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Schedulingoroblemsariseeachtime thereis someform of resourceontention.The
problemaddressedby schedulingdisciplinesis that of orderingthe accesdo contended
resourcesThe orderingis typically basedon either (1) propertieshatareexposedby the
entitiesthatcompetdor theresourcglike adeadline) or by (2) externalpropertieglikethe
arrival order),or (3) acombinationof both. In literaturethereexist mary differentschedul-
ing algorithms,eachof which hascertainpropertiesandanassociate@pplicationdomain.
All theseschedulingdisciplinesarebasedon the assumptiorthatall the entitiesthatcom-
petefor a resourceare provided with the samecollectionof properties.This assumption
makessensedn a closedenvironment;however it makesinteroperabilitydifficult for sys-
temsthathave differentschedulingalgorithmsandin which competitoramigratefrom one
systemto another This problemis becomingevidentin distributed computingenviron-

mentslike ObjectRequesBrokers(ORB), Agent Framavorks, Load BalancingSystems,



in which actve componentsyhich have usuallyQoSrequirementsnigratethroughdiffer-
entendsystemsln suchscenariosve cannotassumehatall the endsystemsvill provide
the sameschedulingdisciplinesfor all the resourceghat might be subjectto scheduling.
Evenif they do,theremightbealackof aglobalknowledgethatwould makeinteroperabil-
ity hard.In generaljt is desirabldghatthe QoSrequirementgxposedoy ary of theseactive
componentsvill be preseredandenforcedevenin faceof presencef non-homogeneity
andmigration.

Thisthesistacklestheproblemoutlinedabove, by (1) providing aformalframework
that canbe usedto describeary schedulingdiscipline, (2) providing a setof transforma-
tionsthatcanbeappliedto the migratingentities,to reconciletheir QoSrequirementsvith
respectto the schedulingdiscipline of the visited endsystemand (3) providing a meta-
programmingarchitecturahatmapsthe formalizedabstractionso a softwarearchitecture
thatcanbe usedasareferencenodelfor a systemthatimplementghe ideasexpressedn

thisthesis.
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Chapter 1
Intr oduction

Thetremendousvidespreaaf networkinginfrastructuresin conjunctiorwith thedecreas-
ing costof computingdevices,haspushedhedeploymentof DistributedSoftwareSystems
(DSSs)to scenarioghatwereunthinkablebefore. Most of the newer applicationdomains
arecharacterizetby thefactthat:

1. They requirethe DSSto be Quality of Service(QoS)-avare,
2. They containactive componentshat migratethroughthe systems endpointsand

3. Endpointscannotusually be assumedo be homogeneousomputingplatforms?
platformsthat appearto be homogeneousay have heterogeneousonfigurations;
for example theplatformsmay have differentschedulingdisciplines.

The above scenariomplies thattheseDSSsneedto guaranteghe enforcemenbdf
certaindeterministicand/or statisticalpropertiesand behaiors in the face of migration
and heterogeneity This imposesnew requirementson the middlevare usedto develop
DSSs.QoS-Enabledviddlewarecurrentlylacks(1) theability to copewith heterogeneous
schedulinglisciplinesand(2) theability to reasorabouttheorderingof actve components
thatexposedifferentproperties.Thefollowing sectiongprovide a statemenof this problem
in thecontext of the CommonObjectRequesBroker Architecture( CORBA), whichenjoys
widespreadise,particularlyamongthe researctandacademicommunities.

1The term computingplatformincludesboth the OperatingSystem(OS) and Middleware on which the
DSSis developed/deplged.



1.1 Emerging challenges

DistributedObjectComputing(DOC) middlewvare,suchasCORBA [25], ComponenOb-
ject Model (COM)+ [23], and Java RemoteMethod Invocation (RMI) [40], shieldsde-
velopersfrom mary compleities associatedvith developingdistributedsystems.For ex-
ample,DOC middleware allows applicationsto invoke operationson distributed objects
without concernfor objectlocation,programmindanguage©S platform,communication
protocolsandinterconnectsandhardware[11]. Thematurationof DOC middlevarespec-
ificationsandimplementationsverthe pastdecadéhasgreatlysimplifiedthedevelopment
of open,distributed systemswith complex functional requirements.More recently the
emepenceof quality of serviceQoS-enabledOC middleware,suchasReal-Time (RT)—
CORRA 1.0[25], RT-Jara[28], [2] andDistributedReal-Time Java (DRTJ) [14], hassim-
plified open,Distributed Real-timeand EmbeddedDRE) systemswith complex QoSre-
guirementssuchasstringentiateng, jitter, anddependability For example future combat
systemawill involve heterogeneousollectionsof mobile autonomouwehiclesthat must
collaborateto perform coordinatedmaneuersin supportof time-critical missions,such
asreconnaissanceerimeterdefenseandsuppressiormf enemyair defenses.Lik ewise,
QoS-enabledOC middlewarewill benefitcommerciaDRE systemssuchasdistributed
virtual reality applications distributed multimediacollaborationsystemsand massvely-
multiplayeronline persistent-wrld games.

Key challengesarisingin thesetypesof DRE systemsnvolve communicatingand
enforcingthe relatve importanceof variouscompetitos (suchasthreadsor operationn
CORBA objects)to ensureappropriateschedulingof systemresouces(suchasmemory
CPUtime, andnetwork bandwidth)at a givenpointin time. Resolvingthesechallengess
essentiato building DRE systemghataresimultaneously:

1. Open i.e.,, systemcomponentscan connectand interoperaten a flexible manner
without having to be preconfiguredtatically;and

2. Dependablei.e., the systemcan presere key end-to-endQoS properties,suchas
timelinessandresourceconstraints.

For example,mobile autonomousehicles[37] shouldbeableto collaboratan a depend-
ableandefficientmannerdespitethe heterogeneityf their schedulingdisciplinesandim-
plementationsTheforthcomingReal-Time CORBA 2.0: DynamicSchedulinglointFinal
SubmissionRT-CORBA 2.0 JFS)[26] addressesomeaspectf the challengesutlined
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Figurel.1l: DRE Systemswvith CompetitorghatMigratefrom Systemto System.

above. For example the RT-CORBA 2.0JFSdefinesadistributablethreadmechanisnthat
hasthefollowing properties:

e It canextend and retractits locus of executiort to transitionamongORBs while
servicinganoperationrequest.

e It contendswith othercompetitorsfor the useof differentresourcegsuchas CPU
time, memory or network bandwidth)in the variousORBsit traversesthrougha
dynamiccall graph. The dynamiccall graphis a directedgraphwhosenodesare
the endsystemwisited by the distributablethread,and whoseedgesrepresenthe
directionin which thedistributablethreadanigratesacrossendsystems.

e It containscertainschedulingnformationcarriedacrossORBsembeddedn a Gen-
eral Inte-ORB Protocol (GIOPY servicecontext and usedby ORBs visited by a

2Thelocusof executionof a distributablethreadrepresentthe ObjectRequesBrokers(ORBs)visited by
thethreadwhile servicingaremotemethodinvocation.
3The GIOPisthe communicatiorprotocolusedbetweerORBs.



4
distributablethreadto ensureahatthethreadis processeattheappropriatepriorities
end-to-end.

For example, Figure 1.1 illustratesa representatie DRE systemin which three
endsystemarerunningthreeORBsconfiguredwith threedifferentschedulingdisciplines.
Threadsare distributed acrossendsystemss a result of remoteoperationinvocationsor
distributablethreadmigration? As a result,competitorsoriginating on differentendsys-
temscontendfor the samesetof resourceon eachORB endsystem.To adjudicatethis
competition,sometype of schedulings required.

RT-CORBA 1.0specifiesa SchedulingServiceto relieve applicationprogrammers
of the tediousand errorprone task of configuring schedulingpropertieson eachend-
system. This serviceis an optional part of the RT-CORBA 1.0 specification,however,
soit may not be availablefor all RT-CORBA 1.0 ORBs. Moreover, the RT-CORBA 1.0
SchedulingServicedealsonly with priorities,whichunderspecifymappingof morecom-
plex schedulingoropertiegsuchasdeadline)into anorderingof competitorexecutioneli-
gibilities.

The RT-CORBA 2.0 JFS—andthe RT-CORBA 1.0 specificationupon which it
builds—arethe mostadwancedopenstandardshataddresstaticanddynamicscheduling
in the contet of open,QoS-enabledniddlenvarefor DRE systems.Neitherspecification,
however, fully addressethe interoperability aspectof the challengesutlinedabove, due
to underspecificationn the areasof:

1. Mapping of schedulingparameters:The RT-CORBA 2.0 JFSdoesnot definethe
mappingof schedulingparametersvhen distributablethreadspassthroughORBs
thatareconfiguredwith

e Heterogeneouschedulingdisciplinesor

¢ Differentschedulingparameter$or the sameschedulingdiscipline.

For example,during a requess traversalthroughthe dynamiccall graphformedby
adistributedthreadexecution,oneof thevisited ORBscouldbe configuredusingan
EarliestDeadlineFirst (EDF) [19] schedulingdiscipline. An EDF scheduleorders
competitorsaccordingto the propinquity of their deadlines. Another ORB in the
traversalcoulduseavalue-basedchedulingdiscipline[13], whereevery competitor
is characterizetdy atime-dependerfunctionthatdescribeshevalueassociateavith

4Threadsateachendsystenareshavn with a differentshapedependingnthe endsystenon which each
originated.
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the competitorat a given point in time. A value-basedchedulettries to maximize
thevaluegainedby the systemusinginformationthis function provides.

In the RT-CORBA 2.0JFS,whenadistributablethreadtraversesndsystemsts cor-
respondingchedulingnformationmustbeunderstoodteachendsystemThecom-
positionof schedulingdisciplinesusedalongthe chainof endsystemsusttherefore
be semanticallycoheent, evenif theresultis non-optimal. Thereis no existing stan-
dard,however, thatspecifieshowto provide interoperabilitybetweerheterogeneous
(but composablekchedulers.This omissionlimits the opennes®f DRE systems
usingRT-CORBA 2.0JFSmiddleware.

2. Schedulinginformation propagation: Another relevant issuethat neitherthe RT-
CORBA 1.0specificatiomorthe RT-CORBA 2.0JFSaddresses whetherto update
schedulingnformationpropagatean a hop-by-hopbasisthrougha distributedcall
graph.Althoughthisissueis not relateddirectly to interoperability the solutionde-
scribedin this thesisto enableinteroperabilitycanbe usedto propagateand update
schedulingparametergnd-to-end.

The problemoutlinedabove in the context of CORBA holdstruefor the othermid-
dlewareplatformthatcouldbeusedto developDSSs.EventheupcomingReal-Time
Java specificationrdoesnot take into accounthow the problemof enablingQoScan
be appliedin presencef heterogeneouschedulingdisciplines.

1.2 What do we need?

At this point, we have definedthe problemaddressedh this thesis—achieing interoper
ability of schedulingdisciplines. To obtainthe greatesieverage,a solutionto the above
problemshouldbe deployed in middleware, whereit can be sharedby applicationsand
end-systemslike. In line with this idea, this thesisproposesa solutionto the problem
outlined,by

e Providing aformalframework thatcanbeusedto describeany schedulingiscipline;

e Providing a setof transformationghat canbe appliedto the migrating entities,to
reconciletheir QoS requirementswith respectto the schedulingdisciplinesof the
visitedendsystems;
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e Providing a meta-programmingurchitecturg17, 35, 43] that mapsthe formalized

abstractiongo a software architecturethat canbe usedas a referencemodelfor a
systemthatimplementgheideasexpressedn thisthesis;

Moreover, this thesisprovidesdocumentsexperiencen extendingan ORB to sup-
portourideasandthedesignof aReal-Time EventChannethatimplementsheframewnork
describedn thisthesis.

Figure 1.1 outlinesour approachn the context of CORBA. Threeendsystemareshaown,

eachconfiguredwith adifferentschedulingliscipline. Thecompetitorgnitiatedatendsys-
tem (A) aresquae, thoseinitiated at endsystem(B) are circular, and thoseinitiated at

endsysten{C) aretriangular. To presere the QoS propertiesrequestedy the competi-
tors,we applytechnigueshatreconcile

1. Thepropertiesusedby eachscheduleto enforceQoS;and
2. Thepropertiesusedby eachcompetitorto expressits QoSrequirements.

Our techniquesnablean openarchitecturan which competitorscantraverseendsystems
without concernfor how QoSrequirementare expressed.We alsoallow eachendsystem
to scheduleompetitors—includinghoseinitiatedremotely—byadaptinghecompetitors’
propertiedor useby an ORB’s local scheduler

1.3 ThesisOrganization

Theremaindeof thisthesisis organizedasfollows: Chapter2 providesanoverview of the
relatedwork; Chapter3 definesa formal modelfor reconcilingheterogeneouscheduling
disciplinesin opendistributedreal-timesystems;Chapter4 presentsluno, which is our
meta-programmingrchitecturdor enhancinghe opennessf DRE middlevareandillus-

tratesbriefly how Juno implementshe formal modeldefinedin Chapter3; Chapter5 and
Chapter6 presenttwo casestudiesthat shov how the conceptantroducedby this thesis
canbe appliedto solve real-world problems;and Chapter7 presentsoncludingremarks
andoutlinespossiblefutureresearctdirections.



