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Abstract

In opendistributedreal-timeand embeddedDRE) sys-
tems,different ORB endsystemmay usedifferent schedul-
ing disciplines. To ensue appropriate end-to-endapplica-
tion behaviorin an openarchitectue, DRE systemsnust
enforce an ordering on activitiesoriginating in an endsys-
temand activitiesthat migrate there, basedon therelative
importanceof theseactivities. This paper describesthe
meta-pogrammingtechniquesappliedin Juno, which ex-
tendsReal-timeCORBA to enhancethe opennes®f DRE
systemawith respecto their schedulingdisciplinesby en-
abling dynamicordering of priority equivalenceclasses.
We usetheforthcomingOMG Real-Tme CORBA 2.0: Dy-
namic ScedulingJoint Final SubmissiofRT-CORBA 2.0
JFS)to illustrate our techniques.

Keywords: Real-Time and Distributed Systems,
CORERBA, Dynamic SchedulingMeta-programmingirchi-
tectures.

1. Intr oduction

Emerging challenges: Distributed object computing
(DOC) middleware, such as CORBA, COM+, and Java
RMI, shieldsdeveloperdrom mary compleitiesassociated
with developing distributed systems. For example, DOC
middlewareallows applicationgo invoke operation®on dis-
tributed objectswithout concernfor objectlocation, pro-
gramminglanguage,OS platform, communicationproto-
colsandinterconnectsandhardware[7]. Thematuratiorof
DOC middleware specificationsaandimplementationover
the pastdecadehave greatly simplified the developmentof
opendistributed systemswith complex functionalrequire-
ments.

More recently the emegence of quality of ser
vice (QoS)-enabledDOC middleware, such as Real-
time CORBA 1.0 (RT-CORBA 1.0) [13], Real-Tme
Java[15], [2] andDistributedReal-timeJava [9], will sim-
plify opendistributedreal-timeandembeddedDRE) sys-
temswith complex QoSrequirementssuchasstringentla-
tengy, jitter, anddependability For example future combat
systemswill involve heterogeneousollectionsof mobile
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autonomousrehiclesthat must collaborateto performco-

ordinatedmaneuersin supportof time-critical missions,
such as reconnaissanceyerimeterdefense,and suppres-
sion of enemyair defenses.Likewise, QoS-enabledOC

middlewarewill benefitcommerciaDRE systemssuchas

distributedvirtual reality applicationsdistributedmultime-

dia collaborationsystems,and massvely-multiplayer on-

line persistent-wrld games.

Key challengesrisingin thesetypesof DRE systemsn-
volve communicatingandenforcingtherelativeimportance
of various competitos (such as threadsor operationson
CORBA objects)to ensureappropriateschedulingof sys-
tem resouces (suchas memory CPU time, and network
bandwidth)at a given pointin time. Resolvingthesechal-
lengesis essentiato building DRE systemghataresimul-
taneously:

1. Open i.e., systemcomponentEanconnectandinter-
operatan a flexible mannemwithout having to be pre-
configuredstatically;and

2. Dependablei.e., the systemcanpresere key end-to-
end QoS properties,suchas timelinessand resource
constraints.

For example,mobile autonomouwehiclesshouldbe able
to collaboratdén a dependablandefficient manneydespite
the heterogeneityf their schedulingdisciplinesandimple-
mentations.The forthcomingReal-Time CORBA 2.0: Dy-
namicSchedulinglointFinal SubmissionRT-CORBA 2.0
JFS)[14] addressesomeaspect®f thechallenge®utlined
above. For example,the RT-CORBA 2.0 JFSdefinesa dis-
tributablethreadmechanisnthathasthe following proper
ties:

e It canextendandretractits locusof executior to tran-
sition amongORBs while servicingan operationre-
quest.

e |t contendwith othercompetitordor theuseof differ-
entresourcegsuchasCPUtime, memory or network
bandwidth)in thevariousORBsit traverseghrougha
dynamiccall graph.

e |t contains certain schedulinginformation carried
acrosfORBsembeddedn a GIOP servicecontect and

1Thelocusof executionof a distributablethreadrepresentshe ORBs
visited by thethreadwhile servicingaremotemethodinvocation.
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Figure 1. DRE Systems with Competitor s that
Migrate from System to System.

usedby ORBsvisited by a distributablethreadto en-
surethatthethreadis processeat the appropriatepri-
oritiesend-to-end.

For example, Figure 1 illustratesa representatie DRE
systemin which threeendsystemarerunningthreeORBs
configured with three different scheduling disciplines.
Threadsaredistributedacrossendsystemsasa resultof re-
mote operationinvocationsor distributable threadmigra-
tion? As a result, competitorsoriginating on different
endsystemgontendfor the samesetof resourcen each
ORB endsystemTo adjudicatethis competition sometype
of schedulings required.

