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Abstract

Real-timeCORBA is a middleware standard that has
demonstrated successesin developing distributed, real-
time, andembedded(DRE)systems.Customizingreal-time
CORBA for anapplicationcanconsiderablyreducethesize
of themiddleware and improve its performance. However,
customizingmiddlewareis anerror-pronetaskandrequires
deepknowledgeof theCORBA standard aswell asthemid-
dleware design. This paperpresentsZEN-kit, a graphical
tool for customizingRTZen(an RTSJ-basedimplementa-
tion of real-timeCORBA). This customizationis achieved
throughmodularizingthemiddleware so that featuresmay
be insertedor removedbasedon the DRE applicationre-
quirements.This paperpresentsthreemain contributions:
1) it describeshowreal-timeCORBA featurescanbemodu-
larizedandcon�guredin RTZenusingcomponentsandas-
pects,2) it providesa con�guration strategy to customize
real-timemiddleware to achieve low-footprint ORBs,and
3) it presentsZEN-kit,a graphical tool for composingcus-
tomizedreal-timemiddleware.

1. Intr oduction

Computerapplicationssystemsthatarebothdistributed
andembeddedarebecomingincreasinglyimportantin ap-
plicationareassuchastelecommunications,robotics,trans-
portation, and military commandand control systems.
Many of thesesystemshavereal-timerequirementsaswell,
andareknown asdistributed,real-time,embedded(DRE)
systems.Due to their multiple constraintsacrossdifferent
dimensionsof performance,DRE systemsareharderto de-
velop, maintain,andevolve thanmainstreamdesktopand
enterprisesoftware. DRE systemsimposestringentqual-
ity of service(QoS) constraints. Real-timeperformance,
for example,imposesstrict constraintsuponbandwidth,la-
tency, and dependability. Moreover, many embeddedde-
vices must operateundermemory, processor, and power

limitations.
DifferentDRE applicationshave differentrequirements

andmiddleware that addressesall theserequirementscan
consumeasigni�cant amountof systemresourcesandmay
causemany restrictionsfor DRE applications. An obvi-
ous solution for this problemis to have customizedmid-
dleware for eachspeci�c application[13]. By con�gur-
ing a middleware for an application,we only include the
featuresrequiredfor that applicationand the rest of fea-
tures are excluded from the middleware structure. This
approachreducesresourceconsumptionand increasesthe
overallperformanceof thesystem.Althoughstandardssuch
asCORBA [18] haveemergedandhave provensuccessful,
customizingmiddlewareis noteasyandthedeveloperneeds
to have a deepunderstandingof theimplementationdetails
of the middleware. Issuessuchas dependenciesbetween
differentmodulesshouldbe understoodandaddressedbe-
foreachievingacceptablecustomizablemiddleware.To this
end,our researchfocuseson improving the ease-of-useof
standards-based,yet fully customizablereal-timeCORBA
middleware.

RTZen [1] is a Java implementationof the real-time
CORBA speci�cation [17]. However, becauseof unpre-
dictability issuesof the standardJava language,RTZen is
implementedusing the Real-Time Speci�cation for Java
(RTSJ)[30]. RTZenensurespredictabilityat theORBlevel
andmaintainsmuchof Java'seaseof useby shieldingRTSJ
complexities from themiddlewareuser.

In this paper, wedescribehow wecancustomizeRTZen
for differentapplicationsto reducememoryfootprint and
improve overall performance. We introducecomponents
and aspectsas tools to modularizeour real-timemiddle-
wareandpresenta conditionalcompilationstrategy to cus-
tomizeRTZenfor differentapplications.Differentfeatures
of RTZenthatcanbemodularizedascomponentsor aspects
arepresentedandcustomizationof RTZen basedon these
featuresis discussed.Anothercontribution of this paperis
ZEN-kit, agraphicaltool for applyingthedescribedcon�g-
urationapproachto RTZen. ZEN-kit providesa graphical



environmentfor applicationdevelopersto easilycustomize
RTZenmiddlewarebasedof the requirementsof their spe-
ci�c applicationswithout having a deepknowledgeof the
implementationof RTZen.

The rest of the paperis organizedas follows. In the
next sectionwe give anoverview of RTZen. Section3 de-
scribesthe con�guration strategy for customizingRTZen.
Section4 presentsthefeaturesof RTZenwhichcanbeused
for customization.ZEN-kit andits functionalitiesarepre-
sentedin Section5. Section6 presentsanexampleof cus-
tomizationof RTZen using ZEN-kit. Section7 presents
somerelatedwork andSection8 concludesthepaper.

