconstructedontopof thattoolkit. Thereareanumberof issues
thatcomeinto playhere.Theadvantagesare

1. Freedomfor developersis restricted

2. Easierto learnfor noviceusers

3. Thenameof a remotecallingmethodcanusuallybeguessed

4. Theremotecallscanbereimplemented
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Therestrictionon freedommaysoundlikeabadthing,but frameworksareactuallyall
abouttherestrictingof freedom.Szyperskiputsit well: “An importantroleof aframework
is its regulation of the interactionsthat the partsof the framework can engagein. By
freezingcertaindesigndecisionsin theframework, critical inter-operationaspectscanbe
�x ed. A framework canthussigni�cantly speedthe creationof speci�c solutionsout of
thesomewhatsemi-�nisheddesignprovidedby theframework.” (Szyperski1998)

Onecouldof coursechoosenotto addalevelontopof thetoolkit. In theCORBA case,
this meansthatdeveloperswhoconstructnew componentsjustcreatesanew IDL-�le (see
section4.3) andcanchoosewhatever nameandparametershe or shewishes. This will
mostlikely leadto a disparateandheterogeneoussystem.

Callbacksarea commonway to handlecommunicationbetweencomponents.Call-
backshave however received a lot of criticism. One problemis that the server cannot
know if a registeredclient is still alive at thetime 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 seenredundant,the Pushpatterncould be used
instead. The Con�guration patternwasregardedas too mucharchitecturespeci�c, and
couldbeimplementedwith SendandQuery.

ThepatternswereimplementedusingC++templates.Thereasonfor thiswasto enable
differentclassesto betransportedusingthepatterns.

Push

ThePushpatternis convenientto usewhena componentis sendingdatacontinuouslyto
anothercomponent.This is often the casein a reactive loop wherea sensoris updating
a behavior. Figure7.1shows in UML thePushServer class.Themethodsstart() and
push() arecalledby thehostingobjectwhile subscribeandunsubscribearecalledby the
client over thenetwork.

Theclient sideproxy is shown in Figure7.3. Herewe recognizesubscribe()andun-
subscribe()thataredirectly routedto theserver. Themethodpush()is calledby theserver
delivering new data. The methodgetUpdate()is calledby the client in order to get the
latestavailableupdate.It blocksif noupdatehasbeenreceivedyet.

ThemethodgetUpdateWait() is likegetUpdate(),but blocksuntil new datahasarrived.
ThemethodgetUpdateWaitMax(constlongmsecs)is alsolikegetUpdate(),butblocksuntil
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Figure7.1: ThePushServer class.
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Figure7.2: A sequencediagramshowing thePushpattern.

new datahasarrivedor thespeci�ed time haselapsed.ThemethodnewDataArrived()can
beusedto checkif new datahasarrivedfrom theserver.

Figure7.2 shows a sequencediagramof the pushpatternin operation. Note that in
sequence8, thegetUpdatecall returnsthesameobjectasin sequence5. Notealsothat in
sequence12,themaximumtimehasexpiredandnoobjectis returned.

The pushpatternshouldbe extendedto take an additionalparameterde�ning the in-
terval at which theclient would like to beupdated.To implementthis on theserversideis
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Figure7.3: ThePushProxyclass.
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Figure7.4: TheQueryServer andQueryServerHandlerclasses.

howevernotwithoutproblems.Thissincethecontrol-looprunsatamoreor less�x edfre-
quency ultimatelyadaptedto thehardware.A solutionis to let theclientspick a multiple
of this frequency. Theclientsmustthenbeprovidedwith this informationbeforehand.

Query

The Querypatternis usedwhena componentneedsto 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 QueryServer
canbeseenin Figure7.4.Themethodquery()is theonly onevisibleby theclient. As can
beseen,it alsotakesanargumentthatcanbeusedto parameterizethequery. Theserver
componentimplementstheclassQueryServerHandlerto which thequeryis routed.
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Figure7.6: A sequencediagramshowing theQuerypattern.

On the client side(Figure7.5), the query()methodis straightforward,but the others
needclari�cation. They areusedfor sendingasynchronousqueries.ThemethodqueryRe-
quest()returnsan ID that is thanusedfor picking up the answerwith queryReceive() or
queryReceiveWait(). Thelatteroneis blockinguntil theresponseis available.

Figure7.6 shows a sequencediagramof theQuerypattern. Sequence1-3 shows the
regularblockingquery. Sequence4-8showsthenon-blockingversion.Notethatsequence
7 returnswithout ananswer, while sequence8 waitsuntil theansweris available.
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Figure7.7: TheSendServer andSendServerHandlerclasses.
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Figure7.8: TheSendProxyclass.

Send

TheSendpatternis a one-timesendingof datafrom onecomponentto another. Thepat-
terndoesnot includethereceiver requestingthetransferaforehand.Sendis thesimplest
pattern.On theserver side(Figure7.7), thecomponentimplementsa SendServerHandler
thatreceivestheobject.Theclient interfacejust consistsof themethodsend().Figure7.7
shows thesimplesequencediagramfor theSendpattern.

Oneshouldnoteherethatin theSendpattern,theclient sendsdatato theserver. Here
theclient-server terminologymayseemconfusing.

7.4 Synchronization

A problemthat a developerwho designsan asynchronous(push-based)behavior-based
systemsfaces,ariseswhenfusingtheoutputfrom differentbehaviors (Figure7.10). Usu-
ally the behaviors operateat different frequenciesand thus pushtheir dataat different
pointsin timeandwith varyinginterval.
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Figure7.9: A sequencediagramshowing theSendpattern.

This canbehandlesin differentways.

� Wait until all behaviorshavedelivereddata,thenfuseandsend.

� For every incomingdata,fusewith the latestavailableoutputsfrom theothersand
thensend.

� Havea globalclock or scheduler, makingit asynchronoussystem.

The �rst option is a goodchoiceif the timings aremodestlydisparate.If the timing
differencesaregreater, thesecondoptionmaybemoresuitable.In ISR (section 3.6),this
schemeis usedrathersuccessfullyin all cases.The lastoption is of coursemoredrastic.
Abandoningthe asynchronousmodeldoeshave advantagesbut alsoaddsto complexity
performanceloss.

To aid in this area,a Synchronizerclasswasdesigned(seeFigure7.11). Thecompo-
nentdeveloperinstantiatesan objectof this classandcalls the addSubject()methodfor
eachproxy thatshouldbesynchronized.Themethodwait(subject) is thenusedfor
waiting for aspeci�c server. ThemethodwaitAll() is usedfor waitinguntil all servers
have pushednew data.Both of theseareblockingandwill wait inde�nitely. Themethod
waitAll(msecs) canbeusedto de�ne amaximumamountof time to wait.
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Figure7.11:TheSynchronizationclass.

7.5 Services

Componentstypically make useof externalservicesin orderto locateothercomponents.
Also otherservicesexist, suchastheTime,SchedulingandSecurityservices.

Naming Service

As statedin section4.4,theCOS(CORBA Services)NamingServiceis theservicethrough
which mostclientsof anORB-basedsystemlocateotherobjects.It correspondsto a tele-
phonebookswhite pages,clientsarestoredandretrieved by their name. The datacan
be structuredinto hierarchies,very similar to thedirectorystructurein �le systems.The
entity correspondingto directoriesarecalledcontexts. Clientscanqueryfor namesand
even navigatethesenamingcontexts. This givesyou the choiceon how to organizethe
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Figure7.12:A view of a runningsystemof componentsasregisteredwith aNamingService.

structure. Herewe found that a functional, ratherthat physicalhierarchyis mostoften
desired.Only wherephysicallocationis of importanceshouldthephysicalview beused.
For example,behavior componentscanbe put in a top-level context, while sensor-server
componentsshouldbeplacedin a context relatingto theplatformon which thesensoris
located.This becausethephysicallocationof sensorsareimportant.Figure7.12shows is
agraphicalview of a runningORCAsystemasregisteredwith thenaming-service.

Supportfor theNamingServicewasconsideredfundamental,andwasthusbuilt into
our system.This to theextentthatactuallyno componentcanbestartedwithout thepres-
enceof a runningNamingService.Somepeoplewill undoubtedlyobjectto this.

Trading Service

The COSTradingService(seesection4.4) is a convenientway for componentsto �nd
othercomponentsthatoffer aparticularservice.By usingaTraderService,speci�c names
of othercomponentsneednot be known which enhances�e xibility . It alsoincreasesro-
bustnesssinceif a server hasgonedown, anotherserver offering thesameservicecanbe
located.It wasconcludedthat theTradingServiceis mainly usefulin largecomplex sys-
temswith a large numberof components.Supportfor it shouldbe includedbut with a
lowerpriority.
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Event Service

The COSEventService(section4.4) seemedto be theperfectmechanismto implement
thePushpattern(section7.3). It turnedouthowever thatour choiceof valuetypes(section
7.2)wasnotcompatiblewith thecurrentTAO implementationof theEventService.

SothePushpatternwaseventuallyrewrittenfrom scratch.TAO alsooffersother�a vors
of theEventService,notablytheReal-timeEventService.Thereis alsoa Fault Tolerant
Real-timeEvent Service. Suchoptionsarea naturalchoicesfor considerationin future
work.

Logging Service

Mainly for debuggingThe CORBA Servicesincludesa TelecomLog Service. It canbe
usedfor logging and monitoring the executionof a running system. This can also be
usedfor puredebuggingof applications.This is especiallyhelpful, since�nding bugsin
distributedsystemscanbeextremelydif�cult. In our system,we endedup implementing
our own loggingservicewhichwasintegratedwith theLog4cpp.

7.6 Summary

Hereis asummaryof thedecisionsmadein this chapter.

