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Schedulingproblemsariseeachtimethereis someform of resourcecontention.The

problemaddressedby schedulingdisciplinesis that of orderingthe accessto contended

resources.Theorderingis typically basedon either(1) propertiesthatareexposedby the

entitiesthatcompetefor theresource(likeadeadline),or by (2) externalproperties(likethe

arrival order),or (3) acombinationof both. In literaturethereexist many differentschedul-

ing algorithms,eachof whichhascertainpropertiesandanassociatedapplicationdomain.

All theseschedulingdisciplinesarebasedon theassumptionthatall theentitiesthatcom-

petefor a resourceareprovidedwith the samecollectionof properties.This assumption

makessensein a closedenvironment;however it makesinteroperabilitydifficult for sys-

temsthathavedifferentschedulingalgorithmsandin which competitorsmigratefrom one

systemto another. This problemis becomingevident in distributedcomputingenviron-

mentslike ObjectRequestBrokers(ORB), AgentFrameworks,LoadBalancingSystems,



in whichactivecomponents,whichhaveusuallyQoSrequirements,migratethroughdiffer-

entendsystems.In suchscenarioswe cannotassumethatall theendsystemswill provide

the sameschedulingdisciplinesfor all the resourcesthat might be subjectto scheduling.

Evenif they do,theremightbealackof aglobalknowledgethatwouldmakeinteroperabil-

ity hard.In general,it is desirablethattheQoSrequirementsexposedby any of theseactive

componentswill bepreservedandenforcedevenin faceof presenceof non-homogeneity,

andmigration.

Thisthesistacklestheproblemoutlinedabove,by (1) providing aformalframework

that canbe usedto describeany schedulingdiscipline,(2) providing a setof transforma-

tionsthatcanbeappliedto themigratingentities,to reconciletheirQoSrequirementswith

respectto the schedulingdisciplineof the visited endsystem,and (3) providing a meta-

programmingarchitecturethatmapstheformalizedabstractionsto a softwarearchitecture

thatcanbeusedasa referencemodelfor a systemthat implementstheideasexpressedin

this thesis.



ConImmensoAffetto,amio PadreAngelo,miaMadreLina, mio FratelloAlessandro,e la

miadolcecompagnaHuifen.



Contents

List of Figures ��������������������������������������������������������������������� vi

Acknowledgments ����������������������������������������������������������������� viii

1 Intr oduction ������������������������������������������������������������������� 1

1.1 Emergingchallenges . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.2 Whatdo weneed?. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.3 ThesisOrganization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2 RelatedWork ������������������������������������������������������������������� 7

2.1 Emergingmiddlewarestandards . . . . . . . . . . . . . . . . . . . . . . . 7

2.2 Meta-programmingtechniquesandreflectivemiddleware . . . . . . . . . . 7

2.3 Scheduling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.4 Real-timedistributedresourcemanagement. . . . . . . . . . . . . . . . . 8

3 Terminology and Formalism ������������������������������������������������� 9

3.1 Properties,Competitors,andSchedulers. . . . . . . . . . . . . . . . . . . 9

3.1.1 Properties. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

3.1.2 Competitors. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

3.1.3 Schedulers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

3.2 Adapters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

3.2.1 CoreAdapterConcepts. . . . . . . . . . . . . . . . . . . . . . . . 15

3.2.2 ReconcilingPropertiesThroughAdapters . . . . . . . . . . . . . . 16

4 Juno A Meta-Programming Ar chitecture for HeterogeneousMiddlewar e In-

teroperability ������������������������������������������������������������������� 21

4.1 Overview of Meta-Programming. . . . . . . . . . . . . . . . . . . . . . . 21

4.2 Overview of theJuno Meta-ProgrammingArchitecture . . . . . . . . . . . 23

iv



5 Dynamic Schedulingfor Real-Time CORBA ��������������������������������� 27

5.1 CurrentLimitationswith RT-CORBA 2.0JFS . . . . . . . . . . . . . . . . 27

5.2 Juno’s ORB Architecturefor InteroperableDynamicScheduling. . . . . . 28

5.3 Adaptersfor RT-CORBA 2.0JFS. . . . . . . . . . . . . . . . . . . . . . . 31

5.4 DynamicSchedulingAdaptersandUse-Cases. . . . . . . . . . . . . . . . 35

6 Real-Time Event Notification Service ����������������������������������������� 39

6.1 DesignForces . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

6.1.1 EventReceptionModule . . . . . . . . . . . . . . . . . . . . . . . 43

6.1.2 EventProcessingModule . . . . . . . . . . . . . . . . . . . . . . 46

6.1.3 EventDispatchingModule . . . . . . . . . . . . . . . . . . . . . 46

6.2 RTENSArchitecture . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

6.2.1 EventProcessor. . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

6.2.2 EventChannelAdministrator . . . . . . . . . . . . . . . . . . . . 51

6.2.3 SuppliersandConsumers. . . . . . . . . . . . . . . . . . . . . . . 52

6.3 Hello World Application . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

6.3.1 Hello World EventSupplier . . . . . . . . . . . . . . . . . . . . . 53

6.3.2 Hello World EventConsumer . . . . . . . . . . . . . . . . . . . . 55

7 Concluding Remarks ��������������������������������������������������������� 58

Appendix A Real-Time Event Notification Service IDL ������������������������� 60

A.1 EventCommunicationIDL . . . . . . . . . . . . . . . . . . . . . . . . . . 60

A.2 EventServiceAdministrationIDL . . . . . . . . . . . . . . . . . . . . . . 61

References ������������������������������������������������������������������������� 67

Vita ��������������������������������������������������������������������������������� 71

v



List of Figures

1.1 DRESystemswith CompetitorsthatMigratefrom Systemto System. . . . 3

3.1 AssociationBetweenCompetitorsandProperties . . . . . . . . . . . . . . 12

3.2 CharacteristicSetfor LeastLaxity First(LLF), EarliestDeadlineFirst(EFF),

andRateMonotonic(RM) SchedulingDisciplines. . . . . . . . . . . . . . 14

3.3 A DistributableThreadtraversingendsystemsthathave differentSchedul-

ing Disciplines . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

3.4 ThePropertiesusedby a Schedulerarea Subsetof PropertiesExposedby

aCompetitor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

3.5 ThePropertiesExposedby theCompetitorarea Subsetof Propertiesused

by theScheduler . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

3.6 No AssumptionaboutthePropertiesusedby theSchedulerandtheProp-

ertiesExposedby theCompetitor. . . . . . . . . . . . . . . . . . . . . . . 19

4.1 UML ClassDiagramfor Juno’s Meta-ProgrammingArchitecture . . . . . 24

5.1 An OpenandInteroperableRT-CORBA Implementation . . . . . . . . . . 29

5.2 ClientORB-basedPropertyReconciliation. . . . . . . . . . . . . . . . . . 30

5.3 ServerORB-basedPropertyReconciliation . . . . . . . . . . . . . . . . . 31

5.4 EarliestDeadlineFirstSchedulingParametersProposedby theRT-CORBA

2.0JFS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

5.5 LeastLaxity FirstSchedulingParametersProposedby theRT-CORBA 2.0

JFS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

5.6 Maximize Accrued Utility SchedulingParametersProposedby the RT-

CORBA 2.0JFS. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

5.7 SomeValueFunctionsTypically usedin Value-basedScheduling. . . . . . 33

5.8 EDF-LLF Adaptationof Properties. . . . . . . . . . . . . . . . . . . . . . 34

5.9 EDF-MAU Adaptationof Properties . . . . . . . . . . . . . . . . . . . . . 36

vi



5.10 LLF-MAU Adaptationof Properties . . . . . . . . . . . . . . . . . . . . . 37

6.1 An hypotheticEventNotificationService. . . . . . . . . . . . . . . . . . . 39

6.2 A two level controlsystem.. . . . . . . . . . . . . . . . . . . . . . . . . . 41

6.3 Flight Auto-Pilot controlsystem.. . . . . . . . . . . . . . . . . . . . . . . 42

6.4 Stagesof aRTENS. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

6.5 Priority Inversionat thereceivesideof theRTENS. . . . . . . . . . . . . . 44

6.6 Iso-QoSQueuedesigncanreducethepriority inversiononthereceiveside

of theRTENS.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

6.7 Iso-RateQueuedesigncan exploit the characteristicof RateMonotonic

schedulingpolicy. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

6.8 EarliestDeadlineordereddispatchingEventQueue.. . . . . . . . . . . . . 47

6.9 RTENSArchitecture. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

vii



Acknowledgments

In theyearandhalf I’ve spentat theWashingtonUniversity, I have hada chanceto work,
and/orengagein stimulatingdiscussionwith many differentpeople. So therearemany
peoplethat I shouldthank,andI might forgetsomebody. I would like to thankDr. David
L. Levine,for givingmetheability of embarkingin thisadventurein “The New World”; Dr.
DougC. Schmidtfor his amazingandeffective presenceandresponsiveness;my advisor
Dr. Ron K. Cytron for his support,andtime spentbrainstorming;Chris D. Gill for the
visionarydiscussion;David Sharpfor helpingmeout in castingabstractionsdown to real
problem;NanborWang(akaDon Vincenzo)for beinga greatGod Father, andfor being
able to standme asoffice matefor oneandhalf year, beingalwaysreadyto hearabout
my existentialproblemandcomplains;Irfan Pyarali, for the interestingdiscussionabout
POAs andconcurrency, KrishnakumarBalasubramanian(akaKitty) theLinux Wiz; Frank
Hunleth,my dearXP pair;YamunaKrishnamurthy, PradeepGore,Kirthika Parameswaran
(akaKirthicuccia), andVishal Kachroo(akaEr Metallico) for all the nightsspentin the
lab togetherplaying musicandprogramming;Jeff Parsonsfor the talk aboutmusic,and
musicians;BalachandranNatarajanfor teachingme how to eat the Indian way; Luther
Baker (akaLutero) for his love for Italy, andhis help in gettingsettleddown whenI first
got to theStates;JoeHoffert for thefunny talk aboutItaly, Italian food,andItalianslang.

Finally, I thankDARPA for supportingmy researchundercontractN66001–97–C–
8519.

AngeloCorsaro

WashingtonUniversityin SaintLouis
August2001

viii



1

Chapter 1

Intr oduction

Thetremendouswidespreadof networkinginfrastructures,in conjunctionwith thedecreas-

ing costof computingdevices,haspushedthedeploymentof DistributedSoftwareSystems

(DSSs)to scenariosthatwereunthinkablebefore.Most of thenewer applicationdomains

arecharacterizedby thefactthat:

1. They requiretheDSSto beQualityof Service(QoS)-aware,

2. They containactivecomponentsthatmigratethroughthesystem’sendpoints,and

3. Endpointscannotusually be assumedto be homogeneouscomputingplatforms:1

platformsthat appearto be homogeneousmay have heterogeneousconfigurations;

for example,theplatformsmayhavedifferentschedulingdisciplines.

The above scenarioimplies that theseDSSsneedto guaranteetheenforcementof

certaindeterministicand/orstatisticalpropertiesand behaviors in the faceof migration

and heterogeneity. This imposesnew requirementson the middleware usedto develop

DSSs.QoS-EnabledMiddlewarecurrentlylacks(1) theability to copewith heterogeneous

schedulingdisciplines,and(2) theability to reasonabouttheorderingof activecomponents

thatexposedifferentproperties.Thefollowing sectionsprovideastatementof thisproblem

in thecontext of theCommonObjectRequestBrokerArchitecture(CORBA), whichenjoys

widespreaduse,particularlyamongtheresearchandacademiccommunities.

1The term computingplatform includesboth the OperatingSystem(OS) andMiddlewareon which the
DSSis developed/deployed.
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1.1 Emerging challenges

DistributedObjectComputing(DOC) middleware,suchasCORBA [25], ComponentOb-

ject Model (COM)+ [23], and Java RemoteMethod Invocation(RMI) [40], shieldsde-

velopersfrom many complexities associatedwith developingdistributedsystems.For ex-

ample,DOC middlewareallows applicationsto invoke operationson distributedobjects

without concernfor objectlocation,programminglanguage,OSplatform,communication

protocolsandinterconnects,andhardware[11]. Thematurationof DOCmiddlewarespec-

ificationsandimplementationsover thepastdecadehasgreatlysimplifiedthedevelopment

of open,distributed systemswith complex functional requirements.More recently, the

emergenceof quality of serviceQoS-enabledDOC middleware,suchasReal-Time (RT)–

CORBA 1.0[25], RT–Java[28], [2] andDistributedReal-TimeJava(DRTJ) [14], hassim-

plified open,DistributedReal-timeandEmbedded(DRE) systemswith complex QoSre-

quirements,suchasstringentlatency, jitter, anddependability. For example,futurecombat

systemswill involve heterogeneouscollectionsof mobile autonomousvehiclesthat must

collaborateto performcoordinatedmaneuvers in supportof time-critical missions,such

asreconnaissance,perimeterdefense,andsuppressionof enemyair defenses.Likewise,

QoS-enabledDOC middlewarewill benefitcommercialDRE systems,suchasdistributed

virtual reality applications,distributedmultimediacollaborationsystems,andmassively-

multiplayeronlinepersistent-world games.

