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Abstract. Component-basedoftware engineeringis useful for embeddedap-
plicationssuchasrobotics.However, hearyweight componensystemssuchas
CORBA overstrainthe ressourcesvailablein mary embeddedystemsHere,a
lightweightcomponent-baseapproachs usedto implementthe systemsoftware
of the so-calledCubeSystemCubeOS Since1998,CubeOSandits component
systemhave beensuccessfullyusedin variousareasrom industry projectsover
RoboCup-relatedesearcho edutainmengpplicationsMary of the components
usedin RoboCupsoccehave beencarriedover in theimplementatiorof thelUB
Rescueobots,demonstratinghe potentialfor softwarereuse.

1 Intr oduction

Component-basesbftwareengineeringhasemegedin recentyearsasa widely used
approacho simplify softwarereuselt relieson alarge baseof reusablesoftwarecom-
ponentaandanintegratingframeawvork for thosecomponent$21]. Suchframeworksfor
applicationsoftwareare CORBA [20] or JazaBeang22] which alreayhave beenused
in Robocup[16].

The main benefitof software componentapproachesre the possibility to reuse
componentsvithin aframeawork. Thisleadsto asignificantlyreducedlevelopmentime
bothfor implementatiorandtesting/debiggingif a high numberof testedcomponents
is readilyavailable.

Thesameadwantage®f component-orientegoftwareengineeringanalsobeused
in the designof softwarefor embeddesdystemsWith thetendeng towardsmoreand
morecomple« embeddedystemshandlingthis compleity in the softwaredesignpro-
cessbecomesnoreimportantandcomponent-orientedpproacheare onesolutionto
this.

Lightweight componentarchitecturedry to limit the overheadthat is createdby
the componentnfrastructurewithout losing the advantage®f the component-oriented
softwareengineeringapproachandmaintaininga maximumof the protectionfeatures
of a hearyweight componentrchitecture Examplesof lightweight componentarchi-
tecturedor implementingembeddedperatingsystemsarepebble[3] andeCos[13].

In this paper a very simplelightweight component-orientedpproactis described
andit is shovn how it hasbeenappliedto the designof the systemand application



softwarefor robots.The maindesigngoalsfor this softwaresystemhave beenminimal
performanceverheadyery modesthardwarerequirementandthe possibilityfor code
reuseby multiple groupsandprojects.

TheCubeOSsystenmdescribecherehasbeencontinouslydevelopedsince1998and
hasbeenusedin several researchprojects.lts main benefitwasthe reuseof existing
componentodefor future projects.For examplea large part of the low-level control
softwareof the currentrobotsplatformsof the lUB RobocupRescud7] teamis based
on existing component®f theVUB Al Lab RobocupSmallsizel eagug[6] team.

2 Autonomoussystems

In therecentyearsresearcton autonomousystemsi.e. networkedembeddedlevices
hasshawvn the needfor reliableenegy-efficientlow-costcomputingplatforms.Where
it is possible suchasin systemausedin the RoboCup14] Middle-SizeRobotLeague,
this computingplatform mostly consistsof embeddedPC hardware,runningcommer
cial or free general-purposeperatingsystemsHowever, for applicationswherethe
physicalsizeandthe enegy sourcef a device arerestrictedeven further, thesePC-
hardware-base@pproachesare of limited use.Several otheravailable platformssuch
asLegoMindstormg[17] have limited computeressourcethatrestricttheir useto Edu-
tainmentapplicationg2]. Theneedfor asmallandenegy-eficientextendibleplatform
ledto thedevelopmenbf the CubeSystenil0]. Apartfrom its useasa standaloneon-
troller [6] thecubesystemcanalsobeusedin combinatiorwith PChardwareto execute
realtimecontroltasks[8, 7].

Togethemwith this new hardwareplatform,a new approacto systemsoftwarede-
signbasedn lightweightcomponenthiasbeenpursuedFor autonomousystemsthe
systemsoftwarehasto provide only limited services

— Standardoperatingsystemfunctions suchas concurrentthreadexecution,inter-
threadcommunicatiorandsynchronizationtime measuremerdandrealtimeclock
services.

— Interfacecodefor sensorandactuatordevicesrangingfrom simplei/o functionsto
comple softwarefor computervision applications

— Ad-hoc network communicationservicebetweenmultiple systemsusing various
communicatiorinterfacesg.g.wired bus systemsradiocommunicatioretc.

— Mechanismghat allow the extensionof the systemby third partiesto enablethe
integrationof new hard-andsoftware.