� CORBA waschosenascommunicationtechnology.

� TAO was chosenasCORBA toolkit, primarily becauseit is up tp dateregarding
standards.

� TheCORBA valuetypewasselectedastransportationdata-formatin orderto enable
copy-by-value.

� Threecommunicationpatternswerede�ned; Push, SendandQuery.

� A Synchronizationclasswasdesignedtoassistwhenacomponentrecievesdatafrom
severalothercomponentsasynchronously.

� The Naming Servicewaschosenasprimary mechanismfor componentslocating
othercomponents.

� TheTraderServiceshouldbesupportedat a laterstage.



Chapter 8

Ontology for Mobile Robotics

Thedata-typesusedfor roboticsplay many importantroles.Theway they arechosenand
organized

� structuresandorganizesthingsinto a hierarchy,

� de�nesthecommonsetof informationthatis passedaroundin thesystem,

� implicitly conveysthedesignersview of theworld.

This chapterpresentsshortlyrelatedwork, andthena chosenontologyis presented.

8.1 RelatedWork

In somescienti�c disciplines,tremendouswork hasbeenput into de�ning acohesivestan-
dardof data-types.Oneexampleis theImageUnderstandingEnvironment(IUE), which is
anobject-orientedclasslibrary for usein computervision. It is implementedin C++ and
containsa largenumberof classes.

In robotics,so far no seriousattempthasbeenmadeto form a standardsetof types
that the communitycanagreeupon. Recentlya numberof initiativeshasbeenstarted.
Oneis calledKinematics(Bruyninckx2003)andis developedin relationto theOROCOS
project(OROCOS2002). Theaim is to developapplication-independentlibrariesfor the
geometry, kinematicsanddynamicsof robots,which coversa large areaof the robotics
�eld.

Anothernewly startedprojectis RETF(RETF2003). It is a coalitionof industryand
academiathat strives to produceand maintainspeci�cationsfor reusable,interoperable
building blocksfor mobile robots. This also includesde�ning relevant data-types.It is
alsoat averyearlystagebut seemsto havestalledalready.

JAUS (JointArchitecturefor UnmannedSystems)is anAmericanmilitary project. It
hasbeencriticizedfor imposingarchitectureandprotocolsandto beverycumbersometo
implement.

77
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Therearemany successfullibrariesbutde�nition of ontologoesfor broaddomainssuch
asroboticshavesofarnotbeenassuccessful.They oftenfail for anumberof reasons.The
numberoneproblemis thatthey setthescopetoowide,they try to covereveryconceivable
area.This resultsin very large librariesanddocumentation.This make usershesitateto
install themandgetshard to manage.Gettingmany peoplefrom differentsub-areasof
roboticsto agreeon commonterminologyandclassi�cation is not alsoan easytask. So
thestandardsoftengetsrewritten overandoveragain.And sometimestheprojectsdo not
reachtheimplementationstageat all.

8.2 A ProposedOntology

The types normally neededfor mobile robots can be divided into six areas: Geome-
try ,World geometry,Time ,Navigation,Graph, andEstimators. The restof this chapter
presentsin a ratherad-hocway a proposedontology. The last two of theabove areasare
notaddressed.

Choiceof units is a very importantfactor. The obvious choicehereis SI units, i.e.
meters,radiansetc. Traditionallyotherunitshave beencommonin robotics,suchasmil-
limeters,inchesor tensof inches. This hascauseda lot of headacheswhenconversions
havehadto bedone.

Geometry

Theseaddressthestandardmathematicalgeometricprimitives.They form thebasisfor the
subsequenttypes.

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

TheWorld Geometrytypesdiffer from theGeometrytypesin thesensethat they contain
uncertainties.But just aswith theGeometrytypes,they areprimitivesfor thehigherlevel

Position2d
{

geometry::Point2d position
Matrix22 uncertainty

}
Position3d
{

geometry::Point3d position
Matrix33 uncertainty

}

Orientation2d
{

geometry::Rotation2d ori
float uncertainty

}
Orientation3d
{

geometry::Rotation3d ori
Matrix33 uncertainty

}
WDistance
{

geometry::Distance distance
float uncertainty

}

Velocity

Acceleration

Translation

Time

ThesingleTime typecontainstheSI unit second,aswell asmicrosecond.Sincetheseare
usedin UNIX operatingsystems,conversionwill notbenecessary.

TimeValue
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{
long seconds
long useconds

}

Navigation

Thesere�ect thehigherlevel typesthatarecomposedof the typesde�ned above. These
canbeimplementedasclassesor structs.Thesecontainersarethenwhatis passedaround
in asystem.

Someof thesemightneedexplanation.Poseis a commontermfor positionestimation
which is usede.g. for describingthe positionof a robot. The threedimensionalvariant
is usedfor �ying or underwatervehicles,but also for groundvehicleswherealtitude is
regarded.A Poseis alwaysusedin conjunctionwith a timestamp.Rangereadingsarethe
dataprovidedby certainsensorssuchsonarsandlaserrange�nders.

A Goalpointis usede.g. wheninstructinga robot to navigateto a point. A Goalpoint
needsto have a namesoreferringto it is madeeasierfor humanoperators.TheDoor is a
Goalpointwith someaddedpropertiessuchaswhichway 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 valuetypeswaschosenasformatof theobjectsthatare
transportedacrosscomponents.While theprevioussectionformsa theoreticalguideline,
thissectiondescribestheactualimplementationsof objectsin thesystem.

The OrcaObject

A commonsuperclasscalledOrcaObject is de�ned that is subclassedby all otherobject
types.This simpli�ed the implementationof thecommunicationpatterns7.3. It wasalso
inspiredby thejava.lang.Objectwhich is theroot of theclasshierarchyin Java.

Whenconstructingasuperclassyougenerallyneedto think carefullybecauseyouwant
to keepit smallandnotchangeit frequently. Thefollowing attributeswereincludedin the
object:

origin A stringcontainingthenameof thecomponentfrom which thedataoriginates.

creationTime A timestamprelatingto whentheobjectwascreated.

copy_value() Createsandreturnsa copy of this object.
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dump() Printsout thevalues.

ThecreationTimeattribute is itself anobjectcalledTimeValue which includesanat-
tribute for secondsandonefor microseconds,asde�ned in the previous section. Many
otherobjectsincludeadditionaltimestampswhich may seemstrange.The motivation is
that the creatationTime re�ects whenthe valuetypewasconstructed,which in generalis
right beforethe object is transmitted.This canbe usede.g. to measurecommunication
latencies. The other timestampcan e.g. be usedfor representingthe time at which a
sensor-valueis retrieved. Sucha timestampshouldbe usedwhenmeasuringthe ageof
sensorydata.

Navigation

Figure8.1shows theobjecthierarchyfor navigation.

A Point correlatesto thePoint3Dasde�ned above.

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

The WorldCoordinate6DOF extendsthe above for six degreesof freedom. It addsa
Point representingthe3D orientation,andshort-handfunctionsfor gettingthepitch, roll,
andyaw.

RobotPoseis an object that canbe usedfor describinga robot position. It includesthe
orientationof the robot, the translationalvelocity, the steeringvelocity anda timestamp
from whenthedatawasretrievedfrom thehardware.

Odometry containsapositionx, y, steerangle,translationalvelocity, steeringvelocity, and
a timestamp.Whetherthepositionandsteerangleshouldbe includedcouldbe debated,
but at leastonerobotplatformsuppliesthis by thehardware.

RangeReadingscontainsa rangeof values.Thesizeof the rangeis givenby nrOfRead-
ings.

SonarRangeReadingsextendstheabove objectby addinga vectorof posesasall scans
cannotbe regardedas �red from oneplace. It alsoaddsa vectorof timestampsfor the
samereason.

LaserRangeReadingsonly addsone timestampas the readingsare treatedto originate
from thesamepoint in timeandspace.
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Figure8.1: A view of objecttypesusedfor navigation.



84 CHAPTER8. ONTOLOGY FORMOBILE ROBOTICS

Hardware

Figure8.2shows theobjecthierarchyfor hardwarerepresentation.

Robot is composedof actuatorsandsensors.Additionally it includes�elds for name,ven-
dor, model,radius,bumperradius,andnameof hardwarelibrary.

Actuator includes�elds for vendor, model,library, driverandport.

Dri veextendstheaboveobjectby addingtype,maximumspeed,maximumsteeringspeed
amongothers.

Sensoralso includesvendor, model, library andport, but alsoupdateinterval. Thereis
alsoa �eld which is usedto statethetypeof thesensor.

SonarRing extendstheabove objectby addingthenumberof sonarsandalsoothertech-
nical details.

LaserSensoraddstechnicaldetailsrelatingto thattypeof sensor.

Navigation

Figure8.2shows theobjecthierarchyfor navigation.

GoalPoint containsa name,a WorldCoordinate.A �eld calledreachRadiusspeci�eshow
closeto thepoint onemustgo in orderto succeedin reachingit. A radiusof zerowould
effectively makearobotmovearoundit inde�nitely. If anangleis given,it meanstherobot
shouldfacethis directionafter it hasreachedthegoal. Thereis a toleranceto this called
reachAngle.

Door extendsthe above objectwith �elds relating to a door suchaswidth, height,and
leaf-angle.Therearealsoa numberof booleanvaluesrepresentingif thedooris passable,
whichsidethehingesareonetc.

MotionCommand canbe usedin two ways. Either the desireddirectionor the desired
directionalvelocity is given.In bothcasesthedesiredspeedandweightaregiven.Weight
signalshow muchthis motioncommandshouldbe consideredwhenfusing it with other
motioncommands.This objectcanbeof two moretypes,DONTCAREandFULLSTOP.
Theformermeansthatthismotioncommandshouldbedisregarded(weight=0)andFULL-
STOPof coursemeansthattherobotshouldstopimmediately.
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Figure8.3: A view of objecttypesfor navigation.



