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Abstract

In opendistributedreal-timeandembedded(DRE)sys-
tems,differentORBendsystemsmayusedifferentschedul-
ing disciplines.To ensure appropriateend-to-endapplica-
tion behaviorin an openarchitecture, DRE systemsmust
enforcean orderingon activitiesoriginating in an endsys-
temandactivitiesthat migrate there, basedon therelative
importanceof theseactivities. This paper describesthe
meta-programmingtechniquesapplied in Juno, which ex-
tendsReal-timeCORBA to enhancethe opennessof DRE
systemswith respectto their schedulingdisciplinesby en-
abling dynamicordering of priority equivalenceclasses.
We usetheforthcomingOMG Real-TimeCORBA 2.0: Dy-
namicSchedulingJoint Final Submission(RT-CORBA 2.0
JFS)to illustrateour techniques.

Keywords: Real-Time and Distributed Systems,
CORBA, DynamicScheduling,Meta-programmingArchi-
tectures.

1. Intr oduction

Emerging challenges: Distributed object computing
(DOC) middleware, such as CORBA, COM+, and Java
RMI, shieldsdevelopersfrommany complexitiesassociated
with developing distributed systems. For example,DOC
middlewareallowsapplicationsto invokeoperationsondis-
tributed objectswithout concernfor object location, pro-
gramminglanguage,OS platform, communicationproto-
colsandinterconnects,andhardware[7]. Thematurationof
DOC middlewarespecificationsandimplementationsover
thepastdecadehave greatlysimplified thedevelopmentof
opendistributedsystemswith complex functional require-
ments.

More recently, the emergence of quality of ser-
vice (QoS)-enabledDOC middleware, such as Real-
time CORBA 1.0 (RT-CORBA 1.0) [13], Real-Time
Java [15], [2] andDistributedReal-timeJava [9], will sim-
plify opendistributedreal-timeandembedded(DRE) sys-
temswith complex QoSrequirements,suchasstringentla-
tency, jitter, anddependability. For example,futurecombat
systemswill involve heterogeneouscollectionsof mobile

autonomousvehiclesthat mustcollaborateto performco-
ordinatedmaneuvers in supportof time-critical missions,
such as reconnaissance,perimeterdefense,and suppres-
sion of enemyair defenses.Likewise, QoS-enabledDOC
middlewarewill benefitcommercialDRE systems,suchas
distributedvirtual reality applications,distributedmultime-
dia collaborationsystems,and massively-multiplayeron-
line persistent-world games.

Key challengesarisingin thesetypesof DREsystemsin-
volvecommunicatingandenforcingtherelativeimportance
of variouscompetitors (such as threadsor operationson
CORBA objects)to ensureappropriateschedulingof sys-
tem resources (suchas memory, CPU time, and network
bandwidth)at a givenpoint in time. Resolvingthesechal-
lengesis essentialto building DRE systemsthataresimul-
taneously:

1. Open, i.e., systemcomponentscanconnectandinter-
operatein a flexible mannerwithout having to bepre-
configuredstatically;and

2. Dependable, i.e., thesystemcanpreserve key end-to-
end QoS properties,suchas timelinessand resource
constraints.

For example,mobileautonomousvehiclesshouldbe able
to collaboratein a dependableandefficientmanner, despite
theheterogeneityof their schedulingdisciplinesandimple-
mentations.TheforthcomingReal-Time CORBA 2.0: Dy-
namicSchedulingJointFinal Submission(RT-CORBA 2.0
JFS)[14] addressessomeaspectsof thechallengesoutlined
above. For example,theRT-CORBA 2.0JFSdefinesa dis-
tributablethreadmechanismthathasthefollowing proper-
ties:�

It canextendandretractits locusof execution1 to tran-
sition amongORBs while servicingan operationre-
quest.�
It contendswith othercompetitorsfor theuseof differ-
entresources(suchasCPUtime,memory, or network
bandwidth)in thevariousORBsit traversesthrougha
dynamiccall graph.�
It contains certain scheduling information carried
acrossORBsembeddedin aGIOPservicecontext and

1The locusof executionof a distributablethreadrepresentsthe ORBs
visitedby thethreadwhile servicinga remotemethodinvocation.
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Figure 1. DRE Systems with Competitor s that
Migrate from System to System.

usedby ORBsvisited by a distributablethreadto en-
surethatthethreadis processedat theappropriatepri-
oritiesend-to-end.

For example,Figure1 illustratesa representative DRE
systemin which threeendsystemsarerunningthreeORBs
configured with three different scheduling disciplines.
Threadsaredistributedacrossendsystemsasa resultof re-
mote operationinvocationsor distributable threadmigra-
tion.2 As a result, competitorsoriginating on different
endsystemscontendfor the samesetof resourceson each
ORBendsystem.To adjudicatethiscompetition,sometype
of schedulingis required.