2 Overview of RTZen

RTZen [1] is an RTSJ implementationof a real-time
CORBA ObjectRequestBroker(ORB).Real-timeCORBA
is an openmiddlewarestandardfor real-timeapplications
from the OMG that canbe usedto allocate,schedule,and
controlresourcesto addressQoSrequirementsof DREsys-
tems.

UsingJavaastheprogramminglanguageprovidesmany
advantagessuchassimplicity andplatform independence.
By implementingmiddlewarein Java,wecanleveragethese
bene�tsin ourapplications.However, Java introduceschal-
lengesfor real-timesystemsthatneedahigh degreeof pre-
dictability. One of the main causesof concernis Java's
garbagecollectorthatmaycauseanunboundedpriority in-
version,hencereducingpredictability. To addressthischal-
lenge,theReal-TimeSpeci�cationfor Java(RTSJ)hasbeen
developedto allow Java programsto be usedfor real-time
systems. RTSJ introducesnew typesof memoryregions
(immortalandscoped)andreal-timethreadsto decreasethe
needfor agarbagecollector.

RTZen has beendesignedto comply with the restric-
tions imposedby RTSJ. It eliminatesthe unpredictabil-
ity causedby garbagecollectionandimpropersupportfor
threadschedulingthroughtheuseof appropriatedatastruc-
tures,threadingmodels,andscopedmemoryareaswhich
areprovidedby RTSJ.RTZen ensurespredictabilityat the
ORB level and maintainsmuch of Java's easeof useby
shieldingRTSJcomplexities from the middlewareuser. It
alsoexploits thememorymanagementfeaturesof RTSJ.In
fact, no heapmemoryis usedin the designof RTZen and
all theobjectsareallocatedeitherin theimmortalor scoped
memoryareas.

RTZenmaintainsthedesignarchitectureof ourprevious
work, ZEN [13], which is basedon thelayeredpluggability
model illustratedin Figure1. This designarchitectureal-
lows ORB componentsto befactoredout of theORB core
to reducemiddlewarememoryfootprint. This con�gurable
architecturealsoallowsRTZento becustomizedfor differ-
ent applications.RTZen hasan ORB kernelanddifferent

protocolsand featurescan be pluggedinto or out of this
kernel basedon applicationrequirements.Eachof these
featuresin turn canbe con�gured with oneor moreplug-
gableoptions.
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Figure 1. The plug gable micr o­ORB architecture of RTZen

3 Con�guration Strategy

TheCORBA standardsupportsa wide rangeof applica-
tion domains;by de�nition, standardsarenot usefulunless
they meetthe needsof a wide rangeof applications. Yet
eachspeci�c applicationtypically needsonly a small sub-
setof middlewarefeatures.For example,while a server re-
quiressomePortableObjectAdapter(POA) functionality,
a pureclient doesnot. The removal of unneededfeatures
reducesthememoryutilizedby themiddleware,whichmay
bevaluableto DREapplicationdevelopers.It wouldalsobe
valuableto provide theapplicationdeveloperswith aneasy
mechanismto con�gure non-functionalpropertiessuchas
real-timememorymanagementandsynchronizationof the
DRE application.

Pastexperiencehasshown that the �rst steptowardde-
velopingcustomizableCORBA middlewareis to basethe
designon patterns,to resolve commondesignforces,and
separateconcernseffectively [25]. Pluggabledesignframe-
works,suchasthepluggableprotocolframework [19], al-
low removalof portionsof themiddlewarenotnecessaryfor
a particularapplication,andthusallow for reductionof the
middlewarefootprint.

The pluggablearchitectureof RTZen allows the appli-
cationdeveloperto adddesiredfeaturesto the coreof the
ORB. To supportthis goal,we implementa strategy based
on conditionalcompilationof thecustomRTZenORB i.e.,
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we staticallybuild thecustomversionof RTZenby includ-
ing the featuresbasedon the requirementsof the applica-
tion.

In contrastto conditional compilation, dynamic class
linking and loading provides featuresubsettingautomati-
cally. The �rst versionof ZEN usedthis approach[13].
With this approach,only a small ORB kernel is loadedin
memory, with variouscomponentslinked and loadeddy-
namicallyon demand,asrequiredby theneedsof thespe-
ci�c application. This approachreducesfootprint signif-
icantly, increasesextensibility, and is particularly useful
whenthe needsof the applicationarenot known aheadof
time. However, the limitation of this approachis that on-
demanddynamiclinking is asourceof unpredictability, un-
acceptablein real-timesystems.Moreover, dynamiclink-
ing maynotbeavailableor appropriatefor someembedded
systems.A staticcon�guration tool for CORBA ORBsis
thereforeneededto allow applicationdevelopersfull con-
trol over featuresubsetting,as requiredby real-timeand
embeddedsystems,yetstill beeasyto use.