Chapter 9

ComponentModel

In orderto easethedevelopmentandinteractionbetweencomponents,acomponentmodel
needto bede�ned. As statedpreviously, this is usuallynotsomethingthatthemiddle-ware
softwareprovides.Accordingto (Wanget al. 2004),thesolutionis to de�ne a component
middle-warewith thefollowing capabilities:

� Createsa standard"virtual boundary"aroundapplicationcomponentimplementa-
tionsthatinteractonly via well-de�ned interfaces.

� De�ne standardcontainermechanismsneededto executecomponentsin generic
componentservers.

� Specifytheinfrastructureneededto con�gure anddeploy componentsthroughouta
distributedsystem.

RecentCORBA standardsdoeshowever includea componentmodelcalledCCM. There
havenotbeenany implementationsavailableuntil December2003,longbeforeoursystem
wasdesigned.The above pointshave beenaddressedin out system,this is explainedin
thischapter.

9.1 FundamentalProperties

Theclassicdivisionof componentsinto clientsandserversis notreallyapplicable.A com-
ponentcanbebothserverandclientat thesametime. For example,abehavior component
canbeaclient of asensor-serverandat thesametime aserver for anactuator-component.
Soasystemof equalpeers is whatwewant.Moreover, ourphilosophyis basedonthatthe
componentsin thesystemwork very independently. Thismeansthatasfaraspossible,no
centralcomponentgovernsexplicitly theexecutionof othercomponents.Themotivation
for this is

� Minimize bottlenecksor singlepointsof failure(exampleof thiscanbefoundat the
endof (Lucas1999)).

87
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� Reducenumberof communications.

� Reduceresourceallocation.

A systemshouldin principlebeableto run inde�nitely withouta restart.Furthermore,
weoftenhaveadynamicsystemwherewewill notknow from thestartwhichcomponents
maybestarted.Whatwe do know is thatwe have limited resourcesin termsof memory,
cpuetc. This leadsusto a conservativeapproachregardingresourcehandling.Ideally, all
componentsnot neededshouldshutdown completelyin orderto releaseall its resources.
Alternatively, they shouldreleaseasmuchresourcesaspossiblethatarenot in useandthen
besuspended.

Therearehowever drawbacksto this scheme,oneof which is ef�ciency. A central
componentthathasanotionof globalstatecouldprepareothercomponentsthatwill come
in usein the nearfuture. This would matterif thereis latency involved in initiating e.g.
a pieceof hardware. But with our scheme,a componentmay restartimmediatelyafter
shutdown.

A trade-off wouldbeto �ag componentsthatcanbeexpectedto beusedfrequentlyand
thatshouldnotshutthemselvesdown wheninactive. Thishoweveraddsto thecomplexity.

9.2 Granularity

Whendividing a systeminto components,granularitybecomesan issue.TeamBots(sec-
tion 3.5) is anexampleof a systemwith �ne granularstructure,while ISR (section3.6) is
morecoarse-grainedasindeedis commonin behavior basedsystems.

Thelatterschemewaschosenfor ourdesignfor anumberof reasons.Componentsare
by de�nition binary(seesection4.3)andthusfairly coarse-grainedwith onewell-de�ned
purpose.In a behavior-basedarchitecture,behaviors mapnaturallyontocomponents.A
behavior thenis afull blown processandtheoperatingsystemtakescareof schedulingand
parallelexecution.And if suchaprocessfor somereasoncrashesonly oneactivity will be
effected.

9.3 The OrcaComponent

A standardcomponentskeleton,or wrapperwas createdcalled OrcaComponent.This
includescodethat initializesall CORBA communication.It alsoregistersthecomponent
with theNamingService(section7.5). Implementation-wisetheOrcaComponentis aclass
whichall componentswill inherit.

Anotherutility classcalledComponentStarteris templatedwith theactualcomponent.
It takescareof parsingthecon�guration�le, parameterizingthecomponentcodeandthen
settingthecomponentin aninitial state.
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INIT

IDLE

PREPARE_WORK

start working cond

WORK

WORK_FAILED

work failed cond

WORK_DONE

work finished cond

CLEANUP_WORK

Figure9.1: Thestate-machineused.

9.4 State-Machine

State-machinesin variousformshave alwaysbeenpresentin robotic systems.Thereare
usuallystatesde�nedondifferentlevelsin asystem.Thereis oftenoneglobalstatefor one
or morerobots. Subsystemsandcomponentscanalsohave its own internalstates.This
sectiondealswith thelatter.

For this project we decidedto build upon successfulexperienceswith the BERRA
(section3.6). Theresultcanbeseenin Figure9.1. This state-machinehasprovento work
�ne with behaviors aswell aswith sensor-servers.Changesbetweenstatesarecontrolled
by testingspeci�c conditions.Thistestingis triggeredby eventssuchasclientsconnecting.
Implementation-wise,eachstatecorrespondsto a method-call.Themethod-callwork()
returnsa boolean.If it returnstrue , thenthestateWORK_DONEis entered.Otherwise
thestateWORK_FAILED is entered.TheINIT andEXIT (missingfrom thepicture)states
areactuallynot explicitly implemented.The object's constructorsanddestructorcanbe
usedinstead.

As statedin section9.1, thehigh degreeof independenceof components,impliesthat
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Figure9.2: Statechanges(shown for SonarAvoid) occurautomaticallyuponclientsconnecting

a componentdecidesfor itself whento changeits internalstate. This is for examplein
contrastto the principle in SmartSoft(section3.7). Figure9.2 shows how the behavior
SonarAvoid, the middle component,changesstateautomaticallywhen a client startsto
subscribeto its outputdata.An connectionthusoftenresultsin severalotherconnections
in acascade-likemanner.
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9.5 Con�guration

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

Initialization

Thiscanbedonein severalways:

� Ordinarytext-�les.

� Database.

� XML-�les.

� Commandline arguments.

Ordinarytext-�les is probablythemostcommonway. Oneproblemwith thoseis that the
parsingis error-proneandhasto becustommade.Checkingtheformatandsyntaxis also
dif�cult. Theseproblemsaresolvedby usingtheXML format.While thisis not thegolden
axe thatmany would have you believe, it doesprovide standardsandtools thatmake it a
goodchoicefor usein con�guration �les. However, it is highly �e xible andleavesgreat
freedomto thedesigner.

Usageof databasesfor con�guration within roboticsis an interestingapproachthat
have gainedsomepopularityrecently. This hasmany advantagesbut alsodisadvantages
suchasaddedcomplexity andrelianceonanexecutingdatabaseprogram.For this project
wechoseto useXML.

Decisionshave to madeon what shouldbe con�gurable. The obvious option is to
hard-codethe parametersinto the sourcecode. This implies of coursea recompilation
if an event mustbe changes,andshouldthusbe avoided. But thereis no reasonnot to
hard-codevaluesthat canbe expectedto remainconstant. Examplescould be physical
properties.

Sinceit canbe hardto predictwhat parameterscanbe useful in the future,an open-
endedformatthatcanbeextendedis agoodchoice.

Thefollowing propertieswereidenti�ed to becon�gured by XML-�les. Thereis one
such�le percomponent.

� Componentname.

� Namesof exportedservices

� Namesof requestedservices

In thecaseof acomponentrepresentingahardwareunit suchasasensor, thefollowing
itemsareaddedto thecon�guration�le.

� Nameof hardwarelibrary.
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� Hardwaretype.

� Hardwarevendor.

� Hardwaremodel.

� Hardwareparametersdependingonhardwaretype.

� Physicalparametersdependingonhardwaretype.

Someof theseparameterscontradictwhat was said regardingconstantvalues. But
theseparametersserve a dual purpose.Apart from con�guring the hardwareandserver,
clientsmay query the server for thesevalues. By putting thesein the con�guration �le
accordingto a format, they canmoreeasilybeput in a well-de�ned structurethatcanbe
transportedto theclient.

A completeexampleof anXML con�guration�le canbefoundin AppendixA.
Theparsingof theXML-�le is doneby convertingit into a DOM (DocumentObject

Model) tree.

Runtime Con�guration

Oneveryimportantissueis dynamicrecon�gurationof interconnectionsatruntime.While
somesystemsmaynotneedthis, it is neverthelessusefulfor error-recovery. A component
maythenreconnectto anothercomponentin thecaseof crash.

In a typical behavior-basedarchitecture(section2.2), differentsetof behaviors send
motion-commandsto themotion hardwaredependingon thecurrenttask. Thereforsuch
systemsneedto berecon�gurablein runtime.

Our solutionto this problemwasto usethestandardSendpattern(section7.3)which
is usedto senda string containingthe namesof othercomponentsto which the receiver
shouldconnect.

Fanciersolutionswould be to sendnew con�guration consistingof XML. Another
featurewouldbeto beableto con�gure theconnectionsby usingagraphicaluserinterface.

9.6 Summary

In this chapter

� anOrcaComponentwasde�ned in orderto providea standardcontainerfor compo-
nents.

� a standardstate-machinewasspeci�ed for managingthe internalstateof compo-
nents.

� con�gurationis carriedoutwith theuseof XML-�les.

� runtimecon�gurationwasdiscussed.



Chapter 10

Hardware Abstraction

Portabilityacrosshardwareplatformsanddevicesis a highly desirabledesigngoal. This
obviouslyeasesdevelopmentwhenaddingnew devicessuchassensors.Thoughgenerally
notconsidered,at leastnot in academia,softwareimplementationis oftenmorecostlythan
the hardwareon which it runs. Obviously thereis thengreatbene�t from beingableto
moveexistingsoftwareon to new hardware.Rememberalsothathardwaretendto change
quiteoften,sothatsoftwareoftenoutliveshardware(if it is well written).