Key challengesarisingin thesetypesof DRE systemsinvolve communicatingand

enforcingtherelative importanceof variouscompetitors (suchasthreadsor operationson

CORBA objects)to ensureappropriateschedulingof systemresources(suchasmemory,

CPUtime,andnetwork bandwidth)at a givenpoint in time. Resolvingthesechallengesis

essentialto building DRE systemsthataresimultaneously:

1. Open, i.e., systemcomponentscan connectand interoperatein a flexible manner

withouthaving to bepreconfiguredstatically;and

2. Dependable, i.e., the systemcanpreserve key end-to-endQoSproperties,suchas

timelinessandresourceconstraints.

For example,mobileautonomousvehicles[37] shouldbeableto collaboratein a depend-

ableandefficientmanner, despitetheheterogeneityof their schedulingdisciplinesandim-

plementations.TheforthcomingReal-Time CORBA 2.0: DynamicSchedulingJointFinal

Submission(RT-CORBA 2.0 JFS)[26] addressessomeaspectsof thechallengesoutlined
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Figure1.1: DRESystemswith CompetitorsthatMigratefrom Systemto System.

above. For example,theRT-CORBA 2.0JFSdefinesadistributablethreadmechanismthat

hasthefollowing properties:� It can extend and retract its locus of execution2 to transitionamongORBs while

servicinganoperationrequest.� It contendswith othercompetitorsfor the useof differentresources(suchasCPU

time, memory, or network bandwidth)in the variousORBs it traversesthrougha

dynamiccall graph. The dynamiccall graphis a directedgraphwhosenodesare

the endsystemsvisited by the distributablethread,and whoseedgesrepresentthe

directionin which thedistributablethreadsmigratesacrossendsystems.� It containscertainschedulinginformationcarriedacrossORBsembeddedin a Gen-

eral Inter-ORB Protocol(GIOP)3 servicecontext and usedby ORBs visited by a

2The locusof executionof adistributablethreadrepresentstheObjectRequestBrokers(ORBs)visitedby
thethreadwhile servicinga remotemethodinvocation.

3TheGIOPisthecommunicationprotocolusedbetweenORBs.
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distributablethreadto ensurethatthethreadis processedat theappropriatepriorities

end-to-end.

For example, Figure 1.1 illustratesa representative DRE systemin which three

endsystemsarerunningthreeORBsconfiguredwith threedifferentschedulingdisciplines.

Threadsaredistributedacrossendsystemsasa resultof remoteoperationinvocationsor

distributablethreadmigration.4 As a result,competitorsoriginatingon differentendsys-

temscontendfor the samesetof resourceson eachORB endsystem.To adjudicatethis

competition,sometypeof schedulingis required.

RT-CORBA 1.0 specifiesa SchedulingServiceto relieve applicationprogrammers

of the tediousand error-prone task of configuring schedulingpropertieson eachend-

system. This serviceis an optional part of the RT-CORBA 1.0 specification,however,

so it may not be availablefor all RT-CORBA 1.0 ORBs. Moreover, the RT-CORBA 1.0

SchedulingServicedealsonly with priorities,whichunder-specifymappingsof morecom-

plex schedulingproperties(suchasdeadline)into anorderingof competitorexecutioneli-

gibilities.

The RT-CORBA 2.0 JFS—andthe RT-CORBA 1.0 specificationupon which it

builds—arethemostadvancedopenstandardsthataddressstaticanddynamicscheduling

in thecontext of open,QoS-enabledmiddlewarefor DRE systems.Neitherspecification,

however, fully addressesthe interoperability aspectof thechallengesoutlinedabove, due

to under-specificationin theareasof:

1. Mapping of schedulingparameters:The RT-CORBA 2.0 JFSdoesnot definethe

mappingof schedulingparameterswhen distributablethreadspassthroughORBs

thatareconfiguredwith� Heterogeneousschedulingdisciplinesor� Differentschedulingparametersfor thesameschedulingdiscipline.

For example,duringa request’s traversalthroughthedynamiccall graphformedby

adistributedthreadexecution,oneof thevisitedORBscouldbeconfiguredusingan

EarliestDeadlineFirst (EDF) [19] schedulingdiscipline. An EDF schedulerorders

competitorsaccordingto the propinquityof their deadlines.Another ORB in the

traversalcoulduseavalue-basedschedulingdiscipline[13], whereeverycompetitor

is characterizedbyatime-dependentfunctionthatdescribesthevalueassociatedwith

4Threadsateachendsystemareshown with adifferentshape,dependingontheendsystemonwhicheach
originated.
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thecompetitorat a givenpoint in time. A value-basedschedulertries to maximize

thevaluegainedby thesystemusinginformationthis functionprovides.

In theRT-CORBA 2.0JFS,whenadistributablethreadtraversesendsystems,its cor-

respondingschedulinginformationmustbeunderstoodateachendsystem.Thecom-

positionof schedulingdisciplinesusedalongthechainof endsystemsmusttherefore

besemanticallycoherent, evenif theresultis non-optimal.Thereis noexistingstan-

dard,however, thatspecifieshow to provide interoperabilitybetweenheterogeneous

(but composable)schedulers.This omissionlimits the opennessof DRE systems

usingRT-CORBA 2.0JFSmiddleware.

2. Schedulinginformation propagation: Another relevant issuethat neither the RT-

CORBA 1.0specificationnor theRT-CORBA 2.0JFSaddressesis whetherto update

schedulinginformationpropagatedon a hop-by-hopbasisthrougha distributedcall

graph.Althoughthis issueis not relateddirectly to interoperability, thesolutionde-

scribedin this thesisto enableinteroperabilitycanbeusedto propagateandupdate

schedulingparametersend-to-end.

Theproblemoutlinedabove in thecontext of CORBA holdstruefor theothermid-

dlewareplatformthatcouldbeusedto developDSSs.EventheupcomingReal-Time

Java specificationdoesnot take into accounthow theproblemof enablingQoScan

beappliedin presenceof heterogeneousschedulingdisciplines.

1.2 What do weneed?

At this point, we have definedtheproblemaddressedin this thesis—achieving interoper-

ability of schedulingdisciplines. To obtainthe greatestleverage,a solutionto the above

problemshouldbe deployed in middleware,whereit canbe sharedby applicationsand

end-systemsalike. In line with this idea, this thesisproposesa solution to the problem

outlined,by� Providing aformalframework thatcanbeusedto describeany schedulingdiscipline;� Providing a setof transformationsthat canbe appliedto the migratingentities,to

reconciletheir QoSrequirementswith respectto the schedulingdisciplinesof the

visitedendsystems;
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abstractionsto a softwarearchitecturethat canbe usedasa referencemodel for a

systemthatimplementstheideasexpressedin this thesis;

Moreover, this thesisprovidesdocumentsexperiencein extendinganORB to sup-

portourideas,andthedesignof aReal-TimeEventChannelthatimplementstheframework

describedin this thesis.

Figure1.1 outlinesour approachin thecontext of CORBA. Threeendsystemsareshown,

eachconfiguredwith adifferentschedulingdiscipline.Thecompetitorsinitiatedatendsys-

tem (A) are square, thoseinitiated at endsystem(B) are circular, and thoseinitiated at

endsystem(C) are triangular. To preserve the QoSpropertiesrequestedby the competi-

tors,weapplytechniquesthatreconcile

1. Thepropertiesusedby eachschedulerto enforceQoS;and

2. Thepropertiesusedby eachcompetitorto expressits QoSrequirements.

Our techniquesenableanopenarchitecturein which competitorscantraverseendsystems

without concernfor how QoSrequirementareexpressed.We alsoallow eachendsystem

to schedulecompetitors—includingthoseinitiatedremotely—byadaptingthecompetitors’

propertiesfor useby anORB’s local scheduler.

1.3 ThesisOrganization

Theremainderof this thesisis organizedasfollows: Chapter2 providesanoverview of the

relatedwork; Chapter3 definesa formal modelfor reconcilingheterogeneousscheduling

disciplinesin opendistributedreal-timesystems;Chapter4 presentsJuno, which is our

meta-programmingarchitecturefor enhancingtheopennessof DREmiddlewareandillus-

tratesbriefly how Juno implementstheformal modeldefinedin Chapter3; Chapter5 and

Chapter6 presenttwo casestudiesthat show how the conceptsintroducedby this thesis

canbe appliedto solve real-world problems;andChapter7 presentsconcludingremarks

andoutlinespossiblefutureresearchdirections.
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Chapter 2

RelatedWork

While theproblemaddressedin this thesishasnot yet beeninvestigated,this chaptersur-

veysextantliteraturedealingwith relatedproblemsthathasmotivatedour work.

2.1 Emerging middlewarestandards

DRE systemsareincreasinglyimplementedvia standardmiddleware. CORBA is oneof

mostwidely usedmiddlewareplatformsfor DREsystems.To enabletheuseof CORBA as

middlewarefor building DREsystemstheObjectManagementGroup(OMG) hasspecified

RT–CORBA 1.0 [25] andtheRT-CORBA 2.0 JFS[26]. Suchstandardsfacilitatethede-

velopmentof portableapplications;moreover, researcheffort canfocuson suchstandards

andtherebyhavemorewidespreadeffect.

2.2 Meta-programming techniquesand reflective middle-

ware

Meta-programmingtechniqueshave beena focus of researchfor many years. For ex-

ample,the CommonList ObjectSystem(CLOS) is an early exampleof a sophisticated

Meta-ObjectProtocol(MOP) [17]. Meta-programmingtechniqueswereusedinitially in

artificial intelligenceresearch[34, 22], but arenow beingappliedin systemssoftwarere-

search,wherethey canmake ORB middlewaremoredynamicallyconfigurable,adaptive,

andreflective.

An example of this cross-fertilizationis dynamicTAO [18] from the University

of Illinois, UrbanaChampaign,which illustratesthat The ADAPTIVE Communication
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Environment(ACE) ORB (TAO) can be reconfiguredat run-time by dynamically link-

ing/unlinkingcertaincomponents.A relatedeffort at WashingtonUniversityandUCI [38]

explorestheapplicationof reflective middlewaretechniquesin thecontext of theCORBA

ComponentModel(CCM) [1]. Yetanotherexampleis theAdaptProject[9, 6] atLancaster

University, whichis applyingamultilevel reflectivemiddlewaremodelfocusedondynamic

compositionof objects.

2.3 Scheduling

The two-level schedulingschemeproposedby Deng,Liu, andSun[41, 42] canbe used

asanalternative to Juno for centralizedsystems,thoughit is not designedto addressthe

heterogeneousadaptationissuesaddressedin this thesis.We plan to studyhow two-level

schedulingcanbeusedin conjunctionwith Juno’s meta-programmingarchitecture.

2.4 Real-timedistrib uted resourcemanagement

TheRealizeproject[15] hasdesignedandimplementeda resourcemanagerfor CORBA-

based,distributedreal-timesystems.This projecthasmany characteristicsthatwill make

it agoodcandidatefor theapplicationof theconceptsexposedin this thesis.
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Chapter 3

Terminology and Formalism

ThisChapterdefinestheterminologyusedthroughoutthethesisandmotivatestheassump-

tions that underlieour work. The formalismspresentedhereareapplicableto a rangeof

differentsystems,from openDRE systemto OSs. For concreteness,however, examples

arepresentedin the context of RT–CORBA 1.0 [25] and the RT–CORBA 2.0 Dynamic

SchedulingJointFinal Submission(JFS)[26].

3.1 Properties,Competitors, and Schedulers

WemodelanopenDREsystemthroughproperties, competitors, andschedulers, whichare

definedinformally asfollows:� PropertiesdescribeQoSattributes,suchasa criticality level, a deadline,or a con-

straintonjitter. Wedonotrestrictthedomainof theproperties,i.e., apropertycanbe

afunction,whichallowsvalueand/orquality functionsto beexpressedasproperties.� Competitors denoteentitiesthat cancontendfor commonresources.Competitors

exposepropertiesthat describetheir features, suchastheir importanceor QoSre-

quirements(suchasdeadlineor worst-caseexecutiontime).� Schedulers grantcompetitorsaccessto sharedresources.The orderin which com-

petitorscanaccessaresourcedependsonschedulerdisciplinesandcompetitorprop-

erties. Schedulingdisciplinesareformulatedin termsof the propertiesthey useto

determinetheorderingof competitors.Thesepropertiescanthereforebeviewedas

an abstractionof thecompetitorsfor thepurposeof scheduling.Sincethe focusof
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this thesisis on dynamicsystems,all theschedulersoperateon-line [8], ratherthan

off-line [30].