Many of thefeaturesnentionechereareavailablein commerciabperatingsystems
for deeplyembeddedlevices.Unfortunately thesecomeat a significantcostand/orre-
strictive licenseconditions.However, in orderto benefitfrom the component-oriented
software engineeringapproachthroughcodereuseandto be ableto use CubeOSfor
various projectswith differentlicensingrequirementsan open-sourceapproachwas
choserfor the implementatiorof CubeOS OtherProjectssuchaseCos[13] later fol-
lowedasimilar approach.



3 Alook at the CubeSystemhardware platform

The RoboCubehardware platform [10] is usingthe CPU32Core[18] asCPU in the

M68332MCU [19]. It is a32-bit CISCarchitecturewithout MMU or cache Addition-

ally, the MCU containsfunctionssuchaslocal memory seriall/O, timer functionsand

programmablehip selectsthat make it suitablefor the designof embeddedystems.
The RoboCubehardware platform extendsthe MCU with at leastl Mbyte of Flash-
ROM and1 Mbyte of S-RAM. Thesecomponent$orm the CPUboard.

The CPU boardis about8 x 8 centimetersn size and abouttwo centimeterdn
height.It hastwo stackingconnectorsa the edgeghatcarryall busandpower signals
sothatmultiple boardswith similar connectorsanbe stacled together Theseform a
CubeSystemin a cubesystemgxactly oneCPUboardmustbe present.

[ 1~ ExtBusmaster L]
[ 1~ BasiccPUboard []

e

77mm

Fig. 1. The physicallayoutof a RoboCubestackof boards

Apart from the CPU board,thereare variousextensionboardsavailable suchas
memoryboards(4Mbytesof SRAM), Bus ControllerBoards(2x UART, 2x I2C) and
I/0 Boards(24 8-bit A/D inputs,6 D/A outputsand16 bidirectionaldigital I/Os onone
I/0O Board).

Theuserscandevelopapplication-specifiextensiorboardsThemostbasicapplication-
specificextensionboardsareso-calledbaseboardsthatimplementapplication-specific
powersupplyandl/O. Suchapplication-specifiboardshave beendevelopedfor various
projects[8,7,9,5].

Fromthis descriptionof the hardware,it canbe seenthatthe platformis quite flex-
ible, notonly in theway thatuserscanusedifferenthardwaremodulesof similar func-
tionality but thatthe hardwareplatformcanbeextendedwith completelynew functions.
Thesystemsoftwarehasto accommodatthis by supportingheuserin developingsoft-
warethatworkswith customhardwareateaseAn unfortunatdeatureof the CPUis that
it doesnot containa memorymanagementinit, i.e. it is unableto offer memorypro-
tectionservicesthat could be usedto separateomponentsi.e. preventingintentional
or unintentionaimanipulationof memoryusedby a differentcomponent.



4 The componentdesignof CubeOS

Accordingto [23], a software componenis a unit of compositionwith contractually
specifiednterfacesandexplicit context dependenciesnly. Applicationsarecreatedoy
combiningcomponentdrom possiblydifferentorigins. Fromthis it canbe concluded
thata softwarecomponents a unit of independentieploymentandof third-partycom-
position. Unlike an object,i.e. an instanceof a classin object-orientedanguagesa
componenhasno persistenstatein itself, sothereareno multiple instance®f compo-
nents eithera components availableor not, but it is not availableseveraltimes.

Thisillustratesthe strongcorrespondencketweersoftwaremodulesandsoftware
componentsA softwaremodule(suchasa C object-codemodule)canimplementthe
codefor a software componentBut the moduleitself is not sufiicient to form a com-
ponentsinceit doesnot necessarilymplementwell-definedinterfacesge.g.it doesnot
protectits internalvariables.

CubeOSusesa simpleapproachasedn objectmodulesandthe standardC linker
to form a componentystem.Whais neededio make a software modulea software
componentThreerequirementhave to be met:

1. In orderto separatehe interfaceof the modulefrom its inner structure,it hasto
bemadeclearwhetheranobjectbelonggo theinterfaceor to theimplementation. (
However, for grey-boxtestingpurposesit is still advisableo exporttheinnerstruc-
ture of themodules.)

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

3. Fromthetwo former steps,it is clearthata componensystemcanbe formedby
linking themodulegogethelif eachmodule(andtheapplicationprogram)useshe
appropriaténterfaceobjectsof the othermodulesHowever, thisis not sufficientto
malke surethatthe modulescanbe usedindependentlyTo ensurethis, modulesof
anappropriatesizehave to be definedandtheir interfaceshave to bedocumented.

CubeOSmplementghefirst andthe second-equiremenby prefixing every object
nameof acomponentvith thecomponenhame e.g.KERN_schedul e() istheinter-
faceto the kernelschedulerinternalobjectsgetan additional_ , e.g.the KERN com-
ponentimplementghe procesdablein aprivatearray:ext ern struct process
_KERNLpt abl e[]; . This hasbeenconsideredjoodpracticefor codingC-modules
but canbeusedin the sameway in acomponent-basedesignprocess.