10.1 Basics

A portablesystemshouldprovide abstractionof hardwaresuchassensorsandactuators.
Although robot manufacturershave differenthardwaresolutions,the fundamentalbasis
oftenremainssimilar. At thelowestlevel,oneor two motorscontrolthedriveandsteering.
Oftena sonarring andbumpersarepresent.

ThemanufacturerusuallyprovidesanAPI thatletstheprogrammeruseslightly higher
level commandssuchasto move in absoluteor velocity mode.Thesystemshouldencap-
sulatethesehardwarespeci�c commandsinto a generalizedsetof commands.

Abstractionsshouldbemadeat differentlevels. For instance,on a synchro-drivesys-
tem,a move commandat a higherlevel will be transformedinto separatelow-level com-
mandsfor the drive-motorandthe steer-motor. This way, a programmercanchoosethe
level suitablefor his applicationprogramming.

Ideally the hardware characteristicsshouldbe kept in a single �le in the software
source. Then this �le would be the only placewherechangeshave to be madewhen
moving thesystemto new hardware.

This abstractionat the sametime makes it more dif�cult to exploit specialpurpose
sensorsandhardwareandthereis thusabalancebetweenabstractionandef�ciency.

93



94 CHAPTER10. HARDWARE ABSTRACTION

10.2 A HardwareAbstraction API

This sectiondescribesour designregardinghardwareabstraction.Theguidingprinciples
have beento make as simple and practicalas possible. Wherepossible,other patterns
from the framework shouldbe reused.Following this principle, we managedto usethe
aforementionedcommunicationpatternsall thewaydown to thehardwarelibrary.

The HardwareContainer

Whensettingout to partition the hardwareof a robot into components,oneimmediately
runsinto problems.This is dueto thefactthatmostoff-the-shelfrobotsconsistsof a base
containinglocomotionaswell sensorhardware. Often thesearecontrolledby the same
electronics,accessedasasingledevice,e.g.via aserialport. Thismeansthatthehardware
modulescannotbe separatedinto differentbinary componentssincenot more thanone
processcanaccessa portat onetime.

On e.g. theNomad200,thehardwarecanactuallybeaccessedby differentprocesses
simultaneouslybut this is very inef�cient becausethe they will then poll the hardware
individually. And asthe the polling commandis the samefor all hardware,andthe fact
thathardwareaccesstakesa very long time (in theorderof tenthsof seconds),muchtime
is wasted.

This meansthat the hardwarethat is controlledby the sameport shouldbe bundled
togetherinto onecomponent.This doesviolate the designersurge to separateaccording
to abstraction,but is neverthelessnecessary. Often the robot is equippedwith additional
sensors.Thesecanreadilybehandledby separatecomponents.

Somewould argueto placeall the hardwareof a robot into onesinglecomponent,a
Robot-Server. But that leadsto otherproblems.E.g. whatconstitutesa robot?Is a sensor
placedon a robot totally differentfrom a similar sensorplacedon thewall, or on another
robot?Thatschemesalsomeansthatthesourcecodeof thecomponenthasto bemodi�ed
when placing a new sensoron the robot. This addsto complexity and modi�cation is
known to introducebugs.

Our approachis to de�ne a generichardware container, Figure10.1. This hardware
containercancontaina numberof sensorandmotioncontainers,seeFigure10.2.A hard-
warecontainerhandlesonly onehardwarelibrary. Thehardwarecontainerhandlesinitiat-
ing, startingandstoppingtheunderlyinghardwarethatit is responsiblefor.

ThisHardwareContainer�lls theneedsverywell for representingarobot-baseasthose
describedabove. It is sub-classedfor every speci�c robot-base,sensoror other type of
hardware.TheHardwareContaineris thenwrappedin acomponent,e.g.alaserrange�nder
serveror a robot-baseserver.



10.2. A HARDWARE ABSTRACTION API 95

!#" $&%(')" $&*,+(- .�/ " 0 .�*�$

132�4 5&6�7�4 5&8,9�:�;�< 4 = ;�8�5�>�;�4 ?@8BADC�:�;�E�<FE�< 6GA ADEH<I5�= ;�JLK M

1NJF8O<IPB:O< = :�;Q2�RG>I< S�T�8@A�PB:O<I= :�;Q2�RVUFSDT�8�MQAWPB:O<I= :�;Q2�RYX

1NJF8O< ZW8�;�E[:�5[2�RG>I< SDT�8@A�Z�8�;�E�:�5[2�RVUWSDT�8�M A�Z�8�;�E�:�5[2�R\X

1V]�4Q;�6 ^ 8�_ ;WTF`�< > a 6GA�= ;�< M A,b�:�= 6

1V]�4Q;�6 ^ 8OU�= ?@8�:�`�<I>I< <(AD8�;W`F?cU = ?@8�:�`D< UFSDT�8�M A,b�:�= 6

1V= ;F= <I>�M A�d�:�:�^

1NEH< 4 5I<I>�M A�d�:�:�^

1NEH< 4 5I< U = ?@8�:�`�< Ee>I<I= ?@8�:�`�<(A�C�:�;�EH<Wf�9�gQhQU�= ?N8�hFi�4 ^ `�8�K M A�b�:�= 6

1NEH< :�TF>�M A�d�:�:,^

1NEH< :�T�U�= ?@8�:�`�< Ej>�M A�b�:�= 6

k

< = ?@8�5[g l�TW= 5&8�6 >&4 d�E�:�^ `�< 8�h < = ?@8@ADC�:,;�EH<Wf�9�gQhQU�= ?@8�hFi�4 ^ `�8�K�m�4Q5HJGA�C�:�;�EH<Wb�:�= 6LX M A�b�:�= 6

Figure10.1:TheHardwareContainershown at somedetail.
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Figure10.2:TheHardwareContainercontainssensorsand/ormotionhardware.

Sensors

Sensorsarerepresentedby the SensorHWbase-class.It is in turn sub-classedfor every
majortypeof sensor, suchaslaserrange�nders,sonarsetc(Figure10.4).

If thesensoris of standalonetype,it is put in it' sown HardwareContainer. If it belongs
to a robotsuchastheNomad200,it is put in thatrobot'sHardwareContainer.

A SensorHWclasstypically providesa PushServerand/ora QueryServer (seesection
7.3), asshown in Figure10.5. Theseserversareinstantiatedat thecomponentlevel, ac-
cordingto thecon�guration. This is becausetheir presenceareoptionalandthenamecan
besetat runtime.
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Figure10.5:A sensortypically providesaPushServer andaQueryServer.

Motion Hardware

TheMotionHW classis usedfor actuatorsthat locomotesa robot. Theclassmayneedto
besub-classedfor speci�c hardware(Figure10.6). This is alsoinstantiatedat component
level accordingto con�guration.

Usuallyonly a SendServer, acceptingmotion-commands,is associatedwith with this
class(Figure 10.7). Note that a crisp motion-commandis required,as no blending is
carriedout. A standalonecomponentthat fusesmotion-commandsshouldbeusedif that
needexists.

10.3 Concluding Remarks

Someclientsmayneedto know speci�csaboutahardwareserversuchasmaximumspeed,
rangeetc. As statedin section9.5, this datacanbe madeavailablein con�guration �les
andthensuppliedby theserver via anotherQueryServer. This hasso far not beencalled
for in currentimplementations,but caneasilybeadded.

The implementedRobotBaseServer is, as said earlier, designedto be as genericas
possible. It canbe usedwithout modi�cation for a numberof robots. Its main job is to
parsethe con�guration �le andinstantiateserverswhich aretied to the hardwarelibrary
that is linked in dynamicallyat runtime. The only thing the developerneedsto do is to
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Figure10.6:A MotionHW canbesub-classedfor aspeci�c platform.
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Figure10.7:A MotionHW canbesub-classedfor aspeci�c platform.

supplyahardwarespeci�c con�guration-�le anda hardwarelibrary thatis built according
to theabovepresentedHardwareContainer.

TheRobotBaseServer classis however too muchhard-codedin our view. E.g. it has
to be modi�ed in casenew (major) typesof sensorsaswell asnew objectsareneeded.
Theinitial ideawasto makeaperfectlygenericcomponentthatcouldinstantiatewhatever
classeswasnamedin the con�guration-�le. This however failed. The main reasonwas
thechoiceof programminglanguageC++. Hada languagethatsupportsre�ection(Green
2004),suchasJava,beenchosen,it would havehadgreaterchanceof success.

Recently, abridgewasdevelopedbyACFR,thatletsusinterfacedirectlytoPlayer/Stage
(seesection3.8) supportedhardware. This givesusaccessto hundredsof differenthard-
waredevices.
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10.4 Summary

In thischapterwe introducedsomenew ideasregardinghardwareabstraction,

� a HardwareContainerclasswasde�ned thatcanrepresenteverythingfrom a robot-
baseto a laser-scanner.

� a SensorHWclasswasusedto representany sensordevice.

� a MotionHW classfor representingactuators.





Chapter 11

Ar chitecture and Implementation

Thissectiondescribesanarchitectureandimplementationthatusestheproposedcomponent-
framework. Accordingto IEEE1471,architectureis thefundamentalorganizationof asys-
temembodiedin its components,their relationshipsto each otherandto theenvironment,
andtheprinciplesguidingits designandevolution.