Theremainderof this Chapterpresentsa formal modelfor properties,competitors,

and schedulers.The advantageof creatinga formal model is to enableheterogeneous

endsystems,for instanceORBs,to exchangepreciseinformationaboutthepropertiesasso-

ciatedwith individualcompetitorsandschedulers.Thisinformationallowseachendsystem

to transformcompetitors’propertiesandreconcilethemfor eachendsystem’sscheduler.

3.1.1 Properties

Definition 3.1.1 Let
�

betheUniverseof Properties.A genericelementof
�

is denotedby� and is calleda propertytype, or simplya property. Each property ��� � is associated

with thefollowing tuple: 	�
 ��������
Where:

1.


 � is thedomainof theproperty.

2. ��� � 
 � is thedefaultvaluefor theproperty.

Thatis, givenanyproperty ��� � , its associateddomainis denotedby


 � , andits associ-

ateddefaultvalueby ��� .
Moreover, givena property ��� � a TaggedDomain( � � ) of � is definedas:

� ����� ����� 
 ������� � � "!$#� � 
 � � (3.1)

Givenany % � � � the propertyof the tagged elementis denotedby % � � and its valueby% �'&�(*)  % .
RT-CORBA1 + An exampleof a propertyin RT-CORBA is thedeadlineof a distributable

thread. In this case,thedomainof the propertyis the time, which in RT-CORBA is rep-

resentedasthe integral typeTimeBase::TimeT. Otherexamplesof propertiesin RT-

CORBA includecriticality (which distinguishesclassesof real-timecompetitors)andthe

periodicityof activities.

1Henceforth,ouruseof theterm“RT-CORBA” connotesbothstaticanddynamicschedulingcapabilities.
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Definition 3.1.2 Givena setof n properties,,.-0/ :1 ��� �32  �54  �6�7�  �98:�
WedefinetheCompound Property Domain ( ; 1 
 ) as:

; 1 
 �<�>=?#3@ =A@B� , ( , �C@ =ED � �GF�@���H�0H�IKJLI , � (3.2)

Thecompoundpropertydomainis a setof sets,each havingsize , . Each sethasexactly

oneelementfromeach taggeddomainassociatedwith each propertyin
1

. Notethat the

definitionof ; 1 
 doesnot imposeanyorderingon theproperties.

RT-CORBA + TheCompoundPropertyDomaincanbeviewedasa generalizationof the

RT-CORBA 2.0 JFSconceptof schedulingparametertypes. A givenschedulingparam-

eter type (e.g., the EDF schedulingparametersdefinedin the RT-CORBA 2.0 JFS)is a

collectionof typedproperties,wherea type definesa domainfor the property. The RT-

CORBA 2.0JFSfocuseson theidentity of theaggregate,treatingeachkind of scheduling

parameteras a different type. The provided definition emphasizethe identity of single

properties,soeachschedulingparameteris treatedasacollectionof properties,ratherthan

asa typedaggregateof properties.

3.1.2 Competitors

Let M be theUniverseof Competitors.2 We assumethateachcompetitorexposesa setof

properties,asshown in Figure3.1.

Definition 3.1.3 Wedefinethefollowing function:N # MPO QBR
thatwhengivena competitorS � M , mapsit to theset N � S ! of propertiesit exposes.

At any point in time,any competitorS hasassociatedwith it thecurrentvalueof its proper-

ties.Thisvalueis actuallyanelementof theCompoundPropertyDomainof N � S ! , andwill

beindicatedwith S � T9&:(*) .
2In our case,theuniverseof discourseis thoseentitiesthatcancompetefor theuseof resources,andare

thussubjectto scheduling.
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Figure3.1: AssociationBetweenCompetitorsandProperties

Figure3.1showsschematicallyhow therelationN works.In thisfigure, ; represents

theUniverseof Competitors,Q R is thepower-setof theUniverseOf Properties,%6V and %7W
representgenericcompetitors,and N � %6V ! and N � %7W ! representthepropertysets(contained

in Q R ), respectively.

RT-CORBA + Competitorsin RT-CORBA canbe� Distributablethreadsthatcompetefor CPUtimeon ORBendsystems� Eventsin aneventchannel[10] thatmustbedeliveredto consumersthathave sub-

scribedfor particulareventsor� GIOPrequeststhatcompetefor network/busresources.

If competitorS is a distributablethreadin thecontext of RT-CORBA, then N � S ! canbethe

setof propertiescontainingtheelementsdeadline, importance, andlaxity. In this case,theS � T9&:(*) would be the valueof the deadline,importance,andlaxity at a particularpoint of

time.

3.1.3 Schedulers

Definition 3.1.4 We definean Ordering of Classes of Equivalence (OCE)over thesetof

properties
1YX Q R asconsistingof thefollowing tuple:	 ��Z5[]\�7^_Z5[]\`�



13

where:

1. �aZ5[]\ is an equivalencerelationover the ; 1 
 of P.

2. ^bZ5[]\ is a total orderingover theset ��c (�d # ( � ; 1 
 �c (�d representstheequivalenceclassto which theelement( belongs.Basedon this defini-

tion, theOCEprovidesa partition of equivalenceclassesover ; 1 
 andalsoprovidesa

total orderof equivalenceclasses.

Note that the orderingof equivalenceclassesis definedover a set of properties.

Propertyorderingthereforehasno effect on the structureof the equivalenceclasses,nor

on equivalenceclassordering. The orderingof equivalenceclassesdependsonly on the

valueand typeof properties. Conversely, due to run-timechangesin systemconfigura-

tion or scheduleroperationmode,theorderingof equivalenceclassescandependon time.

Thetime dependency of equivalenceclasses—andof their ordering—canalsooccurwhen

schedulersreferto time-dependentproperties,suchasvaluefunctions.

Definition 3.1.5 A Scheduleris an Orderingof Classesof Equivalence(OCE)over a set

of properties. Thesetof propertieson which a schedulerimposesan OCE is called its

CharacteristicSet, which expressesthe propertiesusedby a schedulerto imposean or-

deringon competitors. Of propertiesexposedby a competitor, a scheduleronly considers

thosein its characteristicset. Givena scheduler e , its characteristicsetis indicatedwithfhg .
RT-CORBA + Figure3.2shows thecharacteristicsetstheRT-CORBA 2.0JFSdefinesfor

the leastlaxity first (LLF)3, EDF, andratemonotonic(RM) schedulingdisciplines.If we

considertheRT-CORBA 2.0JFSEDF scheduler, thepropertiesin thescheduler’s charac-

teristicsetarethedeadlineandthe importance.4 Theequivalenceclassesin this caseare

thereforerepresentedby thesetcontainingthesetwo properties.Theequivalenceclasses

areorderedsothattheimportanceanddeadline�iJjk�:! associatedwith eachequivalenceset

areordered.An exampleof suchanorderingcouldbethefollowing expression:�lJ 2 k� 2 !m^��iJ 4 k� 4 ! if f �lJ 2 ^�J 4 ! or �iJ 2 �nJ 4 k� 2 - � 4 !
3An LLF schedulerdeterminestheexecutioneligibility basedon laxity, which is definedasthedifference

betweenthedeadline,thecurrenttime,andtheestimatedremainingcomputationtime.
4In thecanonicalEDF definition[19] thereis no conceptof “importance”but in theRT-CORBA 2.0JFS

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

In this example,theorderingof theimportanceanddeadlineareboththeorderingof inte-

gral values.RT-CORBA 2.0JFSdefinestheimportanceasalong type,anddeadlineasa

TimeBase::TimeT type.

Basedon thedefinitionspresentedabove,any schedulercanbetreatedasanorder-

ing of equivalenceclassesoverasetof propertiesusedby ascheduler. Thesepropertiesare

associatedwith a competitorby the relation N . Note that theschedulerpartitionsthe full

CompoundPropertyDomainof its characteristicsinto a seriesof equivalenceclassesand

thenorderstheseclasses.Also notethat the propertyvaluesassociatedwith competitors

canchangeover time; a potentialeffect of this changeis to move a competitorfrom one

equivalenceclassto another.

Finally, it is assumedthatall schedulersin DRE systemsarewell-behaved, which

meansthatschedulersondifferentendsystemstry to enforcereal-timeQoSovertheproper-

tiesusedto characterizethecompetitors.Specifically, arenotconsideredpathologicalcases

whereschedulersdo not work to improveQoSin at leastsomedimension.For example,a

ratemonotonicscheduler(RMS) [19] andanEDFschedulerwill usedifferentorderingsof

operations,but they will both work to improve the deadlinefeasibility of operationsthey

schedule.
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3.2 Adapters

3.2.1 CoreAdapter Concepts

Having formally definedthetermsproperty, competitor, andscheduler, wecannow address

problemsarisingwhenestablishinganorderingof competitorswith setsof propertiesthat

differ from theCharacteristicSetof ascheduler. Below, weaddressthedifferentcasesthat

canarise.

Definition 3.2.1 Giventwo setof properties:1 2  1 4 X Q>R
thenan Adapter from

1 2 to
1 4 is a functionof thetype:oqpsrutvpxw # ; 1 
 psr O ; 1 
 pxw (3.3)

Thus,anAdapteris definedasa functionthattransformsonesetof propertiesinto another.

Thedefinitiongivenaboveis quitegeneral,i.e., noassumptionaremadeaboutthemapping

performedby anAdapter. In practice,someAdaptersmakemoresensethanothers.

RT-CORBA + Figure3.3depictsascenarioin whichthreeendsystemsareeachrunningan

ORB with a differentschedulingdiscipline. Two distributablethreads,


 � 2 and


 � 4 are

moving acrossendsystems.


 � 2 originatedatendsystemA, whereit executedanoperation

on theobjectX. It migratesfrom endsystemA to endsystemB afterinvokinganoperation

on objectY. In contrast,


 � 4 originatedat endsystemB, whereit executedan operation

on objectZ. It migratesfrom endsystemA to endsystemB after invoking anoperationon

objectY.

Threedifferentschedulersareusedby theORBsin Figure3.3, (endsystemC hasa

staticRM scheduler).Asshown in Figure3.2theseschedulershavedifferentCharacteristic

Sets. As a result,someadaptationwill be requiredwhena distributablethreadcrossesa

schedulingdomain.5 Theclaim in this thesisis thatthepropertypeof Adaptercanhandle

this adaptation.In addition,Figure3.3 shows thepoint at which schedulersareexecuted,

andtheplaceat which distributablethreadpropertyadaptationcanoccur, i.e., theplaceat

which theright adapteris executed.

5A schedulingdomain is a collection of ORB endsystemsusing the sameschedulingalgorithm and
properties.
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Figure3.3: A DistributableThreadtraversingendsystemsthat have differentScheduling
Disciplines

Figure3.3alsoshows


 � 4 is preemptedby


 � 2 while executingon theendsystem

B’s ORB. This caseshows that the dynamicpriority of


 � 2 mustbe higherthanthat of
 � 4 . In general,


 � 2 and


 � 4 wouldbenon-comparableunlessadaptationis performedto

makesurethattheirpropertiescanbeexpressedin amannercomprehensibleby endsystem

B’s ORB scheduler. Suchadaptationandreconciliationof the distributablethreads(i.e.,

competitor)propertiescanbeachievedby meansof Adapters.

3.2.2 ReconcilingPropertiesThr ough Adapters

Now that the terminologyandformal modelhave beendefined,we next show how these

formalismscanbeusedto reconcilepropertiesto supportinteroperabilitybetweenhetero-

geneousschedulers.Threerelevantcasesareshown below; a solutionis outlinedfor each

of them.

Case1: Figure3.4 shows a schedulere with a non-emptyCharacteristicSet fyg , and

a competitor S with N � S !{z fyg . To mapthe propertiesexposedby the Competitorinto

the orderingof classesof equivalencecreatedby the schedulerover fhg , the following

RestrictionAdaptercanbeapplied:| o # ; 1 
 }k~��u� O ; 1 
 �x� (3.4)
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Figure3.4: The Propertiesusedby a Schedulerarea Subsetof PropertiesExposedby a
Competitor

definedas: ��� � ; 1 
 }k~��l�  | o � � !���� % � � # % � ��� fhg �
Notice that

�
is a setof Tagged Properties; in fact the ; 1 
 is a setof setsof Tagged

Properties. A RestrictionAdapterdropsthepropertiesexposedby acompetitorthatdonot

belongto thescheduler’sCharacteristicSet.

