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Abstract. Component-basedsoftware engineeringis useful for embeddedap-
plicationssuchasrobotics.However, heavyweight componentsystemssuchas
CORBA overstraintheressourcesavailablein many embeddedsystems.Here,a
lightweightcomponent-basedapproachis usedto implementthesystemsoftware
of theso-calledCubeSystem,CubeOS.Since1998,CubeOSandits component
systemhave beensuccessfullyusedin variousareasfrom industryprojectsover
RoboCup-relatedresearchto edutainmentapplications.Many of thecomponents
usedin RoboCupsoccerhavebeencarriedover in theimplementationof theIUB
Rescuerobots,demonstratingthepotentialfor softwarereuse.

1 Intr oduction

Component-basedsoftwareengineeringhasemergedin recentyearsasa widely used
approachto simplify softwarereuse.It relieson a largebaseof reusablesoftwarecom-
ponentsandanintegratingframework for thosecomponents[21]. Suchframeworksfor
applicationsoftwareareCORBA [20] or JavaBeans[22] which alreayhave beenused
in Robocup[16].

The main benefitof software componentapproachesare the possibility to reuse
componentswithin aframework.Thisleadsto asignificantlyreduceddevelopmenttime
bothfor implementationandtesting/debuggingif a high numberof testedcomponents
is readilyavailable.

Thesameadvantagesof component-orientedsoftwareengineeringcanalsobeused
in thedesignof softwarefor embeddedsystems.With thetendency towardsmoreand
morecomplex embeddedsystems,handlingthiscomplexity in thesoftwaredesignpro-
cessbecomesmoreimportantandcomponent-orientedapproachesareonesolutionto
this.

Lightweight componentarchitecturestry to limit the overheadthat is createdby
thecomponentinfrastructurewithout losingtheadvantagesof thecomponent-oriented
softwareengineeringapproachandmaintaininga maximumof theprotectionfeatures
of a heavyweight componentarchitecture.Examplesof lightweight componentarchi-
tecturesfor implementingembeddedoperatingsystemsarepebble[3] andeCos[13].

In this paper, a very simplelightweightcomponent-orientedapproachis described
and it is shown how it hasbeenappliedto the designof the systemandapplication



softwarefor robots.Themaindesigngoalsfor thissoftwaresystemhavebeenminimal
performanceoverhead,verymodesthardwarerequirementsandthepossibilityfor code
reuseby multiplegroupsandprojects.

TheCubeOSsystemdescribedherehasbeencontinouslydevelopedsince1998and
hasbeenusedin several researchprojects.Its main benefitwas the reuseof existing
componentcodefor future projects.For examplea large part of the low-level control
softwareof thecurrentrobotsplatformsof theIUB RobocupRescue[7] teamis based
on existingcomponentsof theVUB AI LabRobocupSmallsizeLeague[6] team.

2 Autonomoussystems

In therecentyears,researchon autonomoussystems,i.e.networkedembeddeddevices
hasshown theneedfor reliableenergy-efficient low-costcomputingplatforms.Where
it is possible,suchasin systemsusedin theRoboCup[14] Middle-SizeRobotLeague,
this computingplatformmostlyconsistsof embeddedPChardware,runningcommer-
cial or free general-purposeoperatingsystems.However, for applicationswherethe
physicalsizeandthe energy sourcesof a device arerestrictedeven further, thesePC-
hardware-basedapproachesareof limited use.Several otheravailableplatformssuch
asLegoMindstorms[17] havelimited computeressourcesthatrestricttheiruseto Edu-
tainmentapplications[2]. Theneedfor asmallandenergy-efficientextendibleplatform
led to thedevelopmentof theCubeSystem[10]. Apart from its useasastandalonecon-
troller [6] thecubesystemcanalsobeusedin combinationwith PChardwareto execute
realtimecontroltasks[8,7].

Togetherwith this new hardwareplatform,a new approachto systemsoftwarede-
signbasedon lightweightcomponentshasbeenpursued.For autonomoussystems,the
systemsoftwarehasto provideonly limited services

– Standardoperatingsystemfunctionssuchas concurrentthreadexecution,inter-
threadcommunicationandsynchronization,time measurementandrealtimeclock
services.

– Interfacecodefor sensor- andactuatordevicesrangingfrom simplei/o functionsto
complex softwarefor computervision applications

– Ad-hoc network communicationservicebetweenmultiple systemsusingvarious
communicationinterfaces,e.g.wiredbussystems,radiocommunicationetc.

– Mechanismsthat allow the extensionof the systemby third partiesto enablethe
integrationof new hard-andsoftware.