11.1 Components

Herewe describea selectnumberof implementedcomponents.Rememberthata compo-
nentrunsin its own processandis executable.For eachcomponentthereis a correspond-
ing con�guration �le (section9.5. This �le containsthe namesthat shouldbe usedfor
exportedinterfaces.It alsoincludesthenamesof the interfaces(or servers)that thecom-
ponentshouldconnectto. This makesthesethingstotally con�gurableat runtime. This
alsomeansthatthenamesof interfacesfoundin thefollowing pagesarejustexamplesand
couldeasilybechanged.

Thefollowing presentationof componentsaredividedinto behavior, hardware,delib-
erateandothercomponents.Trying to label componentslike this canbe hardandeven
unfortunate.This is becauseit implicitly enforcesan architecturalview. Rememberthat
componentsshouldberegardedasequalpeersfrom theframeworkspoint of view. In that
sensethereareno differencesbetweenthe categories. Thesecategoriesareusedherein
referenceto thecommonlyusedhybridarchitecture(section2.3).

Behavior Components

Thefundamentalbuilding blocksof a behavior-basedsystemareof coursethebehaviors.
As statedearlier (seesection 2.3), oneor morebehaviors canexecuteconcurrently. If
morethanonebehavior thateffectsthesamehardwareexecutes,their outputneedsto be
fusedsincethehardwareneedsonecrispmotion-command.

101
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Figure11.1:TheGotocomponent.

Goto

A Goto behavior takesasparametera goal-pointin 2D- or 3Dspaceandstrivesto drive
the robot to that goal. In order to be able to this, it needsto have information on the
currentlocationof therobotonaregularbasis.This informationcane.g.beobtainedfrom
localizationcomponentsor odometryservers.

An implementationof a Goto behavior canbe seenin Figure11.1. This component
exportsthreeinterfaces.GotoCoordinateSendreceivesthe goal-pointto which the robot
shouldmovetowards.Rememberthatthe�o w of datais from aSendProxyto aSendServer
(section7.3).

The secondexportedinterfaceis namedMotionCmdPushand is a PushServer that
sendsa motion-commandfor every motion-controlloop lap. The last interfaceis called
ArrivedPush.Interestedpartiescansubscribeto thisPushServer in orderto learnwhenthe
robothasarrivedat thegoal.

This particularGotocomponentdependson anothercomponentthatexportsa odome-
try datavia aPushServer.

Avoid

The taskof an Avoid behavior is to have the robot avoiding driving into obstacles.An
Avoid behavior canavoid stationaryaswell asmoving obstaclesdependingon theimple-
mentation.If thereareno obstaclesin thevicinity, this behavior shoulddo nothing. But
in thepresenceof obstacles,its job is to have therobot keepa safedistancebetweenthe
robot andthe obstacles.In its simplestform, it will just stopthe robot if an obstacleis
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Figure11.2:TheAvoid component.

too close.More advancedalgorithmscanhave therobotsteeraroundobstaclesin smooth
curves.Avoid behaviorsarealmostalwaysusedin conjunctionwith otherbehaviors,such
asGoto.

Avoid behaviors usedatafrom sensorsin orderto detectobstacles.Several different
kindsof sensorscanbeused.Sonars,laser, camerasandinfra-redarethemostcommon
sensors.

The textbooksarevirtually �lled with algorithmsconcerningthe �ne art of obstacle-
avoiding. Commonmethodsusepotential�eld histograms(PFH)orvector�eld histograms
(VFH). Seee.g. (Borenstein& Koren1991). Thoughit seemshardto �nd an algorithm
thatgivessmoothtrajectoriesin everysituation.

Figure11.2shows anAvoid behavior thatutilizessonarrange-readingsfor detection.
It exports an interfacethat provides a push-service.This servicewill pusha motion-
commandfor every lapof its calculationloop.
The ORCA distribution containstwo Avoid behaviors, oneuseslaser-readings,theother
usessonar-readings.At ACFR,anAvoid behavior basedonVFH+ is beingdeveloped.

HardwareComponents

A Hardware componentencapsulatesa pieceof hardware suchas a sensoror a robot-
base10.2.They area bit differentthanothercomponentsin a numberof ways:

� They wrapa HardwareContainer.

� They seldomimport (need)otherothercomponentsin orderto execute.

� They dynamicallylink to ahardwarelibrary.

� They seldomdoanythingelsethaninstantiateserverswhicharethenhandedover to
thehardwarelibrary.
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Figure11.3:TheRobotBaseServer componentlinkedwith thelibrary libNomadScout.so.

RobotBaseServer

TheRobotBaseServer is a fairly genericwrapperfor severaltypesof robot-bases(seesec-
tion 10.3). The currentimplementationcanhandlesonarsandodometryin any combi-
nation with Pushand Query as statedin the con�guration �le. It also handlesmotion
actuatorsusing the Sendpattern. So far hardwarelibrariesandcon�guration �les have
beenconstructedfor threedifferentrobots,SuperScout,Pioneer2andPeoplebot.

As seenin Figure11.3,whenstartedwith thecon�guration �le for theNomadicsSu-
perScout,it exports� veinterfaces.Sincethescouthassonarsandodometrysensors,Push-
ServersandQueryServersfor sonarsandodometryarestarted.And sincethe scoutcan
move,a SendServeracceptingmotion-commandsis thereaswell.

LaserServer

TheLaserServercomponentwrapsa laserrange�ndersensor. It canbeusedwith different
brandsaslong asa hardwarelibrary exists thatsupportstheHardwareContainerclass.It
exportsPushandQueryfor theLaserRangeReadingsobject.

DeliberateComponents

To thecategory deliberatecomponentsbelongplanning,reasoning,human-robotinterfac-
ing etc (seesection2.3). For examplein ISR (section3.6), one modulesimply called
Plannertakescareof communicatingwith humansin differentways,mission-planning,
path-planninganda rangeof othertasks.Thiswasclearlya mistakesincethesourcecode
hasbecomespclutteredandcomplicatedthatnoonecandebugit. Thesolutionis of course
to split thetasksinto severalcomponents.
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Figure11.4:TheLaserServer component.

Command

For this prototypeimplementationwe so far only have very simplesomewhatdeliberate
component,seeFigure11.5. It asksfor typedin coordinatesandtheninteractswith other
componentsto in orderto take therobotsto thosecoordinatesandthenstop.Thenit asks
for new coordinatesfrom theuserandthetaskis repeated.

To carry out its mission,it �rst sendsthe coordinatesto a componentexporting the
GotoCoordinateSendinterface,typically a Goto component(section11.1). It alsostarts
subscribingto thatsamecomponent'sArrivedPushserver. Thenit sendsa list of clientsto
a componentexportingtheClientListSendinterface,which in this casewill bea Motion-
CmdFuser. It will thenwait for amessagearriving via theArrivedPushinterface.Thenthe
procedureis repeated.

Other Components

Therecanbecomponentsthatarehardto �t into theabovecategories.E.g.helpercompo-
nentscarryingout transformationsor generalcomputations.Hereonly onesuchcompo-
nentis studied.

MotionCommandFuser

In a behavior-basedsystem,severalbehaviors canrun concurrently. But a hardwareactu-
atorcanonly acceptonecrispcommand.Thereforthemotion-commandsfrom thebehav-
iorsmustbefusedinto one.This is thejob if theMotionCmdFuser(seeFigure11.6).This
componentwill betiedto acertainhardwarecomponentaccordingto thecon�guration�le.
But sincetherunningbehaviors will vary duringexecution,thesearenot known initially.
Insteadthecomponentexportsan interfacethatacceptsa list containingthenamesof the
thebehaviors. Uponreceiving sucha list, it will contactthesecomponentsandstarta sub-
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Figure11.5:TheCommandcomponent.

scription.Themotion-commandsreceivedarefusedandsentto thehardwarecomponent.
It usesthesynchronizationfeature(seesection7.4).

Missing Components

This chapteronly presentsa verysimpleroboticssystem.To ableto do anythinguseful,a
numberof componentsneedto beadded.

Localizer

For all but thesimplestmission,a robotneedsto know it' s location.This locationshould
have an margin of error within a coupleof centimeters. The odometrysensorpresent
on many robotstend to drift quite rapidly. Thereformore elaboratemeansneedto be
deployed.Many methodsuseothertypesof sensorssuchassonar, laseror cameras.Some
fuseinformationfrom severalsensorsto geta moreaccurateresults.Different�lters such
astheKalman�lters arealsoused.

Onetechniqueis to recordsocalledlandmarksin theenvironment.Landmarksareseg-
mentsthatareeasilydistinguishedandthesensorpicksuponseveralruns.Cornersaree.g.
goodlandmarksfor a sonar-sensor. Thelandmarksarestoredin amapandlatercompared
to the sensor-readingsobtainedwhen trying to localize.Themap that the robot is using
for localization,shouldhave commonreferenceswith the humanoperators.Otherwise
commandingarobotto acertainplaceis veryhard.
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Figure11.6:TheMotionCmdFusercomponent.

Recentlytherehasbeena largeamountsof researchon simultaneouslocalizationand
mapping(SLAM). This is especiallyusefulin missionsoperatingin unknown, unmapped
environments.

Localizationcan actually be split betweenseveral components.E.g. one position-
server gatheringandfusingdatafrom oneor morelocalizerandposition-trackers.Local-
izing algorithmsaretypically verycomputationallyexpensive.
At ACFR,work is goingon to addaSLAM localizerto thesystem.

Planners

A mission-planneris neededif the robot shouldbe ableto performreasonablycomplex
tasks. It handlesthe global stateof the system. The task at handis broken down to a
sequenceof global states. Eachglobal stateis associatedwith a certainset of running
behaviors. E.g. the stateGoto (aka GoPointaka GotoGoal)is usually mappedto the
simultaneousrunningof theGotoandAvoid behaviors. A mission-plannershouldalsobe
ableto detectandcompensatefor errors.