Chapter 2

RelatedWork

While the problemaddressedh this thesishasnot yet beeninvestigatedthis chaptersur
veys extantliteraturedealingwith relatedproblemsthathasmotivatedour work.

2.1 Emerging middleware standards

DRE systemsareincreasinglyimplementedvia standardniddlevare. CORBA is one of
mostwidely usedmiddlewareplatformsfor DRE systemsTo enabletheuseof CORBA as
middlewarefor building DRE systemghe ObjectManagemenGroup(OMG) hasspecified
RT-CORBA 1.0[25] andthe RT-CORBA 2.0 JFS[26]. Suchstandardgacilitatethe de-
velopmentof portableapplicationsmoreover, researcteffort canfocuson suchstandards
andtherebyhave morewidespreackffect.

2.2 Meta-programming techniquesand reflective middle-
ware

Meta-programmingechniqueshave beena focus of researchfor mary years. For ex-
ample,the CommonList Object System(CLOS) is an early exampleof a sophisticated
Meta-ObjectProtocol(MOP) [17]. Meta-programmindgechniquesvere usedinitially in
artificial intelligenceresearcH34, 22], but arenow beingappliedin systemssoftwarere-
searchwherethey canmake ORB middlevare more dynamicallyconfigurable adaptve,
andreflectve.

An example of this cross-fertilizationis dynamicRO [18] from the University
of Illinois, UrbanaChampaignwhich illustratesthat The ADAPTIVE Communication
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Environment (ACE) ORB (TAO) can be reconfiguredat run-time by dynamically link-
ing/unlinking certaincomponentsA relatedeffort at WashingtoriniversityandUCI [38]
exploresthe applicationof reflectve middlewaretechniquesn the context of the CORBA
ComponenModel (CCM) [1]. Yetanotherexampleis the AdaptProject[9, 6] atLancaster
University, whichis applyingamultilevel reflectve middlewaremodelfocusedon dynamic
compositionof objects.

2.3 Scheduling

The two-level schedulingschemeproposedby Deng, Liu, andSun[41, 42] canbe used
asanalternatve to Juno for centralizedsystemsthoughit is not designedo addresghe
heterogeneouadaptationssuesaddresseth this thesis. We planto studyhow two-level
schedulingcanbe usedin conjunctionwith Juno’s meta-programmingrchitecture.

2.4 Real-time distrib uted resource management

The Realizeproject[15] hasdesignedandimplementeda resourcemanageffor CORBA-
baseddistributedreal-timesystems.This projecthasmary characteristicshatwill make
it agoodcandidatdor the applicationof the conceptexposedn this thesis.



Chapter 3
Terminology and Formalism

This Chapterdefinegheterminologyusedthroughouthethesisandmotivatestheassump-
tions that underlieour work. The formalismspresentechereare applicableto a rangeof

differentsystemsfrom openDRE systemto OSs. For concretenesdjowever, examples
are presentedn the context of RT-CORBA 1.0 [25] andthe RT—-CORBA 2.0 Dynamic
SchedulinglointFinal Submission(JFS)[26].

3.1 Properties,Competitors, and Schedulers

We modelanopenDRE systemthroughproperties competitos, andschedules, whichare
definedinformally asfollows:

e PropertiesdescribeQoS attributes,suchasa criticality level, a deadline,or a con-
straintonjitter. We do notrestrictthedomainof the propertiesij.e., apropertycanbe
afunction,which allows valueand/orquality functionsto be expressedsproperties.

e Competitos denoteentitiesthat can contendfor commonresources.Competitors
exposepropertiesthat describetheir features suchastheir importanceor QoSre-
guirementgsuchasdeadlineor worst-casesxecutiontime).

e Sdedules grantcompetitorsaccesgo sharedresources.The orderin which com-
petitorscanaccessresourcalepend®n scheduledisciplinesandcompetitorprop-
erties. Schedulingdisciplinesare formulatedin termsof the propertiesthey useto
determinethe orderingof competitors.Thesepropertiescanthereforebe viewed as
an abstractiorof the competitorsfor the purposeof scheduling.Sincethe focusof
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this thesisis on dynamicsystemsall the scheduler®perateon-line [8], ratherthan
off-line [30].

Theremainderof this Chapterpresentsa formal modelfor propertiescompetitors,
and schedulers. The advantageof creatinga formal modelis to enableheterogeneous
endsystemdpr instanceéDRBs,to exchangepreciseinformationaboutthe propertiesasso-
ciatedwith individualcompetitorsandschedulersThisinformationallows eachendsystem
to transformcompetitors’propertiesandreconcilethemfor eachendsystens scheduler

3.1.1 Properties

Definition 3.1.1 LetII betheUniverseof Properties.A genericelemendf I1 is denotedy
7w andis called a propertytype or simplya property Eac propertyn € II is associated
with thefollowing tuple:

(Dy, dr)

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

Thatis, givenany propertyr € II, its associatedlomainis denotedoy D,, andits associ-
ateddefaultvaluebyd,.
Moreover, givena propertyn € 11 a TaggedDomain(7};) of 7 is definedas:

Tr={n} x Dy ={(m,u):u € D;} (3.1)

Givenanye € T, the propertyof the tagged elementis denotedby e.7r andits value by

e.value.

RT-CORBA! = An exampleof a propertyin RT-CORBA is the deadlineof a distributable
thread. In this case the domainof the propertyis the time, which in RT-CORBA s rep-
resentedasthe integral type Ti mneBase: : Ti neT. Otherexamplesof propertiesn RT-
CORBA includecriticality (which distinguisheslassef real-timecompetitorsyandthe
periodicity of actwities.

'Henceforthpur useof theterm“RT-CORBA” connotesothstaticand dynamicschedulingcapabilities.
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Definition 3.1.2 Givena setof n properties,n > 0:

P ={m,mg,...,m}
We definethe Compound Property Domain (C' P D) as:
CPD={E:|E|=n and |[ENT,|=1, 1<i<n} (3.2)

Thecompoundoropertydomainis a setof sets,eat havingsizen. Ead sethasexactly
oneelementrom eadt tagged domainassociatedvith ead propertyin P. Notethat the
definitionof C'P D doesnotimposeanyorderingon the properties.

RT-CORBA = The CompoundPropertyDomaincanbe viewed asa generalizatiorof the
RT-CORBA 2.0 JFSconceptof schedulingparametertypes A given schedulingparam-
etertype (e.g., the EDF schedulingparameterslefinedin the RT-CORBA 2.0 JFS)is a
collection of typed propertieswherea type definesa domainfor the property The RT-

CORBA 2.0 JFSfocuseson theidentity of the aggreate treatingeachkind of scheduling
parameteras a differenttype. The provided definition emphasizehe identity of single
propertiessoeachschedulingparameters treatedasa collectionof propertiesratherthan
asatypedaggreateof properties.

3.1.2 Competitors

Let C bethe Universeof Competitors: We assumehat eachcompetitorexposesa setof
propertiesasshown in Figure3.1.

Definition 3.1.3 We definethefollowing function:
p:C—2"

thatwhengivena competitore € C, mapsit to thesetp(c) of propertiesit exposes.

At ary pointin time,any competitorc hasassociateavith it the currentvalueof its proper
ties. This valueis actuallyanelemenbof the CompoundPropertyDomainof p(c), andwill
beindicatedwith c.pval.

2In our case the universeof discourses thoseentitiesthatcancompetefor the useof resourcesandare
thussubjectto scheduling.
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Figure3.1: AssociationBetweenCompetitorsaandProperties

Figure3.1shavsschematicalljhow therelationp works. In thisfigure,C' represents
the Universeof Competitors2™ is the power-setof the UniverseOf Propertiesg;, ande,,
represengenericcompetitorsandp(e,) andp(e,,) representhe propertysets(contained
in 2, respectiely.

RT-CORBA = Competitoran RT-CORBA canbe
e Distributablethreadghatcompetefor CPUtime on ORB endsystems

e Eventsin aneventchannel[10] thatmustbe deliveredto consumershat have sub-
scribedfor particulareventsor

e GIOPrequestshatcompeteor network/busresources.

If competitorc is a distributablethreadin the context of RT-CORBA, thenp(c) canbethe
setof propertiescontainingthe elementsleadling importance andlaxity. In this casethe
c.pval would be the value of the deadline,importanceandlaxity at a particularpoint of
time.

3.1.3 Schedulers

Definition 3.1.4 We definean Ordering of Classes of Equivalence (OCE) over the setof
propertiesP C 2™ asconsistingof thefollowing tuple:

(=ocE, <ock)
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whele:

1. =ocr isanequivalenceelationoverthe CPD of P.
2. <ocg isatotal orderingovertheset{[a] : a € CPD}

[a] representghe equivalenceclassto which the elementa belongs.Basedon this defini-
tion, the OCE providesa partition of equivalenceclassesover C'PD andalso providesa
total order of equivalenceslasses.

Note that the orderingof equivalenceclassess definedover a setof properties.
Propertyorderingthereforehasno effect on the structureof the equivalenceclassesnor
on equialenceclassordering. The orderingof equialenceclassesdiependonly on the
value and type of properties. Corversely dueto run-time changesn systemconfigura-
tion or scheduleoperationmode,the orderingof equivalenceclassexandependntime.
Thetime dependengof equivalenceclasses—andf their ordering—caralsooccurwhen
schedulerseferto time-dependentropertiessuchasvaluefunctions.

Definition 3.1.5 A Scheduleris an Ordering of Classesf Equivalenc OCE) over a set
of properties. The setof propertieson which a schedulerimposesan OCE is called its
CharacteristicSet which expresseghe propertiesusedby a schedulerto imposean or-
dering on competitos. Of propertiesexposedoy a competitoya scheduleronly consides
thosein its characteristicset. Givena schedulersS, its characteristicsetis indicatedwith

Xs-

RT-CORBA = Figure3.2shownsthe characteristisetsthe RT-CORBA 2.0 JFSdefinesfor
the leastlaxity first (LLF)3, EDF, andratemonotonic(RM) schedulingdisciplines.If we
considerthe RT-CORBA 2.0 JFSEDF schedulerthe propertiesn the scheduless charac-
teristic setarethe deadlineandthe importance The equivalenceclassesn this caseare
thereforerepresentedby the setcontainingthesetwo properties.The equivalenceclasses
areorderedsothattheimportanceanddeadline(i, d) associateavith eachequivalenceset
areordered.An exampleof suchanorderingcouldbethefollowing expression:

(il, dl) < (7;2, dg) iff (ll < 22) or (’Ll = 7;2, d1 > d2)

3An LLF scheduledetermineshe executioneligibility basedn laxity, whichis definedasthe difference
betweerthe deadlinethe currenttime, andthe estimatedemainingcomputatiortime.

“4In the canonicalEDF definition[19] thereis no conceptof “importance”but in the RT-CORBA 2.0JFS
thereis.
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Deadline

Remaining

Deadline

Deadline

Importance

Figure3.2: CharacteristiSetfor LeastLaxity First (LLF), EarliestDeadlineFirst (EFF),
andRateMonotonic(RM) SchedulingDisciplines

In this example,the orderingof theimportanceanddeadlineareboththe orderingof inte-
gralvalues.RT-CORPBA 2.0 JFSdefinesheimportanceasal ong type,anddeadlineasa
Ti meBase: : Ti meT type.

Basedon the definitionspresentec@bove, any schedulecanbetreatedasanorder
ing of equivalenceclasse®verasetof propertiesusedby aschedulerThesepropertiesare
associatedvith a competitorby the relation p. Note thatthe schedulempartitionsthe full
CompoundPropertyDomainof its characteristicinto a seriesof equivalenceclassesand
thenorderstheseclasses.Also notethat the propertyvaluesassociatedvith competitors
canchangeover time; a potentialeffect of this changeis to move a competitorfrom one
equvalenceclassto another

Finally, it is assumedhatall schedulersn DRE systemsarewell-behavedwhich
meanghatschedulersndifferentendsystemsy to enforcereal-timeQoSovertheproper
tiesusedto characterizéhecompetitors Specifically arenotconsideregbathologicatases
whereschedulerslo not work to improve QoSin atleastsomedimension.For example,a
ratemonotonicschedule{RMS) [19] andan EDF schedulewill usedifferentorderingsof
operationshut they will both work to improve the deadlinefeasibility of operationghey
schedule.
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3.2 Adapters

3.2.1 CoreAdapter Concepts

Having formally definedthetermsproperty competitorandschedulerwe cannow address
problemsarisingwhenestablishingan orderingof competitorswith setsof propertieshat
differ from the CharacteristicSetof a schedulerBelow, we addresshedifferentcaseghat
canarise.