RT-CORBA 1.0specifieaSchedulingServiceto relieve
applicationprogrammersf thetediousanderrorpronetask

of configuringschedulingpropertieson eachend-system.

This serviceis 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,which under

specify mappingsof more complex schedulingproperties
(suchasdeadline)into anorderingof competitorexecution
eligibilities.

TheRT-CORBA 2.0JFS—andheRT-CORBA 1.0spec-
ification uponwhich it builds—arethemostadvancedopen
standardshataddresstaticanddynamicschedulingn the
contet of open, QoS-enabledniddlevare for DRE sys-
tems.Neitherspecificationhowever, fully addressethein-
teroperbility aspectof the challengesutlinedabove, due
to underspecificatiorin the areasof:

2Threadsat eachendsystenareshavn with a differentshapedepend-
ing onthe endsystenon which eachoriginated.

1. Mapping of scheduling parameters: The RT-
CORBA 2.0JFSdoesnot definethe mappingof scheduling
parametersvhen distributablethreadspassthroughORBs
thatareconfiguredwith

e Heterogeneouschedulinglisciplinesor
e Differentschedulingparametergor the sameschedul-
ing discipline.

For example,duringarequesstraversalthroughthedy-
namiccall graphformedby a distributedthreadexecution,
oneof thevisited ORBscouldbe configuredusinganearli-
estdeadlinefirst(EDF) [12] schedulingliscipline.An EDF
schedulerorderscompetitorsaccordingto the propinquity
of their deadlines. AnotherORB in the traversalcould use
a value-basedchedulingdiscipline[8], whereevery com-
petitor is characterizedy a time-dependentunction that
describeshevalueassociatewvith thecompetitoratagiven
pointin time. A value-basedcheduletriesto maximizethe
valuegainedby the systemusinginformationthis function
provides.

In the RT-CORBA 2.0 JFS,whena distributablethread
traversesendsystemsits correspondingschedulinginfor-
mation mustbe understoocat eachendsystem.The com-
position of schedulingdisciplinesusedalong the chain of
endsystemsnustthereforebe semanticallycoheent, even
if the resultis non-optimal. Thereis no existing standard,
however, that specifieshow to provide interoperabilitybe-
tween heterogeneougbut composableschedulers. This
omissionlimits the opennes®f DRE systemsusing RT-
CORBA 2.0JFSmiddleware.

2. Scheduling information propagation: Another
relevantissuethatneitherthe RT-CORBA 1.0 specification
northe RT-CORBA 2.0 JFSaddressess whetherto update
schedulinginformation propagatedn a hop-by-hopbasis
througha distributed call graph. Although this issueis not
relateddirectly to interoperability the solutiondescribedn
this paperto enableinteroperabilitycanbe usedto propa-
gateandupdateschedulingparametergnd-to-end.

In this paper we present solutionto the problemsout-
lined above by

e Formalizingthe problemof interoperabilityin thecon-
text of openDRE systems

e Defining formalismsto expressdifferentinstancef
theproblempreciselyand

e Providing a meta-programmingurchitecture20] that
mapsthe formalizedabstractiongo a software archi-
tecturebasecn RT-CORBA.

Figure 1 outlinesour solution approachin the context of
CORBA. As shawn in this figure, three endsystemsare
configuredwith threedifferentschedulingdisciplines. The
competitorsnitiatedatendsystenfA) aresquase, thoseini-
tiated at endsysten(B) arecircular, andthoseinitiated at



endsysten{C) aretriangular. To preserethe QoSproper
tiesrequestedyy the competitorswe apply techniqueghat
reconcile

1. Thepropertiesusedby eachscheduleto enforceQosS;
and

2. The propertiesusedby eachcompetitorto expressits
QoSrequirements.

Our techniquesnablean openarchitecturan which com-
petitorscan traverseendsystemsvithout concernfor how

QoSrequirementre expressed.We alsoallow eachORB

endsystemo schedulecompetitors—includinghoseini-

tiated remotely—by adaptingthe competitors’ properties
for use by the ORB’s local scheduler We use a meta-
programmingarchitecturebasedon a two-level reflective
middleware model [20, 18, 17] to implementthe solution
presentedh this paper

Paper organization: Theremaindeof this paperis orga-
nizedasfollows: Section2 definesa formal modelfor rec-
onciling heterogeneouschedulingdisciplinesin opendis-
tributedreal-timesystems;Section3 presentsluno,which
is our meta-programmingarchitecturefor enhancingthe
opennes®f DRE middleware and illustratesbriefly how
Junoimplementsthe formal model definedin Section2;
Section4 comparesour approachwith relatedwork; and
Section5 presentsoncludingremarksandoutlinesour fu-
tureresearctdirections.