RT-CORBA 1.0specifiesaSchedulingServiceto relieve
applicationprogrammersof thetediousanderror-pronetask
of configuringschedulingpropertieson eachend-system.
This service is an optional part of the RT-CORBA 1.0
specification,however, so it may not be available for all
RT-CORBA 1.0 ORBs. Moreover, the RT-CORBA 1.0
SchedulingServicedealsonly with priorities,whichunder-
specify mappingsof more complex schedulingproperties
(suchasdeadline)into anorderingof competitorexecution
eligibilities.

TheRT-CORBA 2.0JFS—andtheRT-CORBA 1.0spec-
ificationuponwhich it builds—arethemostadvancedopen
standardsthataddressstaticanddynamicschedulingin the
context of open, QoS-enabledmiddleware for DRE sys-
tems.Neitherspecification,however, fully addressesthein-
teroperability aspectof the challengesoutlinedabove, due
to under-specificationin theareasof:

2Threadsat eachendsystemareshown with a differentshape,depend-
ing on theendsystemonwhicheachoriginated.

1. Mapping of scheduling parameters: The RT-
CORBA 2.0JFSdoesnotdefinethemappingof scheduling
parameterswhendistributablethreadspassthroughORBs
thatareconfiguredwith�

Heterogeneousschedulingdisciplinesor�
Differentschedulingparametersfor thesameschedul-
ing discipline.

For example,duringarequest’straversalthroughthedy-
namiccall graphformedby a distributedthreadexecution,
oneof thevisitedORBscouldbeconfiguredusinganearli-
estdeadlinefirst (EDF)[12] schedulingdiscipline.An EDF
schedulerorderscompetitorsaccordingto the propinquity
of their deadlines.AnotherORB in the traversalcoulduse
a value-basedschedulingdiscipline[8], whereevery com-
petitor is characterizedby a time-dependentfunction that
describesthevalueassociatedwith thecompetitoratagiven
pointin time. A value-basedschedulertriesto maximizethe
valuegainedby thesystemusinginformationthis function
provides.

In the RT-CORBA 2.0 JFS,whena distributablethread
traversesendsystems,its correspondingschedulinginfor-
mationmustbe understoodat eachendsystem.The com-
positionof schedulingdisciplinesusedalong the chainof
endsystemsmust thereforebe semanticallycoherent, even
if the result is non-optimal. Thereis no existing standard,
however, that specifieshow to provide interoperabilitybe-
tween heterogeneous(but composable)schedulers. This
omissionlimits the opennessof DRE systemsusing RT-
CORBA 2.0JFSmiddleware.

2. Scheduling information propagation: Another
relevantissuethatneithertheRT-CORBA 1.0specification
nor theRT-CORBA 2.0JFSaddressesis whetherto update
schedulinginformationpropagatedon a hop-by-hopbasis
througha distributedcall graph.Althoughthis issueis not
relateddirectly to interoperability, thesolutiondescribedin
this paperto enableinteroperabilitycanbe usedto propa-
gateandupdateschedulingparametersend-to-end.

In this paper, we presenta solutionto theproblemsout-
lined aboveby�

Formalizingtheproblemof interoperabilityin thecon-
text of openDRE systems�
Defining formalismsto expressdifferent instancesof
theproblempreciselyand�
Providing a meta-programmingarchitecture[20] that
mapsthe formalizedabstractionsto a softwarearchi-
tecturebasedon RT-CORBA.

Figure 1 outlinesour solution approachin the context of
CORBA. As shown in this figure, three endsystemsare
configuredwith threedifferentschedulingdisciplines.The
competitorsinitiatedatendsystem(A) aresquare, thoseini-
tiatedat endsystem(B) arecircular, andthoseinitiated at



endsystem(C) aretriangular. To preserve theQoSproper-
tiesrequestedby thecompetitors,we applytechniquesthat
reconcile

1. Thepropertiesusedby eachschedulerto enforceQoS;
and

2. Thepropertiesusedby eachcompetitorto expressits
QoSrequirements.

Our techniquesenableanopenarchitecturein which com-
petitorscan traverseendsystemswithout concernfor how
QoSrequirementareexpressed.We alsoallow eachORB
endsystemto schedulecompetitors—includingthoseini-
tiated remotely—byadaptingthe competitors’properties
for use by the ORB’s local scheduler. We use a meta-
programmingarchitecturebasedon a two-level reflective
middlewaremodel [20, 18, 17] to implementthe solution
presentedin this paper.

Paper organization: Theremainderof thispaperis orga-
nizedasfollows: Section2 definesa formal modelfor rec-
onciling heterogeneousschedulingdisciplinesin opendis-
tributedreal-timesystems;Section3 presentsJuno,which
is our meta-programmingarchitecturefor enhancingthe
opennessof DRE middleware and illustratesbriefly how
Juno implementsthe formal model definedin Section2;
Section4 comparesour approachwith relatedwork; and
Section5 presentsconcludingremarksandoutlinesour fu-
tureresearchdirections.

2. Terminology and Formalisms

Thissectiondefinestheterminologyusedthroughoutthe
paperandmotivatestheassumptionsthatunderlyourwork.
The formalismspresentedin this sectionareapplicableto
any openDREsystem.Forconcreteness,however, wefocus
theexamplesin thecontext of RT-CORBA 1.0[13] andthe
RT-CORBA 2.0JFS[14].