UnfortunatelyneithertheC languageanorthehardwareusedsupportaccess-protection.
Thereforethemethodof markingtheobjectshorughthisnamingschemenelpstheuser
to obsenetheaccesules.

Thethird requirementannotbe metwithin the programminganguagetself but is
a requiremenfor the implementationThe only option for a componensystemis to
encouragé¢heusersof makingtheir componentseusabléoy providing anadequateset
of toolsthatmalke it simplerto do so.

CubeOSusesthe software documentatiorsystem‘Doxygen” for this purpose Al-
thoughoriginally designedo documenbbject-orientedoftware,Doxygencanbeused
to documentomponensystemsaswell. For this,documentatiogroupswith thesame



nameasthe componentre used.Doxygenincludesthe documentationn the source
codeby usingspeciallyformatedcomments.

Thegraphthatis shavn in Figure?2 illustratestherelationof the KERN component
with othercomponentsThis graphcanautomaticallybe createdby the build system
from the objectcodeandis helpful for documentatiomnderroranalysis.
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Fig. 2. The graphrepresentinghe componeninterdependenciegf the KERN componentwith
arravs pointing from the origin of the call to the called componentThe LI BC and NEW.I B
interfacecomponentsepresenthe callsto the C library, the APP componentepresentshe ap-
plicationprogram,n this casethe CUBEOQOStestlibrary. Thecall from KERNto APP is theinitial
call of mai n() . Notethatcalls betweenothercomponentsuchascallsfrom APP to NEW.I B
arenotshavn in this graph.

Often, it is necessaryo interfacelegag/ code suchas standardor mathematical
libraries. Examplesof suchlegagy librariesthat have beenportedto CubeOSarethe
XDR librariesandthe open-sourcdPEGcompressiotibrary.

5 Successfubpplications of CubeOSin RoboCup

The CubeOShasbeenusedin variousroboticsapplications(figure 3), rangingfrom
educationahctuities [2, 5] over basicresearch1] to industrialapplicationg8, 7] . In
all projects,the usageof CubeOSprovedto be beneficialboth in respectto the fast
developmentime of the overall systemsaswell asin respecto the stability andreli-
ability of the systemsMoreover, the useof the component-orientedpproachenables
code-sharindpetweemmary of the projectsmentionedthat goesbeyond the operating
systemitself. For example,a numberof general-purposeobile robot controlcompo-
nentshasbeenmplementedhatimplement?ID motorcontrol,odometricposetracking
andhigh-level motioncommands.

Oneapplicationis for examplewithin the Small RobotsLeagueof RoboCup the
world championshipf robotsoccef14,15]. TheCubeOShasbeenusedonrobotteams
from the Vrije UniversiteitBrussel(VUB) andrecentlyfrom the InternationalUniver-
sity Bremen(IUB). Theteamsparticipatedn varioustournamentsincludingRoboCup



Fig. 3. Left: Oneof thelUB rescueobotsperformingin the NIST testingarenaduringRoboCup
2002in Fukuoka,JapanCenter:Two robotsdesignedandprogrammedy high schoolstudents
for aroboticscompetition.Right: The inside core of the RoboGuardbase,a commercialsemi-
autonomousobotfor suneillanceapplications.

World Championship’98n Paris,RoboCupWorld Championship’99n Stockholmthe
RoboCupEuropearChampionshi2000in Amsterdan12,11].

H 1000 lines of code
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Fig. 4. This diagramillustratesthat most software usedfor the IUB RescueRobotshasbeen
reusedrom thesoccemrobots.

Whenin 2002a seeminglycompletelydifferenttaskwithin RoboCupwaspursued
by the IUB team,namelythe creationof rescuerobots,it turnedout that dueto the
designof CubeOS mostof the codefrom the soccerrobotscould indeedbe reused.
The concretenumbersareshavn in Figure4. It shovsthat97.8% of the codewerebe
reused.

6 Conclusion

CubeOSdemonstrateshe useof a lightweight component-orientedesignapproach
for the designof both systemandapplicationsoftware on multiple embeddednobile
robotplatformsusedfor RobocupresearchThisrepresentanadwantagevertheuseof
hearyweightcomponengrchitecturesn embeddedystemssinceit reducegessource



usagethatis critical for embeddedpplicationssuchasmobile roboticsbut still gives
the benefitsof component-orientedoftwareengineeringsuchascodereuse The com-

ponentmodel of CubeOSis very simple, therebysimplifying codereuseof existing

legagy code and the from-scratchimplementationof reusablecomponentsCubeOS
andits componensystemhave beensuccessfullyusedsincel998in variousareagrom

industryprojectsover RoboCuproboticsresearcho edutainmengpplications.
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