2. Terminology and Formalisms

This sectiondefinegheterminologyusedthroughouthe
paperandmotivatestheassumptionshatunderlyourwork.
The formalismspresentedn this sectionare applicableto
ary openDRE system.For concretenes$iowever, 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 competitos, andschedules, which are definedinfor-
mally asfollows:

e PropertiesdescribeQoSattributes,suchasa criticality
level, a deadline,or a constrainton jitter. We do not
restrictthe domainof the properties,i.e., a property
canbe a function, which allows value and/orquality
functionsto be expressedsproperties.

e Competitos denoteentitiesthat cancontendfor com-
monsystemresourcesCompetitorexposeproperties
that describetheir featues suchastheir importance,
or QoSrequirements suchas deadlineor worst-case
executiontime.

e Scedules grant competitorsaccessto sharedre-
sources. The orderin which competitorscan access
aresourcedepend®n scheduledisciplinesandcom-
petitor properties. Schedulingdisciplinesare formu-
latedin termsof the propertiesthey useto determine
the ordering of competitors. These propertiescan
thereforebe viewed asan abstractiorof the competi-
tors for the purposeof scheduling. Since we focus
on dynamic systems,all our schedulersoperateon-
line [4], ratherthanoff-line [16].

The remainderof this sectionpresentsa formal model
for propertiescompetitorsandschedulersThe advantage
of creatingaformal modelis to enableheterogeneou®RB
endsystem® exchangegrecisanformationabouttheprop-
erties associatedwith individual competitorsand sched-
ulers.Thisinformationallows eachendsystento transform
competitors’propertiesand reconcilethem for eachORB
endsystens scheduler

2.1.1 Properties

Definition 2.1 Let IT be the Universe of Properties. A
genericelemenbf II is denotecby 7 andis called a prop-
erty type or simplya property Each propertynr € II is
associatedvith thefollowing tuple:

(D, dr)

Whee:
1. D, isthedomainof the property
2. d, € D, isthedefaultvaluefor the property

Thatis, givenanypropertyn € II we denoteits associated
domainby D, andits associatediefaultvalueby d.

Moreover, givena propertyr € II we definea Tagged
Domain(T’;) of 7 as:

Ty ={n} x Dy ={(m,u) :u€ D}

Givenanye € T, we denotethe property of the tagged
elemenby e.m andits valueby e.value.

RT-CORBA® = 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 representeds the integral type Ti meBase: : Ti neT.

Otherexamplesof propertiesin RT-CORBA include criti-

cality (whichdistinguisheglasse®f real-timecompetitors)
andthe periodicity of actiities.

Definition 2.2 Givena setof n propertiesn > 0:

3Henceforth,our use of the term “RT-CORBA” connotesboth static
anddynamicschedulingcapabilities.



P={m,m,...,7n}
We definethe Compound Property Domain (CPD) as:
CPD={E:|E|=n and |[ENTy| =1, 1<i<n}

Thecompoungropertydomainis a setof sets eac having
sizen. Ead sethasexactly oneelementrom ead tagged
domainassociatedwith eac propertyin P. Note that the
definitionof CPD doesnotimposeanyorderingontheprop-
erties.

RT-CORBA = The CompoundProperty Domain can be
viewed asa generalizatiorof the RT-CORBA 2.0 JFScon-
ceptof schedulingparametertypes A givenschedulingpa-
rametertype (e.g., the EDF schedulingparameterslefined
in the RT-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 schedulingparameteias a dif-

ferenttype. In our definition we stressthe identity of sin-
gle propertiesso eachschedulingparameteis treatedasa
collectionof propertiesratherthanasatypedaggraeyateof

properties.

2.1.2 Competitors

LetC betheUniverseof Competitors? We assumehateach
competitorexposesasetof propertiesasshovnin Figure?2.

C

—

K
a
)

Figure 2. Association Between Competitor s
and Proper ties

Definition 2.3 We definethefollowing function:
p:Cr 20

thatwhengivena competitorc € C, mapsit to the setp(c)
of propertiesit exposes.

4In our casetheuniverseof discoursés thoseentitiesthatcancompete
for theuseof resourcesandarethussubjectto scheduling.

At ary pointin time, any competitorc hasassociatedvith
it the currentvalueof its properties.This valueis actually
anelemeniof the CompoundPropertyDomainof p(c), and
will beindicatedwith c.pval.

Figure2 showns schematicallyhow therelationp works.
In thisfigure,C representshe Universeof Competitors2!!
is the power-setof the UniverseOf Propertiesgy, ande,,
represengenericcompetitorsandp(ey) andp(e,,) repre-
sentthe propertysets(containedn 2'), respectiely.