Path-planningis alsonecessaryif the robot shouldbe ableto navigatee.g. between
rooms. Therearemany ways to do this. Onepopularalgorithm is calledA* (seee.g.
(Hwang& Ahuja1992)).
A pathplannerwhichusesoccupancy grid representationis beingdevelopedat ACFR.
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Human-Robot Interface

Althoughnotstrictly necessary, amulti-modalhuman-robotinterfaceis avital component
in roboticsystem.Commonlyspeech,gesturesandweb-basedinteractionsareused.

Having the robot provide feedbackis almostmoreimportant. Speechsynthesisis an
obviouschoicehere.

11.2 Deployment

Running the System

The systemis presentlystartedin a very crudeway. The componentsarestartedoneby
onein a terminalwindow. Thecon�guration �le is givenon thecommand-line.First of
all theCORBA NamingServicemustbestarted.Thiscanhoweverbeleft runningbetween
sessions.The TAO NamingServiceusesmulticastwhich is non-standardbut providesa
very convenientway for othercomponentsto locateit. Onecanexpecttroubleif several
peoplerunsimilar systemswith NamingServicesrunningon thesameport.

Collaborationdiagramsof thephasesin a typical run of thesystemareshown on the
following pages.Figure11.7shows the initialization phasewhich startsfrom the Com-
mandcomponent.In Figure11.8all thereactive componentsareactive anddatais being
pushedrepeatedly. This phasecontinuesuntil thegoal is reached.In Figure11.9thegoal
is reachedwhich resultsin therobotbeingstopped.All connectionsareshutdown.

Simulation

Thesimulatorfrom NomadicscalledNServercanbeusedto simulatetheSuperScoutrobot
with thesystem.Thisalsoprovidesagraphicalview of therobotaswell assonarandinfra-
redreadings.Obstaclescanalsobeaddedto themap.A screenshotcanbeseenin Figure
11.10.

As brie�y mentionedin section10.3,we cannow usehardwarelibrariesthatis devel-
opedfor theprojectPlayer/Stage. Thissupportalsoincludessimulationfor a largeamount
of hardware.

Graphical User Interface

Graphicaluserinterfaces(GUI) canlook very differently. They aresometimesdeveloped
without any speci�c usercategory in mind. However, they shouldreally be differentde-
pendingon theintendeduse.A programmerwhomainly wantsto dodebugginghasother
needsthananend-userwho wantsto operateon andmonitora system.A solutionwould
beto havea highly con�gurableinterfacewheremostof theviewscanbehidden.

Anotheraspectis thataddinga GUI may decrementthe performanceor alter thebe-
havior of asystem,sinceaddedloadandcommunicationmight haveanimpact.

Currently a GUI exists that can display entitiesof the world in different views. It
connectsto theordinaryPushServersof hardwarecomponents.Figure11.11showsa local
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Figure11.7:Collaborationdiagramshowing theinitialization phasein a typical run.

view of a platformdisplayingits sonarscan(yellow), laserscan(blue),speed(verticalred
arrow) andturn-rate(redarcarrow). This GUI is basedon thegraphicstoolkit QT. This
GUI hasbeenmadeby ACFR.

Plansareto constructa GUI in which which re-wiring of componentinterconnections
canbemadedynamically.

Performance

A scienti�c evaluationof theperformancehasnotyetbeenmade.An undergraduateproject
hasbeenstartedto measurethis,but sofarnonumbersareavailable.

Therearehowever someconclusionsthat canbe drawn. Of the several projectsus-
ing the framework, nonehave so far expressedconcernsaboutlatencies.This is alsothe
casewhenmany componentsareactiveat thesametime. Thismeansthatthecommunica-
tion overheaddoesnot introducelatenciescomparableto thetime interval with which the
hardwareis probed.
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Figure11.8:Collaborationdiagramshowing therunningphasein a typical run.

In (Wenfenget al. 2004),40 millisecondsis measuredbetweensensorresponseson
average.The ORBit peoplehave donesomecomparisonson differentCORBA toolkits,
which clocked 10,000simpleoperationinvocationsandTAO �nished after 8.81seconds
(GNOME1999).

Oneempiric result is thatwhentheQuerypatternis usedextensively, the loadof the
systemcanbecomehigh. This is recti�ed by switchingto thePushpattern.
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Figure11.9:Collaborationdiagramshowing theclosingphasein a typical run.

11.3 Development

Easeof developmentis of paramountimportanceif a a pieceof softwareshouldwidely
used.Thefollowing featuresarepresentto aid thedeveloper.

� Onestandardizedcomponentmodel.

� A smallnumberof, but versatile,communicationpatterns.

� Helperclassesfor state-machine,XML-parsing,synchronizingetc.

� Most (but notall) CORBA callsarehidden.

Developmentis currentlybeingdoneto will hidemoreCORBA speci�c codeandto
let thecomponentdeveloperonly haveto dealwith oneclass�le.
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Figure11.10:A screenshotof theNomadicsScoutsimulator.

Toolkits and Libraries

Hereis asummaryof thetoolkitsandlibrariesthattheframework currentlydependsupon.

TAO is theCORBA implementationweuse.

Log4Cpp is a toolkit to assistin logging.

XMLwrapp a C++ library for working with XML data.

libxml2 is anXML C parseronwhichXMLwrap is built.

Doxygen Doxygenfor generatingdocumentation.

SinceACFRaddedsupportfor Player/Stage,it is requiredfor somehardwaresupportand
for useof theStagesimulator. QT is alsoneededfor theACFRgraphicaluserinterface.

XMLwrapp is a very nice toolkit thatunfortunatelyhasnot gaineda wide user-base.
ORCAis currentlyin theprocessof switchingto themorepopulartoolkit Xerceswhich is
undertheApacheumbrella.Log4Cppwill probablybeexchangedfor log4cplussincethat
toolkit is bettermaintained.
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Figure11.11:A GUI showing sonarscan(yellow), laserscan(blue),speed(verticalredarrow) andturn-rate

(redarcarrow)

Documentation

The documentationfor ORCA is all availableat the website. This includesinstructions
dealingwith gettingandinstalling theORCA softwareandotherrequiredtoolkits. There
is alsoa guideon how to quickly get the softwarerunning. The availabledeveloperin-
formationconsistsof webpages,examples,andpresentations.The codedocumentation
generatedwith Doxygencanalsobebrowsed,aswell astheCVS repository. Thereis not
yet somethingthatcouldbecalleda manualor handbook.

11.4 Problemsand Unhandled Issues

Thr eadingProblems

Whenbuilding distributedmulti-threadedsystems,someproblemstendto behardto avoid.
Oneof theseis threading.It is veryhardto predictexactlywhatpartsof thecodethatmay
end up running at concurrentlyin different threads. The problemis usually solved by
introducinglocks all over thecode. This canstill leadto all kinds of problems,but also
makesit morehardto understandthecode.Ef�ciency mayalsobereduced.
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Err or Handling

Thehandlingof errorsis severely lackingthepresentsystem.Herearesomeideastaken
from theTODOlist:

� Implementsomethinglike analarm-centralwherecomponentscansendtheir errors
andotherscansubscribeto them.

� IntroduceMissionNumber/IDin all communicationssothaterrorscanbemappedto
speci�c missions.

� A server mustbeableto "survive" a client disconnectingpreferablyno matterhow
it is disconnected.This is not thecasepresently.

Security

Securityissuesarevery seldomlyaddressedin researchsoftware,andthis softwareis no
exception.Commercialsystemscouldbeexpectedto provide securityat differentlevels.
Requirementswould includeauthenticationbetweencomponentsandencryptionof com-
municationchannels.Moreadvancedfeaturesincludeaccesscontrolat differentlevels.

CORBA providesspeci�cationsfor aSecurityService.It is asecurityreferencemodel
thatprovidestheoverallframework for CORBA security. TAO containsanimplementation
of this service.

It is doubtfulwhethersecurityneedsto beconsideredin theshortrun. Thedatathatis
availablein a roboticenvironmentis hardlyof any interestto any exterior party. Theonly
realisticscenariois if a maliciouspersonconnectsto robotcomponentswith theindentof
takingover controlor to causedamageto thesystem.Sincesecuritymeasuresgenerally
increasecomplexity anddecreaseperformance,wehavedecidedto postponeimplementa-
tion until theneedarises.

Automatic Startup

Theway thesystemis startedcurrentlyis not satisfactory. By usingtheCORBA service
calledImR (seesection4.4), a componentwill be startedassoonasanothercomponent
requeststo useit.

11.5 Summary

TheORCAframework hasgainedsomematurityandis beingusedin severalprojects,see
e.g.(Wenfenget al. 2004).

Available Components

ORCA comeswith a numberof ready-madecomponents,andmorearedevelopedall the
time. Thefollowing wereavailablebeforeACFRbegandevelopingfor ORCA.
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Goto gotogoalbehavior.

SonarAvoid obstacleavoidancebehavior usingsonars.

LaserAvoid obstacleavoidancebehavior usinglaser.

RobotBaseServer componentrepresentinga robotbase.

LaserServer servercomponentfor a laser-range�nder.

Command acomponentfor interactingwith thesystem.

MotionCommandFuser acomponentthatblendsmotioncommandsfor sendingto anac-
tuator.

LogServer a componentto which log messagescanbesentandprocessed.

Additionally, herefollowsapartiallist of componentscurrentlybeingdevelopedatACFR.
They areall in variousstagesof development.

GaussMapViewer asimpleviewer thatoutputsa Gaussianpoint map.

GUI a GraphicalUserInterface.

LaserViewer asimpleexamplethatdisplayslaserranges.

LocalizerViewer asimpleviewer thatdisplays2-dimensionalposedata.

OgPathPlanner apathplannerwhichusesoccupancy grid representation.