2.1. Properties,Competitors, and Schedulers

We modelanopenDRE systemasconsistingof proper-
ties, competitors, andschedulers, which aredefinedinfor-
mally asfollows:�

PropertiesdescribeQoSattributes,suchasacriticality
level, a deadline,or a constrainton jitter. We do not
restrict the domainof the properties,i.e., a property
canbe a function, which allows valueand/orquality
functionsto beexpressedasproperties.�
Competitors denoteentitiesthatcancontendfor com-
monsystemresources.Competitorsexposeproperties
that describetheir features, suchastheir importance,
or QoSrequirements, suchasdeadlineor worst-case
executiontime.

�
Schedulers grant competitors accessto shared re-
sources. The order in which competitorscan access
a resourcedependson schedulerdisciplinesandcom-
petitor properties. Schedulingdisciplinesare formu-
latedin termsof the propertiesthey useto determine
the ordering of competitors. Thesepropertiescan
thereforebe viewed asan abstractionof the competi-
tors for the purposeof scheduling. Sincewe focus
on dynamic systems,all our schedulersoperateon-
line [4], ratherthanoff-line [16].

The remainderof this sectionpresentsa formal model
for properties,competitors,andschedulers.Theadvantage
of creatinga formalmodelis to enableheterogeneousORB
endsystemsto exchangepreciseinformationabouttheprop-
erties associatedwith individual competitorsand sched-
ulers.This informationallowseachendsystemto transform
competitors’propertiesandreconcilethemfor eachORB
endsystem’sscheduler.

2.1.1 Properties

Definition 2.1 Let � be the Universe of Properties. A
genericelementof � is denotedby � andis calleda prop-
erty type, or simply a property. Each property �	�
� is
associatedwith thefollowing tuple:

�
�����������
Where:

1.
� �

is thedomainof theproperty.

2.
��� � ��� is thedefaultvaluefor theproperty.

That is, givenanyproperty ����� wedenoteits associated
domainby

���
, andits associateddefaultvalueby

���
.

Moreover, givena property ����� we definea Tagged
Domain( � � ) of � as:

� ����� ��� � ���!����" � ��#%$'&(# � ��� �
Given any )*�+� � we denotethe property of the tagged
elementby )�, � andits valueby )�, -/./0 # ) .
RT-CORBA3 1 An exampleof a propertyin RT-CORBA
is the deadlineof a distributablethread. In this case,the
domainof the propertyis the time, which in RT-CORBA
is representedas the integral type TimeBase::TimeT.
Otherexamplesof propertiesin RT-CORBA includecriti-
cality (whichdistinguishesclassesof real-timecompetitors)
andtheperiodicityof activities.

Definition 2.2 Givena setof n properties,24365 :
3Henceforth,our useof the term “RT-CORBA” connotesboth static

anddynamicschedulingcapabilities.



7 �8� �%9 � �;: � ,<,=, � �;>?�
We definetheCompound Property Domain (CPD) as:@ 7 �A�8�CBD&;E BFE(� 2G.�2 �+E B�H � �JIKE(�
L(�6LNMPOQM 2��
Thecompoundpropertydomainis a setof sets,each having
size 2 . Each sethasexactlyoneelementfromeach tagged
domainassociatedwith each property in P. Note that the
definitionof CPDdoesnotimposeanyorderingontheprop-
erties.

RT-CORBA 1 The CompoundProperty Domain can be
viewedasa generalizationof theRT-CORBA 2.0 JFScon-
ceptof schedulingparametertypes. A givenschedulingpa-
rametertype (e.g., the EDF schedulingparametersdefined
in theRT-CORBA 2.0JFS)is a collectionof typedproper-
ties, wherea type definesa domainfor the property. The
RT-CORBA 2.0 JFSfocuseson the identity of the aggre-
gate,treatingeachkind of schedulingparameterasa dif-
ferenttype. In our definition we stressthe identity of sin-
gle properties,soeachschedulingparameteris treatedasa
collectionof properties,ratherthanasa typedaggregateof
properties.

2.1.2 Competitors

Let R betheUniverseof Competitors.4 Weassumethateach
competitorexposesasetof properties,asshown in Figure2.
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Figure 2. Association Between Competitor s
and Proper ties

Definition 2.3 We definethefollowing function:

T & RVUWYX[Z
that whengivena competitor\]�^R , mapsit to theset T " \ $
of propertiesit exposes.

4In ourcase,theuniverseof discourseis thoseentitiesthatcancompete
for theuseof resources,andarethussubjectto scheduling.

At any point in time, any competitor \ hasassociatedwith
it the currentvalueof its properties.This valueis actually
anelementof theCompoundPropertyDomainof T " \ $ , and
will beindicatedwith \[, _`-/./0 .

Figure2 shows schematicallyhow therelation T works.
In thisfigure,

@
representstheUniverseof Competitors,X Z

is the power-setof the UniverseOf Properties,)[a and )Jb
representgenericcompetitors,and T " )Ja $ and T " )Jb $ repre-
sentthepropertysets(containedin X[Z ), respectively.