RT-CORBA = Competitorsn RT-CORBA canbe

e Distributable threadsthat competefor CPU time on
ORB endsystems

e Eventsin aneventchannel[6] thatmustbe delivered
to consumershathave subscribedor particularevents
or

e GIOP requeststhat compete for network/bus re-
sources.

If competitore is adistributablethreadin thecontext of RT-
CORBA, thenp(c) canbe the setof propertiescontaining
the elementgleadling importance andlaxity. In this case,
the c.pval would be the valueof the deadline importance,
andlaxity ata particularpoint of time.

2.1.3 Schedulers

Definition 2.4 We definean Ordering of Classes of Equiv-
alence (OCE)overthesetof propertiesP C 2! asconsist-
ing of thefollowing tuple:

(=ocE,<ocE)

wheee:
1. =pcE is anequivalenceelationoverthe CPD of P.

2. <ocE is a total ordering over the set{[a] : a €
CPD}

[a] representghe equivalenceclassto which the elementa
belongs.Basedon this definition,the OCE providesa par-
tition of equivalencelassesover CPD andalso providesa
total order of equivalenceclasses.

Note that the orderingof equivalenceclassess defined
over a setof properties. Propertyorderingthereforehas
no effect on the structureof the equivalenceclassesnor
on equialenceclassordering. The orderingof equivalence
classegddependwnly on the value and type of properties.
Corversely dueto run-time changesn systemconfigura-
tion or scheduleroperationmode, the orderingof equiva-
lenceclassesandependon time. Thetime dependeng of
equivalenceclasses—andf their ordering—caralsooccur
whenschedulerseferto time-dependentropertiessuchas
valuefunctions.



Definition 2.5 A Scheduleris an Ordering of Classesof
Equivalenc€ OCE)overa setof properties.Thesetof prop-
ertieson which a schedulerimposesan OCE is called its
CharacteristiSet which expresseshepropertiesusedby a
schedulerto imposean ordering on competitos. Of prop-
ertiesexposedby a competitoy a scheduleronly consides
thosein its characteristicset. Givena schedulerS, wein-
dicateits characteristicsetwith x s.

RT-CORBA = Figure3 shavsthecharacteristisetsheRT-
CORBA 2.0 JFSdefinesfor the leastlaxity first (LLF)®,
EDF, andrate monotonic(RM) schedulingdisciplines. If

X EDF X RM

Deadline

Deadline

Rem_ainin_g

Execution Time

Importance

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 schedulerthe
propertiedn the scheduless characteristisetarethedead-
line andthe importance® The equivalenceclassesdn this

caseare thereforerepresentedby the setcontainingthese
two properties. The equivalenceclassesare orderedso
thattheimportanceanddeadline(i, d) associateavith each
equialencesetareordered.An exampleof suchanorder

ing couldbethefollowing expression:

(il,dl) < (iQ,dQ) iff (11 < ’&2) or (11 = iz,dl > dz)

In thisexample theorderingof theimportanceanddeadline
are both the orderingof integral values. RT-CORBA 2.0
JFSdefinegheimportanceasal ong type,anddeadlineas
aTi neBase: : Ti meT type.

Basedon the definitionspresentedabove, we cantreat
ary scheduleasan orderingof equivalenceclassesver a
setof propertiesusedby a scheduler Thesepropertiesare
associateavith acompetitorby therelationp. Notethatthe
schedulemartitionsthe full CompoundProperty Domain
of its characteristicinto a seriesof equivalenceclasseand

5An LLF scheduledeterminesheexecutioneligibility basecbnlaxity,
which is definedasthe differencebetweerthe deadline the currenttime,
andthe estimatedemainingcomputatiortime.

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

thenorderstheseclassesAlso notethatthe propertyvalues
associatedavith competitoreccanchangeovertime; a poten-
tial effect of this changes to move a competitorfrom one
equivalenceclassto another

Finally, we assumehat all schedulersn DRE systems
are well-behavedwhich meansthat schedulerson differ-
entORB endsystemgry to enforcereal-timeQoSoverthe
propertiesusedto characterizehe competitors. Specifi-
cally, we do not considerpathologicalcasesvheresched-
ulersdo not work to improve QoSin at leastsomedimen-
sion. For example,a ratemonotonicschedule(RMS) [12]
and an EDF schedulemwill usedifferentorderingsof op-
erations,but they will both work to improve the deadline
feasibility of operationghey schedule.

2.2 Adapters

2.2.1 CoreAdapter Concepts

Having formally definedthetermsproperty competitorand

schedulerwe cannow addresgproblemsarisingwhenes-
tablishinganorderingof competitorawvith setsof properties
that differ from the Characteristic Setof a scheduler Be-

low, we addresghe differentcaseghatcanarise.