In order to support conditional compilation basedon
features,we �rst identi�ed featuresof core and real-time
CORBA that can be representedin software as modules.
Thesemodulescaneitherbepluggedinto theORB coreor
not basedon theuser's applicationrequirements.We used
two mechanismsin order to createa modularstructureof
RTZen that canbe customizedstatically. First, we modu-
larizedfeaturesthat are implementedaspluggableclasses
or packagesinto components.RTZencomponentsaresoft-
waremodulesthatmayvary in internalimplementationbut
have a standardway in which they interfacewith theORB
core. The componentdesignallows the developerto add
different implementationsof a feature, such as different
GIOPversions,TransportProtocols,or IOR Parsersto the
RTZen core. This mechanismalso providesa framework
for RTZento beextendedto includenewer featuresasthey
areimplemented.

The second mechanismthat we used was Aspect-
orientedprogramming(AOP)[10, 33]. Somefeatures,such
asportableinterceptorsandreal-timememorymanagement
arecross-cuttingconcerns; thatis, codefor thesefeaturesis
scatteredthroughouttheORB core.UsingAOPin addition
to apluggablecomponentdesignmaximizesthemodularity
of theORBin orderto allow subsettingof cross-cuttingfea-
tures.Somerefactoringof theRTZencodewasnecessaryto
bedonebeforetheaspectscouldbeapplied;thisis however,
awell-known issueof aspect-orientedprogramming[16].

We integrated the two mechanisms,namely feature-
based modularization and aspect-orientedprogramming
into a con�guration tool that canbe usedto producecus-
tomreal-timeJavaORBsfor DRE applications.Thetool is
describedin Section5.

4 Con�gurable Featuresof RTZen

This sectiondescribescoreandreal-timeCORBA fea-
turesthatmake RTZencon�gurable. In orderto provide a
morecompletepicture,potentialcon�gurablefeatures[13]
areincludedandtheir categorizationis presented.

4.1 Curr ent Con�gurable Features

GIOP MessageHandling: TheGeneralInter-ORBPro-
tocol (GIOP) de�nes the format of messagesexchanged
betweenCORBA-compliantORBs. Thereare four GIOP
versionsanda full implementationof GIOPMessagingre-
quiresnumerousmethodsanddemandsprogramspace[12].
Many applications,in particular, embeddedones,needonly
a few GIOP methods;for example,pure servers (clients)
only require a requestreader (writer) and reply writer
(reader).Furthermore,many applicationsuseonly onever-
sion of GIOP. Frequentlythe behavior of a particularpro-
gramis known beforehand,sodevelopersusingRTZencan
includeonly the necessarysupportof GIOP Messagingat
compilationtime.

Transport Protocols: GIOPmessagescanbe transmit-
tedusinga varietyof transportprotocols(e.g.TCP, UNIX-
domainsocketsandRTP). For a singleprotocol thereare
about� ve differentclasses(client-oriented,server-oriented
andcommonclasses),eachcontainingafew methods.Typ-
ically, several tens of classesare neededto handle the
mostcommonprotocols.UsingtheRTZen's pluggablede-
sign [13], developerscan include only the neededclasses
for therequiredprotocolsin thecustommiddleware.

RTZencurrentlysupportsIIOP (InternetInter-ORBPro-
tocol)andaserialcommunicationprotocol,andothertrans-
portprotocolswill besupportedin nearfuture.

Portable Object Adapter: A PortableObjectAdapter
(POA) mapsclient requeststo the appropriateservant in a
CORBA server. Pureclientsneedno POA, thus the code
requiredto supportPOAs canbeomitted.

Portable Inter ceptors: PortableInterceptorsprovide
interceptionpointswhich de�ne stageswithin the request
and reply sequence,and are used in CORBA Services
(e.g.SecurityService). Much of the codeassociatedwith
PortableInterceptorsis scatteredthroughoutthe ORB and
is resistantto modularizationwith theobject-orientedplug-
gablecomponentdimensionof RTZen'sdesign[20]. There-
fore,weareusingAspectJ[9] to modularizePortableInter-
ceptors,so that they neednot be includedif they are not
requiredby eithertheserveror theclient.

Protocol Con�guration: Real-timeCORBA enables
the selection and con�guration of communicationpro-
tocols on the client and server side using Policy types
basedon a commoncon�guration framework. The com-
municationprotocol is chosenaccordingto the speci�ed
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order of preference. Parametersof the TCP protocol
(such as send buffer size , recv buffer size ,
and keep alive ) may also be con�gured using the
ProtocolProperties interface.Aspectsmaybeused
to selecttheorderof preferenceof the transportprotocols,
aswell asto con�gure their parameters.