Definition 3.2.1 Giventwo setof properties:
p,p,C2"
thenan Adapter from P; to P, is a functionof thetype:
Ap,p, : CPDp, — CPDp, (3.3)

Thus,anAdapteris definedasa functionthattransformsonesetof propertiesnto another
Thedefinitiongivenaboveis quitegeneralj.e., noassumptiormremadeaboutthe mapping
performedby an Adapter In practice someAdaptes make moresensdhanothers.

RT-CORBA = Figure3.3depictsascenarian whichthreeendsystemareeachrunningan
ORB with a differentschedulingdiscipline. Two distributablethreads,D7T; and DT, are
moving acrossendsystemsDT; originatedatendsystenf\, whereit executedanoperation
ontheobjectX. It migratesfrom endsystenf\ to endsystenB afterinvoking anoperation
on objectY. In contrast,DT, originatedat endsystenB, whereit executedan operation
onobjectZ. It migratesfrom endsystenA to endsystenB afterinvoking anoperationon
objecty.

Threedifferentschedulerareusedby the ORBsin Figure3.3, (endsystenC hasa
staticRM scheduler)As shavnin Figure3.2theseschedulerbave differentCharacteristic
Sets As aresult,someadaptatiorwill be requiredwhena distributablethreadcrossesa
schedulingdomain® Theclaimin this thesisis thatthe propertype of Adaptercanhandle
this adaptation.In addition, Figure 3.3 shaws the point at which schedulersare executed,
andthe placeat which distributablethreadpropertyadaptatiorcanoccur i.e., the placeat
which theright adapteiis executed.

5A schedulingdomainis a collection of ORB endsystemsising the sameschedulingalgorithm and
properties.
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Figure 3.3: A Distributable Threadtraversingendsystemshat have differentScheduling
Disciplines

Figure3.3alsoshavs DT, is preemptedy DT while executingon theendsystem
B’s ORB. This caseshaws that the dynamicpriority of DT} mustbe higherthanthat of
DT,. IngeneralDT; and DT, wouldbenon-comparablenlessadaptations performedo
make surethattheir propertieccanbe expressedn amannercomprehensibley endsystem
B’s ORB scheduler Suchadaptationandreconciliationof the distributablethreads(i.e.,
competitor)propertieccanbe achieved by meansof Adaptes.

3.2.2 ReconcilingProperties Through Adapters

Now thatthe terminologyandformal modelhave beendefined,we next shov how these
formalismscanbe usedto reconcilepropertiego supportinteroperabilitybetweerhetero-
geneouschedulersThreerelevantcasesareshonn below; a solutionis outlinedfor each
of them.

Casel: Figure3.4 shaws a schedulerS with a non-emptyCharacteristic Setys, and
a competitorc with p(c) D xs. To mapthe propertiesexposedby the Competitorinto
the ordering of classesof equivalencecreatedby the schedulerover xg, the following
RestrictionAdaptercanbeapplied:

RA: CPD,y — CPD; (3.4)
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p(c)

Figure 3.4: The Propertiesusedby a Schedulerare a Subsetof PropertiesExposedby a
Competitor

definedas:
VX € CPDP(C), RA(X) = {6 eX:.eme XS}

Notice that X is a setof Tagged Properties in factthe CPD is a setof setsof Tagged
Properties A RestrictionAdapterdropsthe propertiesexposedoy a competitorthatdo not
belongto the schedules CharacteristicSet

RT-CORBA = For example,if we considerthe caseshownn in Figure 3.3, a Restriction
Adaptercouldbeappliedto DT} immediatelybeforeleaving its ORB or whenarriving at
endsystenB’s ORB. What the RestrictionAdapterdoesin this caseis mapthe property
exposedoy DT, from asetcontainingdeadling importance andremainingexecutiontime,

to the setcontainingjustdeadlineandimportance Moreover, aRestrictionAdapterimple-

mentationshouldalsoexpressthe propertiedbeingadaptedn a form thatcanbe manipu-
lated efficiently by the scheduler This form is generallya scheduleddependenstructure
thatefficiently representshe propertiesexposedoy competitors.

Case2: Figure3.5shaws a schedulerS with a Characteristic Setys anda competitor
c with anon-emptyp(c) C xs. To mapthe propertiesexposedby the Competitorinto
the orderingof equivalenceclassexreatedoy the scheduleover x s thefollowing Default
ExtensionrAdaptercanbeused:

DEA : CPD ) — CPDy (3.5)
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Xs

Figure3.5: The PropertiesExposedoy the Competitorarea Subsef Propertiesusedby
the Scheduler

whichis definedas:

VX € CPDP(C),
DEA(X) =X U{(m,d;) : m € xs — plc)}

A variationof the Default ExtensionAdapteris onein which valuesof the propertiesex-
posedby thecompetitorareusedto generatehe propertiemeededy the schedulerwhich
arenot exposedby the competitor This kind of Adapter herebycalledExtensiorAdapter
canbedefinedasthetuple:

(E,EA)

where:
1 FE: CPDP(C) — CPst—p(c)

2. FA: CPDp(C) — CPDXS
VX € CPD,,, EA(X)=XUE(X)

p(c)s

E is afunction thatmapsthe C PD of the propertiesexposedby a competitorto the re-
maining propertyneededdy the scheduleii.e. to the CPD of xs — p(c). An Extension
Adaptercanbe usedto extendthe setof propertiesexposedby a competitor sothey areat
leastthe sameasthosepresenin thescheduless CharacteristicSet

RT-CORBA = Again using the examplein Figure 3.3, a Default ExtensionAdapteror
ExtensionAdaptercouldbeappliedto DT; justbeforeleaving its ORB or uponits arrival
on endsystenB’s ORB. The ExtensionrAdapterwould mapthe propertyexposedby DT,
from a setcontainingonly the deadlineto the setcontainingdeadlineandimportance As
with the earliercasesan adaptercanexpressthe propertybeingadaptednto a form that
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canbemanipulatecefficiently by aschedulerMoreover, an Adaptercanenablea statically
scheduledDRB to interoperatevith a dynamicallyscheduleddRB.

Case3: In general,given a schedulerS with a non-emptyCharacteristic Setys and
given competitore with p(c), therecould be no particularrelationbetweerthe two setof
propertiesys andp(c), asshavn in Figure3.6. In this casea Genenlized Adaptershould

Xs p(c)

Figure3.6: No Assumptionaboutthe Propertiesusedby the Scheduleandthe Properties
Exposedoy the Competitor

beused.Unlike Case2, however, this type of Adapterdoesnot guaranteghatthe valueof
the propertiessharedby the two setsp(c) and xs will remainunchangedA Genealized
Adapteris definedasa transformatiorof thetype:

GA: CPDP(C) — CPDXS (3.6)

A GenealizedAdaptercontaingheadaptersiescribedhusfarasaspeciakcase We
introducethe concepif a GenearlizedAdapterto definecustomadaptatiorbetweerprop-
erty sets,therebyallowing extra flexibility andcontrolover how adaptatioroccurs.While
ExtensiorandRestrictionAdaptes canbe createddynamicallyby a Met a_Adapt er (as
describedn Sectiord.2), GenerlizedAdaptes mustbe providedby usersor applications.

RT-CORBA = For example consideracasan whichadistributablethreadtransitionsrom

e An ORB configuredwith a MUF schedulerthat usesthe importancepropertyto
isolatedifferent classesof competitors(e.g., statisticalreal-timevs. deterministic
real-time)to

e An ORBwith anEDF schedulethatdoesnot considertheimportanceproperty
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In this case,if we simply usea RestrictionAdapterwe will lose information contained
in the “importance”propertyassociateavith the distributablethread. Oneway to handle
competitorshaving the samedeadline—Iot differentrelative importance—igo boostthe
deadlineof the moreimportantcompetitorvia an ad hoc transformationwhich could be
performedvia a GenearlizedAdapter

As shawn in thethreecasessxaminedabove, Adaptes provide away to transform
andreconcilethe propertiesof competitorsto propertiesusedby a scheduler For most
caseghatoccurin practice,an Adapterthatperformthe appropriatéransformatiorcanbe
generatedtrun-timeby the systemor providedby the usersor applications.
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Chapter 4

Juno A Meta-Programming
Ar chitecture for Heterogeneous
Middlewar e Inter operabillity

This Chaptershavs how the formalismsdescribedn Chapter3 canbe usedasthe con-
ceptualfoundationfor building DRE middleware that supportsinteroperabilitybetween
heterogeneouschedulingdisciplines.

We first describethe key conceptsof meta-programmingndthenoutline the re-
guirementsmposedon a DRE middlevare meta-programmindramewvork we developed,
calledJuno, which implementsthe formalismsdescribedn [5]. We thenpresenia case
studythatshavs how Juno mapsontothe DynamicSchedulingReal-Time CORBA Joint
Final SubmissionRT-CORBA 2.0 JFS)[26]. Although we presentJuno’s architecture
in the context of DRE middleware, its applicability extendsto othertypesand levels of
middlevareandsoftwaresystemsaswell.

4.1 Overview of Meta-Programming

Theapproachakenin thisthesisfor providing scheduleinteroperabilityis basedbn meta-
programming[17,43,29]. Meta-programmings atermgivento acollectionof techniques
designedto improve software adaptabilityby decouplingapplicationbehaior from the
variouscross-cuttingaspect$16] andresourcesisedby applications.Meta-programming
involvesidentifying anddissectingprogrammingconstructsnto the following entities:

e Base-objectsvhichimplementcertainapplication-centridunctionality; and
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e Meta-objectswhich abstractcertainnon-functionalpropertiesfrom base-objects—
suchaspersistenceconcurreng, schedulingatomicity, ordering,state replication,
andchangenotifications—andontrolvariousaspect®f their behaior atrun-time.

Two key conceptdn meta-programmingrereificationandreflection which areoutlined
briefly below:

Reification The procesof reifying anaspecbf anobjectconsistan makingthataspect
afirst-classentity, i.e., somethinghatcanbe changedand/orcontrolledvia meta-objects.
For example theJavaprogrammindanguageeifiesmethodsandparameteranakingthem
accessibléor programmatiéntrospectionln contrastmethodsandparametergn C++are
notfirst-classentities,i.e., they arenotreifiedin the C++typesystemandary introspection
mustthereforebe handledby patternssuchasReflection[3]. Theformal modeldescribed
in Chapter3 presentseveralcandidatesor reification,suchaspropertiesandcompetitos.

Reflection Reflectionrefersto the ability of a systemto reasonandactuponitself. To

make this possible areflectve systemprovidesa representationf its own behaior thatis

amenabldo inspection(introspection)and adaptationthe representatioms causallycon-

nectedo theunderlyingbehaior it describesA goodreflectveinterfacemakesit possible
to openup a softwaresystemmplementationyvithout revealingunnecessarynplementa-
tion detailsor compromisingportability. Moreover, asdescribedn [34], reflectve tech-
niquesallow implementatiorparticulardo be exposedn away thatsatisfiedwo important
criteria:

1. Theaccesgo theimplementations atanappropriatelyhigh level of abstractiorand

2. The accesss effective in the sensethat adjustmenimustactually changethe sys-
tembehaior—theself-representatiohasto be causallyconnectedo theunderlying
implementation.

Theself-examinationpropertyof reflectve systemgprovidesthemwith theability to adapt
their behaiior—to copewith changesn their ervironment. This ability is particularly

usefulwhen middleware-basedpplicationsare deployed in hostile and/ordynamicen-

vironmentssuchasmultimedia,groupcommunicationyeal-timeandembeddedystems,
handhelddevicesand mobile computingsystems.In DRE systemsautomaticadaptation
mustbe performedcarefullyto ensurehatdistributedsystemgetaintheir stability.

In generalthefollowing designconstraintgnustbeaddressedhenapplyingmeta-
programmingarchitectureso DRE systems:
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Meta-level engineering constraints The mannerin which meta-objectgeify objects
must be designedto minimize meta-level compleity and to ensurerun-time efficiency
and predictability In particular the points at which meta-objectsxert control mustbe
designectarefullyto avoid incurring significantoverhead.

For example,CORBA stubsthat provide clientswith proxiesto target-objectplay
therole of meta-object$29]. Stubmeta-objectsleterminehow client- andtarget-objects
communicaten the presencef collocationoptimizationg39]. In RT-CORPBA, stubmeta-
objectsareresponsibldor ensuringthatcollocatedclientsandobjectsdo notincur priority
inversion[38].

In the context of this thesis,anotherexampleof reificationis the scheduledefined
in Section3.1. Reificationallows introspectionof its characteristicsetand control of its
behaior. A concrete=xampleof areifiedschedulers the CORBA Schedulingservice[30].

Meta-object protocol engineeringconstraints Meta-objeciprotocols(MOPs)[43] con-
sistof interfacesdefinedby meta-objectshat provide a way for base-objectso commu-
nicatewith meta-objects.To avoid synchronizatiorand cohereng hazardsmiddlevare
developersmust carefully designthe way in which base-leel aspectsare reified at the
meta-lerel andreflectedbackto the base-lgel aftera meta-objechasmanipulatedherei-
fied aspect.