RT-CORBA 1 Competitorsin RT-CORBA canbe�
Distributable threadsthat competefor CPU time on
ORBendsystems�
Eventsin an event channel[6] thatmustbe delivered
to consumersthathavesubscribedfor particularevents
or�
GIOP requests that compete for network/bus re-
sources.

If competitor\ is adistributablethreadin thecontext of RT-
CORBA, then T " \ $ canbe the setof propertiescontaining
theelementsdeadline, importance, andlaxity. In this case,
the \[, _`-/./0 would be thevalueof thedeadline,importance,
andlaxity at a particularpointof time.

2.1.3 Schedulers

Definition 2.4 WedefineanOrdering of Classes of Equiv-
alence (OCE)over thesetof properties

7dc XeZ asconsist-
ing of thefollowing tuple:

�f�hgjilkm�=noglijkp�
where:

1.
� gjilk

is an equivalencerelationover theCPD of P.

2.
n gjilk

is a total ordering over the set
��q .(r & .s�@ 7 � �q .tr representstheequivalenceclassto which theelement.

belongs.Basedon this definition,theOCEprovidesa par-
tition of equivalenceclassesover CPD andalsoprovidesa
total orderof equivalenceclasses.

Note that the orderingof equivalenceclassesis defined
over a set of properties. Propertyorderingthereforehas
no effect on the structureof the equivalenceclasses,nor
on equivalenceclassordering.Theorderingof equivalence
classesdependsonly on the valueand type of properties.
Conversely, due to run-timechangesin systemconfigura-
tion or scheduleroperationmode,the orderingof equiva-
lenceclassescandependon time. Thetime dependency of
equivalenceclasses—andof their ordering—canalsooccur
whenschedulersreferto time-dependentproperties,suchas
valuefunctions.



Definition 2.5 A Scheduler is an Ordering of Classesof
Equivalence(OCE)overa setof properties.Thesetof prop-
ertieson which a schedulerimposesan OCE is called its
CharacteristicSet, which expressesthepropertiesusedbya
schedulerto imposean orderingon competitors. Of prop-
ertiesexposedby a competitor, a scheduleronly considers
thosein its characteristicset. Givena scheduler u , we in-
dicateits characteristicsetwith v�w .
RT-CORBA 1 Figure3 showsthecharacteristicsetstheRT-
CORBA 2.0 JFSdefinesfor the least laxity first (LLF)5,
EDF, andratemonotonic(RM) schedulingdisciplines. If

χ
RM

Deadline

χ
EDF

Deadline

Importance

χ
LLF

Deadline

Importance

Execution Time
Remaining

Figure 3. Characteristic Set for Least Laxity
First (LLF), Earliest Deadline First (EFF), and
Rate Monotonic (RM) Scheduling Disciplines

we considerthe RT-CORBA 2.0 JFSEDF scheduler, the
propertiesin thescheduler’scharacteristicsetarethedead-
line and the importance.6 The equivalenceclassesin this
caseare thereforerepresentedby the set containingthese
two properties. The equivalenceclassesare orderedso
thattheimportanceanddeadline

"xOy���/$
associatedwith each

equivalencesetareordered.An exampleof suchanorder-
ing couldbethefollowing expression:

"xO 9 �z� 9 $'n{"|O : ��� : $ if f
"|O 9 n}O : $ or

"xO 9 ��O : ��� 9 3 � : $
In thisexample,theorderingof theimportanceanddeadline
are both the orderingof integral values. RT-CORBA 2.0
JFSdefinestheimportanceasalong type,anddeadlineas
aTimeBase::TimeT type.

Basedon the definitionspresentedabove, we can treat
any schedulerasan orderingof equivalenceclassesover a
setof propertiesusedby a scheduler. Thesepropertiesare
associatedwith acompetitorby therelation T . Notethatthe
schedulerpartitionsthe full CompoundProperty Domain
of its characteristicsinto aseriesof equivalenceclassesand

5An LLF schedulerdeterminestheexecutioneligibility basedon laxity,
which is definedasthedifferencebetweenthedeadline,thecurrenttime,
andtheestimatedremainingcomputationtime.

6In the canonicalEDF definition [12] thereis no conceptof “impor-
tance”but in theRT-CORBA 2.0JFSthereis.

thenorderstheseclasses.Also notethatthepropertyvalues
associatedwith competitorscanchangeover time; a poten-
tial effect of this changeis to move a competitorfrom one
equivalenceclassto another.

Finally, we assumethat all schedulersin DRE systems
are well-behaved, which meansthat schedulerson differ-
entORB endsystemstry to enforcereal-timeQoSover the
propertiesusedto characterizethe competitors. Specifi-
cally, we do not considerpathologicalcaseswheresched-
ulersdo not work to improve QoSin at leastsomedimen-
sion. For example,a ratemonotonicscheduler(RMS) [12]
and an EDF schedulerwill usedifferentorderingsof op-
erations,but they will both work to improve the deadline
feasibility of operationsthey schedule.