4.2 Potential Con�gurable Features

Any Handlers: TheAny datatypeis usefulfor generic
services(e.g.Noti�cation Service)becauseit canhold an
instanceof any datatype, but Any methodsconsumesig-
ni�cant space.Many DREsystemsdonot requireAny data
types,sonotincludingsupportfor thisfeatureprovidescon-
siderablesavings.

IOR Parsers: CORBA supportsavarietyof formatsfor
InteroperableObjectReferences(IORs)to allow objectref-
erencesto comefrom �les, web pages,location services
or other sources. Different IOR formatsrequiredifferent
methodsfor parsingand handling. Typically, embedded
applicationsonly requirea small subsetof theseformats.
Consequentlysupportfor the remainingformatsneednot
beincluded.

Thr eadpools: Threadpoolsare an important feature
of real-timeCORBA becausethey allow control over the
amountof resourcesdedicatedto concurrency and queu-
ing. Their con�gurability hastwo dimensions:the �rst di-
mensioncomprisesthestyle for creatingthreadpools(with
or without `lanes'), their parametervalues(e.g., priority,
numberof staticanddynamicthreads,stacksize,allowing
borrowing andallowing requestbuffering), andtheassoci-
ationof threadpoolswith POAs. Thesecondoneis related
to the threadpoolstrategy employed, and [24] describes
several alternatives. For example,insteadof the modi�ed
Half-Sync/Half-Asyncstrategy implementedin RTZen, a
developermaydecideto useaReactor-basedstrategy when
eventsonly requirea shortamountof time to process.

Explicit Binding: In order to improve appli-
cation predictability, developers can invoke the
CORBA::Object::validate connection oper-
ation on the object referencesduring systeminitialization
forcing any bindingrelatedoverheadto occuraheadof the
�rst invocationonanobjectreference.

Invocation Timeout: In some real-time distributed
applications(e.g. dataacquisition)clients can only wait
for replies for a speci�c amountof time in order to pre-
serve the timeliness (and responsiveness)of the entire
application. After this amountof time, a client cancels
the request(and discardsthe reply, if it returnedfrom
theserver) without degradingseverely thecomputationre-
sults'qualityor application'sfunctionality. By meansof the
Messaging::RelativeRoundtripTimeo utPoli cy ,
real-timeCORBA allows clients to set a timeout for the

receiptof a reply to synchronousor asynchronousinvoca-
tions.

Dynamic Scheduling: Dynamic Schedulingis a real-
time CORBA optional featurethat allows applicationde-
velopersto choosethe schedulingdisciplinefor ORB and
application threadsthat better �ts their needs. For this
purpose,real-timeCORBA de�nesa pluggableframework
for the useof a setof well-known schedulingdisciplines:
Fixed-Priority Scheduling(FPS), Earliest Deadline First
(EDF), LeastLaxity First (LLF), and Maximize Accrued
Utility (MAU). It alsoallowsthedynamicchangeof thepa-
rametersof thechosenschedulingdiscipline.

4.3 Categorizationof Con�gurable Features

The con�gurable featurespreviously describedcan be
classi�edasfollows:

1. Server-oriented Features: are only usedby servers
(i.e.POA)

2. SingleFacetedFeatures: haveatmostoneoptionvalue
at a time (i.e. protocol con�guration and threadpool
strategy)

3. Multiple Faceted,Multi-valued Features: often have
multiple option values(i.e. IOR parsersandtransport
protocols)

4. Multiple Faceted,Single-valuedFeatures: may have
morethanoneoptionvalueat a time,but usuallyhave
onevalueat agivenuse(i.e.GIOPversion)

5. No-optionFeatures: canbeexcludedcompletelyeither
from theserver, theclientor both,suchasthePortable
Interceptorfeature.

Accordingto our experience,featuresfrom Category 1
maydramaticallycontributeto reducethecodesizeof client
programs,Categories3 and 4 typically lead to moderate
footprint savings for DRE applications,and Categories2
and5 providesmallor no footprint reduction.

5 ZEN-kit

ZEN-kit is a tool for customizingRTZen that imple-
mentsthecon�gurationstrategy describedin Section3. De-
velopedasan Eclipseplug-in usingthe GraphicalEditing
Framework (GEF) [21], ZEN-kit includesa graphicaled-
itor that affords control over selectingcore and real-time
CORBA featuresrequiredby theapplication.