For example,the MOP for the CORBA stubmeta-objects implicit, i.e., the client
passesontrolimplicitly to thestubasaresultof aremoteoperationnvocation.In contrast,
a Met a_Conpeti t or is a meta-objectthat provides an explicit MOP that enablesits
base-objects,e., the competitorsto explicitly controlthe type of adaptation(sjhat can
be appliedto their properties. A competitormay want to disablethe useof Restriction
Adaptersthatwould discardcertainpropertiescrucialfor its end-to-endQoS.

4.2 Overview of the Juno Meta-Programming Ar chitec-
ture

To assureschedulerinteroperability a DRE systemthat implementsthe formalismsin-
troducedin Chapter3 mustdeterminehow to map properties,competitors,the function
p(c), schedulerseachscheduless characteristisety s, andthe necessarnAdaptes ontoa
meta-programmingoftwarearchitectureJuno’s architectureanddesignarebasedon the
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obsenationthatthe function p(c) andthe characteristicset s canbe treatedasoperators
that“reflect” the propertiessxposedby competitorsaandschedulers.

The degreeof controlandintrospectiomeededo implementthe formalismsintro-
ducedin Chapter3 canbe obtainedvia the Juno meta-programmingrchitectureshovnin
Figure4.1. As shavnin thisfigure,competitorsaandpropertiesarefirst-classentities,along

Meta-Level

Meta_Competitor 1> |Meta_Property Meta_Scheduler

1

Meta_Adapter| ?

N y,
5 N

Adapter L
,,,,,,,, - Scheduler

Competitor Property

1 0.*

Base-Level

Figure4.1: UML ClassDiagramfor Juno’s Meta-Programmind\rchitecture

with adapterg&ndschedulersMoreover, thefunctionp(c) is representetly theassociation
betweercompetitorsandpropertieswhich aretreatedasfirst-classentities. The character
istic setof aschedulely is exploited by theassociatiorbetweerthe schedulemeta-object
andthe propertymeta-object.Therolesof componentsn Figure4.1 aresummarizede-
low:

Property Thisclassprovidesanabstractiorfor therepresentationf a valueof the prop-
erty domain,asdefinedin Chapter3. The combinationof the Pr oper t y andits meta-
objectprovidesthe sameinformationasan elementof the Tagged Domain For example,
in the context of RT-CORBA the deadlineandthe period might mapto the samePr op-
er t y classbuttheirmeta-objectsvould containtheinformationneededo distinguishthe
two properties.
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Competitor Thisclassprovidesanabstractiorfor entitiesthatcanbe scheduledFor ex-
ample,in thecontext of theRT-CORBA 2.0 JFS adistributablethreadcanbeimplemented
asaspecializatiorof this class.

Scheduler This classrepresentshe abstractiorfor the endsystenschedulerlt provides
an interfacefor addingandremaoving competitorsandfor testingtheir feasibility. In the
context of RT-CORRA, this schedulemwould representhe schedulerusedby an ORB to
scheduledistributablethreads;a concreteimplementationof this classcould be an EDF
scheduleor anLLF scheduler

Adapter This classprovidesan abstractinterfacefor all Adapterimplementations.As
definedin Chapter3, an Adaptercorvertsonesetof propertieso another In the context
of RT-CORBA, an Adapt er objectcan, for example,cornvert the propertiesneededby
anearliestdeadlinefirst (EDF) scheduleinto thoseneededy a maximizeaccruedutility
(MAU)! scheduler

Meta_Property Thismeta-clasassociatea Pr opert y base-objecivith aPr operty
type. As discusse@bove, the Pr oper t y base-objectepresentan elementof the Prop-
erty Domaindefinedin Chapter3. As shavnin Chaptei3, thisassociatiorwasachiezedby
usingthe TaggedDomainof a Pr oper t y. In Juno, this associations achiezed by tying
eachpropertybaseobjectto its meta-objecivet a_Pr operty.

A Met a_Pr operty providesaccesdo the default value of a property;a factory
methodcreatests associategroperty This meta-classeconcilegropertyrepresentations
that might differ from endsystento endsystem.For example,a propertythat represents
time could be expressedusing differenttime scaleson differentsystems.One approach
would be to requirethatall time valuesbe specifiedusing the sameunits; althoughade-
guate this approachs difficult to enforceacrossseparatelyauthoredsystemsRatherthan
mandatinghe unitsin which time valuesmustbe specified Juno adaptghe scalesvhere
necessargothatcomparisongcrossystemsanmake sense.

Meta_Competitor This meta-classmanageghe transformationgequiredwheneer a
competitorhaspropertieghatdo not directly matcha schedules characteristiset. Juno
encapsulatethelogic thatperformsthenecessarpropertyreconciliationin themeta-class

LA maximizeaccruedutility (MAU) schedulemassociategachcompetitorwith a value-functionandthe
scheduletriesto maximizethevalueof this function.
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Met a_Conpet i t or . This meta-classhieldsdevelopersfrom the compleities of inter-
operability
A Met a_Conpeti t or selectsheAdapt er thatperformsthemostsuitabletrans-
formation,dependingnthefollowing factors:

e Thepropertieghatareassociatedvith its competitor;and

e Thepropertieghatcharacterizehe endsystenschedulerwhich areaccessedia the
Met a_Schedul er definedbelow.

Juno providesan explicit meta-objecprotocolthat enablesase-objectso configurethe
way in which propertyadaptatiorcanoccut andto restrictthetypesof propertyadaptation.

Meta_Scheduler This meta-clasprovidesaninterfacethatenabledntrospectionof the
propertiesusedby its associatedase-object.e., a Schedul er . It implementsaninter-
faceto the characteristicetof a scheduleby providing anexplicit MOP to introspecthe
characteristiset.

Meta_Adapter Thismeta-clasprovidesawayto introspecthesignatureassociateavith

abase-object,e., anAdapt er . Theterm*“signature”indicatesthe two setsof properties
thatrepresenthe domainandthe co-domainfor an Adapt er . A Met a_Adapt er also
providesafactorymethodto createan Adapt er thatmatches givensignature Describ-
ing anAdapt er in termsof the adaptatiorof propertiest performsis essentiato enable
theactvitiesof aMet a_Conpetitor.
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Chapter 5

Dynamic Schedulingfor Real-Time
CORBA

The previous part of this thesishasdescribeda formalismto enableinteroperabilityof
endsystemthatusedifferentschedulinglisciplines alongwith Juno, ameta-programming
architecturghatrepresenareferencanodelfor systemghatwantto implementhesecon-
cepts. This Chaptershons how the Juno architecturecanbe appliedconcretelyto solve
theinteroperabilityproblemshatarisein theupcomingReal-Time CORBA 2.0: Dynamic
SchedulinglointFinal Submissio{RT-CORBA 2.0JFS)[26]. Thecontet in which Juno
is appliedis TAO [30], whichis awidely-used CORBA-compliant,open-sourc®©RB de-
signedto supportapplicationswith stringentQoSrequirements.

5.1 CurrentLimitations with RT-CORBA 2.0JFS

The RT-CORBA 2.0 JFSstatesn Section5.3 thatit doesnot addressnteroperabilitybe-
tweenheterogeneoudynamicschedulers Moreover, it doesnot addreshow to manage
client requestghat emanateéfrom ORB endsystemshat are not scheduleddynamically
Theseomissionsareproblematicbecausehe RT-CORBA 2.0 JFSalsorequiresinteroper
ability with non-real-timeCORBA ORB endsystemsAs describedn Section5.3, Juno
addressemteroperabilitypetweerdynamicallyschedulecindnon-dynamicallyscheduled
ORBs as a simple, specialcaseof the interoperability problemsbetweendynamically
scheduledDRBs.

The RT-CORBA 2.0 JFSalsoomits explicit capabilitiesto expressschedulingpa-
rameters.Section3 of RT-CORBA 2.0 JFSproposesomereasonablenterfaces,which
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areshowvn in Figures5.4,5.5,and5.6. However, theseinterfacesarenot requiredfor RT-
CORRBA 2.0implementors.Section5.2 shavs how Juno’s architecturecanbe mappedo
thatof anRT-CORBA ORB 1.0(TAO). Section5.3thenshavs how the mappingfrom one
schedulingdisciplineto anothercanbe automatedisingJuno.

Basedon our discussionthusfar, it is clearthe following designissuesmust be
resohed:

e Whee shouldreconciliationoccur? This decisioncanbe determineckitherby poli-
ciesor it canbe negotiatedby ORBsat bindingtime. Negotiationis necessaryf no
policiesaresetto expresswhich modelto use. In this case the two ORBscanex-
changeameta-propertiethatdescribeheir schedulerstharacteristisets.Depending
onwhich ORB hasan Adapterthatcanhandlethe potentialconversionof properties,
oneof thetwo canbechosenlf bothORBshave an Adapterthena heuristiccanbe
usedto choosebetweerthetwo.

e How are Adapt er sretrieved? Adapterscanbe configuredinto an ORB statically
(i.e., at build-time) or dynamically(i.e., at run-timeusingthe ComponenConfigu-
ratorpattern[31]). It is alsopossibleto retrieve Adaptes from a distributedregistry.
In this case whenan ORB doesnot have an Adapterto performagivencorversion,
it canretrieve the Adapterfrom the registry. Moreover it is importantto noticethat
somekind of adapterlik e Restrictionand ExtensionAdaptes, canbe generatean
thefly.

e Whidch transformationsare legal/desiable for a distributablethread? The type of
transformation(sh)hatcanbe performedon the propertiesexposedby a distributable
threadcan be controlledvia policies. For example,it may not be desirablefor a
distributablethreadto have ary RestrictionAdapterappliedto its properties.Thus,a
policy couldbeusedto expresshis constraint.

5.2 Juno’s ORB Architecture for Inter operable Dynamic
Scheduling

Juno’s meta-programming@rchitecturedescribedn Chapter4 canbe usedasareference
modelto realizeinteroperableRT-CORBA ORBs! As shavn in Figure5.1, a CORBA

IHenceforth,the phraseORB interopembility specificallymeansthe interoperabilityof the ORBs’ dy-
namicschedulers.
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Figure5.1: An OpenandinteroperabldRT-CORBA Implementation

ORB canincorporatecertainmeta-objectpresenin the meta-layemwutlinedin Figure4.1
directly inside the ORB core, whereasother meta-objectan be associatedvith stubs.
In the context of the RT-CORBA 2.0 JFS,a competitoris associatedvith a distributable
thread which canmigrateamongthefollowing entities:

e A HomeORB whichis the ORB whereathreadoriginates.

e Foreign ORB(s) which arearny ORBsdifferentfrom the homeORB thatarevisited
by thedistributablethreadwhile performinga remoteoperationinvocation.

Eachtime adistributablethreadransitiondrom oneORB to anotherthenew ORB endsys-
tem potentiallyneedsto reconcileproperties,suchasadaptingdeadlinesandimportance
to becomevalue functions. The propertiesof eachcompetitormustbe mappedinto the
CharacteristicSetof a foreign ORB endsystens scheduler
Section3.2shavsthreefundamentataseof propertyreconciliation.Iln thecontext
of anORB, it mustbe decidedwhereandwhenreconciliationoccurs.As Figure 3.3 sug-
geststhereconciliationof the propertiesaxposedby a competitorhasto occurbeforethe
schedulecanperformary schedulingon the competitor Therefore asdiscussedbelow, it
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musthappereitherright beforethe distributablethreadleavesits homeORB or right after
thearrival attheforeign ORB.

Client ORB Server ORB

O &2
5 ﬁ
\ f )
\ Competitor
Meta Compemor

Competltor Competitor :\

a ﬁ \ @@

Competitor M eta_Schedu ‘ / Adapted
,/5&

Competitor ~ -
~~—Scheduler _ -~
Competitor

Figure5.2: Client ORB-basedPropertyReconciliation

Client-side ORB property reconciliation: In this case,the client ORB shouldobtain
meta-propertieshat describethe propertiesusedby the sener ORB schedulerinside a
tagged componentontainedwithin the objectreferenceof the target object. As showvn
in Figure5.1, this informationcanbe retainedin the stub,which is the client’s proxy for
the target object. Whenever a call is madeon the remotetarget object, the stub canuse
a meta-objectprotocol (MOP) to communicatethe propertiesusedby the foreign ORB
endsystens scheduleto a meta-competitorThe meta-competitoassociateavith the dis-
tributablethreadperformingthis call thenreflectsthe changesieedednto thedistributable
thread. Thus,whenthe client requestarrivesat the sener ORB, the propertiesof the dis-
tributablethreadcanbe adaptedo reconcilewith the serner ORB schedules needs.This
scenarids depictedn Figure5.2.