Definition 2.6 Giventwo setof properties:
P,pP,C2l
thenan Adapter from P; to P is a functionof thetype:
Ap,osp, : CPDp, — CPDp,

Thus, an Adapteris definedas a function that transforms
one set of propertiesinto another The definition given
above is quite general,i.e., no assumptiorare madeabout
the mappingperformedby an Adapter In practice,some
Adaptes make moresensehanothers.

RT-CORBA = Figure 4 depictsa scenarioin which three
endsystemsare each running an ORB with a different
schedulingdiscipline. Two distributablethreads DT, and
DT, are moving acrossendsystems. DT; originated at
endsystenf, whereit executedan operationon the object
X. It migratesfrom endsystenmA to endsystenB afterin-
vokinganoperatioronobjectY. In contrastDT- originated
atendsystenm, whereit executedanoperationon objectZ.
It migratesfrom endsystenf\ to endsystenB afterinvoking
anoperationon objecty.
Threedifferentschedulerareusedby the ORBsin Fig-
ure4, (endsystent hasa staticRM scheduler) As shavn
in Figure 3 theseschedulerdave different Characteristic
Sets As aresult, someadaptatiorwill be requiredwhen
a distributablethreadcrossesa schedulingdomain’ The

7A schedulingdomainis a collection of ORB endsystemsising the
sameschedulingalgorithmandproperties.
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Figure 4. A Distrib utable Thread traversing
endsystems that have diff erent Scheduling
Disciplines

claim of this paperis that the propertype of Adaptercan
handlethisadaptationIn addition,Figure4 shavsthepoint
at which schedulersare executed,and the place at which
distributablethreadpropertyadaptatiorcanoccur, i.e., the
placeatwhich theright adapteiis executed.

Figure4 alsoshavs DT, is preemptedy DT, while ex-
ecutingontheendsystenB’s ORB. Thiscaseshavsthatthe
dynamicpriority of DT; mustbe higherthanthatof DT,.
In general DT; andDT, would be non-comparablenless
adaptationis performedto make surethattheir properties
canbe expressedn a mannercomprehensibléy endsys-
temB’s ORB schedulerSuchadaptatiorandreconciliation
of thedistributablethreadq(i.e., competitor)propertiescan
beachievedby meanf Adaptes.

2.2.2 ReconcilingPropertiesThr ough Adapters

Now that we have defined our terminology and formal
model,we shav how theseformalismscanbe usedto rec-
oncilepropertiego supporinteroperabilitypbetweerhetero-
geneousRT-CORBA schedulersBelow, we examinethree
relevantcaseghatcanoccurandoutlineasolutionfor each
of them.

Casel: Figure5 shaws aschedulerS with a non-empty
Characteristic Sety s andgiven competitorc with p(c) D

xs. To map the propertiesexposedby the Competitor
into the Orderingof Classe®f Equivalencecreatedby the
schedulerover x s we canapply the following Restriction
Adapter

RA : CPDP(C) — CP‘DXS
definedas:

Va € CPD,), RA(a) ={e€a:em€ xs}

Object ZL4>

p(c)

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

A RestrictionAdapterdropsthe propertiesexposedby a
competitorthat do not belongto the scheduless Charac-
teristic Set

RT-CORBA = For example,if we considerthe caseshovn
in Figure4, a RestrictionAdaptercould be appliedto DT,
immediately before leaving its ORB or when arriving at
endsystemB’s ORB. What the Restriction Adapter does
in this caseis map the property exposedby DT; from a
setcontainingdeadline importance andremainingexecu-
tion time to the set containingjust deadlineand impor-
tance Moreover, a Restriction Adapter implementation
shouldalso expressthe property being adaptedn a form
that canbe manipulatedefficiently by the scheduler This
form is generallyschedulerdependenbecauseproperties
areexposeduniformly by competitorse.g., a distributable
threadin this context.

Case?2: Figure 6 shavs a schedulerS with a Charac-
teristic Setxys and given competitorc with a non-empty
p(c) C xs. To mapthe propertiesexposedby the Competi-

Xs

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

tor into the orderingof equivalenceclassexreatedby the
scheduleover xs we canusethe following Default Exten-
sionAdapter

DEA : CPD, = CPDy

whichis definedas:



Ya € CPDP(C),
DEA(a) ={a}U{end; : e € xs — p(c)}

A variation of the Default ExtensionAdapteris one that
considerspecificvaluesfor extendingthegivensetof prop-
erties.Usingthis, we canthendefinethe ExtensiorAdapter
asthetuple:

(E, EA)

where:
1. E € (CPD,,-CPD,) isthesetof defaultvalues.