RT-CORBA + For example,if we considerthe caseshown in Figure3.3, a Restriction

Adaptercouldbeappliedto


 � 2 immediatelybeforeleaving its ORB or whenarriving at

endsystemB’s ORB. What the RestrictionAdapterdoesin this caseis mapthe property

exposedby


 � 2 from asetcontainingdeadline, importance, andremainingexecutiontime,

to thesetcontainingjustdeadlineandimportance. Moreover, aRestrictionAdapterimple-

mentationshouldalsoexpressthepropertiesbeingadaptedin a form thatcanbemanipu-

latedefficiently by the scheduler. This form is generallya scheduler-dependentstructure

thatefficiently representsthepropertiesexposedby competitors.

Case2: Figure3.5 shows a schedulere with a CharacteristicSet fhg anda competitorS with a non-emptyN � S !{� fyg . To mapthe propertiesexposedby the Competitorinto

theorderingof equivalenceclassescreatedby theschedulerover fyg thefollowing Default

ExtensionAdaptercanbeused:
 = o # ; 1 
 }k~��l� O ; 1 
 ��� (3.5)
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Figure3.5: ThePropertiesExposedby theCompetitorarea Subsetof Propertiesusedby
theScheduler

which is definedas: ��� � ; 1 
 }k~��l��
 = o � � !�� ��� ��� � k����!�# ��� fhg���N � S ! �
A variationof theDefaultExtensionAdapteris onein which valuesof thepropertiesex-

posedby thecompetitorareusedto generatethepropertiesneededby thescheduler, which

arenot exposedby thecompetitor. This kind of Adapter, herebycalledExtensionAdapter

canbedefinedasthetuple: 	 =�k= o �
where:

1. =�# ; 1 
 }k~��u� O ; 1 
 �x�x�*}�~��l�
2. = o # ; 1 
 }�~��l� O ; 1 
 ������ � ; 1 
 }k~��l� �= o � � !L� ��� =�� � != is a function that mapsthe ; 1 
 of the propertiesexposedby a competitorto the re-

mainingpropertyneededby the scheduleri.e. to the ; 1 
 of fhg��EN � S ! . An Extension

Adaptercanbeusedto extendthesetof propertiesexposedby a competitor, sothey areat

leastthesameasthosepresentin thescheduler’sCharacteristicSet.

RT-CORBA + Again using the examplein Figure 3.3, a Default ExtensionAdapteror

ExtensionAdaptercouldbeappliedto


 � 4 just beforeleaving its ORB or uponits arrival

on endsystemB’s ORB. TheExtensionAdapterwould mapthepropertyexposedby


 � 4
from a setcontainingonly thedeadlineto thesetcontainingdeadlineandimportance. As

with theearliercases,anadaptercanexpressthepropertybeingadaptedinto a form that
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canbemanipulatedefficiently by ascheduler. Moreover, anAdaptercanenableastatically

scheduledORB to interoperatewith adynamicallyscheduledORB.

Case3: In general,given a schedulere with a non-emptyCharacteristic Set fhg and

givencompetitorS with N � S ! , therecouldbeno particularrelationbetweenthe two setof

propertiesfhg and N � S ! , asshown in Figure3.6. In this casea GeneralizedAdaptershould

(c)ρχS

Figure3.6: No AssumptionaboutthePropertiesusedby theSchedulerandtheProperties
Exposedby theCompetitor

beused.UnlikeCase2, however, this typeof Adapterdoesnot guaranteethatthevalueof

thepropertiessharedby the two setsN � S ! and fhg will remainunchanged.A Generalized

Adapteris definedasa transformationof thetype:� o # ; 1 
 }k~��l� O ; 1 
 �x� (3.6)

A GeneralizedAdaptercontainstheadaptersdescribedthusfarasaspecialcase.We

introducetheconceptof aGeneralizedAdapterto definecustomadaptationbetweenprop-

erty sets,therebyallowing extra flexibility andcontrolover how adaptationoccurs.While

ExtensionandRestrictionAdapters canbecreateddynamicallyby aMeta Adapter (as

describedin Section4.2),GeneralizedAdaptersmustbeprovidedby usersor applications.

RT-CORBA + For example,consideracasein whichadistributablethreadtransitionsfrom� An ORB configuredwith a MUF schedulerthat usesthe importanceproperty to

isolatedifferentclassesof competitors(e.g., statisticalreal-timevs. deterministic

real-time)to� An ORBwith anEDFschedulerthatdoesnotconsidertheimportanceproperty.
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In this case,if we simply usea RestrictionAdapterwe will lose informationcontained

in the “importance”propertyassociatedwith thedistributablethread.Oneway to handle

competitorshaving thesamedeadline—but differentrelative importance—isto boostthe

deadlineof the moreimportantcompetitorvia an ad hoc transformation,which couldbe

performedvia a GeneralizedAdapter.

As shown in thethreecasesexaminedabove,Adapters provide a way to transform

andreconcilethe propertiesof competitorsto propertiesusedby a scheduler. For most

casesthatoccurin practice,anAdapterthatperformtheappropriatetransformationcanbe

generatedat run-timeby thesystemor providedby theusersor applications.
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Chapter 4

Juno A Meta-Programming

Ar chitecture for Heterogeneous

Middlewar e Inter operability

This Chaptershows how the formalismsdescribedin Chapter3 canbe usedasthe con-

ceptualfoundationfor building DRE middleware that supportsinteroperabilitybetween

heterogeneousschedulingdisciplines.

We first describethe key conceptsof meta-programmingandthenoutline the re-

quirementsimposedon a DRE middlewaremeta-programmingframework we developed,

calledJuno, which implementsthe formalismsdescribedin [5]. We thenpresenta case

studythatshows how Juno mapsontotheDynamicSchedulingReal-Time CORBA Joint

Final Submission(RT-CORBA 2.0 JFS)[26]. Although we presentJuno’s architecture

in the context of DRE middleware, its applicability extendsto other typesand levels of

middlewareandsoftwaresystemsaswell.

4.1 Overview of Meta-Programming

Theapproachtakenin this thesisfor providing schedulerinteroperabilityis basedonmeta-

programming[17,43,29]. Meta-programmingis atermgivento acollectionof techniques

designedto improve software adaptabilityby decouplingapplicationbehavior from the

variouscross-cuttingaspects[16] andresourcesusedby applications.Meta-programming

involvesidentifyinganddissectingprogrammingconstructsinto thefollowing entities:� Base-objects, which implementcertainapplication-centricfunctionality;and
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suchaspersistence,concurrency, scheduling,atomicity, ordering,state,replication,

andchangenotifications—andcontrolvariousaspectsof their behavior at run-time.

Two key conceptsin meta-programmingarereificationandreflection, which areoutlined

briefly below:

Reification Theprocessof reifying anaspectof anobjectconsistsin makingthataspect

a first-classentity, i.e., somethingthatcanbechangedand/orcontrolledvia meta-objects.

For example,theJavaprogramminglanguagereifiesmethodsandparameters,makingthem

accessiblefor programmaticintrospection.In contrast,methodsandparametersin C++are

notfirst-classentities,i.e., they arenotreifiedin theC++typesystemandany introspection

mustthereforebehandledby patterns,suchasReflection[3]. Theformalmodeldescribed

in Chapter3 presentsseveralcandidatesfor reification,suchaspropertiesandcompetitors.

Reflection Reflectionrefersto the ability of a systemto reasonandact uponitself. To

make this possible,a reflectivesystemprovidesa representationof its own behavior thatis

amenableto inspection(introspection)andadaptation;the representationis causallycon-

nectedto theunderlyingbehavior it describes.A goodreflective interfacemakesit possible

to openup a softwaresystemimplementation,without revealingunnecessaryimplementa-

tion detailsor compromisingportability. Moreover, asdescribedin [34], reflective tech-

niquesallow implementationparticularsto beexposedin awaythatsatisfiestwo important

criteria:

1. Theaccessto theimplementationis at anappropriatelyhigh level of abstractionand

2. The accessis effective, in the sensethat adjustmentmustactuallychangethe sys-

tembehavior—theself-representationhasto becausallyconnectedto theunderlying

implementation.

Theself-examinationpropertyof reflectivesystemsprovidesthemwith theability to adapt

their behavior—to copewith changesin their environment. This ability is particularly

useful when middleware-basedapplicationsare deployed in hostile and/ordynamicen-

vironmentssuchasmultimedia,groupcommunication,real-timeandembeddedsystems,

handhelddevicesandmobilecomputingsystems.In DRE systems,automaticadaptation

mustbeperformedcarefullyto ensurethatdistributedsystemsretaintheir stability.

In general,thefollowing designconstraintsmustbeaddressedwhenapplyingmeta-

programmingarchitecturesto DREsystems:
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Meta-level engineering constraints The mannerin which meta-objectsreify objects

must be designedto minimize meta-level complexity and to ensurerun-time efficiency

andpredictability. In particular, the points at which meta-objectsexert control must be

designedcarefullyto avoid incurringsignificantoverhead.

For example,CORBA stubsthatprovide clientswith proxiesto target-objectsplay

therole of meta-objects[29]. Stubmeta-objectsdeterminehow client- andtarget-objects

communicatein thepresenceof collocationoptimizations[39]. In RT-CORBA, stubmeta-

objectsareresponsiblefor ensuringthatcollocatedclientsandobjectsdonot incurpriority

inversion[38].

In thecontext of this thesis,anotherexampleof reificationis theschedulerdefined

in Section3.1. Reificationallows introspectionof its characteristicsetandcontrol of its

behavior. A concreteexampleof areifiedscheduleris theCORBA SchedulingService[30].

Meta-object protocolengineeringconstraints Meta-objectprotocols(MOPs)[43] con-

sist of interfacesdefinedby meta-objectsthat provide a way for base-objectsto commu-

nicatewith meta-objects.To avoid synchronizationandcoherency hazards,middleware

developersmust carefully designthe way in which base-level aspectsare reified at the

meta-level andreflectedbackto thebase-level aftera meta-objecthasmanipulatedtherei-

fiedaspect.

For example,theMOP for theCORBA stubmeta-objectis implicit, i.e., theclient

passescontrolimplicitly to thestubasaresultof aremoteoperationinvocation.In contrast,

a Meta Competitor is a meta-objectthat provides an explicit MOP that enablesits

base-objects,i.e., the competitors,to explicitly control the type of adaptation(s)that can

be appliedto their properties. A competitormay want to disablethe useof Restriction

Adaptersthatwoulddiscardcertainpropertiescrucialfor its end-to-endQoS.

4.2 Overview of the Juno Meta-Programming Ar chitec-

tur e

To assureschedulerinteroperability, a DRE systemthat implementsthe formalismsin-

troducedin Chapter3 mustdeterminehow to mapproperties,competitors,the functionN � S ! , schedulers,eachscheduler’s characteristicset fhg , andthenecessaryAdapters ontoa

meta-programmingsoftwarearchitecture.Juno’s architectureanddesignarebasedon the



24

observationthat thefunction N � S ! andthecharacteristicset fyg canbetreatedasoperators

that“reflect” thepropertiesexposedby competitorsandschedulers.

Thedegreeof controlandintrospectionneededto implementtheformalismsintro-

ducedin Chapter3 canbeobtainedvia theJuno meta-programmingarchitectureshown in

Figure4.1.As shown in thisfigure,competitorsandpropertiesarefirst-classentities,along

PropertyCompetitor
�

Meta-Level

Base-Level

1 0..*
�

Meta_Competitor Meta_Scheduler

Scheduler
�

Meta_Property

1

1..*

0..*
�

1

Adapter
�

Meta_Adapter

1

1

1..*

1

Figure4.1: UML ClassDiagramfor Juno’s Meta-ProgrammingArchitecture

with adaptersandschedulers.Moreover, thefunction N � S ! is representedby theassociation

betweencompetitorsandproperties,whicharetreatedasfirst-classentities.Thecharacter-

istic setof aschedulerf is exploitedby theassociationbetweentheschedulermeta-object

andthepropertymeta-object.Therolesof componentsin Figure4.1 aresummarizedbe-

low:

Property Thisclassprovidesanabstractionfor therepresentationof avalueof theprop-

erty domain,asdefinedin Chapter3. The combinationof theProperty andits meta-

objectprovidesthesameinformationasanelementof theTaggedDomain. For example,

in thecontext of RT-CORBA thedeadlineandtheperiodmight mapto thesameProp-

erty class,but theirmeta-objectswouldcontaintheinformationneededto distinguishthe

two properties.
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Competitor Thisclassprovidesanabstractionfor entitiesthatcanbescheduled.For ex-

ample,in thecontext of theRT-CORBA 2.0JFS,adistributablethreadcanbeimplemented

asaspecializationof this class.

Scheduler This classrepresentstheabstractionfor theendsystemscheduler. It provides

an interfacefor addingandremoving competitorsandfor testingtheir feasibility. In the

context of RT-CORBA, this schedulerwould representthe schedulerusedby an ORB to

scheduledistributablethreads;a concreteimplementationof this classcould be an EDF

scheduleror anLLF scheduler.