Many of thefeaturesmentionedhereareavailablein commercialoperatingsystems
for deeplyembeddeddevices.Unfortunately, thesecomeatasignificantcostand/orre-
strictive licenseconditions.However, in orderto benefitfrom thecomponent-oriented
softwareengineeringapproachthroughcodereuseandto be ableto useCubeOSfor
variousprojectswith different licensingrequirements,an open-sourceapproachwas
chosenfor the implementationof CubeOS.OtherProjectssuchaseCos[13] later fol-
lowedasimilar approach.



3 A look at the CubeSystemhardwareplatform

The RoboCubehardwareplatform [10] is usingthe CPU32Core[18] asCPU in the
M68332MCU [19]. It is a 32-bitCISCarchitecturewithout MMU or cache.Addition-
ally, theMCU containsfunctionssuchaslocalmemory, serialI/O, timer functionsand
programmablechip selectsthat make it suitablefor the designof embeddedsystems.
The RoboCubehardwareplatform extendsthe MCU with at least1 Mbyte of Flash-
ROM and1 Mbyteof S-RAM. Thesecomponentsform theCPUboard.

The CPU boardis about
�����

centimetersin sizeandabouttwo centimetersin
height.It hastwo stackingconnectorsa theedgesthatcarryall busandpower signals
so thatmultiple boardswith similar connectorscanbestacked together. Theseform a
CubeSystem.In a cubesystem,exactly oneCPUboardmustbepresent.
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Fig.1. Thephysicallayoutof a RoboCubestackof boards

Apart from the CPU board,thereare variousextensionboardsavailable suchas
memoryboards(4Mbytesof SRAM), Bus ControllerBoards(2x UART, 2x I � C) and
I/O Boards(248-bit A/D inputs,6 D/A outputsand16bidirectionaldigital I/Osonone
I/O Board).

Theuserscandevelopapplication-specificextensionboards.Themostbasicapplication-
specificextensionboardsareso-calledbaseboardsthatimplementapplication-specific
powersupplyandI/O. Suchapplication-specificboardshavebeendevelopedfor various
projects[8,7,9,5].

Fromthis descriptionof thehardware,it canbeseenthattheplatformis quiteflex-
ible, not only in theway thatuserscanusedifferenthardwaremodulesof similar func-
tionality but thatthehardwareplatformcanbeextendedwith completelynew functions.
Thesystemsoftwarehasto accommodatethisby supportingtheuserin developingsoft-
warethatworkswith customhardwareatease.An unfortunatefeatureof theCPUis that
it doesnot containa memorymanagementunit, i.e. it is unableto offer memorypro-
tectionservicesthat couldbe usedto separatecomponents,i.e. preventingintentional
or unintentionalmanipulationof memoryusedby a differentcomponent.



4 The componentdesignof CubeOS

Accordingto [23], a softwarecomponentis a unit of compositionwith contractually
specifiedinterfacesandexplicit context dependenciesonly. Applicationsarecreatedby
combiningcomponentsfrom possiblydifferentorigins.Fromthis it canbeconcluded
thatasoftwarecomponentis a unit of independentdeploymentandof third-partycom-
position.Unlike an object, i.e. an instanceof a classin object-orientedlanguages,a
componenthasnopersistentstatein itself, sotherearenomultiple instancesof compo-
nents,eitheracomponentis availableor not,but it is notavailableseveraltimes.

This illustratesthestrongcorrespondencebetweensoftwaremodulesandsoftware
components.A softwaremodule(suchasa C object-codemodule)canimplementthe
codefor a softwarecomponent.But the moduleitself is not sufficient to form a com-
ponentsinceit doesnot necessarilyimplementwell-definedinterfaces,e.g.it doesnot
protectits internalvariables.

CubeOSusesa simpleapproachbasedonobjectmodulesandthestandardC linker
to form a componentsystem.Whatis neededto make a softwaremodulea software
component?Threerequirementshave to bemet:

1. In order to separatethe interfaceof the modulefrom its inner structure,it hasto
bemadeclearwhetheranobjectbelongsto theinterfaceor to theimplementation.(
However, for grey-boxtestingpurposes,it is still advisableto exporttheinnerstruc-
tureof themodules.)

2. Sincethe C linker identifiesevery objectwith an uniquename,it hasto be made
surethat no two objectsusethe samenamefor any interfaceor implementation
object.

3. From the two formersteps,it is clearthata componentsystemcanbe formedby
linking themodulestogetherif eachmodule(andtheapplicationprogram)usesthe
appropriateinterfaceobjectsof theothermodules.However, this is notsufficientto
make surethat themodulescanbeusedindependently. To ensurethis,modulesof
anappropriatesizehave to bedefinedandtheir interfaceshave to bedocumented.

CubeOSimplementsthefirst andthesecondrequirementby prefixingevery object
nameof acomponentwith thecomponentname,e.g.KERN schedule() is theinter-
faceto thekernelscheduler. Internalobjectsgetanadditional , e.g.theKERN com-
ponentimplementstheprocesstablein a privatearray:extern struct process
KERN ptable[]; . This hasbeenconsideredgoodpracticefor codingC-modules

but canbeusedin thesameway in acomponent-baseddesignprocess.
Unfortunately,neithertheC languagenorthehardwareusedsupportaccess-protection.