2. EA: CPDP(C) — CPDXS
Ya € CPDP(C), EA(a) = {a} UE

An ExtensionrAdaptercanbeusedto extendthesetof prop-
ertiesexposedby acompetitor sothey areatleastthesame
asthosepresentn the schedules CharacteristicSet

RT-CORBA = Again usingthe examplein Figure4, aDe-

fault ExtensionAdapteror ExtensionAdaptercould be ap-
pliedto DT, right beforeleaving its ORB or uponits arrival

onendsystenB’s ORB. The ExtensiomAdapterwould map
the property exposedby DT, from a set containingonly

thedeadlineto the setcontainingdeadlineandimportance

As with the earliercasesan adaptercanexpressthe prop-
erty beingadaptednto a form that canbe manipulatecef-

ficiently by a scheduler Moreover, an Adaptercanenable
a statically scheduledORB to interoperatewith a dynami-
cally scheduledORB.

Case3: In generalgivenascheduleS with anon-empty
Characteristic Set ys and given competitorc with p(c),
there could be no particularrelation betweenthe two set
of propertiesys and p(c), asshavn in Figure7. In this

Xs p(c)

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

casea GeneanlizedAdaptershouldbe used.Unlike Case2,
however, this type of Adapterdoesnot guaranteg¢he value
of the propertiessharedby the two setsp(c) and xs will

remainunchanged A GeneanlizedAdapteris definedasa
transformatiorof thetype:

GA :CPD,y — CPDy

ple

A Genenlized Adaptercontainsthe adaptergdescribed
thus far as a specialcase. We introducethe conceptof
a Genealized Adapter to define custom adaptationbe-
tweenpropertysets,therebyallowing extra flexibility and
control over how adaptationoccurs. While Extension
and RestrictionAdaptes canbe createddynamicallyby a
Met a_Adapt er (asdescribedn Section3.1),Genearlized
Adaptes mustbe provided by usersor applications.

RT-CORBA =- For example,consideta casein which adis-
tributablethreadtransitionsfrom

e An ORB configuredwith a MUF scheduletthat uses
the importancepropertyto isolatedifferentclassef
competitorge.g., statisticalreal-timevs. deterministic
real-time)to

e An ORBwith anEDF schedulethatdoesnotconsider
theimportanceproperty

In this casejf we simply usea RestrictionAdapterwe will
loseinformation containedin the importancepropertyas-
sociatedwith the distributablethread. Oneway to handle
competitorshaving the samedeadline—loit differentrela-
tiveimportance—igo boostthedeadlineof themoreimpor-
tant competitorvia an ad hoc transformationwhich could
be performedvia a GenerlizedAdaptet

As shown in the threecasesexaminedabove, Adaptes
provide a way to transformandreconcilethe propertiesof
competitorsto propertiesusedby a scheduler For most
casesthat occurin practice,an Adapterthat performthe
righttransformatiortanbegenerateatrun-timeby thesys-
temor providedby the usersor applications.

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

This section shavs how the formalisms describedin
Section2 can be usedas the conceptualfoundation for
building DRE middlewarethatsupportdnteroperabilitybe-
tween heterogeneouschedulingdisciplines. We outline
the requirementamposedon a DRE middlevare meta-
programmingframevork called Juno, which implements
theformalismsdescribedn Section2. We thenbriefly shav
how this architecturecanbeimplementedn anORB.

3.1 Overview of the Juno Meta-Programming Ar -
chitecture

To assurescheduleinteroperability a DRE systemthat
implementgheformalismsintroducedn Section2 mustde-
terminehow to map properties,competitors,the function
p(c), schedulerseachschedulers characteristisety s, and
the necessarydaptes onto a meta-programmingoftware



architecture. Junos architecturehasbeendesignedbased
on the obsenation that the function p(c) andthe charac-
teristicsetxs canbetreatedasoperatorghat “reflect” the
propertiesexposedby competitoraandschedulers.

The degreeof control and introspectionneededto im-
plementthe formalismsintroducedn Section2 canbe ob-
tainedvia the Junometa-programmingrchitectureshavn
in Figure 8. As shawn in this figure, competitorsand

Meta-Level

Meta_Scheduler

Meta_Competitor 1 |Meta_Property

1 0.* 1
| Meta_Adapter 1 L
|— —
\ | 1 J
I
4 ' : )
| Adapter L
= —3 Scheduler
Competitor Property
1 rho 0.x

Base-Level

Figure 8. UML Class Diagram for Juno’s Meta-
Programming Architecture

propertiesare first classentities, along with adaptersand
schedulers.Moreover, the function p(c) is representedby
the associatiorbetweencompetitorsand propertieswhich
aretreatedasfirst classentities. The characteristicset of
a schedulery is exploited by the associatiorbetweenthe
schedulemeta-objectand the property meta-object. The
rolesof componentén Figure8 aresummarizedelow:

Property: This classprovidesan abstractiorfor the rep-
resentatiorof a value of the propertydomain, as defined
in Section2. The combinationof the Pr oper ty andits
meta-objectprovidesthe sameinformation as an element
of the Tagged Domain For example,in the context of RT-
CORBA thedeadlineandtheperiodmight mapto thesame
Pr operty class,but their meta-objectsvould containthe
informationneededo distinguishthetwo properties.