Serwver-side ORB property reconciliation: In the case reconciliationis performedby
thesenerORBreceving thedistributablethread. Themeta-schedularsesaMOP to notify
themeta-competitoof thepropertieshescheduleuses.Themeta-competitothenensures
theright Adapteris usedreconcilethe properties.This scenarids depictedn Figure5.3.
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Figure5.3: Sener ORB-basedropertyReconciliation

5.3 Adaptersfor RT-CORBA 2.0JFS

We next shov how to specify an Adapterfor the sampleschedulingdisciplinesprovided
in the RT-CORBA 2.0 JFS.The IDL interfacesfor thesesampleschedulingdisciplines
areoutlinedin Figure5.4,5.5,and 5.6. TheselDL definitionsaretaken from Section3
of the RT-CORBA 2.0 JFS.Someof theselDL interfacearedeclaredas!| ocal , which
malkestheirinstanceslocality constrainedCORBA objects.Any attempto passalocality
constrainedeferencessanargumento aremoteCORBA operationwill raiseanexception.

Figure 5.4 shavs the IDL interfacefor an earliestdeadlinefirst (EDF) scheduler
which usesthe deadlineof a competitorto determineits execution eligibility (i.e., its
schedulingorder). In this case,the equivalenceclassesare characterizedby all competi-
torshaving the samedeadlineat a givenpointin time. Figure5.5shovsthelDL interface
for aleastlaxity first (LLF) schedulerwhich determineshe executioneligibility basedn
laxity — definedasthe differencebetweernthe deadline the currenttime, andthe estimated
remainingcomputationtime. Finally, figure 5.6 shavs the IDL interfacefor a maximize
accruedutility (MAU) schedulerwhereeachcompetitoris associatedvith a valuefunc-
tion andthe schedulettries to maximizethe value of this function. Casesl through4 in
Figure5.7 representommonvaluefunctions.

Valuefunctionsprovide away of expressingvhenit is desirableio scheduleatask.
For examplethe caseslepictedn Figure5.7 canbe definedasfollows:

1. This caserepresentshe situationwherethereis no valuelossor surplusin schedul-
ing the task-.e., a competitoratary point in time betweenits readytime andits
deadline.Corversely afterthe deadlineis passedhereis no gainin schedulinghe
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nodul e EDF_Schedul i ng

{

| ocal interface Schedul er
RTSchedul i ng: : Schedul er {};

struct Schedul i ngPar anet er
{
Ti meBase: : Ti neT deadl i ne;
| ong i mportance;

b

| ocal interface Schedul i ngPar anet erPolicy
CORBA: : Pol i cy
{
attribute Schedul i ngParaneter val ue;
static Schedul i ngPar anet er Pol i cy
create (in SchedulingParaneterPolicy value);

Figure5.4: EarliestDeadlineFirst SchedulingParameter&roposedy the RT-CORBA 2.0
JFS

nodul e LLF_Schedul i ng

{

}s

| ocal interface Schedul er
RTSchedul i ng: : Schedul er { };

struct Schedul i ngPar anet er

{

Ti meBase: : Ti meT deadl i ne;
Ti meBase: : Ti neT estimated_initial _execution_tine;
| ong i mport ance;

b

| ocal interface Schedul i ngPar aneterPolicy
CORBA: : Pol i cy

{
attribute Schedul i ngParaneter val ue;

};

Figure5.5: LeastLaxity First SchedulingParameter$roposedy the RT-CORBA 2.0JFS
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nodul e MAU_Schedul i ng
{

| ocal interface Schedul er
RTSchedul i ng: : Schedul er {};

struct Schedul i ngPar anet er

{

Ti meBase: : Ti neT deadl i ne;
| ong i mportance;

b

| ocal interface Schedul i ngPar aneterPolicy

: CORBA:: Policy

{
attribute Schedul i ngParaneter val ue;

1

}s

Figure5.6: Maximize AccruedUtility SchedulingParameter®roposedy theRT-CORBA
2.0JFS

v(t) A V(e
\Y;
D v D t
@) )
V(D) V(t)A
D t; D t
(3) (4)

Figure5.7: SomeValueFunctionsTypically usedin Value-base&cheduling
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Figure5.8: EDF-LLF Adaptationof Properties

task. Hard real-timetasksare often specifiedusingthis type of function, wherethe
valuegoesto minusinfinity if thetaskis scheduledfterits deadline.

2. Thevaluefunctiondepictedn this caseshavsthereis still somevaluein scheduling
ataskevenafterits deadlinehasbeenmissed andthatthis valuedecreaseknearly.

3. This case\like case2, showvs a valuefunction expressingthe fact that thereis still
somevaluein schedulingataskafterits deadlineandvaluedecreasesxponentially
afterits deadlinehaspassed.

4. This caserepresentthevaluefunctionof ataskin which thebenefitof schedulingt
increase®stime increasesstabilizesat a given pointin time, to thendropsto zero
afterits deadlinehaspassed.

ThelDL moduledefinedin Figure5.6 doesnotdefineary valuefunctions.The RT-
CORBA 2.0JFSstateghateachdistributablethreads associate@vith afunctionthatmaps
thedeadlineto avaluefunction, but therepresentatioof this functionis not specified.

It isinterestingo obsenethestructurakimilarity betweertheschedulingproperties
for the different schedulingdisciplinesdepictedin Figures5.4,5.5, and5.6. It is also
interestingto note that the sameinformation, suchas deadlineand importance mustbe
provided repeatedlybecausehe schedulingdisciplineis hard-codednto the competito
i.e., thedistributablethread.We believe this designis overly restrictive sinceit prematurely
bindspropertiesgo competitors.Thus,a givenschedulecanonly usecertainpropertiedo
enforcethe QoSrequirement&xpectedby its competitors.
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5.4 Dynamic SchedulingAdapters and Use-Cases

we next analyzethedifferentcombination®f schedulingdisciplinesdepictedn Figure5.4,
5.5, and5.6 (which are taken from Section3 of the RT-CORBA 2.0 JFS)and show the
transformationg;ecessaryor achieving interoperability

Casel: EDF — LLF: Assumethattwo ORBs exchangingdistributablethreadshave
EDF andLLF schedulingdisciplinesconfiguredwherethe LLF ORB is the onethatwill
receve the distributablethread. In this case,an ExtensionAdapteror Default Extension
Adaptercouldbe usedto achiere interoperabilityasshavn in Figure5.8.

Figureb.8illustratesthatthecharacteristisetof the EDF schedulers asubsebf the
characteristisetof the LLF schedulerMoreover, the two setsdiffer by just oneelement.
If a Default ExtensionAdapteris used,the valuefor the estimatednitial executiontime
propertywould besetby thepropertysdefaultvalue,asdefinedn Section3.2. Corversely
if anExtensiorAdapteris used thevaluefor the estimatednitial executionpropertycould
be providedby the ORB.

Casell: LLF — EDF: Thiscasdsthedualof Casd. Inthiscasewe haveadistributable
threadthatis leaving an LLF-scheduledORB andis moving to an EDF-schedule®RB.

Thus,thetransformatiorshouldbeperformedoy aRestrictionAdapter whichsimply drops
the estimatednitial executiontime property In general,t is betterto performthe restric-
tion adaptatioron the client ORB for thefollowing reason While an extensionadaptation
can be performedon the sener, we canavoid the extra overheadarising from shipping
unusedpropertiesacrossa network.

Caselll: MAU —EDF: In this casea distributablethreadis going from an ORB that
usesa MAU schedulinglisciplineto anORB thatusesan EDF schedulingdiscipline. This
caseis similar to the previous one, in thatthe characteristisetof a MAU schedulelis a
supersebdf the characteristicsetof an EDF scheduleseeFigures5.4 and5.6). Thus,a
RestrictionAdapterthatignoresthevaluefunctionwill suffice,asshovnin Figure5.9. The
sameconsideratiormadefor the RestrictionAdapterin Casell appliesin this case.

CaselV: EDF —-MAU: In this casethe ORB wherethe distributablethreadoriginates
is running an EDF schedulingdiscipline andthe ORB receving the distributablethread
is runninga MAU schedulingdiscipline. We can onceagainusethe ExtensionAdapter
shavn in Figure5.9. As showvn in Figure5.4 andFigure 5.6, the MAU schedulelusesan
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Figure5.9: EDF-MAU Adaptationof Properties

importancepropertyandadeadlinepropertyotherthanthevaluefunction. Thevaluefunc-

tion associateavith acompetitorcouldresembleavaluefunctiondepictedn Figure5.7,or

it could be a generalizatiorof these.In generalthe valuefunction might dependon other
propertiesandthe meta-propertyassociatedvith the valuefunction propertycancapture
thistypeof information.In the caseof avaluefunctionproperty the propertydefaultvalue

is a parameterizedunction,wherethe parametergsould be otherproperties.For example,
we mightassumehatthe default valuefor the “property” valuefunctionis the parametric
function:

I ifo<t<D

DefaultValue < D, I > (t) = .
0 otherwise

where D and I representhe deadlinepropertyvalue andthe importancepropertyvalue,
respectiely. In this casewe cangeneratea valuefunction by usingan ExtensionAdapter
thatusesthevalueassociatedavith the deadlineandtheimportanceproperty

CaseV: LLF -MAU: Thetransformatiordescribedn CaselV canbe appliedto this
case,asshown in Figure5.10. The differenceis that the estimatednitial executiontime
canberemovedby usinga RestrictionAdaptet

CaseVIl: MAU—LLF: Thiscasecanbetreatedsimilarly to Casell (EDF—LLF). The
differences thata RestrictionAdaptercanbe usedto remove the valuefunctionfrom the
competitorsthat areleaving the ORB configuredwith a MAU schedulingdiscipline (see
Figure5.10). Theabove six casedave shavn how Adaptes canbecreatedo reconcilethe
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propertiesexposedoy competitorsaandusedby schedulersTheTableshovn belov synthe-

sizethe adapterghatcanbe usedfor the differentcombinationsof schedulingdisciplines
seensofar:

EDF | LLF MAU

EDF - EA EA
LLF RA - EA+RA
MAU || RA | EA+RA -

RA - RestrictionAdapter EA - ExtensionAdapter

Basedon this exercise we have thefollowing generalbbsenations:

e RestrictionAdaptes trade-of informationlossand performance For example,if a
distributablethreadtraversesdifferent ORBswhile servinga remotecall, eachap-
plicationof the RestrictionAdaptercancausanformationloss,becausea restriction
could discardsomepropertiesthat might be neededby anotherORB visited later
during the remoteinvocation. This problemonly ariseswhena distributablethread
visits morethantwo ORBswhile servicingarequest.

e Informationlossoccursonly whendiscardinga propertythat was provided by the
user Corversely we can always safely drop the property createdby an Adapter
becausét canberegeneratedon-demandby anORB thatneedst.
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e At the bgginning of this sectionwe mentionedthat Juno’s meta-programmingr-
chitecturemalesit easierfor a dynamicallyscheduledORB to interoperatewith a
regular non-dynamicallyscheduledORB. The operationinvocationfrom an object
residingon a regular ORB toward an objectresidingon a dynamically scheduled
ORB canbe modeledas a distributablethreadthat exposesno properties. A De-
fault ExtensionAdaptercanthereforebe usedto decoratethe competitorswith the
propertiemeededy thesener ORB scheduler

e It isimportantto determinehow andwhenpropertieshatareexposedby competi-
torsshouldbeupdatedo keepthemconsistentFor example,considemadistributable
threadthat hasan end-to-enddeadlineof D andwhich servicesa remoteoperation
invocationthattraversesnultiple ORBs(thenumberof whichis notknown a priory).
At eachORB traversedthedeadlineshouldbe updatedo avoid the casewhereeach
ORB scheduleshedistributablethreadwithin exactly D, but with theside-efectthat
the end-to-endime requiredto performthe call will be actuallyn x D, wheren is
thenumberof ORBsvisited by thethread.The RT-CORBA 2.0JFSdoesnot specify
how to handlethis situation. For casesvhereJuno is usedto achiere interoperabil-
ity, however, the meta-competitoprovidesa locationwherethesepropertiescanbe
updatedconsistently
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Chapter 6

Real-Time Event Notification Service

An EventNotification Service(ENS) providesa way of delivering eventsgeneratedrom
Supplies to Consumes. An ENS can be thoughtas a Mediator [7] betweensuppliers
andconsumersin fact, it encapsulatethe eventnotificationprocessand promotesoose
couplingby keepingsupplierandconsumergrom referringto eachotherexplicitly .

(s) (c)
(©)

Event Notification @
Service

@ Supplier @ Consumer

Figure6.1: An hypotheticEventNotification Service.