Adapter This classprovidesan abstractinterfacefor all Adapterimplementations.As

definedin Chapter3, anAdapterconvertsonesetof propertiesto another. In thecontext

of RT-CORBA, an Adapter objectcan, for example,convert the propertiesneededby

anearliestdeadlinefirst (EDF) schedulerinto thoseneededby a maximizeaccruedutility

(MAU)1 scheduler.

Meta Property Thismeta-classassociatesaProperty base-objectwith aProperty

type. As discussedabove, theProperty base-objectrepresentsanelementof theProp-

ertyDomaindefinedin Chapter3. As shown in Chapter3, thisassociationwasachievedby

usingtheTaggedDomainof aProperty. In Juno, this associationis achievedby tying

eachpropertybaseobjectto its meta-objectMeta Property.

A Meta Property providesaccessto the default valueof a property;a factory

methodcreatesits associatedproperty. Thismeta-classreconcilespropertyrepresentations

that might differ from endsystemto endsystem.For example,a propertythat represents

time could be expressedusingdifferent time scaleson differentsystems.Oneapproach

would be to requirethat all time valuesbe specifiedusingthe sameunits; althoughade-

quate,this approachis difficult to enforceacrossseparatelyauthoredsystems.Ratherthan

mandatingtheunits in which time valuesmustbespecified,Juno adaptsthescaleswhere

necessarysothatcomparisonsacrosssystemscanmakesense.

Meta Competitor This meta-classmanagesthe transformationsrequiredwhenever a

competitorhaspropertiesthatdo not directly matcha scheduler’s characteristicset.Juno

encapsulatesthelogic thatperformsthenecessarypropertyreconciliationin themeta-class

1A maximizeaccruedutility (MAU) schedulerassociateseachcompetitorwith a value-functionandthe
schedulertriesto maximizethevalueof this function.
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Meta Competitor. This meta-classshieldsdevelopersfrom thecomplexities of inter-

operability.

A Meta Competitor selectstheAdapter thatperformsthemostsuitabletrans-

formation,dependingon thefollowing factors:� Thepropertiesthatareassociatedwith its competitor;and� Thepropertiesthatcharacterizetheendsystemscheduler, whichareaccessedvia the

Meta Scheduler definedbelow.

Juno providesan explicit meta-objectprotocolthatenablesbase-objectsto configurethe

wayin whichpropertyadaptationcanoccur, andto restrictthetypesof propertyadaptation.

Meta Scheduler This meta-classprovidesan interfacethatenablesintrospectionof the

propertiesusedby its associatedbase-objecti.e., a Scheduler. It implementsan inter-

faceto thecharacteristicsetof a schedulerby providing anexplicit MOP to introspectthe

characteristicset.

Meta Adapter Thismeta-classprovidesawayto introspectthesignatureassociatedwith

a base-object,i.e., anAdapter. Theterm“signature”indicatesthetwo setsof properties

that representthe domainandthe co-domainfor anAdapter. A Meta Adapter also

providesa factorymethodto createanAdapter thatmatchesagivensignature.Describ-

ing anAdapter in termsof theadaptationof propertiesit performsis essentialto enable

theactivitiesof aMeta Competitor.
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Chapter 5

Dynamic Schedulingfor Real-Time

CORBA

The previous part of this thesishasdescribeda formalism to enableinteroperabilityof

endsystemsthatusedifferentschedulingdisciplines,alongwith Juno, ameta-programming

architecturethatrepresentareferencemodelfor systemsthatwantto implementthesecon-

cepts. This Chaptershows how the Juno architecturecanbe appliedconcretelyto solve

theinteroperabilityproblemsthatarisein theupcomingReal-TimeCORBA 2.0: Dynamic

SchedulingJointFinalSubmission(RT-CORBA 2.0JFS)[26]. Thecontext in whichJuno

is appliedis TAO [30], which is a widely-used,CORBA-compliant,open-sourceORB de-

signedto supportapplicationswith stringentQoSrequirements.

5.1 Curr ent Limitations with RT-CORBA 2.0JFS

TheRT-CORBA 2.0 JFSstatesin Section5.3 that it doesnot addressinteroperabilitybe-

tweenheterogeneousdynamicschedulers.Moreover, it doesnot addresshow to manage

client requeststhat emanatefrom ORB endsystemsthat are not scheduleddynamically.

Theseomissionsareproblematic,becausetheRT-CORBA 2.0JFSalsorequiresinteroper-

ability with non-real-timeCORBA ORB endsystems.As describedin Section5.3, Juno

addressesinteroperabilitybetweendynamicallyscheduledandnon-dynamicallyscheduled

ORBs as a simple, specialcaseof the interoperabilityproblemsbetweendynamically

scheduledORBs.

The RT-CORBA 2.0 JFSalsoomits explicit capabilitiesto expressschedulingpa-

rameters.Section3 of RT-CORBA 2.0 JFSproposessomereasonableinterfaces,which
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areshown in Figures5.4,5.5,and5.6. However, theseinterfacesarenot requiredfor RT-

CORBA 2.0 implementors.Section5.2 shows how Juno’s architecturecanbemappedto

thatof anRT-CORBA ORB1.0(TAO). Section5.3thenshowshow themappingfrom one

schedulingdisciplineto anothercanbeautomatedusingJuno.

Basedon our discussionthus far, it is clear the following designissuesmust be

resolved:� Where shouldreconciliationoccur?This decisioncanbedeterminedeitherby poli-

ciesor it canbenegotiatedby ORBsat bindingtime. Negotiationis necessaryif no

policiesaresetto expresswhich modelto use. In this case,the two ORBscanex-

changemeta-propertiesthatdescribetheirschedulers’characteristicsets.Depending

onwhichORBhasanAdapterthatcanhandlethepotentialconversionof properties,

oneof thetwo canbechosen.If bothORBshave anAdapterthena heuristiccanbe

usedto choosebetweenthetwo.� How are Adapters retrieved? Adapterscanbeconfiguredinto anORB statically

(i.e., at build-time) or dynamically(i.e., at run-timeusingtheComponentConfigu-

ratorpattern[31]). It is alsopossibleto retrieveAdapters from adistributedregistry.

In this case,whenanORB doesnot have anAdapterto performa givenconversion,

it canretrieve theAdapterfrom theregistry. Moreover it is importantto noticethat

somekind of adapter, like RestrictionandExtensionAdapters, canbegeneratedon

thefly.� Which transformationsare legal/desirable for a distributablethread? The type of

transformation(s)thatcanbeperformedon thepropertiesexposedby a distributable

threadcan be controlledvia policies. For example, it may not be desirablefor a

distributablethreadto haveany RestrictionAdapterappliedto its properties.Thus,a

policy couldbeusedto expressthis constraint.

5.2 Juno’s ORB Ar chitecture for Inter operableDynamic

Scheduling

Juno’s meta-programmingarchitecturedescribedin Chapter4 canbeusedasa reference

model to realizeinteroperableRT-CORBA ORBs.1 As shown in Figure5.1, a CORBA

1Henceforth,the phraseORBinteroperability specificallymeansthe interoperabilityof the ORBs’ dy-
namicschedulers.
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Figure5.1: An OpenandInteroperableRT-CORBA Implementation

ORB canincorporatecertainmeta-objectspresentin themeta-layeroutlinedin Figure4.1

directly inside the ORB core, whereasother meta-objectscan be associatedwith stubs.

In the context of theRT-CORBA 2.0 JFS,a competitoris associatedwith a distributable

thread, which canmigrateamongthefollowing entities:£ A HomeORB, which is theORB wherea threadoriginates.£ ForeignORB(s), which areany ORBsdifferentfrom thehomeORB thatarevisited

by thedistributablethreadwhile performinga remoteoperationinvocation.

Eachtimeadistributablethreadtransitionsfrom oneORBto another, thenew ORBendsys-

tem potentiallyneedsto reconcileproperties,suchasadaptingdeadlinesandimportance

to becomevaluefunctions. The propertiesof eachcompetitormustbe mappedinto the

CharacteristicSetof a foreignORB endsystem’sscheduler.

Section3.2showsthreefundamentalcasesof propertyreconciliation.In thecontext

of anORB, it mustbedecidedwhereandwhenreconciliationoccurs.As Figure3.3sug-

gests,thereconciliationof thepropertiesexposedby a competitorhasto occurbeforethe

schedulercanperformany schedulingon thecompetitor. Therefore,asdiscussedbelow, it



30

musthappeneitherright beforethedistributablethreadleavesits homeORB or right after

thearrival at theforeignORB.
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Figure5.2: Client ORB-basedPropertyReconciliation

Client-side ORB property reconciliation: In this case,the client ORB shouldobtain

meta-propertiesthat describethe propertiesusedby the server ORB schedulerinside a

tagged componentcontainedwithin the object referenceof the target object. As shown

in Figure5.1, this informationcanberetainedin thestub,which is theclient’s proxy for

the target object. Whenever a call is madeon the remotetarget object, the stubcanuse

a meta-objectprotocol (MOP) to communicatethe propertiesusedby the foreign ORB

endsystem’sschedulerto a meta-competitor. Themeta-competitorassociatedwith thedis-

tributablethreadperformingthiscall thenreflectsthechangesneededinto thedistributable

thread.Thus,whentheclient requestarrivesat theserver ORB, thepropertiesof thedis-

tributablethreadcanbeadaptedto reconcilewith theserver ORB scheduler’s needs.This

scenariois depictedin Figure5.2.

Server-side ORB property reconciliation: In the case,reconciliationis performedby

theserverORBreceiving thedistributablethread.Themeta-schedulerusesaMOPto notify

themeta-competitorof thepropertiesthescheduleruses.Themeta-competitorthenensures

theright Adapteris usedreconciletheproperties.Thisscenariois depictedin Figure5.3.
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Figure5.3: ServerORB-basedPropertyReconciliation

5.3 Adapters for RT-CORBA 2.0JFS

We next show how to specifyan Adapterfor the sampleschedulingdisciplinesprovided

in the RT-CORBA 2.0 JFS.The IDL interfacesfor thesesampleschedulingdisciplines

areoutlinedin Figure5.4, 5.5, and 5.6. TheseIDL definitionsaretaken from Section3

of the RT-CORBA 2.0 JFS.Someof theseIDL interfacearedeclaredaslocal, which

makestheirinstances“locality constrained”CORBA objects.Any attemptto passalocality

constrainedreferenceasanargumentto aremoteCORBA operationwill raiseanexception.

Figure5.4 shows the IDL interfacefor an earliestdeadlinefirst (EDF) scheduler,

which usesthe deadlineof a competitorto determineits executioneligibility (i.e., its

schedulingorder). In this case,the equivalenceclassesarecharacterizedby all competi-

torshaving thesamedeadlineat a givenpoint in time. Figure5.5shows theIDL interface

for a leastlaxity first (LLF) scheduler, which determinestheexecutioneligibility basedon

laxity – definedasthedifferencebetweenthedeadline,thecurrenttime,andtheestimated

remainingcomputationtime. Finally, figure5.6 shows the IDL interfacefor a maximize

accruedutility (MAU) scheduler, whereeachcompetitoris associatedwith a valuefunc-

tion andthe schedulertries to maximizethevalueof this function. Cases1 through4 in

Figure5.7representcommonvaluefunctions.

Valuefunctionsprovideawayof expressingwhenit is desirableto schedulea task.

For example,thecasesdepictedin Figure5.7canbedefinedasfollows:

1. This caserepresentsthesituationwherethereis no valuelossor surplusin schedul-

ing the task–i.e., a competitor–at any point in time betweenits readytime and its

deadline.Conversely, after thedeadlineis passedthereis no gain in schedulingthe



32

module EDF_Scheduling
{

local interface Scheduler
: RTScheduling::Scheduler {};

struct SchedulingParameter
{
TimeBase::TimeT deadline;
long importance;

};

local interface SchedulingParameterPolicy
: CORBA::Policy

{
attribute SchedulingParameter value;
static SchedulingParameterPolicy

create (in SchedulingParameterPolicy value);
};

};

Figure5.4: EarliestDeadlineFirstSchedulingParametersProposedby theRT-CORBA 2.0
JFS

module LLF_Scheduling
{

local interface Scheduler
: RTScheduling::Scheduler { };

struct SchedulingParameter
{
TimeBase::TimeT deadline;
TimeBase::TimeT estimated_initial_execution_time;
long importance;

};

local interface SchedulingParameterPolicy
: CORBA::Policy

{
attribute SchedulingParameter value;

};
};

Figure5.5: LeastLaxity FirstSchedulingParametersProposedby theRT-CORBA 2.0JFS
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module MAU_Scheduling
{

local interface Scheduler
: RTScheduling::Scheduler {};

struct SchedulingParameter
{
TimeBase::TimeT deadline;
long importance;

};

local interface SchedulingParameterPolicy
: CORBA::Policy

{
attribute SchedulingParameter value;

};
};

Figure5.6: MaximizeAccruedUtility SchedulingParametersProposedby theRT-CORBA
2.0JFS
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Figure5.7: SomeValueFunctionsTypically usedin Value-basedScheduling
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task. Hard real-timetasksareoftenspecifiedusingthis typeof function,wherethe

valuegoesto minusinfinity if thetaskis scheduledafterits deadline.