RandomWalk drivesrobotrandomlywhile avoidingobstacles.

SlamLocalizer simultaneouslocalizationandmapbuilding.

TeleopControl a remotecontrolinterface.

TruthLocalizer localizerthatprovidesposeusingStage.

VFH+ obstacleavoidance.

Higherlevel missionplanningis still notpresent.
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Hardware Support

Hereis a list of thecurrentlysupportedhardware:

� NomadicsScout

� XR4000

� SICK laserscanner

� Pioneer2

� PeopleBot

While theabovearesupportednatively, thePlayer/StagebridgedevelopedatACFRmeans
thata largenumberof otherhardwarecanbeusedaswell.



Chapter 12

Summary and Futur e Research

Thischapteraimsto summarizethethesis,andto alsopresentstopicsfor furtherresearch.

12.1 Summary

This thesisdealtwith softwaresystemsandarchitecturesfor mobile robots. In the intro-
duction,the biggestproblemsof roboticswerede�ned asthe lack of re-useandsharing
resultingin a barrier into roboticsresearch.The �rst part laid a foundationby studying
variousaspectsthat arenecessaryto take into accountwhendevelopingsucha system.
Firstwebrie�y reviewedtheevolutionof robotarchitectures.Thenwelookedatanumber
of systems,bothcontemporaryandfrom thepast.We evaluatedthesein orderto �nd what
propertieshaveshowedto besuccessful,andwhatshouldbeimproved.Some

� modularity

� opennessandextendability

� soundhardwaremodel

� simplebut powerful communication

� easeof use

Wealsoconcludedthatenforcingacertainarchitecturerestrictstheversatilityandhin-
dersthesystemof becomingwidely adopted.Wealsofoundthatawell designedhardware
abstractioninvitesdevelopersto producedrivers. Furthermore,the traditionaldivision of
clientsandserversshouldbereplacedby a framework of commonpeers.Theuseof pat-
ternsin theinteractionbetweencomponentswerefoundto behighly effective.

Thenwestudiedsomesoftwareengineeringissuessuchasoperatingsystemsandpro-
grammingtechniques.Differentcommunicationtechnologieswereinvestigated,with an
emphasisonmiddleware.Component-basedsoftwareengineeringwasfoundto bea valu-
abletool thatcouldhelpresolvingtheproblemsde�ned in theintroduction.Thedevelop-
mentprocesswasalsolooked into. We de�ned thedifferentprogrammingrolesandand
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touchedon systemmodeling. The opensourcemodelwas thendiscussed,followed by
debugging,documentationandversioningsystems.

Part two of the thesispresenteda proposedsoftwareframework for mobile robotics.
First a numberof prerequisitessuchasapplicationdomainandhardwareplatform. We
thendiscussedourchoiceof communicationtechnologyalongwith aproposedsetof com-
municationpatterns.Thefollowing chapterdiscussedandpresentedthetypesandobjects
thatarecommunicatedin thesystem.Next, theconceptof componentmodelwasexplained
andthemodelusedin our systemwaspresented.Theimportanceof hardwareabstraction
wasdiscussedin thefollowing chapteralongwith theschemeusedin theproposedframe-
work.

Thelastchapteranimplementedsystemusingtheproposedframework. Thedifferent
componentsin theimplementationwerepresentedalongwith their deployment.Finally a
numberof unhandledissueswerediscussed.

12.2 Future Research

Roboticshasasa research�eld maturedsigni�cantly. Therearehowever topicsthatneed
to beaddressed.Onesuchtopic is thatof standardization

Standardization

The softwareengineeringcommunityhave beenaddressingthe issuesof standardization
andreusefor severalyears.Many peoplemeanthatit is high timefor theroboticscommu-
nity to adopttheknowledge,methods,andtoolscreated.To re-iterate,a standardwould
simplify thefollowing:

� exchangeof softwarepartsbetweenlabs,allowing specialiststo focuson their par-
ticular �eld.

� comparisonof differentsolutions.

� startupin robotresearch.

Standardizationin a �eld is asignof maturitybut therearealsonegativeaspects.Stan-
dardizationmeansthat at a particularpoint in time, a line hasbeendrawn. This means
that furtherevolution is if not stopped,but hinderedin ways. But standardizationcanbe
doneat different levels. It canbe at a high level describinge.g. commonterminology
anddatastructures.The otherextreme,wherecomponentsfrom differentsystemsactu-
ally caninter-operateimpliesof courseamuchmoredetailedandthereformorerestrictive
standard.

Oneobstacletowardsstandardizationis thefactthatthereareanumberof robotic�elds
with differentdemands,terminologiesandtraditions.Therearee.g.differentcommunities
for mobile robots,manipulatorsandhumanoids.Thetaskof gettingall theseresearchers
to agreeoncommonstandardsis notaneasytask.
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Recently, a numberof exciting robot software projectshave emerged. Apart from
the onedescribedin this thesis,thereis Marie, CARMEN andMiro. The Player/Stage
projectis alsopreparingto entera secondgeneration.Thesoftwareof theseprojectsare
not compatiblebut therearemany similaritiesandtheir designerssharemuchof thesame
ideas. During the summerand autumnof 2004, discussionshave beencarriedout on
mailing-listson to which extentcommonstandardscanbeadopted.This collaborationis
beingcoordinatedby HermanBruyninckx,whomanagesOROCOS.

More on standardizationin roboticscanbefoundin (Vaughanet al. 2003),(Roy et al.
2003),(Nesnaset al. 2003),(Huanget al. 2003)and(Hattiget al. 2003).

HardwareRange

A relatedissueto standardizationis thata framework only canbeusedon a limited range
of hardware.In thiscontext wereferto thecomputingresourcessuchasCPUandmemory.
Thosedealingwith e.g.servicerobotsusuallyhaveastandardPCthatoffersthepossibility
touseaffectivebut largefootprintsoftwaresuchCORBA. But thiskindof technologyisnot
usableon smallembeddedsystems.And sincetheformerdo not want to settleon a least
commondenominator, but ratherfully exploit availableresources,constructingstandard
mechanismsthatcanbedeployedonbothcasedis veryhard.

Separatingthelibrariesfrom theAPI is oneway to do it. Or in otherwords,separating
the policy from the mechanism. This is most likely the bestway to go, but thereare
disadvantages.It drasticallyincreasescomplexity andmeansthat two or morepartshave
to bemaintainedandsynchronized.Thisschemeusuallyalsoimpliestheuseof #ifdefs
which is saidto be the roadto disaster. Wrappersin generalresultsin codethat is hard
to maintain. The questionis if our currentprogrammingtools areenoughto solve this
problem?

At ACFR,the CORBA speci�c codehasactuallybeenseparatedin orderto createa
truly transportneutralframework. This wasimplementedby usingthewrappingmethod.

Mobile Manipulation

It is moreandmorecommonto placea manipulatorarm on a movablerobot base.This
introducesanumberof problems.Onethatis relevantto this thesisis thefactthatthema-
nipulatorneedsto becontrolledby acomputerrunningareal-timeoperatingsystem,while
thebase-softwarein mostcasedwill becontrolledfrom anonreal-timeOS.Thesesystems
needto communicate,especiallysoif themanipulatoris to beoperatedin synchronization
with thebase.Thiscannotbedonereadilywithoutcompromisingthereal-timeproperties.
Solutionsfor this havebeenproposede.g.in (Petersson2002),but furtherresearchis nec-
essary. Thelong-termsolutionis likely thoughthatall roboticssystemsgravitatetowards
usingreal-timeoperatingsystems.
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Appendix A

ComponentCon�guration

An exampleXML con�guration�le.

<?xml version="1.0" encoding="ISO-8859-1" standalone="no"?>
<!DOCTYPE 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 Name>

</NameService>
<TraderService>

<use>false</use>
<serviceType></serviceType>

</TraderService>
</server>
<server id="sonarpush">

<NameService>
<use>true</use>
<nsName>SonarRangeReadingsPush</nsN ame>

</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>OdometryQuery</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="sonarring1">
<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="actuator1">
<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>





Bibliography

Albus,J.,McCain,H. & Lumi, R. (1987),Nbsstandardreferencemodelfor telerobotcontrolsystem
architecture(nasrem),TechnicalReport1235, National Bureauof Standards,Gaithersburg,
MD.

Andersson,M., Orebäck,A., Lindström, M. & Christensen,H. (1999), Intelligent SensorBased
Robotics,SpringerVerlag,Heidelberg, chapterISR:An IntelligentServiceRobot.

Arkin, R.C. (1986),Pathplanningfor avision-basedautonomousrobot,in `Proceedingsof theSPIE
ConferenceonMobile Robots'.

Arkin, R. C. (1987),Towardscosmopolitanrobots: Intelligent navigation in extendedman-made
environments,TechnicalReportCOINS87-80,Ph.D.Dissertation,Dep.of ComputerandIn-
formationScience.

Arkin, R. C. (1989), `Motor schema-basedmobile robot navigation', InternationalJournal of
RoboticsResearch8(4), 92–112.

Arkin, R. C. (1990),Integratingbehavioral, perceptual,andworld knowledgein reactive navigation,
in `RoboticsandAutonomousSystems,Vol. 6, pp.105-22'.

Arkin, R. C. (1998),Behavior-BasedRobotics,TheMIT Press,Cambridge,Massachusetts,London,
England.

Asimov, I. (1950),I, Robot, Spectra.

Balch,T. (2000),`Teambots'.www.teambots.org.

Barbera,A., Albus,J.,Fitzgerald,M. & Haynes,L. (1984),Rcs: Thenbsreal-timecontrolsystem,
in `Robots8 ConferenceandExposition',Detroit,MI.