In the context of CORBA, the OMG hasspecifiedtwo services,specificallythe
CORBA EventService[27] andthe CORBA Notification Service[24], thatprovide event-
notificationfunctionality. In mary respectthe CORBA NotificationServicecanbethought
asanextensionof the CORBA EventService.ln atraditionalcomputingernvironment,the
purposeof an EventNotification Serviceis to deliver eventsfrom suppliersto consumers;
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howeverin DRE systemst is expectedto do more. For instancean ENS shouldprovide
eventnotificationwith a given QoS. For example,considera standardwo-level process-
controlsystemasshown in Figure6.2,in which we have:

1. Sensorghatmake periodicmeasuremerdan someof the systems processvariables,

2. Basecontrollersthatproduceoutputfor theactuatorshbasedn sensoiprovidedval-
uesandcontrollogic,

3. Higherlevel controllersthatmonitorthe statusof theglobalprocessandtheoutcome
of thebasecontrollersto recomputehe basecontrollers’set-pointsand

4. Actuatorsthattransformthe outputof the basecontrollersinto somephysicalaction.

Thereis a producer/consumgil2] relationshipbetweenthe sensorsand the basecon-
trollers, betweenthe basecontrollersandthe high-level controller and betweenthe con-
trollers andactuators.Becauseof the inherentproducer/consumaratureof the problem,
the useof an ENS greatly simplifiesimplementationof this system. If we considerthe
fact that most currentinstancesof this kind of systemtendto have controllers,sensors,
and actuatorsconnectedhrougha fieldbus network—real-timecommunicatiometworks
becomingpopularin automationand process-controérvironments—thismeansthat the
control software needsto be a DSS.To implementsucha DSS,CORBA anda CORBA-
basedENS could be usedasa middlewvarelayer. Note thatanordinaryENS is unsuitable
for developingthis kind of software;anENScandeliverevents,but it hasnounderstanding
of Qo0S.Ontheotherhand,in areal-timeapplicationthe correctnessiependsiot only on
thefactthatan eventis receved but alsoon the adherencéo timelinessspecificationgor
therecevedevens. Thisimpliesthatan Real-Tme EventNotificationService(RTENS)is
requiredto develop a producer/consumesolutionfor a real-timesystem.In hierarchical
control systemsijt often happenghat subscriberdelongingto differentlevels have dif-
ferentnatural way of expressingthe QoSrequiredfor their subscriptions.The example
depictedin Figure 6.3 representsghe high-level structureof an aircraft's auto-pilot con-
trol system[33]. This type of systemfits the descriptionof a hierarchicalcontrol system
givenabove andshavnin Figure6.2. In Figure6.3,the basecontrollersaresimply control
loopsthat maintaintheroll, pitch, andyaw of an aircraftat the desiredvalues,by acting
on groupsof actuators.The auto-pilotsoftware, basedon the stateof the plane,provides
the planetrim to the basecontrollers. In this system,both the basecontrollersand the
auto-pilotsoftwareareconsumer®f the dataprovided by the sensorsHowever, while the
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Figure6.3: Flight Auto-Pilot controlsystem.
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basecontrollershave firm QoSrequirementshatcanbe easilyexpressedisingdeadlines,
the auto-pilotis usuallytreatedasa soft real-timetask[33]. The QoSrequirementsvith
respecto the sensomutputsare usually expressedy valuefunctions. This differencein
specificatiorof QoSrequirementsaisegheproblemof comparingcompetitorghatexpose
differentpropertiesasdescribedhusfar, this problemcanbe solved by Juno.

Therestof this chaptemwill provide adescriptionof the designandimplementation
of aRTENSthatimplementghe Juno framework.

6.1 DesignForces

In designingary real-timesystem,attentionmust be particularly given to the following
concerns:

1. Avoiding the potentialfor priority inversionthroughproperreal-timedesigntech-
niques,

2. Boundingpriority inversionghatcannotbe avoided,

3. Usingdatastructuresalgorithms,andtechniqueghat provide reasonablypounded-
time executionwherenecessary

An RTENS canbe roughly divided into the stagesdepictedin Figure 6.4, wherethe first
stagetakes careof eventreception,the secondtakes careof event processingexamples
of actionsperformedby this stagearedependencanalysisandscheduling) andthe third
stagetakescareof eventdispatchinglIn designingandimplementingeachof thesestages,
the concernsarticulatedabose mustbe taken into consideration.We next expandon the
modulesdescribedabove, outlining their architecturahnddesignconsiderations.

6.1.1 EventReceptionModule

Priority inversioncanoccurin theRTENSduringeventreceptionf alesscritical or eligible
eventcanbeacceptedbeforeonethatis morecritical or eligible. For example consideaset
of periodicevent-suppliersA form of priority inversionoccursif the eventsareaccepted
from the network in decreasingrder of the events’ period (assumingmplicitly thatthe
eventsare all real-timeandthat their period equalstheir deadline). Figure 6.5 shows an
exampleof the situationoutlinedabove. Supposédhatthefirst seveneventsin Figure6.5
aregeneratedvith period 107" whereT is ary dimensionatime-constantwhile the last
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Figure6.4: Stageof aRTENS.
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Figure6.5: Priority Inversionatthereceve sideof the RTENS.
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eventis generatedvith period57. Supposéhatthe processingnddelivery of eachevent
to its consumergakesexactly T' time, andthatthe RTENS cansene only oneeventat a
time. In this casethelasteventin thequeuewould bedeliveredafter 77" time units,which
would causethe deadlinefor thelasteventto be missed.

Iso—QoS Event Queues

Consumers

\
|

Events

Event Notification
Service

Figure6.6: Iso-QoSQueuedesigncanreducethe priority inversionon thereceve side of
the RTENS.

As illustratedin Figure6.6, priority inversioncanbe reducedat the receve-endof
the RTENS by installing multiple receve queuesgachof whichis associatedavith aniso-
QoSgroupof events.In this schemegventsarereadfrom the currentlynon-emptyqueue
containingthe mosteligible eventsfirst. Eachiso-QoSqueuereceveseventsthathave the
sameQoS,or theQoSbelongingto thesameQoSgroup. WherepossibleaQoSgroupcan
limit the numberof receve-queuedy representing setof eventsthatdo not have exactly
the sameQoSbut canbe processeddequatelyy a singlequeue. This form of grouping
canbevery effective in limiting theuseof systenresourcesln presencef QoSgrouping,
somepriority inversionis introduced,andit becomesa designissueto trade-of the cost
of priority inversionwith the useof resourceso avoid suchinversion.lIt is worth noticing
thatandiso-QoSqueuerepresent classof equivalenceasdefinedin chapter3, morewer
the groupingof aniso-QoSqueuecanbe seenasthe partitioningof the spacein coarser
classe®of equivalence.
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6.1.2 EventProcessingModule

TheEventProcessingioduletypically determines
e How mary consumersreregisteredfor the currentevent,
e Whethersomeof theseconsumersequiredifferentQoSthanothers,and
e Whethereventcorrelationhasto be performed.

In this module,careshouldbetakenin the way anevent’s relatedinformationis accessed.
Ideally, suchaccesss performedin constant-time.Attention shouldalso be paid to the
amountof copying/cloningperformedin this module,becausehis canbe a major source
of overhead Otherdesignissuegeculiarto this moduleconcerrhow consumerarebound
to eventsof differentQoS.New eventscould be creatednternally for eachsuchbinding,
but this is not very efficient. Moreover, the event producedby this stageare subjectto
schedulingn thedispatchmodule ,andmoreeventsimply longerqueuesandconcomitantly
longertime to scanthosequeues.

Anotherissuepresentin this moduleis relatedto priority inversion. If thereare
multiple threadsof control performingeventprocessinga reasonablacenaridbindseach
threadwith aniso-QoSqueueof thereceptionmodule. Eachthreadmustaccessa shared
datastructure andsoappropriateconcurreng controlmustprotectsuchaccesslin thissce-
nario, the threadpriority-inversioncould occurasfollows: a high-priority threadwaits for
aresourcalreadyallocatedexclusively to alower-priority thread while amedium-priority
threadstanesthe lower-priority threadwith respecto the CPU[21]. To remedythis kind
of priority inversion,it is importantthat the underlyingsystemprovide a mechanisnfor
combatingpriority-inversion,like, priority-ceiling or priority-inheritance[4, 20|, so that
the threadcan make progresstoward releasingthe resourceneededby the high-priority
thread. Moreover, the delay experiencedby the high-priority threadmustbe reasonably
bounded.

6.1.3 Event Dispatching Module

The event dispatchingmoduleis comprisedof two sub-modules:one implementsthe
schedulingdisciplinesof the RTENS while anotheris responsibldor dispatchingevents
to theconsumersThe majorissuethatarisesin designingthis moduleis thatthe dispatch-
ing architectureshouldbematchedo the schedulingdiscipline.For exampleif the RTENS
usesa RateMonotonic[4, 20] schedulingdiscipline,thenthe dispatchercanbe designed
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by having a separatequeuefor eventsthat belongto the samerate group, as shavn in
Figure6.7.

Event
Dispatcher Iso—Rate Event Queues
- - [ ]
Consumers
-——— - [N - Events
- - [

Figure 6.7: Iso-Rate Queuedesign can exploit the characteristicof Rate Monotonic
schedulingpolicy.

Ontheotherhandif the RTENSusesan EDF schedulingdiscipline,thenit would bebetter
to keeponly onequeueasshavn in Figure6.8. In fact, maintainingmultiple out-queues
for anEDF schedulers wasteful becauseventswould have to be movedbetweemueues
astheir deadlinegetscloser

Event
Dispatcher EDF Ordered Event Queue

Consumers Events
- - LB B ) -

Figure6.8: EarliestDeadlineordereddispatchingeventQueue.
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Basedon theseexamples,it shouldbe clearthat careshouldbe taken in making

the dispatchingnoduleeasyto configure.In particularbasedon the schedulingdiscipline
beingusedtheright dispatchingschemeshouldbe used.

Sofarwe have concentratean the part of the RTENS thattakescareof receving events
from producersaanddeliveringthemto consumersWe have notyet consideredhe admin-
istrationaspecbf theRTENS.Associatedvith any RTENSis acontrollayerwhichusually
hasthefollowing responsibilities:

1. Managingtheregistrationof suppliers’providedevents,
2. Managingthe consumerssubscriptiongo events,

3. Performingacceptancéestsandfeasibility analysisif the RTENS s requiredto op-
eratein adynamicervironment.

The administrationof the RTENS should not interferewith the event-notificationfunc-

tionality, meaningthatthereshouldbe no resourcecontentionbetweeradministratiorand
dispatchingof events. In fact, while the load of the eventsreceved canbe limited by the
acceptancéeest performedby the administrationmodule, it is not possibleto restrictthe
load hitting the administrationrmodule. This leadsto the ideathatthe administratiorand
event-notificationmodulesshouldbe in a separatelydeployable unit. This would let the

administrationmoduleresideon one machine,and the event notification module be de-

ployedon anothemachine Moreover while the event-notificationrmoduleneedgo runon

aReal-Time OperatingSystem(RTOS), thisis not strictly necessaryor theadministration
module.

Beforepresentinghe designof the RTENS, it is worth emphasizinganothersetof issues
thatarisesin designingan RTENS: how areQoSconcernsspecifiedandin which format;
what arethe legal combinationsof QoSattributes;andwhereis QoS specified(i.e., con-
sumey supplieror both).

We next presenthedesignof anRTENSthattriesto resole all theforcespresented
in this Section,andwhich usesJuno to enable:

1. QoSspecificationsndependendf schedulingdisciplines,and

2. Interoperabilityof differentschedulingdisciplines.
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6.2 RTENS Architecture

The generalarchitectureof the RTENS proposedn this thesisis depictedin Figure6.9;
AppendixA containgheInterfaceDefinition Languag€gIDL) thatdefinegheinterfacesof
the RTENS. The architectureof the RTENS depictedin Figure 6.9 shouldbe regardedas

Event Processor

Event Dispatching Event Processing Event Reception
Module Module Module

L |
\ |
| |1 | EventFilters | i~ ﬁm
I ! I I
! Dispatch Lo b |
! Component | ! - .
| |
Push Events | 3 | Juno :w—‘—@%‘ D]]]I Push Events
| : ! Converters b !
| |
| | | | | : | :
| ! |
| ! |

Scheduling ! ! !
Component o ’ | ’
Event - |
s | (s - T
,,,,,,, Nl mmmmmegemmeees Lo

Ens@ Configuration < Component Supptier
Properties Factory Configure

Subscribe Events Register Events

Juno Admission
Adapters Controller

Event Channel Administrator

Figure6.9: RTENS Architecture.

a high-level descriptionof the piecesof an RTENS. Figure 6.9 shows thatthe RTENS is
comprisedf two separatelgleployablemodules—thd=ventProcesso(EP)andthe Event
ChannelAdministator (ECA). The EP’s main responsibilityis that of delivering events
producedby suppliersto consumerswhile the ECA’s main responsibilityis that of man-
agingtheregistrationof eventsfrom suppliersthe subscriptiorof eventsfrom consumers,
the configurationof the EP’s resourcesthe adaptatiorof QoS,andthe admissionof new
supplierandconsumebasedon the resourceavailableto the EP. The Componenfactory
(CF) depictedin Figure 6.9 takes careof creatingthe variouscomponentghat constitute
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the RTENS. A components creationcanbe customizedy usingpropertiesspecifiedin a
configurationfile, and/orspecifyingpropertiesat run-time. This allows greatflexibility in
the configurationandcustomizatiorof the RTENS. We next provide a detailedexplanation
of theEPandECA internals.