The goal in developing this tool is to provide the user
with easeof con�guration of the requiredRTZen features.
Unlike text-basedcon�guration tools, ZEN-kit providesa
user-friendly graphicalenvironment that presentsan ab-
stractview of theavailablefeaturesandallows the userto
put themtogether. Thetool alsointegratesmiddlewarede-
velopmentenvironmentwith the middlewareapplication's
developmentenvironment.
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Figure 2 illustrates the composition functionality of
ZEN-kit. The featuresareorganizedin a palettein differ-
ent layersanduserscannavigatebetweenlayersto choose
therequiredfeaturesat theappropriategranularity. Thetool
thengeneratesthecon�guration�le thatis usedto build the
customORB.

Figure 2. A screen­shot of the Graphical User Interface

of ZEN­kit.

Previous researchhasshown thatasthenumberof fea-
turesprovidedby middlewareincreases,thecomplexity in
con�guring it with theoptimumsubsetof requiredfeatures
increasesexponentially[34]. ZEN-kit attemptsto minimize
this complexity andpromoteeaseof useby providing the
following features:

1. Hierar chical Structur e
ZEN-kit is designedto take advantageof the organiza-

tionalpropertiesof hierarchicaldesignandtraversal,known
aszooming.Theuseof hierarchicalorganizationis known
to help humansprocess,understand,and remembercom-
plex artifactssuchassystemdesigns[8, 31]. It is therefore
necessaryfor all but thesimplestof softwaredesigns,yet is
a featurelacking in many currentmodelingtools. ZEN-kit
is carefullydesignedto providea user-friendly hierarchical
organizationof RTZen.

The RTZen featuresaregroupedinto threedistinct lay-
ers,dependingon how �ne-grainedthey areandbasedon
thecoreandreal-timeCORBA speci�cations(Figure3):

� Level 1: representstheconceptualview of theORB.
� Level 2: representsthefeaturesof eachmoduleof the

ORB,suchastheORBcore.
� Level 3: providesthedetailedview of theoptionsfor

thechosenfeature(e.g.IOR formator TransportPro-
tocol).

In order to simplify the con�guration task to the appli-
cation developer, ZEN-kit allows hierarchicaltraversalof
the RTZen featuresi.e, the usercanzoominto or out of a
modulein orderto view thedesiredlevel of featuredetail.
This functionality gives the user the ability to customize
RTZen at a higher degreeof con�guration granularity in
orderto minimizefootprint,or �ne-tune its properties.

2. Useof Standard Real-timeCORBA Terminology
The second requirement for ease of use is to de-

�ne domain-speci�c (i.e., application-oriented)terminol-
ogy basedon CORBA middlewarefeaturesfamiliar to the
middlewareuser, ratherthan termsfrom the ORB design
and implementation. Appropriate terminology will help
the applicationdeveloperbetterunderstandthe impact of
designdecisionson the �nal middleware implementation.
Therefore, ZEN-kit uses terms understoodby real-time
CORBA applicationdevelopersin variousdomains,suchas
telecommunications,transportation,andmilitary command
andcontrol. Termsgeneratedduring the ORB designand
implementation,on theotherhand,maybeincomprehensi-
ble to theuser.
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Figure 3. An example illustrating the three­le vel hierar ­
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ZEN-kit givesuserscontrol over customization,allow-
ing thecon�gurationof anORBwith memoryfootprintpro-
portionalto thetrue functionalrequirementsof eachappli-
cation. ZEN-kit is designedto simplify this tediousman-
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ual customizationfor theapplicationdeveloper, by provid-
ing anorganizedandlayeredview of themiddleware. The
goal is to producea middlewarethatappearsto becustom-
written for eachparticularDREapplication,with minimum
dif�culty .

6 Example: Customizationof Transport Pro-
tocols

This section presentsan example that illustrtes how
ZEN-kit simplify thecustomizationof RTZen. Theexam-
ple illustrateshow the transportprotocolsusedby RTZen
arecon�gured for a simpleapplicationin order to reduce
memoryfootprint.

MostCORBA systemsuseTCPasthetransportprotocol
andthey only supportIIOP. But in many cases(e.g. in in-
dustrialautomation)DREapplicationsneedto operateover
a serial communicationplatform, which is frequentlythe
only oneavailable. Moreover, memoryfootprint is a con-
cernfor thesesystems.In this scenario,developerscanuse
RTZenonly with theserialcommunicationsupportin order
to saveonmemoryutilization.