Booch,G.,Rumnaugh,J.& Jacobsen,I. (1999),TheUni�ed ModelingLanguageUserGuide,Object
TechnologySeries,Addison-Wesley.

Borenstein,J. & Koren,Y. (1991),`Thevector�eld histogram- fastobstacleavoidancefor mobile
robots',IEEETransactionsonRoboticsandAutomation7(3), 278–288.

Brooks,R. (1986),A robust layeredcontrolsystemfor a mobilerobot,in `Proceedingsof theIEEE
InternationalConferenceon RoboticsandAutomation',Vol. RA-2, pp.14–23.

Brooks, R. A., Breazeal,C., Marjanovic, M., Scassellati,B. & Williamson, M. (1999), The cog
project: Building a humanoidrobot, in C. Nehaniv, ed.,`�nd this !!!!', Vol. Computationfor
Metaphors,Analogy, and Agentsof LectureNotesin Arti�cial Intelligence,Springer, New
York, pp.52–87.

127



128 BIBLIOGRAPHY

Bruyninckx,H. (2003),Kinematicsanddynamics:Internalinterfaces.draft.

Emmerich,W. (2000),EngineeringDistributedObjects,Wiley.

Engelberger, J.F. (1989),Roboticsin Service,MIT Press.

Firby, R. J.(1989),Adaptive Executionin Complex DynamicWorlds,PhDthesis,YALE.

FreeSoftwareFoundation,Inc. (2004),`Licenses'.http://www.gnu.org/licenses/licenses.html.

Gerkey, B. P., Vaughan,R. T., Støy, K., Howard,A., Sukhatme,G. S.& Mataric,M. J. (2001),Most
valuableplayer:A robotdeviceserver for distributedcontrol,in `Proceedingsof theIEEE/RSJ
InternationalConferenceon Intelligent RobotsandSystems(IROS 2001)', Wailea,Hawaii,
pp.1226–1231.

Gerkey, B., Vaughan,R.T. & Howard,A. (2003),Theplayer/stageproject:Toolsfor multi-robotand
distributedsensorsystems,in `Proceedingsof the11thInternationalConferenceon Advanced
Robotics(ICAR'03)', Coimbra,Portugal,pp.317–323.

GNOME(1999),̀ Corbaapplicationsin gnome'.http://developer.gnome.org/doc/whitepapers/ORBit/about-
orbit.html.

Green,D. (2004),`There�ection api', http://java.sun.com/docs/books/tutorial/re�ect/.

Hattig, M., Horswill, I. & Butler, J. (2003),Roadmapfor mobile robot speci�cations,in `Interna-
tionalConferenceon IntelligentRobotSystems(IROS2003)',IEEE/RSJ,LasVegas,Nevada.

Henning,M. (n.d.),`Binding,migration,andscalabilityin corba'.

Henning,M. & Vinoski,S. (1999),AdvancedCORBA Programmingwith C++,AddisonWesley.

Huang,H.-M., Albus,J.,Kotora,J.& Liu, R.(2003),Roboticarchitecturestandardsframework in the
defensedomainwith illustrationsusingthenist 4d/rcsreferencearchitecture,in `International
Conferenceon IntelligentRobotSystems(IROS2003)',IEEE/RSJ,LasVegas,Nevada.

Hwang,Y. K. & Ahuja, N. (1992), `Grossmotion planning a survey', ACM ComputingSurveys
24(3),219–291.

ISO (1986), `StandardGeneralizedMarkup Language(SGML)', PublishedISO Standard. ISO
8879:1986.

ISO/IEC(1999),`InterfaceDe�nition Language',PublishedISOStandard.ISO/IEC14750:1999.

Jacobson,I., Booch,G. & Rumbaugh,J.(1999),TheUni�ed SoftwareDevelopmentProcess,Addi-
sonWesley.

Konolige,K. (1997),Colbert:A languagefor reactive control in saphira,in `GermanConferenceon
Arti�cial Intellgence',Freiburg.

Konolige,K. & Myers, K. (1996), `The saphiraarchitecturefor autonomousmobile robots', SRI
International.

Kortenkamp,D., Bonasso,R. P. & Murphy, R.,eds(1998),Arti�cial IntelligenceandMobile Robots
- CaseStudiesof SuccessfulRobotSystems,AAAI Press/ TheMIT Press.

Lindström,M., Orebäck,A. & Christensen,H. (2000),Berra: A researcharchitecturefor service
robots,in `InternationalConferenceonRoboticsandAutomation',IEEE.



129

Lucas,G. (1999),`Starwars:Episode1 - thephantommenace',Motion Picture.

Maurer, M., Behringer,R., Dickmanns,D., Hildebrandt,T., Thomanek,F., Schiehlen,J. & Dick-
manns,E. D. (1995),VaMoRs-P:an advancedplatform for visual autonomousroadvehicle
guidance,in `Proc.SPIEVol. 2352,p. 239-248,Mobile RobotsIX, William J.Wolfe; Wendell
H. Chun;Eds.', pp.239–248.

Microsoft (2004),`Componentobjectmodel'. http://www.microsoft.com/com.

Nesnas,I., Wright, A., Bajracharya,M., Simmons,R. & Estlin, T. (2003),Claratyandchallenges
of developinginteroperableroboticsoftware,in `InternationalConferenceonIntelligentRobot
Systems(IROS2003)',IEEE/RSJ,LasVegas,Nevada.

OMG (2003),`XML/ValuetypeLanguageMapping,v1.1'. www.omg.org.

OMG (2004),`ObjectManagementGroup'. www.omg.org.

ORCA(2004).orca-robotics.sourceforge.net.

Orebäck, A. & Christensen,H. I. (2003), `Evaluation of architecturesfor mobile robotics',
AutonomousRobots14, 33–49.

OROCOS(2002).www.orocos.org.

OSI (2004),`Opensourceinitiative'. http://www.opensource.org/.

O'Sullivan,J.,Haigh,K. Z. & Armstrong,G. D. (1997),Xavier manual.InternalManual.

Petersson,L. (2002),A Framework for Integrationof Processesin AutonomousSystems,PhDthesis,
Royal Instituteof Technology.

Raymond,E. S. (2000),`Thecathedralandthebazaar'.http://www.catb.org/˜esr/writings/cathedral-
bazaar.

RETF(2003),`RoboticsEngineeringTaskForce'. http://www.robo-etf.org.

Roy, N., Montemerlo,M. & Thrun,S. (2003),Perspectiveson standardizationin mobile robotpro-
gramming,in `InternationalConferenceonIntelligentRobotSystems(IROS2003)',IEEE/RSJ,
LasVegas,Nevada.

Saf�otti, A., Ruspini,E.& Konolige,K. (1993),Blendingreactivity andgoal-directednessin a fuzzy
controller, in `SecondInternationalConferenceon FuzzySystems',Vol. 14, IEEE, SanFran-
cisco,CA, pp.134–139.

Schlegel, C. (2004),Navigation andExecutionfor Mobile Robotsin DynamicEnvironments:An
IntegratedApproach,PhDthesis,UniversitätUlm.

Schlegel, C. & Wörz, R. (1999),The software framework smartsoftfor implementingsensorimo-
tor systems,in `Proceedingsof IEEE/RSJInternationalConferenceon IntelligentRobotsand
Systems,IROS99', IEEE,Kyongju,Korea,pp.1610–1616.

Schmidt,D. C. (1994), The adaptive communicationenvironment: Object-orientednetwork pro-
grammingcomponentsfor developingclient/server applications,in `11thand12th SunUsers
GroupConference'.

Schmidt,D. C. & Suda,T. (1994),The servicecon�gurator framework, in `IEEE SecondInterna-
tionalWorkshoponCon�gurableDistributedSystems'.



130 BIBLIOGRAPHY

Siegel,J. (2001),Quick CORBA 3, OMG Press.

Simmons,R. (1994),Structuredcontrol for autonomousrobots,in `IEEE Transactionson Robotics
andAutomation',Vol. 10,pp.34–43.

Simmons,R.& Apfelbaum,D. (1998),A taskdescriptionlanguagefor robotcontrol,in `Conference
on IntelligentRoboticsandSystems',Vancouver Canada.

Stallman,R. (1999), The gnu operatingsystemand the free software movement,in C. DiBona,
S.Ockman& M. Stone,eds,̀ OpenSources',O'Rilley.

Szyperski,C. (1998), ComponentSoftware: Beyond Object-OrientedProgramming,Addison-
Wesley.

Tanenbaum,A. S. & S.Woodhull,A. (1987,1997),OperatingSystemsDesignandImplementation,
1,2edn,Prentice-Hall,Inc.

The Open Group (1997), `OSF Distributed Computing Environment (DCE) '.
http://www.opengroup.org/dce.

UML (2004).http://www.uml.org.

Vaughan,R. T., Gerkey, B. & Howard,A. (2003),Ondeviceabstractionsfor portable,resuablerobot
code,in `InternationalConferenceon IntelligentRobotSystems(IROS2003)',IEEE/RSJ,Las
Vegas,Nevada,pp.2121–2427.

W3C (2004),`ExtensibleMarkupLanguage(XML)'. http://www.w3.org/XML.

Wang, N., Rodrigues,C., Balasubramanian,K. & Schmidt,D. C. (2004), `Tutorial on the corba
componentmodel(ccm)'.

Weisert,C. (2003), `There's no suchthing as the Waterfall Approach! (and there never was)'.
http://www.idinews.com/waterfall.html.

Wenfeng,L., Dingfang,C.,Christensen,H. I. & Orebäck,A. (2004),An architecturefor indoornav-
igation,in `RoboticsandAutomation,2004.Proceedings.ICRA '04. 2004IEEE International
Conferenceon', Vol. 2, IEEE,pp.1783–1788.