6.2.1 EventProcessor
Event ReceptionModule

Theeventreceptiormoduleis basedntheiso-QoSqueuesiescribedn Section6.1.1. The
implementatiorof theiso-QoSqueuesassociatea PushConsuner (seeAppendixA for
IDL) with eachiso-QoSqueue A network endpointis associateavith eachqueueandthe
eventqueuingactuallyhappensn the OS.EachPushConsuner associateavith aniso-
QoSqueuerunson a PortableObject Adapter(PQA) whoseQoSis compatiblewith that
of thequeuebeingsened. TherequiredQoSis passeat POA-creationtime in theform of
apolicy containingJuno properties.This propertiegepresentheflow specificatiorof the
eventsthatwill be pushedo thequeue.

PushConsuner sarecreatedunderrequesof the ECA. A new PushConsuner
needdo becreatedeachtime a new eventis registeredwhoseQoSdoesnot belongto ary
of theiso-QoSqueueslreadypresenin the EventReceptiorModule. PushConsuner s
are createdwith a properEvent Handl er . The event handlerto be associatedvith a
PushConsuner canbecontrolledvia apropertyfile, or atruntimethroughameta-object
protocol.Event Handl er sarealwaysbuilt usingtheConponent Fact or y. Eachtime
aneventis recevedby aPushConsuner , it letstheassociatethandlertake careof it.

Event ProcessingModule

Theevent-processingnodulemaintainsconstant-access-tingatastructuredor retrieving
all theinformationneededo processanevent. Constant-timeccesss achievedby associ-
atingwith eacheventapair of integers(Srp, Erp). Sip representsheuniquesupplierID.
SupplierdD aregeneratedby the ECA thefirst time a supplierregistersanevent. ThisIDs
areguaranteedo be sequentiabndunique. E;p representeineventID thatis uniqueand
sequentialvithin the eventgeneratedby a supplier The pair (S;p, Erp) is usedto access
adynamicpool of constant-sizarraysin constantime. In this constant-time-accesable
arestoredthebindingof theevents—whicharetheconsumersubscribedor theevent,and
the QoSof the subscriptionsalso,thetablecould storethefilter thatneedto be appliedto
theevent.
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The event-processingnodulecontainsalsothe Juno Corverters. Juno Corverters

are schedulesspecificcomponentghat cornvert Juno propertiesinto datastructuresthat

canbe efficiently manipulatedy the scheduler The corversionhappensachtime a nev

eventbindingis registeredwith the EP. In this casethe ECA providesthe information of

the binding, which consistsof the tuple (Event, QoS, Consumer), wherethe QoS ele-

mentis provided in the form of a Juno propertyset. Whenregisteringa new binding,

the EP corvertsthe Juno propertysetinto a scheduletspecificimplementatiorusingthe
corverters.

Event Dispatching Module

The structureof the event-dispatchingnodule dependgreatly on the schedulingdisci-
plinesusedby the RTENS. In fact,asdescribedn Section6.1.3,differentschedulingdis-
ciplinescantake advantageof differentdispatchingschemesOncethe schedulingpolicy
is chosenthe appropriataedispatchingcomponentsarecreatedvia the Conponent Fac-

t or y. Thismodulehasno avarenes®f theexistenceof Juno—whichis it doesnotknow
aboutadapter®r properties—itworkswith structureghatarehighly scheduledependent
soto maximizethe performance.

6.2.2 Event Channel Administrator

TheECA istheplacewereJuno’s adaptatiortakesplace. TheECA usesJuno Adaptesto
adaptthe way an event’s QoSis specifiedto the schedulers characteristicsetof the event
processarThedetailsof this adaptatiorareexplainednext.

Registration of Events

Eventsareregisteredwith the ECA by the suppliers,by providing a specificationof the
generationpatternof the event by usinga Juno propertyset. Upon receptionof sucha
requestthe ECA performsthefollowing steps:

1. The propertiesthat describeghe event flow specare adaptedo the propertiesthat
areusedby the EP ReceptiorModule schedulerThis adaptations performedusing
thetechniquepresentedn Chapters;

2. Feasibilityanalysisis performedto checkwhetherthe EP hasenoughresourcego
accommodatéhe new event(s);
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3. If thefeasibility testsucceedsthena checkis performedto seewhetherthereis an
iso-QoSqueueto which the eventcould be associatedIf so,the PushConsuner
associatedvith the iso-QoSqueueis returnedto the supplier;otherwise the EP is
asledto createanew iso-QoSgqueueandits associate®PushConsuner isreturned.

4. If this is the first time for the supplierto registerary event, thena supplierlID is
generated.

The ECA keepsa map of the eventsgeneratedy eachregisteredsupplier This
allows the consumerto querythe ECA to retrieve a list of eventsgeneratedhat satisfy
certaincriteria.

Event Subscription

Consumersubscribefor event notificationwith the ECA by providing a specificationof
the QoSwith which they wish to receve the event; this is doneby usinga Juno property
set.Uponreceptionof sucharequesthe ECA performsthe following steps:

1. Thepropertieghatdescribethe eventsubscriptiorareadaptedo the propertieghat
are usedby the EP DispatchingModule scheduler This adaptationis performed
usingthetechniguegpresentedn Chapters;

2. Feasibilityanalysisis performedto checkwhetherthe EP hasenoughresourcego
accommodatéhe new event(s)subscription;

3. If thefeasibility testsucceedshenabindingwith the properQoSis createcbetween
the consumerndthe event(s)andthis bindingis communicatedo the EP.

6.2.3 Suppliersand Consumers

Suppliers

EachSupplieris provided with a Suppl i er Adm nPr oxy, which letsthe supplierreg-
ister eventsby usingnamegi.e. string). The Suppl i er Adm nPr oxy takescareof all
the detailsof the generatiorof the uniqueeventID, andalso providesa factory method
to createthe PushConsuner Pr oxy throughwhich a consumercan pushevents. The
PushConsurmer Pr oxy shieldsthesuppliercodefrom thecomplex detailsof the RTENS
implementation.One of the mostimportantactionsperformedby the PushConsuner -

Pr oxy is that of performingtransparentlya demultiplexing of the eventspushedby the
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supplier As previously describeddifferenteventsmight needto be pushedon different
PushConsuner s. ThePushConsuner Pr oxy providesaconstant-timevent-dispatch
table that associateshe eventswith their target PushConsuner . Other responsibili-
ties performedby a PushConsuner Pr oxy aretraffic shaping. Algorithms like leaky
bucket [36] could be appliedto enforcethe flow specificationprovided whenregistering
theevent. Thetypeof PushConsuner Pr oxy createccanbe specifiedstaticallythrough
apropertyfile, or dynamicallyvia a meta-objecprotocol.

Consumers

Consumerareprovidedwith theability to registereventhandlerdo executetheircommand
whena specificeventis notified.

6.3 Hello World Application

In thissectiona“Hello World” applicationwill bedevelopedby usingthe RTENSthathas
beendesignedandimplementedaspartof thisthesis.

6.3.1 Hello World Event Supplier

The following listing showvs how the Hello World Event Supplier(HWES) code should
be written usingthe API of the RTENS proposedy this thesis. The codeon line 19-20
createsa Suppl i er Adm nPr oxy for the HWES, by passingthe nameassociatedvith
the newly createdeventsupplier Lines 22-44createthe Juno propertieshat specifythe
flow-specof the Hello World Event (HWE), and put thoseinto a propertyset. Thetime
scaleis specifiedby theJuno ervironment(whichin this casas msec) but canbechanged
on aobjectby objectbasis.Lines47-48shaov how to registerthe HWE, while lines50-53
createthe actualHWE. Finally lines 57-60pushan HWE with the periodspecifiedin the
eventflow-spec.

package edu.wustl| .doc.rtevents. denos. hel | oworl d;

i mport edu.wustl.doc.rtevents.util.*;

i mport edu.wustl.doc.rtevents. supplier.*;

i mport edu.wustl.doc.rtevents.rtEvent Channel Admi n. *;
i mport edu.wustl.doc.rtevents.rtEvent Conm *;

00 ~NO O WDN P

i mport org.ong.*;
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11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50

i mport org.ong. CORBA. *;

public class Supplier {

public static void main(String args[])
t hrows Exception

ORBSyst em cr eat eORBSi ngl eton(args, null);
/1 Create a SupplierAdm nProxy for the

/1 Hello World Event Source.
Suppl i er Adm nProxy adm nProxy =

new Suppl i er Adni nProxy(" Hel | oWor | dSuppli er™);

/] Creates the Event Properties
j uno. Met aNuneri cVal ue. NunericVal ue tv =

j uno. Met aDi nensi onal Nuneri cVal ue. creat eNurreri cVal ue(

j uno. Juno. Val ueSet . Ti e,
new | nt eger (500));
j uno. Met aProperty. Property period =
j uno. Met aProperty. creat eProperty(
j uno. Juno. PropertyType. Peri od,
tv);

j uno. Met aNuneri cVal ue. Nureri cVal ue size =

j uno. Met abi mensi onal Nuneri cVal ue. creat eNuneri cVal ue(

j uno. Juno. Val ueSet . St or age,
new | nt eger (100));
j uno. Met aProperty. Property storage =
j uno. Met aProperty. creat eProperty(
j uno. Juno. PropertyType. St or ageCost ,
si ze);

j uno. PropertySet properties = new juno. PropertySet();

properties. addProperty(period);
properties. addProperty(storage);

/1 Register the event.
Event Header header =

adm nProxy. regi sterEvent ("Hel | oWworl dEvent ",

properties);
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52 Any any = ORBSystem i nstance().orb().create_any();
53 any.insert_string("Hello Wrld!'");

54 PushConsuner Proxy consuner Proxy =

55 adm nPr oxy. pushConsuner Proxy() ;

56

57 Event e = new Event (header, any);

58

59 /] Push Hello World Events for ever and ever and ever ..
60 /1 and ever. ..

61 whil e(true) {

62 consuner Proxy. push(e);

63 Thr ead. sl eep(peri od. get Val ue() .1 ongVal ue());

64 }

65 }

66 }

6.3.2 Hello World Event Consumer

Thefollowing listing shovs how the Hello World Event Consumei(HWEC) codeshould
be written usingthe API of the RTENS proposedoy this thesis. First of all, notice (line
11) thatthe classConsumer implementsthe PushConsuner Qper at i ons interface.
Lines 16-20implementthe codethatis executedvhenerer aneventis pushedon this con-
sumer The actionperformedin this caseis simply that of writing a log messagen the
standardoutput containingthe contentsof the message.Line 37 createsan instanceof
the Consumer Adm nPr oxy whichwill be usedto subscribgor the HWE. Lines 40-52
createthe Juno propertiesthat specifythe QoS of the HWE subscription, and put those
into a propertyset. The time scaleis specifiedby the Juno environment(which in this
casels msec),but canbe changedn a objectby objectbasis.Lines53-63simply createa
PushConsuner thatwill beregisteredasatargetfor theHWE. Finally line 69 subscribes
theconsumefor the HWE.

package edu.wustl|.doc.rtevents. denos. hel | oworl d;

1

2

3 i mport edu.wustl.doc.rtevents.util.*;

4 i mport edu.wustl.doc.rtevents. consumer. *;

5 i mport edu.wustl.doc.rtevents.rtEvent Channel Admnin. *;
6 i mport edu.wustl.doc.rtevents.rtEvent Comm *;

7
8

i mport org.ong.*;



9 i mport org.ong. CORBA. *;

10

11 public class Consuner inplenents PushConsuner Operations {
12

13 public void push vec(Event[] data) {

14

15 }

16 public void push(Event data) {

17 JLogger.instance() .| ogMessage(

18 "Recei ved Event: ["+data.header.supplierl D+
19 ", "+dat a. header.event| D+"]");

20 }

21 public void disconnect_push_consuner () { }

22

23 public static void main(String args[]) throws Exception {
24

25 if (args.length < 2) {

26 Systemerr. println(

27 "You need to pass the <SupplierNanme>\
28 and the <Event Nane>");

29 Systemexit(-1);

30 }

31

32 String supplierNanme = args[0];

33 String eventNanme = args[1];

34

35 ORBSyst em cr eat eORBSi ngl eton(args, null);

36

37 Consuner Adm nProxy adm nProxy = new Consuner Adm nProxy();
38 // Creates the Event Properties

39

40 j uno. Met aNurnrer i cVal ue. Nuneri cVal ue tv =

41 j uno. Met abi mensi onal Nuner i cVal ue. cr eat eNuneri cVal ue(
42 j uno. Juno. Val ueSet . Ti ne,

43 new | nt eger (100));

44

45 j uno. Met aProperty. Property period =

46 j uno. Met aProperty. createProperty(

47 j uno. Juno. PropertyType. Deadl i ne,

48 tv);

49

50 j uno. PropertySet properties = new juno. PropertySet();
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52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73

57

properties. addProperty(period);
PushConsuner pushConsuner = null;
PushConsuner POATi e tie =
new PushConsuner POATiI e( new Consuner());
try {
or g. ong. CORBA. (hj ect object =
ORBSystem i nst ance().createQbject (tie);

pushConsuner = PushConsuner Hel per. narrow obj ect) ;
}
catch (Exception e) {

e.printStackTrace();

adm nProxy. subscri be(suppl i er Nane,
event Nane,
properties,
pushConsurner) ;

ORBSyst em i nst ance() . runLoop();
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Chapter 7
Concluding Remarks

Thisthesispresentamodelthatformally characterizepropertiescompetitorsandsched-
ulersin opendistributedreal-timeandembeddedDRE) systemsA key ideathatemepes
from this formal modelis that properties‘belong” to competitors.Moreover, a competi-
tor canexposemoreor fewer propertieshana schedulesstrictly needso orderaccesgo

resourcesThe procesf makinga propertya first-classentity is fundamentato achieve

interoperabilityamongheterogeneousndsystenschedulers.