2.2. Adapters

2.2.1 CoreAdapter Concepts

Having formallydefinedthetermsproperty, competitor, and
scheduler, we cannow addressproblemsarisingwhenes-
tablishinganorderingof competitorswith setsof properties
that differ from the CharacteristicSetof a scheduler. Be-
low, we addressthedifferentcasesthatcanarise.

Definition 2.6 Giventwosetof properties:7 9 � 7 : c X[Z
thenanAdapter from

7 9 to
7 : is a functionof thetype:~��/����]�(� & @ 7 � �/� UW @ 7 � �t�

Thus,an Adapter is definedasa function that transforms
one set of propertiesinto another. The definition given
above is quite general,i.e., no assumptionaremadeabout
the mappingperformedby an Adapter. In practice,some
Adaptersmakemoresensethanothers.

RT-CORBA 1 Figure4 depictsa scenarioin which three
endsystemsare each running an ORB with a different
schedulingdiscipline. Two distributablethreads,DT 9 and
DT : are moving acrossendsystems. DT 9 originatedat
endsystemA, whereit executedanoperationon theobject
X. It migratesfrom endsystemA to endsystemB after in-
vokinganoperationonobjectY. In contrast,DT : originated
atendsystemB, whereit executedanoperationonobjectZ.
It migratesfrom endsystemA to endsystemB afterinvoking
anoperationon objectY.

Threedifferentschedulersareusedby theORBsin Fig-
ure4, (endsystemC hasa staticRM scheduler).As shown
in Figure 3 theseschedulershave differentCharacteristic
Sets. As a result, someadaptationwill be requiredwhen
a distributablethreadcrossesa schedulingdomain.7 The

7A schedulingdomain is a collection of ORB endsystemsusing the
sameschedulingalgorithmandproperties.
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claim of this paperis that the propertype of Adaptercan
handlethisadaptation.In addition,Figure4 showsthepoint
at which schedulersare executed,and the placeat which
distributablethreadpropertyadaptationcanoccur, i.e., the
placeatwhich theright adapteris executed.

Figure4 alsoshowsDT : is preemptedby DT 9 while ex-
ecutingontheendsystemB’sORB.Thiscaseshowsthatthe
dynamicpriority of DT 9 mustbe higherthanthat of DT : .
In general,DT 9 andDT : would benon-comparableunless
adaptationis performedto make surethat their properties
canbe expressedin a mannercomprehensibleby endsys-
temB’sORBscheduler. Suchadaptationandreconciliation
of thedistributablethreads(i.e., competitor)propertiescan
beachievedby meansof Adapters.

2.2.2 ReconcilingPropertiesThr oughAdapters

Now that we have defined our terminology and formal
model,we show how theseformalismscanbeusedto rec-
oncilepropertiestosupportinteroperabilitybetweenhetero-
geneousRT-CORBA schedulers.Below, we examinethree
relevantcasesthatcanoccurandoutlineasolutionfor each
of them.

Case1: Figure5 shows a scheduleru with a non-empty
CharacteristicSet v�w andgivencompetitorc with T " \ $��v�w . To map the propertiesexposedby the Competitor
into theOrderingof Classesof Equivalencecreatedby the
schedulerover v w we canapply the following Restriction
Adapter:

� ~ & @ 7 ���<����� UW @ 7 ���t�
definedas:

� .!� @ 7 ���=�����y� � ~ " . $Q�{� )]��. & )�, ����v�w��

(c)ρ

χS

Figure 5. The Proper ties used by a Scheduler
are a Subset of Proper ties Exposed by a Com-
petitor

A RestrictionAdapterdrops the propertiesexposedby a
competitorthat do not belongto the scheduler’s Charac-
teristicSet.

RT-CORBA 1 For example,if we considerthecaseshown
in Figure4, a RestrictionAdaptercouldbeappliedto DT 9
immediatelybefore leaving its ORB or when arriving at
endsystemB’s ORB. What the RestrictionAdapter does
in this caseis map the propertyexposedby DT 9 from a
setcontainingdeadline, importance, andremainingexecu-
tion time, to the set containingjust deadlineand impor-
tance. Moreover, a RestrictionAdapter implementation
shouldalso expressthe propertybeing adaptedin a form
that canbe manipulatedefficiently by the scheduler. This
form is generallyscheduler-dependentbecauseproperties
areexposeduniformly by competitors,e.g., a distributable
threadin this context.