2. Thevaluefunctiondepictedin thiscaseshowsthereis still somevaluein scheduling

a taskevenafterits deadlinehasbeenmissed,andthatthis valuedecreaseslinearly.

3. This case,like case2, shows a valuefunction expressingthe fact that thereis still

somevaluein schedulinga taskafterits deadline,andvaluedecreasesexponentially

afterits deadlinehaspassed.

4. Thiscaserepresentsthevaluefunctionof a taskin which thebenefitof schedulingit

increasesastime increases,stabilizesat a givenpoint in time, to thendropsto zero

afterits deadlinehaspassed.

TheIDL moduledefinedin Figure5.6doesnotdefineany valuefunctions.TheRT-

CORBA 2.0JFSstatesthateachdistributablethreadis associatedwith afunctionthatmaps

thedeadlineto avaluefunction,but therepresentationof this functionis not specified.

It is interestingto observethestructuralsimilarity betweentheschedulingproperties

for the different schedulingdisciplinesdepictedin Figures5.4, 5.5, and 5.6. It is also

interestingto note that the sameinformation,suchasdeadlineand importance,mustbe

providedrepeatedlybecausetheschedulingdisciplineis hard-codedinto the competitor–

i.e., thedistributablethread.Webelievethisdesignis overly restrictivesinceit prematurely

bindspropertiesto competitors.Thus,a givenschedulercanonly usecertainpropertiesto

enforcetheQoSrequirementsexpectedby its competitors.
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5.4 Dynamic SchedulingAdapters and Use-Cases

wenext analyzethedifferentcombinationsof schedulingdisciplinesdepictedin Figure5.4,

5.5, and5.6 (which are taken from Section3 of the RT-CORBA 2.0 JFS)andshow the

transformationsnecessaryfor achieving interoperability.

CaseI: EDF « LLF: Assumethat two ORBs exchangingdistributablethreadshave

EDF andLLF schedulingdisciplinesconfigured,wheretheLLF ORB is theonethatwill

receive the distributablethread. In this case,an ExtensionAdapteror Default Extension

Adaptercouldbeusedto achieve interoperability, asshown in Figure5.8.

Figure5.8illustratesthatthecharacteristicsetof theEDFscheduleris asubsetof the

characteristicsetof theLLF scheduler. Moreover, thetwo setsdiffer by just oneelement.

If a Default ExtensionAdapteris used,the valuefor the estimatedinitial executiontime

propertywouldbesetby theproperty’sdefaultvalue,asdefinedin Section3.2.Conversely,

if anExtensionAdapteris used,thevaluefor theestimatedinitial executionpropertycould

beprovidedby theORB.

CaseII: LLF « EDF: Thiscaseis thedualof CaseI. In thiscase,wehaveadistributable

threadthat is leaving an LLF-scheduledORB andis moving to an EDF-scheduledORB.

Thus,thetransformationshouldbeperformedbyaRestrictionAdapter, whichsimplydrops

theestimatedinitial executiontime property. In general,it is betterto performtherestric-

tion adaptationon theclient ORB for thefollowing reason.While anextensionadaptation

canbe performedon the server, we canavoid the extra overheadarising from shipping

unusedpropertiesacrossanetwork.

CaseIII: MAU « EDF: In this casea distributablethreadis going from an ORB that

usesaMAU schedulingdisciplineto anORBthatusesanEDFschedulingdiscipline.This

caseis similar to the previous one,in that the characteristicsetof a MAU scheduleris a

supersetof the characteristicsetof an EDF scheduler(seeFigures5.4 and5.6). Thus,a

RestrictionAdapterthatignoresthevaluefunctionwill suffice,asshown in Figure5.9.The

sameconsiderationmadefor theRestrictionAdapterin CaseII appliesin this case.

CaseIV: EDF « MAU: In this case,theORB wherethedistributablethreadoriginates

is runningan EDF schedulingdisciplineand the ORB receiving the distributablethread

is runninga MAU schedulingdiscipline. We canonceagainusethe ExtensionAdapter

shown in Figure5.9. As shown in Figure5.4 andFigure5.6, theMAU schedulerusesan
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importancepropertyandadeadlinepropertyotherthanthevaluefunction.Thevaluefunc-

tion associatedwith acompetitorcouldresembleavaluefunctiondepictedin Figure5.7,or

it couldbea generalizationof these.In general,thevaluefunctionmight dependon other

properties,andthemeta-propertyassociatedwith thevaluefunctionpropertycancapture

this typeof information.In thecaseof avaluefunctionproperty, thepropertydefault value

is a parameterizedfunction,wheretheparameterscouldbeotherproperties.For example,

we might assumethatthedefault valuefor the“property” valuefunctionis theparametric

function: ¬�x®"¯*°�±³²µ´�¯*±¶°��·E¬¹¸�º¼»¾½i²µ¿�À�Á º
if Â�Ã ² Ã ¬Â otherwise

where
¬

and
º

representthe deadlinepropertyvalueandthe importancepropertyvalue,

respectively. In this case,we cangeneratea valuefunctionby usinganExtensionAdapter

thatusesthevalueassociatedwith thedeadlineandtheimportanceproperty.

CaseV: LLF « MAU: The transformationdescribedin CaseIV canbe appliedto this

case,asshown in Figure5.10. The differenceis that the estimatedinitial executiontime

canberemovedby usingaRestrictionAdapter.

CaseVI: MAU « LLF: This casecanbetreatedsimilarly to CaseII (EDF« LLF). The

differenceis thata RestrictionAdaptercanbeusedto remove thevaluefunctionfrom the

competitorsthat areleaving the ORB configuredwith a MAU schedulingdiscipline(see

Figure5.10).Theabovesix caseshaveshown how Adapterscanbecreatedto reconcilethe
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propertiesexposedby competitorsandusedby schedulers.TheTableshown below synthe-

sizetheadaptersthatcanbeusedfor thedifferentcombinationsof schedulingdisciplines

seensofar:

EDF LLF MAU

EDF - EA EA

LLF RA - EA+RA

MAU RA EA+RA -

RA - RestrictionAdapter EA - ExtensionAdapter

Basedon this exercise,wehave thefollowing generalobservations:£ RestrictionAdapters trade-off informationlossandperformance.For example,if a

distributablethreadtraversesdifferentORBswhile servinga remotecall, eachap-

plicationof theRestrictionAdaptercancauseinformationloss,becausea restriction

could discardsomepropertiesthat might be neededby anotherORB visited later

during theremoteinvocation.This problemonly ariseswhena distributablethread

visitsmorethantwo ORBswhile servicinga request.£ Informationlossoccursonly whendiscardinga propertythat wasprovided by the

user. Conversely, we can always safely drop the propertycreatedby an Adapter

becauseit canberegenerated“on-demand”by anORBthatneedsit.
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chitecturemakesit easierfor a dynamicallyscheduledORB to interoperatewith a

regular non-dynamicallyscheduledORB. The operationinvocationfrom an object

residingon a regular ORB toward an object residingon a dynamicallyscheduled

ORB canbe modeledasa distributablethreadthat exposesno properties. A De-

fault ExtensionAdaptercanthereforebe usedto decoratethe competitorswith the

propertiesneededby theserverORB scheduler.£ It is importantto determinehow andwhenpropertiesthatareexposedby competi-

torsshouldbeupdatedto keepthemconsistent.For example,consideradistributable

threadthathasanend-to-enddeadlineof
¬

andwhich servicesa remoteoperation

invocationthattraversesmultipleORBs(thenumberof whichis notknowna priory).

At eachORBtraversed,thedeadlineshouldbeupdatedto avoid thecasewhereeach

ORBschedulesthedistributablethreadwithin exactly
¬

, but with theside-effect that

theend-to-endtime requiredto performthecall will beactually ÄÆÅ ¬ , where Ä is

thenumberof ORBsvisitedby thethread.TheRT-CORBA 2.0JFSdoesnotspecify

how to handlethis situation.For caseswhereJuno is usedto achieve interoperabil-

ity, however, themeta-competitorprovidesa locationwherethesepropertiescanbe

updatedconsistently.
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Chapter 6

Real-Time Event Notification Service

An EventNotificationService(ENS)providesa way of deliveringeventsgeneratedfrom

Suppliers to Consumers. An ENS can be thoughtas a Mediator [7] betweensuppliers

andconsumers;in fact, it encapsulatesthe eventnotificationprocessandpromotesloose

couplingby keepingsupplierandconsumersfrom referringto eachotherexplicitly.

Service

S

S

S

S    Supplier C    Consumer

C

C

C

C

C

Event Notification

Figure6.1: An hypotheticEventNotificationService.

In the context of CORBA, the OMG hasspecifiedtwo services,specifically the

CORBA EventService[27] andtheCORBA NotificationService[24], thatprovideevent-

notificationfunctionality. In many respect,theCORBA NotificationServicecanbethought

asanextensionof theCORBA EventService.In a traditionalcomputingenvironment,the

purposeof anEventNotificationServiceis to deliver eventsfrom suppliersto consumers;
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however in DRE systemsit is expectedto do more. For instance,anENSshouldprovide

eventnotificationwith a givenQoS.For example,considera standardtwo-level process-

controlsystem,asshown in Figure6.2,in which wehave:

1. Sensorsthatmakeperiodicmeasurementon someof thesystem’sprocessvariables,

2. Basecontrollersthatproduceoutputfor theactuators,basedonsensor-providedval-

uesandcontrollogic,

3. Higher-level controllersthatmonitorthestatusof theglobalprocessandtheoutcome

of thebasecontrollersto recomputethebasecontrollers’set-points, and

4. Actuatorsthattransformtheoutputof thebasecontrollersinto somephysicalaction.

There is a producer/consumer[12] relationshipbetweenthe sensorsand the basecon-

trollers, betweenthe basecontrollersandthe high-level controller, andbetweenthe con-

trollersandactuators.Becauseof the inherentproducer/consumernatureof theproblem,

the useof an ENS greatlysimplifies implementationof this system. If we considerthe

fact that mostcurrentinstancesof this kind of systemtend to have controllers,sensors,

andactuatorsconnectedthrougha fieldbus network—real-timecommunicationnetworks

becomingpopularin automationandprocess-controlenvironments—thismeansthat the

control softwareneedsto bea DSS.To implementsucha DSS,CORBA anda CORBA-

basedENScouldbeusedasa middlewarelayer. Note thatanordinaryENSis unsuitable

for developingthiskind of software;anENScandeliverevents,but it hasnounderstanding

of QoS.On theotherhand,in a real-timeapplicationthecorrectnessdependsnot only on

thefact thatanevent is receivedbut alsoon theadherenceto timelinessspecificationsfor

thereceivedevens.This impliesthatanReal-TimeEventNotificationService(RTENS) is

requiredto developa producer/consumersolutionfor a real-timesystem.In hierarchical

control systems,it often happensthat subscribersbelongingto different levels have dif-

ferentnatural way of expressingthe QoSrequiredfor their subscriptions.The example

depictedin Figure6.3 representsthe high-level structureof an aircraft’s auto-pilot con-

trol system[33]. This typeof systemfits thedescriptionof a hierarchicalcontrol system

givenaboveandshown in Figure6.2. In Figure6.3,thebasecontrollersaresimplycontrol

loopsthat maintainthe roll, pitch, andyaw of an aircraft at the desiredvalues,by acting

on groupsof actuators.Theauto-pilotsoftware,basedon thestateof theplane,provides

the plane trim to the basecontrollers. In this system,both the basecontrollersand the

auto-pilotsoftwareareconsumersof thedataprovidedby thesensors.However, while the
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basecontrollershave firm QoSrequirementsthatcanbeeasilyexpressedusingdeadlines,

the auto-pilotis usuallytreatedasa soft real-timetask[33]. The QoSrequirementswith

respectto thesensoroutputsareusuallyexpressedby valuefunctions. This differencein

specificationof QoSrequirementsraisestheproblemof comparingcompetitorsthatexpose

differentproperties;asdescribedthusfar, this problemcanbesolvedby Juno.

Therestof thischapterwill provideadescriptionof thedesignandimplementation

of aRTENSthatimplementstheJuno framework.