Componentizingthe transportprotocol functionality in
RTZenhowever is not simplyamatterof compilingRTZen
while excluding the classesor packagescorrespondingto
theunneededprotocol.Partsof RTZenhaveto berefactored
sothatdependenciesbetweentheprotocolmodulesandthe
RTZenORBcoremaybeisolated.To removesomeof these
dependenciesweuseaspectsimplementedwith AspectJ[9].
Identifying thesedependencieshasproven to be valuable
toward developinga moremodularstructureof RTZen in
which featurescanbepluggedin without usingAOP.

In this example,in orderto con�gure the transportpro-
tocolsof RTZenusingZEN-kit, developerstraversethehi-
erarchicalstructureof features(Figure3) andgoto Level 3.
At this level, they canselecttherequiredtransportprotocols
(Figure4). In our example,thedeveloperselectseitherthe
serialcommunicationprotocolor IIOP andZEN-kit gener-

atesacon�guration�le for building thecustomizedversion
of RTZen. Note that ZEN-kit hidesthe designandimple-
mentationdetailsof RTZen,makingthecustomizationpro-
cessextremelyeasy.

Figure 5 illustratesthe footprint reductionthat results
from usingZEN-kit to customizethetransportprotocolsin
RTZen. The�rst columnrepresentsthefootprint of RTZen
without any transportprotocol. The next columnspresent
theadditionalstaticmemoryrequirementfor both,andthen
eachof the two transportprotocol features.Note that the
modestfootprint reductionobtainedfrom this con�gurable
feature(Category3) isconsistentwith thecategorizationde-
scribein theSection4.3.
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7 RelatedWork

Middlewarecon�gurability andcustomizationconstitute
an active researcharea. Thesetopics are addressedfrom
two approaches:1) a dynamicapproach,in which themid-
dlewareiscapableof adaptingto thedynamicsof thesystem
by recon�guring itself during runtime[26, 14, 15, 4, 22],
and2) a staticapproach,that focuson highly customizable
middlewarearchitectures[27, 2, 33, 32] capableof ful�lling
the requirementsof differentdistributedapplications.Our
work relatesto the static approach.Under this approach,
customizablemiddlewarearchitecturesaredevelopedusing
modularizationtechniquesbasedon designpatterns,com-
ponentsand/oraspects.

In the domain of distributed, real-time and embed-
ded (DRE) systems,customizablemiddleware architec-
tureshave received an increasingattention[7, 3, 29], in
particularthosebasedon the real-timeCORBA speci�ca-
tion [23, 19, 5, 11, 13, 12, 20]. Commongoalsin this do-
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main areto minimize the memoryfootprint of the system
andto providequalityof service.Usuallyadequatecon�gu-
rationtoolsarenotavailablefor thesemiddlewarearchitec-
tures,so it is dif�cult for userswith limited knowledgeof
thearchitecturedesignto con�gure effectively themiddle-
warefor a particularapplication.Therefore,ourwork com-
plementspreviousresearchby providing a tool thataimsto
make easierthecustomizabilityof real-timeCORBA mid-
dleware,in general,andRTZen,in particular.

The following are someof the tools that facilitate the
customizationof DREsystems.VEST[28] providesanen-
vironmentfor constructingandanalyzingcomponent-based
distributedreal-timeembeddedsystems.VESThelpsdevel-
opersselector createsoftwarecomponents,composethem
into a product,mapthe passive componentsonto threads,
map threadsonto speci�c hardware, and perform depen-
dency checksandnonfunctionalanalysis.It useslanguage-
independentnotionsof aspects(prescriptiveaspectsandas-
pectchecks) for non-functionalpropertiesandappliesthem
at design time rather than in the implementationphase.
VEST alsoincludeschecksfor memoryfootprint andend-
to-endschedulability, amongothers.

On theotherhand,CoSMIC(ComponentSynthesisus-
ing Model-IntegratedComputing)[6] is amodel-drivende-
velopmenttoolsuite for con�guring and deploying DRE
systemsusingQoS-enabledcomponentmiddleware. CoS-
MIC addressescrosscuttingcon�guration anddeployment
concernsat multiple layersof middlewareandapplications
in component-basedDRE systems.It alsoleveragesmodel
checkingand analysistools to validatekey propertiesfor
con�guredDRE systems.

Thesetoolkits aim to supporttheentireprocessof con-
struction,con�guration, analysisanddeploymentof DRE
systems,whereasZEN-kit supportstheeasycustomization
of theORB.Unlike VEST andCoSMIC,ZEN-kit provides
a hierarchicalview of RTZenfeaturesthatallows develop-
ersto handletheinherentmiddlewarecomplexity.

To the bestof our knowledge,RTZen is the only avail-
ableopen-sourcereal-timeCORBA implementationusing
RTSJandZEN-kit is the tool to customizeit. Therefore,
ZEN-kit is theobviouschoiceto be incorporatedin VEST
andCoSMICif they needto supportRTSJ-basedDRE sys-
tems.