This thesisalso outlines how the formal model of properties,competitors,and
schedulerss reified in Juno. Juno appliesmeta-pogrammingtedniquesto improve
schedulerinteroperabilityin heterogeneousndsystems.Meta-programmingechniques
are becominga popularway to enableDRE systemg&hat are adaptableflexible, config-
urable,predictabld38] andcomposablg¢32].

This thesishasshavn how the conceptexposedin the first part of the thesiscan
be appliedto the Real-Tme CORBA 2.0: Dynamic SchedulingJoint Final Submission
(RT-CORBA 2.0JFS)[26]. A problempresenin the RT-CORBA 2.0JFS-ando acertain
extentin Real-Time Java [28]-is that propertiesof competitorsare embeddednto struc-
turesthat are schedulesspecific. In particular the RT-CORBA 2.0 JFSdoesnot definea
way to inspectthe propertiesusedby a givenscheduleto orderthe competitorsnor does
it definea way to inspectthe propertiesassociateavith eachcompetitor Thus,we illus-
tratehow the formalismsdefinedin Chapter3 canbe mappednto RT-CORBA to address
interoperabilityproblemsthatarenot resohed by the RT-CORBA 2.0 JFS.This thesishas
alsoprovidedinsighton how the designof RTENS canbe performed,alongwith anim-
plementatiorof a RTENS thatimplementghe Juno referencearchitecturdor scheduling
disciplinesinteroperability

Futureresearcton Juno mightfocuson the following topics:
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1. Theoretical analysis: Investigatingthe theoreticalaspectsnvolvedin transforming
andadaptinghepropertief competitorsUnderstandinghe effect of a propertytransfor
mationon a competitors importance—andhow we canrelatethe equvalenceclassesre-
atedby differentschedulingalgorithms—isimportantto detect“invalid” transformations,
i.e., transformationghat disregard propertiesfundamentato expressingthe key QoSre-
guirementf competitors Theadvantageof expressinghesetheoreticabspectsn formal
modelis thatit simplifies the communicationbetweensystemsand the transformations
performedon propertiesof competitors.

Anotherthemein the theoreticalinvestigationis how adaptationsffect the fulfill-
mentof end-to-endapplicationQoS requests.Our focusis on schedulabilityanalysisin
end-to-endRE systemsvhereeachendsystencanpotentiallyhave adifferentscheduling
algorithmthatrequiresadaptatiorof QoSrequirementsThis investigationwill provide us
criteriato determinethe schedulabilityof a given setof competitorsautomaticallyin an
openDRE ervironment.

2. Empirical evaluation: ExtendingTAO to supportthe Juno meta-programmingrchi-
tecturedescribedn Chapter4. Theseenhancement&ould be part of broaderefforts to
applyreflectve middlewaretechniqueg38] anddynamicscheduling8] to TAO. In these
effortsit is essentiathe developmenof testbedso conductempiricalbenchmarkshatwill

guantifythe QoSprovidedby Juno. Themaingoalsshouldbe

1. ldentify thecritical softwarepatternsandframeavork componentsand

2. Measuretheimpactof our solutionon end-to-endDRE performancepredictability
andflexibility .

Thisdimensiorof researchwill aimto demonstratbow to developopenDRE systemghat
implementtheflexible Juno formalismsandmeta-programmingrchitecturgresentedn
this thesiswithout unduelossof QoS.

All the sourcecodefor Junoandfor Junos Real-Time Event Notification Servicecanbe
downloadedromht t p: //t ao. doc. wust | . edu/ ~corsaro/ di strconmp. htm ,
while the sourcecode,documentationandtestcasedor the TAO open-sourceCORBA
ORB canbedownloadedrom www. cs. wust | . edu/ ~schm dt/ TAO. ht i .
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Appendix A

Real-Time Event Notification Service
IDL

This Appendixcontainghe DL for the Real-Time EventNotification Service.

A.1 Event Communication IDL

1 nmodul e edu { nmodul e wustl { nodule doc { nmodule rtevents {
nodul e rt Event Comm {

5 Il -- Event Structure --
typedef |ong SupplierlD;
typedef |ong EventlD;

struct Event Header {
10 Event | D event | D;
Suppl i erl D supplierlD,

b
typedef sequence<Event Header> Event Header Li st ;
15
struct Event {
Event Header header;
any dat a;
20 }s

typedef sequence<Event> Event Set ;
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i nterface PushConsuner {
oneway voi d push_vec(in EventSet data);

25
oneway void push(in Event data);
voi d di sconnect _push_consuner ();
b
30
t ypedef sequence<PushConsuner> PushConsunerlLi st;
i nterface PushSupplier {
voi d di sconnect _push_supplier ();
35 }s
t ypedef sequence<PushSupplier> PushSuppli erlList;
EhE B
40

A.2 Event Sewice Administration IDL

1 nodul e edu { nodul e wustl { nobdule doc { nmodule rtevents {
nodul e rt Event Channel Adnmi n {

5 /! -- Exceptions Declaration --
exception AlreadyConnected {};

exception UnknownEvent {};
10 exception UnknownSupplier {};

/1 Exception thrown when a supplier/consunmer is trying to
/] register a request for resource would | ead the
/1 Event Channel Core to an unfeasible point.

15 exception Unfeasi bl eSchedul eException {};

/'l Raised when two event with the sane nane, fromthe sane
/] source are registered.
exception Event Al readyRegi stered {};

20



25

30

35

40

45

50

55

60

/[l -- Property Set --

/1 1t would have been nmuch better to use val uetypes, but
/1 JacORB does not support those now :-(

/1 So instead of passing Juno Properties | need to enbed
/1 those into Cctet Sequences.

typedef sequence<octet> PropertySet;

typedef sequence<PropertySet> PropertySetList;

t ypedef sequence<octet> Met aPropertySet;
typedef sequence<Met aPropertySet> MetaPropertySetList;

/1 -- EventDescriptor Declaration --

/1 This structure describes an event conpletely, by providing
/1 its nane, supplier’s nane and properties. This structure is
/'l exposed to the user of the EventChannel to registrate event,
/] or to registrate the interest in events.
struct EventDescriptor {

string event Nane;

string supplierNang;

b

typedef sequence<Event Descri ptor> Event Descri ptorList;

/l-- Event Spec Declaration --

struct Event Spec {
Event Descri pt or descri ptor;
Propert ySet properties;

/'l Reserved field, used internally by the EC to comunicate
/1 the ID that have to be associated with the event being

/] registered. Wth each event are associated 2 numeric |D,
/1 and the couple is guaranteed to be unique. One of the two
/1l nunber is associated with the event source, and is unique
// for all the sources within an event channel, while the

/1 other number is associated with the events generated by a
/] supplier, and it is unique within the event generated by a
/1 supplier. Mreover the nunber are all adjacent and start
/1 from1.

edu: :wustl::doc::rtevents::rtEvent Conm : Event Header header

62
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70
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80

85

90

95

100

s

typedef sequence<Event Spec> Event Specli st ;

/1-- Event Subscription Declaration --

struct Event Subscription {
Event Descri pt or descri ptor;
Propert ySet properties;

edu: : wustl ::doc::rtevents::rtEvent Conm : PushConsuner
consumner ;

b
t ypedef sequence<Event Subscri ption> Event Subscri ptionLi st;

FHELLLEL i rirrr il
/1 Admin Interfaces Section
FHELLLEL i irirrirrrrri

/'l -- Consumer Adm n Decl aration --
i nterface Consumer Admin {
edu: :wustl::doc::rtevents::rtEvent Conm : Event Header
subsri be_event (i n Event Subscri pti on subscri ption)
rai ses(Unf easi bl eSchedul eExcepti on
UnknownSuppl i er,
UnknownEvent) ;

edu: :wustl::doc::rtevents::rtEvent Comm : Event Header
subsri be_events(in Event SubscriptionList subscriptions)
rai ses(Unf easi bl eSchedul eExcepti on
UnknownSuppl i er,
UnknownEvent) ;

voi d unsubscri be_event (in Event Descri ptor descriptor)
rai ses(UnknownEvent, UnknownSupplier);

voi d unsubscri be_events(in Event DescriptorList descriptors)
rai ses(UnknownEvent, UnknownSupplier);

b

[l -- SupplierAdm n Declaration --

63
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Interface used by the supplier to register

/1l the event they supply
interface SupplierAdmn {

/1l Register an event and returns the PushConsuner
/1 that should be used to push the event just
/'l registered
edu: :wustl::doc::rtevents::rtEvent Comm : PushConsumer
regi ster_event (i nout Event Spec event _spec)
r ai ses( Unf easi bl eSchedul eExcepti on,
Event Al r eadyRegi st ered) ;

/1l Register an array of events and returns the
/1 PushConsuners that should be used to push the
/1 events just registered
edu: :wustl ::doc::rtevents::rtEvent Comm : PushConsunerLi st
regi ster_events(inout Event SpecLi st event_specs)
r ai ses( Unf easi bl eSchedul eExcepti on,
Event Al r eadyRegi st ered) ;

/1 Updates the QoS associated with an event and

/1l returns the PushConsuner that should be used

/1 to push the event

edu: :wustl::doc::rtevents::rtEvent Conm : PushConsumer
updat e_event (i nout Event Spec event _spec)
rai ses(Unf easi bl eSchedul eExcepti on);

/1 Update the QoS associated with an event’s array and
/1 returns the PushConsumer that should be used to
/'l push the event
edu: :wustl::doc::rtevents::rtEvent Comm : PushConsumer Li st
updat e_event s(i nout Event SpeclLi st event _specs)
r ai ses( Unf easi bl eSchedul eExcepti on);

/1l Unregister an event fromthe Event Channe

voi d unregi ster_event (
in edu::wustl::doc::rtevents::rtEvent Conm : Event Header
header) rai ses(UnknownEvent);

/1 Unregister an event list fromthe Event Channe
voi d unregi ster_event s(
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in edu::wustl::doc::rtevents::rtEvent Conm : Event Header Li st
header Li st) rai ses(UnknownEvent);

!/l -- Event Channel Declaration --

i nterface Event Channel {
Consuner Admi n for_consuners();
Suppl i erAdnin for_suppliers();
voi d destroy();

b
/1l -- Event Processing --

/1 This structure represent a binding between an event,

/1 its consuner and the properties that characterize

/1 the binding.

struct Event Bi ndi ng {
edu: :wustl::doc::rtevents::rtEvent Conm : Event Header header
PropertySet properties;
edu: :wustl::doc::rtevents::rtEvent Conm : PushConsumer

event Tar get ;

H
t ypedef sequence<Event Bi ndi ng> Event Bi ndi ngLi st ;

/1 This interface inplenents the processing of events
/1 within the Event Channel. It should take care of
/'l receiving/scheduling/dispatching the events.

i nterface Event Processor {

/1 JacORB does not currently support val uetype, so
/1 need to inplenment those in the event channel by
/1 streaming serialized bject inside obtect sequences.
/1 This breaks the interoperability with |anguages
/] other than Java, but for the time being this is fine.

/1 -- Periodic Event Suppliers --
edu: :wust!::doc::rtevents::rtEvent Comm : PushConsuner
addPeri odi cPushConsuner (i n PropertySet properties);
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edu: : wust| ::doc::rtevents::rtEvent Conm : PushConsuner Li st
addPeri odi cPushConsuners(in PropertySetList properties);

/1 -- Sporadic Event Suppliers --
edu: :wustl::doc::rtevents::rtEvent Conm : PushConsumer
addSpor adi cPushConsuner (i n PropertySet properties);

edu: :wustl::doc::rtevents::rtEvent Comm : PushConsuner Li st
addSpor adi cPushConsuners(in PropertySetList properties);

/[l -- Non Real -Tine Event Suppliers --
edu: :wustl ::doc::rtevents::rtEvent Conm : PushConsuner

addNonReal Ti mePushConsurer (i n PropertySet properties);

edu: :wustl::doc::rtevents::rtEvent Conm : PushConsuner Li st

addNonReal Ti mePushConsumers(in PropertySetList properties);

voi d addEvent Consuner (i n Event Bi ndi ng bi ndi ng);

voi d addEvent Consuners(in Event Bi ndi ngLi st bi ndi ngs);

/'l Retrieves the schedul er characteristic set of the Event
/1 Delivery Modul e.
Met aPropertySet event Del i ver yModul eSchedul er Chi () ;

/1 Retrieves the schedul er characteristic set of the Event
/1 Recei pt Modul e.
Met aPropertySet event Recei pt Modul eSchedul er Chi () ;
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