6.1 DesignForces

In designingany real-timesystem,attentionmust be particularlygiven to the following

concerns:

1. Avoiding the potentialfor priority inversionthroughproperreal-timedesigntech-

niques,

2. Boundingpriority inversionsthatcannotbeavoided,

3. Usingdatastructures,algorithms,andtechniquesthatprovide reasonablybounded-

timeexecutionwherenecessary.

An RTENS canbe roughly divided into the stagesdepictedin Figure6.4, wherethe first

stagetakescareof event reception,the secondtakescareof event processing(examples

of actionsperformedby this stagearedependenceanalysisandscheduling),andthethird

stagetakescareof eventdispatching.In designingandimplementingeachof thesestages,

the concernsarticulatedabove mustbe taken into consideration.We next expandon the

modulesdescribedabove,outlining theirarchitecturalanddesignconsiderations.

6.1.1 Event ReceptionModule

Priority inversioncanoccurin theRTENSduringeventreceptionif alesscritical or eligible

eventcanbeacceptedbeforeonethatis morecritical oreligible. Forexample,consideraset

of periodicevent-suppliers.A form of priority inversionoccursif theeventsareaccepted

from the network in decreasingorderof the events’ period(assumingimplicitly that the

eventsareall real-timeandthat their periodequalstheir deadline).Figure6.5 shows an

exampleof thesituationoutlinedabove. Supposethat thefirst seveneventsin Figure6.5

aregeneratedwith period Ç6ÂBÈ where È is any dimensionaltime-constant,while the last
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eventis generatedwith period É>È . Supposethattheprocessinganddeliveryof eachevent

to its consumerstakesexactly È time, andthat theRTENS canserve only oneeventat a

time. In thiscase,thelasteventin thequeuewouldbedeliveredafter Ê>È timeunits,which

wouldcausethedeadlinefor thelasteventto bemissed.

Server

...

...

...

Events

Service
Event Notification

Consumers

Iso−QoS Event Queues

Figure6.6: Iso-QoSQueuedesigncanreducethepriority inversionon thereceive sideof
theRTENS.

As illustratedin Figure6.6,priority inversioncanbereducedat thereceive-endof

theRTENSby installingmultiple receive queues,eachof which is associatedwith aniso-

QoSgroupof events.In this scheme,eventsarereadfrom thecurrentlynon-emptyqueue

containingthemosteligible eventsfirst. Eachiso-QoSqueuereceiveseventsthathave the

sameQoS,or theQoSbelongingto thesameQoSgroup.Wherepossible,aQoSgroupcan

limit thenumberof receive-queuesby representinga setof eventsthatdo not haveexactly

thesameQoSbut canbeprocessedadequatelyby a singlequeue.This form of grouping

canbeveryeffective in limiting theuseof systemresources.In presenceof QoSgrouping,

somepriority inversionis introduced,andit becomesa designissueto trade-off the cost

of priority inversionwith theuseof resourcesto avoid suchinversion.It is worth noticing

thatandiso-QoSqueuerepresenta classof equivalenceasdefinedin chapter3, moreover

the groupingof an iso-QoSqueuecanbe seenasthe partitioningof the spacein coarser

classesof equivalence.
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6.1.2 Event ProcessingModule

TheEventProcessingModuletypically determines£ How many consumersareregisteredfor thecurrentevent,£ Whethersomeof theseconsumersrequiredifferentQoSthanothers,and£ Whethereventcorrelationhasto beperformed.

In this module,careshouldbetakenin theway anevent’s relatedinformationis accessed.

Ideally, suchaccessis performedin constant-time.Attention shouldalsobe paid to the

amountof copying/cloningperformedin this module,becausethis canbea majorsource

of overhead.Otherdesignissuespeculiarto thismoduleconcernhow consumersarebound

to eventsof differentQoS.New eventscouldbecreatedinternally for eachsuchbinding,

but this is not very efficient. Moreover, the event producedby this stagearesubjectto

schedulingin thedispatchmodule,andmoreeventsimply longerqueuesandconcomitantly

longertime to scanthosequeues.

Another issuepresentin this moduleis relatedto priority inversion. If thereare

multiple threadsof controlperformingeventprocessing,a reasonablescenariobindseach

threadwith aniso-QoSqueueof thereceptionmodule.Eachthreadmustaccessa shared

datastructure,andsoappropriateconcurrency controlmustprotectsuchaccess.In thissce-

nario,thethreadpriority-inversioncouldoccurasfollows: a high-priority threadwaitsfor

aresourcealreadyallocatedexclusively to alower-priority thread,while amedium-priority

threadstarvesthelower-priority threadwith respectto theCPU[21]. To remedythis kind

of priority inversion,it is importantthat the underlyingsystemprovide a mechanismfor

combatingpriority-inversion,like, priority-ceiling or priority-inheritance[4, 20], so that

the threadcanmake progresstoward releasingthe resourceneededby the high-priority

thread. Moreover, the delayexperiencedby the high-priority threadmustbe reasonably

bounded.

6.1.3 Event DispatchingModule

The event dispatchingmodule is comprisedof two sub-modules:one implementsthe

schedulingdisciplinesof the RTENS while anotheris responsiblefor dispatchingevents

to theconsumers.Themajorissuethatarisesin designingthis moduleis thatthedispatch-

ing architectureshouldbematchedto theschedulingdiscipline.For exampleif theRTENS

usesa RateMonotonic[4, 20] schedulingdiscipline,thenthedispatchercanbedesigned
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by having a separatequeuefor eventsthat belongto the samerate group, as shown in

Figure6.7.

Dispatcher
Event

Server

Server

Server

...

...

...
Iso−Rate Event Queues

Consumers

Events

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

Ontheotherhandif theRTENSusesanEDFschedulingdiscipline,thenit wouldbebetter

to keeponly onequeue,asshown in Figure6.8. In fact,maintainingmultiple out-queues

for anEDFscheduleris wasteful,becauseeventswouldhave to bemovedbetweenqueues

astheirdeadlinegetscloser.

Event
Dispatcher

Server ... EventsConsumers

EDF Ordered Event Queue

Figure6.8: EarliestDeadlineordereddispatchingEventQueue.
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Basedon theseexamples,it shouldbe clear that careshouldbe taken in making

thedispatchingmoduleeasyto configure.In particularbasedon theschedulingdiscipline

beingusedtheright dispatchingschemeshouldbeused.

Sofar we have concentratedon thepartof theRTENSthat takescareof receiving events

from producersanddeliveringthemto consumers.We havenot yet consideredtheadmin-

istrationaspectof theRTENS.Associatedwith any RTENSis acontrollayerwhichusually

hasthefollowing responsibilities:

1. Managingtheregistrationof suppliers’providedevents,

2. Managingtheconsumers’subscriptionsto events,

3. Performingacceptancetestsandfeasibility analysisif theRTENSis requiredto op-

eratein adynamicenvironment.

The administrationof the RTENS shouldnot interferewith the event-notificationfunc-

tionality, meaningthatthereshouldbeno resourcecontentionbetweenadministrationand

dispatchingof events. In fact,while the loadof theeventsreceivedcanbe limited by the

acceptancetestperformedby the administrationmodule,it is not possibleto restrict the

loadhitting theadministrationmodule. This leadsto the ideathat theadministrationand

event-notificationmodulesshouldbe in a separatelydeployableunit. This would let the

administrationmoduleresideon onemachine,and the event notificationmodulebe de-

ployedonanothermachine.Moreoverwhile theevent-notificationmoduleneedsto runon

aReal-TimeOperatingSystem(RTOS),this is notstrictly necessaryfor theadministration

module.

Beforepresentingthedesignof theRTENS,it is worth emphasizinganothersetof issues

thatarisesin designinganRTENS:how areQoSconcernsspecifiedandin which format;

what arethe legal combinationsof QoSattributes;andwhereis QoSspecified(i.e., con-

sumer, supplieror both).

Wenext presentthedesignof anRTENSthattriesto resolveall theforcespresented

in this Section,andwhichusesJuno to enable:

1. QoSspecificationsindependentof schedulingdisciplines,and

2. Interoperabilityof differentschedulingdisciplines.
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6.2 RTENS Ar chitecture

The generalarchitectureof the RTENS proposedin this thesisis depictedin Figure6.9;

AppendixA containstheInterfaceDefinitionLanguage(IDL) thatdefinestheinterfacesof

theRTENS.Thearchitectureof theRTENSdepictedin Figure6.9 shouldbe regardedas

Supplier

Event Reception
Module

Event Processing
Module

Event Dispatching
Module

Component
Factory

Configuration
Properties

Converters
Juno

Event Filters

Binding
Event

Scheduling
Component

Dispatch
Component

Admission
Controller

Juno
Adapters

S ...

S ...

S ...

Consumer

Subscribe Events Register Events

Configure

Push Events Push Events

......

Event Processor

Event Channel Administrator

Figure6.9: RTENSArchitecture.

a high-level descriptionof the piecesof an RTENS.Figure6.9 shows that the RTENS is

comprisedof two separatelydeployablemodules—theEventProcessor(EP)andtheEvent

ChannelAdministrator (ECA). The EP’s main responsibilityis that of delivering events

producedby suppliersto consumers,while theECA’s main responsibilityis thatof man-

agingtheregistrationof eventsfrom suppliers,thesubscriptionof eventsfrom consumers,

theconfigurationof theEP’s resources,theadaptationof QoS,andtheadmissionof new

supplierandconsumerbasedon theresourceavailableto theEP.TheComponentFactory

(CF) depictedin Figure6.9 takescareof creatingthe variouscomponentsthat constitute
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theRTENS.A component’s creationcanbecustomizedby usingpropertiesspecifiedin a

configurationfile, and/orspecifyingpropertiesat run-time.This allows greatflexibility in

theconfigurationandcustomizationof theRTENS.Wenext provideadetailedexplanation

of theEPandECA internals.

6.2.1 Event Processor

Event ReceptionModule

Theeventreceptionmoduleis basedontheiso-QoSqueuesdescribedin Section6.1.1.The

implementationof theiso-QoSqueuesassociatesaPushConsumer (seeAppendixA for

IDL) with eachiso-QoSqueue.A network endpointis associatedwith eachqueue,andthe

eventqueuingactuallyhappensin theOS.EachPushConsumer associatedwith aniso-

QoSqueuerunson a PortableObjectAdapter(POA) whoseQoSis compatiblewith that

of thequeuebeingserved.TherequiredQoSis passedatPOA-creationtime in theform of

apolicy containingJuno properties.Thispropertiesrepresenttheflow specificationof the

eventsthatwill bepushedto thequeue.

PushConsumersarecreatedunderrequestof theECA. A new PushConsumer

needsto becreatedeachtime a new eventis registeredwhoseQoSdoesnot belongto any

of theiso-QoSqueuesalreadypresentin theEventReceptionModule.PushConsumers

are createdwith a properEventHandler. The event handlerto be associatedwith a

PushConsumer canbecontrolledvia apropertyfile, or at runtimethroughameta-object

protocol.EventHandlersarealwaysbuilt usingtheComponentFactory. Eachtime

aneventis receivedby aPushConsumer, it letstheassociatedhandlertakecareof it.

Event ProcessingModule

Theevent-processingmodulemaintainsconstant-access-timedatastructuresfor retrieving

all theinformationneededto processanevent.Constant-timeaccessis achievedby associ-

atingwith eacheventapair of integers
½uËÍÌÏÎ�¸kÐÑÌµÎÒ¿

.
ËÍÌÏÎ

representstheuniquesupplierID.

SuppliersID aregeneratedby theECA thefirst timeasupplierregistersanevent.This IDs

areguaranteedto besequentialandunique.
ÐÑÌµÎ

representsaneventID that is uniqueand

sequentialwithin theeventgeneratedby a supplier. Thepair
½uËÍÌÏÎ�¸kÐÑÌµÎ�¿

is usedto access

a dynamicpool of constant-sizearraysin constanttime. In this constant-time-accesstable

arestoredthebindingof theevents—whicharetheconsumerssubscribedfor theevent,and

theQoSof thesubscriptions;also,thetablecouldstorethefilter thatneedto beappliedto

theevent.
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Theevent-processingmodulecontainsalsotheJuno Converters. Juno Converters

are scheduler-specificcomponentsthat convert Juno propertiesinto datastructuresthat

canbeefficiently manipulatedby thescheduler. Theconversionhappenseachtime a new

eventbinding is registeredwith theEP.In this casetheECA providesthe informationof

the binding, which consistsof the tuple
½uÐ�Ó� Ä ²�¸kÔ�ÕsËÒ¸kÖ�Õ ÄØ× °5ÙÚ6Û�¿ , wherethe

Ô�ÕBË
ele-

ment is provided in the form of a Juno propertyset. When registeringa new binding,

theEP convertstheJuno propertysetinto a scheduler-specificimplementationusingthe

converters.