Case 2: Figure 6 shows a schedulerS with a Charac-
teristic Set v�w and given competitorc with a non-emptyT " \ $'� v�w . To mapthepropertiesexposedby theCompeti-

χS

(c)ρ

Figure 6. The Proper ties Exposed by the Com-
petitor are a Subset of Proper ties used by the
Scheduler

tor into the orderingof equivalenceclassescreatedby the
schedulerover v�w we canusethefollowing DefaultExten-
sionAdapter: �FB ~ & @ 7 ���<����� UW @ 7 � � �
which is definedas:



� .!� @ 7 ���=�����y���B ~ " . $Q�{� .`��� � )t, ��, �t�F& ) ��v�w!� T " \ $ �
A variation of the Default ExtensionAdapter is one that
considersspecificvaluesfor extendingthegivensetof prop-
erties.Usingthis,wecanthendefinetheExtensionAdapter
asthetuple: �|B!�zB ~ �
where:

1.
B � " @ 7 � � � � @ 7 ���<������$ is thesetof defaultvalues.

2.
B ~ & @ 7 ���<����� UW @ 7 ���t�� .!� @ 7 ���<�����y�4B ~ " . $Q��� .;�Q� B

An ExtensionAdaptercanbeusedto extendthesetof prop-
ertiesexposedby acompetitor, sothey areat leastthesame
asthosepresentin thescheduler’sCharacteristicSet.

RT-CORBA 1 Again usingtheexamplein Figure4, a De-
fault ExtensionAdapteror ExtensionAdaptercouldbeap-
pliedto DT : right beforeleaving its ORBor uponits arrival
onendsystemB’sORB.TheExtensionAdapterwouldmap
the propertyexposedby DT : from a set containingonly
thedeadlineto thesetcontainingdeadlineandimportance.
As with theearliercases,anadaptercanexpressthe prop-
erty beingadaptedinto a form thatcanbemanipulatedef-
ficiently by a scheduler. Moreover, an Adaptercanenable
a staticallyscheduledORB to interoperatewith a dynami-
cally scheduledORB.

Case3: In general,givena schedulerS with a non-empty
Characteristic Set v w and given competitorc with T " \ $ ,
therecould be no particularrelation betweenthe two set
of propertiesv�w and T " \ $ , as shown in Figure 7. In this

(c)ρχS

Figure 7. No Assumption about the Proper ties
used by the Scheduler and the Proper ties Ex-
posed by the Competitor

casea GeneralizedAdaptershouldbeused.UnlikeCase2,
however, this typeof Adapterdoesnot guaranteethevalue
of the propertiessharedby the two sets T " \ $ and v�w will
remainunchanged.A GeneralizedAdapteris definedasa
transformationof thetype:� ~ & @ 7 ���<����� UW @ 7 ���t�

A GeneralizedAdaptercontainsthe adaptersdescribed
thus far as a specialcase. We introducethe conceptof
a Generalized Adapter to define custom adaptationbe-
tweenpropertysets,therebyallowing extra flexibility and
control over how adaptationoccurs. While Extension
andRestrictionAdapters canbe createddynamicallyby a
Meta Adapter (asdescribedin Section3.1),Generalized
Adaptersmustbeprovidedby usersor applications.

RT-CORBA 1 For example,consideracasein whichadis-
tributablethreadtransitionsfrom�

An ORB configuredwith a MUF schedulerthat uses
the importancepropertyto isolatedifferentclassesof
competitors(e.g., statisticalreal-timevs. deterministic
real-time)to�
An ORBwith anEDFschedulerthatdoesnotconsider
theimportanceproperty.

In this case,if we simply usea RestrictionAdapterwe will
lose informationcontainedin the importancepropertyas-
sociatedwith the distributablethread. Oneway to handle
competitorshaving the samedeadline—but different rela-
tiveimportance—istoboostthedeadlineof themoreimpor-
tant competitorvia an ad hoc transformation,which could
beperformedvia aGeneralizedAdapter.

As shown in the threecasesexaminedabove, Adapters
provide a way to transformandreconcilethe propertiesof
competitorsto propertiesusedby a scheduler. For most
casesthat occur in practice,an Adapter that perform the
right transformationcanbegeneratedatrun-timeby thesys-
temor providedby theusersor applications.

3. Juno: A Meta-Programming Ar chitecture
for HeterogeneousMiddlewar e Interoper-
ability

This section shows how the formalisms describedin
Section2 can be usedas the conceptualfoundation for
building DREmiddlewarethatsupportsinteroperabilitybe-
tween heterogeneousschedulingdisciplines. We outline
the requirementsimposedon a DRE middleware meta-
programmingframework called Juno, which implements
theformalismsdescribedin Section2. Wethenbriefly show
how this architecturecanbeimplementedin anORB.

3.1. Overview of the Juno Meta-Programming Ar -
chitecture

To assureschedulerinteroperability, a DRE systemthat
implementstheformalismsintroducedin Section2 mustde-
terminehow to map properties,competitors,the functionT " \ $ , schedulers,eachscheduler’scharacteristicset v�w , and
thenecessaryAdapters ontoa meta-programmingsoftware



architecture.Juno’s architecturehasbeendesignedbased
on the observation that the function T " \ $ and the charac-
teristicset v w canbe treatedasoperatorsthat “reflect” the
propertiesexposedby competitorsandschedulers.