Competitor:  This classprovidesan abstractiorfor enti-
ties that canbe scheduled.For example,in the context of
the RT-CORBA 2.0JFSadistributablethreadcanbeimple-
mentedasa specializatiorof this class.

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

Adapter:  This classprovidesan abstracinterfacefor all

Adapter implementations. As definedin Section2, an
Adaptercorvertsone set of propertiesto another In the
context of RT-CORBA, anAdapt er objectcan,for exam-
ple, corvert the propertiesneededby an earliestdeadline
first (EDF) scheduleiinto thoseneededy a maximizeac-
cruedutility (MAU) & scheduler

Meta_Property: This meta-classassociates Pr oper -
ty base-objecwith a Property type. As discussed
above, the Pr oper t y base-objectepresentan element
of the PropertyDomain definedin Section2. This value
mustbe associatedvith a propertytype. As shovn in Sec-
tion 2, this associatiorwas achieved by using the Tagged
Domainof aPr operty. In Juno,we achieve this associ-
ation by tying eachpropertybaseobjectto its meta-object
Met a_Property.

A Met a_Pr oper t y providesaccesso thedefaultvalue
of a property and a factory methodcreatesits associated
property This meta-clasgeconcilesproperty representa-
tionsthatmight differ from ORB endsystento endsystem.
For example,a propertythat representgime could be ex-
pressedisingdifferenttime scaleson differentsystems.

Meta_Competitor:  This meta-classnanageshe trans-
formationsrequiredwhenever a competitorhasproperties
that do not matcha schedules characteristicset directly.
Junoencapsulatethelogic thatperformspropertyreconcil-
iation in the meta-clasdvet a_Conpeti t or. This meta-
classshieldsdeveloperdrom the compleities of interoper
ability.

A Met a_Conpet it or selectshe Adapt er thatper
forms the most suitabletransformationdependingon the
following factors:

e Thepropertieghatareassociatedvith its competitor;
and

e The propertieghat characterizeéhe endsystensched-
uler, which are accessedia the Met a_Schedul er
definedbelow.

Junoprovidesan explicit meta-objecprotocolthatenables
base-objectso configurethe way in which propertyadap-
tation canoccur, andto restrictthe typesof propertyadap-
tation.

Meta_Scheduler: This meta-clasgprovides an interface
that enabledntrospectionof the propertiesusedby its as-
sociatedbase-objecte., aSchedul er . It implementsan
interfaceto thecharacteristisetof ascheduleby providing
anexplicit MOP to introspecthe characteristiset.

Meta_Adapter: This meta-clasprovidesa way to intro-
spectthe signatureassociatedvith its base-objecti.e., an

8A maximizeaccruedutility (MAU) schedulerassociategachcom-
petitorwith avaluefunctionandthe scheduletriesto maximizethevalue
of this function.



Adapt er . By “signature”we meanthe two setsof prop-
ertiesthat representhe domainand the co-domainfor an
Adapter. A Meta_Adapt er also provides a factory
methodto createan Adapt er that matchesa given sig-
nature.Describingan Adapt er in termsof the adaptation
of propertiest performsis essentiato enablethe actiities
of aMet a_Conpetitor.

3.2 Applying Junoto RT-CORBA

Junosmeta-programmingrchitecturedescribedn Sec-
tion 3.1 can be usedas a referencemodel to realize in-
teroperableRT-CORBA ORBs. Someof the meta-objects
presentin the meta-layeroutlinedin Figure 8 can be di-
rectlyembeddedhsidethe ORB Core,whereaothermeta-
objectscan be associatedvith stubsand skeletons. As
shavnin Figure9, a CORBA ORB canincorporatecertain
meta-objectpresenin the meta-layemutlinedin Figure8
directly insidethe ORB Core, whereasother meta-objects
can be associatedvith stubs. Eachtime a distributable
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Operation Invocation
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Meta-Object
/7 POA
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A

Scheduler Adapter RB ore Adapter Scheduler
Meta-Object Registry Registry Meta-Object
Adapter Competitor Competitor Adapter
Meta-Object | | Meta-Object Meta-Object Meta-Object

Figure 9. An Open and Interoperable RT-
CORBA Implementation

threadtransitionsfrom one ORB to anotheythe properties
it exposesmustbe reconciledwith the Characteristic Set
of the foreign ORB endsystens schedulerasdescribedn
Section2.2.

In the context of an ORB, it is necessaryo determine
where and when property reconciliationoccurs. As Fig-
ure 4 suggestsproperty reconciliationmust occur before
a schedulercanordercompetitors.It mustthereforeoccur
eitherright beforethe distributablethreadleavesits home
ORB (client) or right after the arrival at the foreign ORB
(sener).