8 Conclusionand Future Work

This paperpresentedZEN-kit, a user-friendly graphi-
cal tool for customizingRTZen(anRTSJ-basedimplemen-
tation of real-timeCORBA). ZEN-kit implementsa cus-
tomizationstrategy basedon conditionalcompilationthat
takesadvantageof theRTZen'smodulararchitecture.Using
this tool, developerscanselectively includecoreandreal-
time CORBA featuresinto the ORB in orderto meetspe-

ci�c requirementsof DRE applications,in particularthose
relatedto memoryfootprint.

Wedemonstratedtheeffectivenessof thetoolby present-
ing an exampleto con�gure transportprotocolsin RTZen.
From the example, we see that the ORB can be easily
con�gured usingZEN-kit andthe resultingcon�gurations
presentthe expectedfootprint savings ascomparedto the
original version. Furtherreductioncanbe obtainedusing
the approachdescribedin [20]. In addition,the paperde-
scribedcoreandreal-timeCORBA featuresthat currently
andpotentiallymakeRTZenhighly con�gurable,andacat-
egorizationof themwasincluded.

For future work, we will modularize the potentially
con�gurable featuresof RTZen, and provide mechanisms
throughwhichthey canbecon�gured.Wewill alsoaddva-
lidity checksfor customcon�gurations,to ensurethegen-
eratedORB is appropriatefor thescopeandconstraintsof
theapplication.

9 Acknowledgments

This work wassupportedby NSF grant CNS-0410218
andAFOSRgrantF49620-00-1-0330. The authorswould
like to thankMark Panahifor hisusefulcomments.

References

[1] RTZen.UCI-DOCGroup.http://doc.ece.uci.edu/rtzen/.
[2] M. Astley, D. C. Sturman,andG. A. Agha. Customizable

middlewarefor modulardistributedsoftware. Communica-
tionsof theACM, 44(5):99–107,2001.

[3] U. Brinkschulte,A. Bechina,F. Picioroaga,E. Schneider,
T. Ungerer, J. Kreuzinger, andM. Pfeffer. A microkernel
middlewarearchitecturefor distributedembeddedreal-time
systems. In Proceedingsof the 20th IEEE Symposiumon
ReliableDistributedSystems, October2001.

[4] M. Clarke, G. S. Blair, G. Coulson,and N. Parlavantzas.
An ef�cient componentmodelfor theconstructionof adap-
tive middleware. In Middleware 2001: Proceedingsof
the IFIP/ACM International Conference on Distributed
SystemsPlatforms Heidelberg, pages160–178.Springer-
Verlag,November2001.

[5] A. Corsaro,D. C.Schmidt,R.Klefstad,andC.O'Ryan.Vir-
tual component:a designpatternfor memory-constrained
embeddedapplications. In Proceedingsof the 9th Annual
ConferenceonthePatternLanguagesof Programs, Septem-
ber2002.

[6] A. Gokhale, K. Balasubramanian,and T. Lu. Cosmic:
addressingcrosscuttingdeploymentandcon�guration con-
cernsof distributed real-timeand embeddedsystems. In
OOPSLA'04, pages218–219.ACM Press,2004.

[7] O.HammerschmidtandH. Vogelsang.Designof distributed
realtimesystemsin processcontrolapplications.Computers
in Industry, 36(3):261–270,1998.

7



[8] J. A. Jacko, G. Salvendy, andR. J. Koubek. Modelling of
menu designin computerizedwork. In Interacting with
Computers. SpecialIssue: Australasian special issue: II ,
volume7, pages304–330,September1995.

[9] G. Kiczales,E. Hilsdale,J. Hugunin,M. Kersten,J. Palm,
andW. Griswold. Gettingstartedwith aspectj.Communica-
tionsof theACM, 44(10):59–65,2001.

[10] G. Kiczales, J. Lamping, A. Mendhekar, C. Maeda,
C. Lopes,J. Loingtier, andJ. Irwin. Aspect-orientedpro-
gramming. In Proceedingsof theEuropeanConferenceon
Object-OrientedProgramming, volume 1241, pages220–
242,1997.

[11] R. Klefstad, A. S. Krishna, and D. C. Schmidt. Design
and performanceof a modularportableobject adapterfor
distributed,real-time,andembeddedCORBA applications.
In DistributedObjectsandApplications(DOA) 2002, pages
549–562.DOA, 2002.