The degreeof control and introspectionneededto im-
plementtheformalismsintroducedin Section2 canbeob-
tainedvia the Junometa-programmingarchitectureshown
in Figure 8. As shown in this figure, competitorsand
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Figure 8. UML Class Diagram for Juno’ s Meta-
Programming Architecture

propertiesare first classentities,along with adaptersand
schedulers.Moreover, the function T " \ $ is representedby
the associationbetweencompetitorsandproperties,which
are treatedasfirst classentities. The characteristicsetof
a schedulerv is exploited by the associationbetweenthe
schedulermeta-objectand the propertymeta-object. The
rolesof componentsin Figure8 aresummarizedbelow:

Property: This classprovidesanabstractionfor the rep-
resentationof a value of the propertydomain,as defined
in Section2. The combinationof the Property and its
meta-objectprovides the sameinformation as an element
of theTaggedDomain. For example,in thecontext of RT-
CORBA thedeadlineandtheperiodmightmapto thesame
Property class,but their meta-objectswould containthe
informationneededto distinguishthetwo properties.

Competitor: This classprovidesan abstractionfor enti-
ties that canbe scheduled.For example,in the context of
theRT-CORBA 2.0JFSadistributablethreadcanbeimple-
mentedasaspecializationof this class.

Scheduler: This classrepresentsthe abstractionfor an
ORB endsystemscheduler. It provides an interface for
addingandremoving competitors,andfor testingtheir fea-
sibility. In the context of RT-CORBA, a concreteimple-
mentationof this classcould be an EDF scheduleror an
LLF scheduler.

Adapter: This classprovidesanabstractinterfacefor all
Adapter implementations. As defined in Section 2, an
Adapterconvertsone set of propertiesto another. In the
context of RT-CORBA, anAdapter objectcan,for exam-
ple, convert the propertiesneededby an earliestdeadline
first (EDF) schedulerinto thoseneededby a maximizeac-
cruedutility (MAU) 8 scheduler.

Meta Property: This meta-classassociatesa Proper-
ty base-objectwith a Property type. As discussed
above, the Property base-objectrepresentsan element
of the PropertyDomain definedin Section2. This value
mustbeassociatedwith a propertytype. As shown in Sec-
tion 2, this associationwasachieved by using the Tagged
Domainof aProperty. In Juno,we achieve this associ-
ationby tying eachpropertybaseobjectto its meta-object
Meta Property.

A Meta Property providesaccessto thedefaultvalue
of a property, anda factorymethodcreatesits associated
property. This meta-classreconcilespropertyrepresenta-
tions thatmight differ from ORB endsystemto endsystem.
For example,a propertythat representstime could be ex-
pressedusingdifferenttimescaleson differentsystems.

Meta Competitor: This meta-classmanagesthe trans-
formationsrequiredwhenever a competitorhasproperties
that do not matcha scheduler’s characteristicsetdirectly.
Junoencapsulatesthelogic thatperformspropertyreconcil-
iation in the meta-classMeta Competitor. This meta-
classshieldsdevelopersfrom thecomplexitiesof interoper-
ability.

A Meta Competitor selectstheAdapter that per-
forms the most suitabletransformation,dependingon the
following factors:�

Thepropertiesthatareassociatedwith its competitor;
and�
Thepropertiesthatcharacterizetheendsystemsched-
uler, which areaccessedvia the Meta Scheduler
definedbelow.

Junoprovidesanexplicit meta-objectprotocolthatenables
base-objectsto configurethe way in which propertyadap-
tationcanoccur, andto restrictthetypesof propertyadap-
tation.

Meta Scheduler: This meta-classprovides an interface
that enablesintrospectionof the propertiesusedby its as-
sociatedbase-objecti.e., aScheduler. It implementsan
interfaceto thecharacteristicsetof aschedulerby providing
anexplicit MOPto introspectthecharacteristicset.

Meta Adapter: This meta-classprovidesa way to intro-
spectthe signatureassociatedwith its base-object,i.e., an

8A maximizeaccruedutility (MAU) scheduler, associateseachcom-
petitorwith avaluefunctionandtheschedulertriesto maximizethevalue
of this function.



Adapter. By “signature”we meanthe two setsof prop-
ertiesthat representthe domainand the co-domainfor an
Adapter. A Meta Adapter also provides a factory
methodto createan Adapter that matchesa given sig-
nature.DescribinganAdapter in termsof theadaptation
of propertiesit performsis essentialto enabletheactivities
of aMeta Competitor.

3.2. Applying Juno to RT-CORBA

Juno’smeta-programmingarchitecturedescribedin Sec-
tion 3.1 can be usedas a referencemodel to realize in-
teroperableRT-CORBA ORBs. Someof the meta-objects
presentin the meta-layeroutlined in Figure 8 can be di-
rectlyembeddedinsidetheORBCore,whereasothermeta-
objectscan be associatedwith stubsand skeletons. As
shown in Figure9, a CORBA ORB canincorporatecertain
meta-objectspresentin themeta-layeroutlinedin Figure8
directly insidethe ORB Core,whereasothermeta-objects
can be associatedwith stubs. Each time a distributable
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Figure 9. An Open and Inter operab le RT-
CORBA Implementation

threadtransitionsfrom oneORB to another, theproperties
it exposesmust be reconciledwith the CharacteristicSet
of the foreignORB endsystem’s scheduler, asdescribedin
Section2.2.