4. Related Work

Our researchon meta-programmingmechanismshas
beeninfluencedby thefollowing projects.

Emerging middleware standards: Distributedreal-time
andembeddedDRE) systemsareincreasinglybeingimple-
mentedvia standardmiddlevare. CORPBA is one of most
widely usedmiddleware platformsfor DRE systems. To
enablethe useof CORBA asmiddlewarefor building DRE
systemsthe Object ManagemenGroup hasspecifiedRT-
CORBA 1.0[13] andthe RT-CORBA 2.0 JFS[14].

Meta-programming techniques and reflective middle-

ware: Meta-programmingtechniqueshave been a fo-

cus of researchfor mary years. For example, the Com-

mon Lisp Object System(CLOS) is an early example of

a sophisticatedmeta-objectprotocol (MOP) [10]. Meta-

programmingechniquesvereusedinitially in artificial in-

telligenceresearchput are now beingappliedin systems
softwareresearchwherethey areusedto make ORB mid-

dleware more dynamically configurable,adaptve, and re-

flective.

An example of this cross-fertilization is dynamic-
TAO [11] from the University of Illinois, UrbanaCham-
paign,whichillustrateshat TAO canbereconfiguredatrun-
time by dynamicallylinking/unlinking certaincomponents.
A relatedeffort at WashingtonUniversity and UCI [19]
is exploring the applicationof reflective middlewvaretech-
niguesin thecontext of the CORBA ComponeniModel[1].
Yetanothemrexampleis the AdaptProject[5, 3] atLancaster
University, which is applying a multi-level reflectve mid-
dlewaremodelfocusedon dynamiccompositionof objects.

5. Concluding Remarks

This paperpresentsa modelthatformally characterizes
properties competitorsandschedulersn opendistributed
real-timeand embeddedDRE) systems. A key ideathat
emepgesfrom this formal modelis thatproperties'belong”
to competitors. Moreover, a competitorcan exposemore
or fewer propertieghana schedulestrictly needsto order
accesdo resources.The processof making a propertya
first-classentity is fundamentato achieve interoperability
amongheterogeneou®RB endsystenschedulers.

This paperalsooutlineshow our formal modelof prop-
erties,competitorsandschedulerss beingreifiedin Juno.
Juno applies meta-ppgramming techniques to improve
schedulerinteroperabilityin heterogeneocu®RB endsys-
tems.Meta-programmindgechniquesrebecominga popu-
lar way to enableDRE systemghatareadaptableflexible,
configurablepredictabld19] andcomposablgl7].

Ourfutureresearcton Junofocuseonthefollowing two
topics:



1. Theoretical analysis: We areinvestigatingthe theo-
retical aspectsnvolved in transformingand adaptingthe
propertiesof competitors. Understandinghe effect of a
propertytransformatioron a competitors importance—and
how we canrelatetheequivalenceclassesreatedy differ-
ent schedulingalgorithms—isimportantto detect“invalid”
transformationsi.e., transformationshatdisregardproper
tiesfundamentato expressinghekey QoSrequirementsf
competitors.The advantageof expressinghesetheoretical
aspectsn formal modelis thatit simplifiesthecommunica-
tion betweersystemsandthetransformationperformedon
propertief competitors.

Another themein our theoreticalinvestigationis how
adaptationaffect the fulfillment of end-to-endapplication
QoSrequests. Our focusis on schedulabilityanalysisin
end-to-endRE systemavhereeachendsystentanpoten-
tially have a different schedulingalgorithm that requires
adaptationof QoS requirements. This investigationwill
provide us with criteriato determinethe schedulabilityof
a given set of competitorsautomaticallyin an openDRE
ervironment.

2. Empirical evaluation: We areextendingTAO to sup-
port the Junometa-programmingrchitecturedescribedn
Section3. Theseenhancementare part of broaderefforts
to applyreflectve middlevaretechnique$19] anddynamic
scheduling4] to TAO. In theseefforts we aredevelopinga
testbedo conductempiricalbenchmarkshatwill quantify
the QoSprovidedby Juno.Our goalsareto

1. Identify the critical software patternsand framework
componentgand

2. Measurgheimpactof oursolutiononend-to-endRE
performancepredictability andflexibility .

Thisdimensiorof our researchwill demonstratéow to de-
velop openDRE systemghat implementthe flexible Juno
formalismsand meta-programmingurchitecturepresented
in this paperwithout unduelossof QoS.

All thesourcecode documentationrandtestcasedor the
TAO open-sourcéCORBA ORB canbe downloadedfrom
www. ¢s. wust | . edu/ ~schm dt/ TAO ht nd .
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