[12] R. Klefstad,S. Rao,andD. C. Schmidt. Designandper-
formanceof a dynamicallycon�gurable,messagingproto-
cols framework for real-timecorba. In Proceedingsof the
36th Annual Hawaii International Conferenceon System
Sciences, pages320, 10 pages,Big Islandof Hawaii, Jan-
uary6-92003.

[13] R. Klefstad, D. C. Schmidt, and C. O'Ryan. Towards
highly con�gurable real-time object requestbrokers. In
Proceedingsof the International Symposiumon Object-
OrientedReal-timeDistributedComputing(ISORC),(New-
port Beach, CA), pages437–447.ISORC,2002.

[14] F. Kon, M. Román, P. Liu, J. Mao, T. Yamane,L. C. Ma-
galh̃aes,and R. H. Campbell. Monitoring, Security, and
Dynamic Con�guration with the dynamicTAO Re�ective
ORB. In Proceedingsof the IFIP/ACM InternationalCon-
ferenceon Distributed SystemsPlatforms and Open Dis-
tributedProcessing, number1795in LNCS,pages121–143,
New York, April 2000.Springer-Verlag.

[15] J. Loyall, J. M. Gossett,C. D. Gill, R. Schantz,J. Zinky,
P. Pal,R.Shapiro,C.Rodrigues,M. Atighetchi,andD. Karr.
Comparingandcontrastingadaptive middlewaresupportin
wide-areaandembeddeddistributedobjectapplications.In
Proceedingsof the 21st IEEE InternationalConferenceon
DistributedComputingSystems, 2001.

[16] G.C.Murphy, R.J.Walker, E.L. A. Baniassad,M. P. Robil-
lard, A. Lai, andM. A. Kersten.Doesaspect-orientedpro-
grammingwork? Communicationsof theACM, 44(10):75–
77,Octuber2001.

[17] Object ManagementGroup. RealTime-CORBA Speci�ca-
tion. ObjectManagementGroup,2.0 formal/03-11-01edi-
tion, November2003.

[18] ObjectManagementGroup. TheCommonObjectRequest
Broker: Core Speci�cation. Object ManagementGroup,
3.0.3edition,March2004.

[19] C.O'Ryan,F. Kuhns,D. C.Schmidt,O.Othman,andJ.Par-
sons. The DesignandPerformanceof a PluggableProto-
cols Framework for Real-timeDistributedObjectComput-
ing Middleware. In Proceedingsof the Middleware 2000
Conference. ACM/IFIP, April 2000.

[20] M. Panahi,T. Harmon, and R. Klefstad. Adaptive tech-
niquesfor minimizingmiddlewarememoryfootprintfor dis-
tributed, real-time,embeddedsystems. In Proceedingsof

the 2003IEEE 18th AnnualWorkshopon ComputerCom-
munications(CCW2003),(Dana Point, CA), pages54–58,
October2003.

[21] I. Redbook.EclipseDevelopmentusingtheGraphicalEdit-
ing Framework andtheEclipseModelingFramework, May
2004.

[22] D. C.Schmidt.Middlewarefor real-timeandembeddedsys-
tems.Communicationsof theACM, 45(6):43–48,2002.

[23] D. C. Schmidt,D. L. Levine,andS.Mungee.Thedesignof
the tao real-timeobjectrequestbroker. ComputerCommu-
nications, 21(4):294–324,1998.

[24] D. C. Schmidt, M. Stal, H. Rohert, and F. Buschmann.
Pattern-OrientedSoftware Architecture: Patternsfor Con-
currentandNetworkedObjects, volume2. JohnWiley and
Sons,2000.

[25] D. C. Schmidt, M. Stal, H. Rohnert,and F. Buschmann.
Pattern-OrientedSoftware Architecture: Patternsfor Con-
current and Networked Objects,Volume2. Wiley & Sons,
New York, 2000.

[26] E.-K. Shen,S. Majumdar, and I. Abdul-Fatah. High per-
formanceadaptive middlewarefor corba-basedsystems.In
Proceedingsof the19thannualACM symposiumon Princi-
plesof distributedcomputing(PODC'00), pages199–207.
ACM Press,2000.

[27] A. Singhai,A. Sane,andR. H. Campbell. Quarterwarefor
middleware. In Proceedingsof the18thIEEE International
Conference on Distributed ComputingSystems(ICDCS),
pages192–201,May 1998.

[28] J. A. Stankovic, R. Zhu, R. Poornalingam,C. Lu, Z. Yu,
M. Humphrey, andB. Ellis. VEST: An aspect-basedcom-
position tool for real-timesystems. In Proceedingsof 9th
IEEE Real-Time and EmbeddedTechnology and Applica-
tionsSymposium, pages58–69,May 2003.
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