In the context of an ORB, it is necessaryto determine
whereand when propertyreconciliationoccurs. As Fig-
ure 4 suggests,propertyreconciliationmust occur before
a schedulercanordercompetitors.It mustthereforeoccur
eitherright beforethe distributablethreadleavesits home
ORB (client) or right after the arrival at the foreign ORB
(server).

4. RelatedWork

Our researchon meta-programmingmechanismshas
beeninfluencedby thefollowing projects.

Emerging middleware standards: Distributedreal-time
andembedded(DRE)systemsareincreasinglybeingimple-
mentedvia standardmiddleware. CORBA is oneof most
widely usedmiddleware platformsfor DRE systems. To
enabletheuseof CORBA asmiddlewarefor building DRE
systemsthe Object ManagementGroup hasspecifiedRT-
CORBA 1.0[13] andtheRT-CORBA 2.0JFS[14].

Meta-programming techniques and reflective middle-
ware: Meta-programmingtechniqueshave been a fo-
cus of researchfor many years. For example, the Com-
mon Lisp Object System(CLOS) is an early exampleof
a sophisticatedmeta-objectprotocol (MOP) [10]. Meta-
programmingtechniqueswereusedinitially in artificial in-
telligenceresearch,but are now being appliedin systems
softwareresearch,wherethey areusedto make ORB mid-
dlewaremoredynamicallyconfigurable,adaptive, andre-
flective.

An example of this cross-fertilization is dynamic-
TAO [11] from the University of Illinois, UrbanaCham-
paign,whichillustratesthatTAOcanbereconfiguredatrun-
timeby dynamicallylinking/unlinkingcertaincomponents.
A relatedeffort at WashingtonUniversity and UCI [19]
is exploring the applicationof reflective middlewaretech-
niquesin thecontext of theCORBA ComponentModel [1].
Yetanotherexampleis theAdaptProject[5, 3] atLancaster
University, which is applyinga multi-level reflective mid-
dlewaremodelfocusedondynamiccompositionof objects.

5. Concluding Remarks

This paperpresentsa modelthat formally characterizes
properties,competitors,andschedulersin opendistributed
real-timeandembedded(DRE) systems.A key idea that
emergesfrom this formal modelis thatproperties“belong”
to competitors. Moreover, a competitorcan exposemore
or fewer propertiesthana schedulerstrictly needsto order
accessto resources.The processof making a propertya
first-classentity is fundamentalto achieve interoperability
amongheterogeneousORBendsystemschedulers.

This paperalsooutlineshow our formal modelof prop-
erties,competitors,andschedulersis beingreifiedin Juno.
Juno applies meta-programming techniques to improve
schedulerinteroperabilityin heterogeneousORB endsys-
tems.Meta-programmingtechniquesarebecomingapopu-
lar way to enableDRE systemsthatareadaptable,flexible,
configurable,predictable[19] andcomposable[17].

OurfutureresearchonJunofocusesonthefollowing two
topics:



1. Theoretical analysis: We are investigatingthe theo-
retical aspectsinvolved in transformingand adaptingthe
propertiesof competitors. Understandingthe effect of a
propertytransformationon a competitor’s importance–and
how wecanrelatetheequivalenceclassescreatedby differ-
ent schedulingalgorithms–isimportantto detect“invalid”
transformations,i.e., transformationsthatdisregardproper-
tiesfundamentalto expressingthekey QoSrequirementsof
competitors.Theadvantageof expressingthesetheoretical
aspectsin formalmodelis thatit simplifiesthecommunica-
tion betweensystemsandthetransformationsperformedon
propertiesof competitors.

Another themein our theoreticalinvestigationis how
adaptationsaffect the fulfillment of end-to-endapplication
QoS requests.Our focus is on schedulabilityanalysisin
end-to-endDRE systemswhereeachendsystemcanpoten-
tially have a different schedulingalgorithm that requires
adaptationof QoS requirements. This investigationwill
provide us with criteria to determinethe schedulabilityof
a given set of competitorsautomaticallyin an openDRE
environment.

2. Empirical evaluation: We areextendingTAO to sup-
port the Junometa-programmingarchitecturedescribedin
Section3. Theseenhancementsarepart of broaderefforts
to applyreflectivemiddlewaretechniques[19] anddynamic
scheduling[4] to TAO. In theseefforts we aredevelopinga
testbedto conductempiricalbenchmarksthatwill quantify
theQoSprovidedby Juno.Our goalsareto

1. Identify the critical softwarepatternsand framework
componentsand

2. Measuretheimpactof oursolutiononend-to-endDRE
performance,predictability, andflexibility .

Thisdimensionof our researchwill demonstratehow to de-
velopopenDRE systemsthat implementthe flexible Juno
formalismsand meta-programmingarchitecturepresented
in this paperwithoutunduelossof QoS.

All thesourcecode,documentation,andtestcasesfor the
TAO open-sourceCORBA ORB canbe downloadedfrom
www.cs.wustl.edu/ ¥ schmidt/TAO.html.
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