Therefore,themethodof markingtheobjectsthorughthisnamingschemehelpstheuser
to observetheaccesrules.

Thethird requirementcannotbemetwithin theprogramminglanguageitself but is
a requirementfor the implementation.The only option for a componentsystemis to
encouragetheusersof makingtheir componentsreusableby providing anadequateset
of toolsthatmake it simplerto do so.

CubeOSusesthesoftwaredocumentationsystem“Doxygen” for this purpose.Al-
thoughoriginally designedto documentobject-orientedsoftware,Doxygencanbeused
to documentcomponentsystemsaswell. For this,documentationgroupswith thesame



nameasthe componentareused.Doxygenincludesthe documentationin the source
codeby usingspeciallyformatedcomments.

Thegraphthat is shown in Figure2 illustratestherelationof theKERN component
with othercomponents.This graphcanautomaticallybe createdby the build system
from theobjectcodeandis helpful for documentationanderroranalysis.
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Fig.2. The graphrepresentingthe componentinterdependenciesof theKERN componentwith
arrows pointing from the origin of the call to the calledcomponent.The LIBC andNEWLIB
interfacecomponentsrepresentthecalls to theC library, theAPP componentrepresentstheap-
plicationprogram,in thiscasetheCUBEOStestlibrary. Thecall from KERN toAPP is theinitial
call of main(). Note thatcallsbetweenothercomponentssuchascalls from APP to NEWLIB
arenotshown in thisgraph.

Often, it is necessaryto interfacelegacy codesuchas standardor mathematical
libraries.Examplesof suchlegacy libraries that have beenportedto CubeOSarethe
XDR librariesandtheopen-sourceJPEGcompressionlibrary.

5 Successfulapplicationsof CubeOSin RoboCup

The CubeOShasbeenusedin variousroboticsapplications(figure 3), rangingfrom
educationalactivities [2, 5] over basicresearch[1] to industrialapplications[8,7] . In
all projects,the usageof CubeOSproved to be beneficialboth in respectto the fast
developmenttime of the overall systemsaswell asin respectto thestability andreli-
ability of thesystems.Moreover, theuseof thecomponent-orientedapproachenables
code-sharingbetweenmany of theprojectsmentionedthatgoesbeyondtheoperating
systemitself. For example,a numberof general-purposemobilerobotcontrolcompo-
nentshasbeenimplementedthatimplementPIDmotorcontrol,odometricposetracking
andhigh-level motioncommands.

Oneapplicationis for examplewithin the Small RobotsLeagueof RoboCup,the
world championshipof robotsoccer[14,15].TheCubeOShasbeenusedonrobotteams
from theVrije UniversiteitBrussel(VUB) andrecentlyfrom theInternationalUniver-
sity Bremen(IUB). Theteamsparticipatedin varioustournaments,includingRoboCup



Fig.3. Left: Oneof theIUB rescuerobotsperformingin theNIST testingarenaduringRoboCup
2002in Fukuoka,Japan.Center:Two robotsdesignedandprogrammedby high schoolstudents
for a roboticscompetition.Right: The insidecoreof the RoboGuardbase,a commercialsemi-
autonomousrobotfor surveillanceapplications.

World Championship’98in Paris,RoboCupWorld Championship’99in Stockholm,the
RoboCupEuropeanChampionship2000in Amsterdam[12,11].

Fig.4. This diagramillustratesthat most software usedfor the IUB RescueRobotshasbeen
reusedfrom thesoccerrobots.

Whenin 2002a seeminglycompletelydifferenttaskwithin RoboCupwaspursued
by the IUB team,namelythe creationof rescuerobots,it turnedout that due to the
designof CubeOS,mostof the codefrom the soccerrobotscould indeedbe reused.
Theconcretenumbersareshown in Figure4. It shows that97.8% of thecodewerebe
reused.

6 Conclusion

CubeOSdemonstratesthe useof a lightweight component-orienteddesignapproach
for the designof both systemandapplicationsoftwareon multiple embeddedmobile
robotplatformsusedfor Robocupresearch.Thisrepresentsanadvantageovertheuseof
heavyweightcomponentarchitecturesin embeddedsystemssinceit reducesressource



usagethat is critical for embeddedapplicationssuchasmobile roboticsbut still gives
thebenefitsof component-orientedsoftwareengineeringsuchascodereuse.Thecom-
ponentmodelof CubeOSis very simple, therebysimplifying codereuseof existing
legacy codeand the from-scratchimplementationof reusablecomponents.CubeOS
andits componentsystemhavebeensuccessfullyusedsince1998in variousareasfrom
industryprojectsoverRoboCuproboticsresearchto edutainmentapplications.
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