Event DispatchingModule

The structureof the event-dispatchingmoduledependsgreatly on the schedulingdisci-

plinesusedby theRTENS.In fact,asdescribedin Section6.1.3,differentschedulingdis-

ciplinescantake advantageof differentdispatchingschemes.Oncetheschedulingpolicy

is chosen,theappropriatedispatchingcomponentsarecreatedvia theComponentFac-

tory. Thismodulehasnoawarenessof theexistenceof Juno—which is it doesnotknow

aboutadaptersor properties—itworkswith structuresthatarehighly schedulerdependent

soto maximizetheperformance.

6.2.2 Event Channel Administrator

TheECA is theplacewereJuno’sadaptationtakesplace.TheECA usesJuno Adapters to

adapttheway anevent’s QoSis specifiedto thescheduler’s characteristicsetof theevent

processor. Thedetailsof this adaptationareexplainednext.

Registration of Events

Eventsareregisteredwith the ECA by the suppliers,by providing a specificationof the

generationpatternof the event by usinga Juno propertyset. Upon receptionof sucha

request,theECA performsthefollowing steps:

1. The propertiesthat describesthe event flow specareadaptedto the propertiesthat

areusedby theEPReceptionModulescheduler. Thisadaptationis performedusing

thetechniquespresentedin Chapter5;

2. Feasibilityanalysisis performedto checkwhetherthe EP hasenoughresourcesto

accommodatethenew event(s);
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3. If the feasibility testsucceeds,thena checkis performedto seewhetherthereis an

iso-QoSqueueto which theeventcouldbeassociated.If so, thePushConsumer

associatedwith the iso-QoSqueueis returnedto the supplier;otherwise,the EP is

askedtocreateanew iso-QoSqueue,anditsassociatedPushConsumer is returned.

4. If this is the first time for the supplierto registerany event, thena supplierID is

generated.

The ECA keepsa mapof the eventsgeneratedby eachregisteredsupplier. This

allows the consumerto query the ECA to retrieve a list of eventsgeneratedthat satisfy

certaincriteria.

Event Subscription

Consumerssubscribefor eventnotificationwith the ECA by providing a specificationof

theQoSwith which they wish to receive theevent; this is doneby usinga Juno property

set.Uponreceptionof sucha requesttheECA performsthefollowing steps:

1. Thepropertiesthatdescribetheeventsubscriptionareadaptedto thepropertiesthat

are usedby the EP DispatchingModule scheduler. This adaptationis performed

usingthetechniquespresentedin Chapter5;

2. Feasibilityanalysisis performedto checkwhetherthe EP hasenoughresourcesto

accommodatethenew event(s)subscription;

3. If thefeasibility testsucceeds,thenabindingwith theproperQoSis createdbetween

theconsumerandtheevent(s)andthis bindingis communicatedto theEP.

6.2.3 Suppliersand Consumers

Suppliers

EachSupplieris providedwith a SupplierAdminProxy, which lets thesupplierreg-

istereventsby usingnames(i.e. string). TheSupplierAdminProxy takescareof all

the detailsof the generationof the uniqueevent ID, andalsoprovidesa factorymethod

to createthe PushConsumerProxy throughwhich a consumercanpushevents. The

PushConsumerProxy shieldsthesuppliercodefrom thecomplex detailsof theRTENS

implementation.Oneof themostimportantactionsperformedby thePushConsumer-

Proxy is that of performingtransparentlya demultiplexing of the eventspushedby the
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supplier. As previously described,differenteventsmight needto be pushedon different

PushConsumers.ThePushConsumerProxy providesaconstant-timeevent-dispatch

table that associatesthe eventswith their target PushConsumer. Other responsibili-

ties performedby a PushConsumerProxy are traffic shaping. Algorithms like leaky

bucket [36] could be appliedto enforcethe flow specificationprovided whenregistering

theevent.Thetypeof PushConsumerProxy createdcanbespecifiedstaticallythrough

apropertyfile, or dynamicallyvia ameta-objectprotocol.

Consumers

Consumersareprovidedwith theability to registereventhandlersto executetheircommand

whenaspecificeventis notified.

6.3 Hello World Application

In thissection,a“Hello World” applicationwill bedevelopedby usingtheRTENSthathas

beendesignedandimplementedaspartof this thesis.

6.3.1 Hello World Event Supplier

The following listing shows how the Hello World Event Supplier(HWES) codeshould

be written usingthe API of the RTENS proposedby this thesis. The codeon line 19-20

createsa SupplierAdminProxy for theHWES,by passingthe nameassociatedwith

thenewly createdeventsupplier. Lines22-44createtheJuno propertiesthat specifythe

flow-specof the Hello World Event (HWE), andput thoseinto a propertyset. The time

scaleis specifiedby theJuno environment(which in thiscaseis msec),but canbechanged

on a objectby objectbasis.Lines47-48show how to registertheHWE, while lines50-53

createtheactualHWE. Finally lines57-60pushanHWE with theperiodspecifiedin the

eventflow-spec.

1 package edu.wustl.doc.rtevents.demos.helloworld;

2
3 import edu.wustl.doc.rtevents.util.*;

4 import edu.wustl.doc.rtevents.supplier.*;

5 import edu.wustl.doc.rtevents.rtEventChannelAdmin.*;

6 import edu.wustl.doc.rtevents.rtEventComm.*;

7
8 import org.omg.*;



54

9 import org.omg.CORBA.*;

10
11 public class Supplier {

12
13 public static void main(String args[])

14 throws Exception

15 {

16 ORBSystem.createORBSingleton(args, null);

17
18 // Create a SupplierAdminProxy for the

19 // Hello World Event Source.

20 SupplierAdminProxy adminProxy =

21 new SupplierAdminProxy("HelloWorldSupplier");

22
23 // Creates the Event Properties

24 juno.MetaNumericValue.NumericValue tv =

25 juno.MetaDimensionalNumericValue.createNumericValue(

26 juno.Juno.ValueSet.Time,

27 new Integer(500));

28 juno.MetaProperty.Property period =

29 juno.MetaProperty.createProperty(

30 juno.Juno.PropertyType.Period,

31 tv);

32
33 juno.MetaNumericValue.NumericValue size =

34 juno.MetaDimensionalNumericValue.createNumericValue(

35 juno.Juno.ValueSet.Storage,

36 new Integer(100));

37 juno.MetaProperty.Property storage =

38 juno.MetaProperty.createProperty(

39 juno.Juno.PropertyType.StorageCost,

40 size);

41
42 juno.PropertySet properties = new juno.PropertySet();

43
44 properties.addProperty(period);

45 properties.addProperty(storage);

46
47 // Register the event.

48 EventHeader header =

49 adminProxy.registerEvent("HelloWorldEvent",

50 properties);
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51
52 Any any = ORBSystem.instance().orb().create_any();

53 any.insert_string("Hello World!");

54 PushConsumerProxy consumerProxy =

55 adminProxy.pushConsumerProxy();

56
57 Event e = new Event(header, any);

58
59 // Push Hello World Events for ever and ever and ever ...

60 // and ever...

61 while(true) {

62 consumerProxy.push(e);

63 Thread.sleep(period.getValue().longValue());

64 }

65 }

66 }

6.3.2 Hello World Event Consumer

Thefollowing listing shows how theHello World EventConsumer(HWEC) codeshould

be written usingthe API of the RTENS proposedby this thesis. First of all, notice(line

11) that the classConsumer implementsthePushConsumerOperations interface.

Lines16-20implementthecodethatis executedwheneveraneventis pushedon this con-

sumer. The actionperformedin this caseis simply that of writing a log messageon the

standardoutput containingthe contentsof the message.Line 37 createsan instanceof

theConsumerAdminProxy which will beusedto subscribefor theHWE. Lines40-52

createthe Juno propertiesthat specifythe QoSof the HWE subscription, andput those

into a propertyset. The time scaleis specifiedby the Juno environment(which in this

caseis msec),but canbechangedon a objectby objectbasis.Lines53-63simply createa

PushConsumer thatwill beregisteredasatargetfor theHWE.Finally line 69subscribes

theconsumerfor theHWE.

1 package edu.wustl.doc.rtevents.demos.helloworld;

2
3 import edu.wustl.doc.rtevents.util.*;

4 import edu.wustl.doc.rtevents.consumer.*;

5 import edu.wustl.doc.rtevents.rtEventChannelAdmin.*;

6 import edu.wustl.doc.rtevents.rtEventComm.*;

7
8 import org.omg.*;
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9 import org.omg.CORBA.*;

10
11 public class Consumer implements PushConsumerOperations {

12
13 public void push_vec(Event[] data) {

14
15 }

16 public void push(Event data) {

17 JLogger.instance().logMessage(

18 "Received Event: ["+data.header.supplierID+

19 ", "+data.header.eventID+"]");

20 }

21 public void disconnect_push_consumer() { }

22
23 public static void main(String args[]) throws Exception {

24
25 if (args.length < 2) {

26 System.err.println(

27 "You need to pass the <SupplierName>\

28 and the <EventName>");

29 System.exit(-1);

30 }

31
32 String supplierName = args[0];

33 String eventName = args[1];

34
35 ORBSystem.createORBSingleton(args, null);

36
37 ConsumerAdminProxy adminProxy = new ConsumerAdminProxy();

38 // Creates the Event Properties

39
40 juno.MetaNumericValue.NumericValue tv =

41 juno.MetaDimensionalNumericValue.createNumericValue(

42 juno.Juno.ValueSet.Time,

43 new Integer(100));

44
45 juno.MetaProperty.Property period =

46 juno.MetaProperty.createProperty(

47 juno.Juno.PropertyType.Deadline,

48 tv);

49
50 juno.PropertySet properties = new juno.PropertySet();



57

51
52 properties.addProperty(period);

53 PushConsumer pushConsumer = null;

54 PushConsumerPOATie tie =

55 new PushConsumerPOATie(new Consumer());

56 try {

57 org.omg.CORBA.Object object =

58 ORBSystem.instance().createObject(tie);

59
60 pushConsumer = PushConsumerHelper.narrow(object);

61 }

62 catch (Exception e) {

63 e.printStackTrace();

64 }

65
66 adminProxy.subscribe(supplierName,

67 eventName,

68 properties,

69 pushConsumer);

70
71 ORBSystem.instance().runLoop();

72 }

73 }
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Chapter 7

Concluding Remarks

Thisthesispresentsamodelthatformally characterizesproperties,competitors,andsched-

ulersin opendistributedreal-timeandembedded(DRE) systems.A key ideathatemerges

from this formal modelis thatproperties“belong” to competitors.Moreover, a competi-

tor canexposemoreor fewer propertiesthana schedulerstrictly needsto orderaccessto

resources.Theprocessof makinga propertya first-classentity is fundamentalto achieve

interoperabilityamongheterogeneousendsystemschedulers.

This thesisalso outlines how the formal model of properties,competitors,and

schedulersis reified in Juno. Juno appliesmeta-programmingtechniquesto improve

schedulerinteroperabilityin heterogeneousendsystems.Meta-programmingtechniques

arebecominga popularway to enableDRE systemsthat areadaptable,flexible, config-

urable,predictable[38] andcomposable[32].

This thesishasshown how the conceptexposedin the first part of the thesiscan

be appliedto the Real-Time CORBA 2.0: Dynamic SchedulingJoint Final Submission

(RT-CORBA 2.0JFS)[26]. A problempresentin theRT-CORBA 2.0JFS–andto acertain

extent in Real-Time Java [28]–is that propertiesof competitorsareembeddedinto struc-

turesthat arescheduler-specific. In particular, the RT-CORBA 2.0 JFSdoesnot definea

way to inspectthepropertiesusedby a givenschedulerto orderthecompetitors,nor does

it definea way to inspectthe propertiesassociatedwith eachcompetitor. Thus,we illus-

tratehow theformalismsdefinedin Chapter3 canbemappedontoRT-CORBA to address

interoperabilityproblemsthatarenot resolvedby theRT-CORBA 2.0JFS.This thesishas

alsoprovided insight on how the designof RTENS canbe performed,alongwith an im-

plementationof a RTENSthat implementstheJuno referencearchitecturefor scheduling

disciplinesinteroperability.

Futureresearchon Juno might focuson thefollowing topics:
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1. Theoretical analysis: Investigatingthe theoreticalaspectsinvolved in transforming

andadaptingthepropertiesof competitors.Understandingtheeffectof apropertytransfor-

mationon a competitor’s importance–andhow we canrelatethe equivalenceclassescre-

atedby differentschedulingalgorithms–isimportantto detect“invalid” transformations,

i.e., transformationsthat disregardpropertiesfundamentalto expressingthe key QoSre-

quirementsof competitors.Theadvantageof expressingthesetheoreticalaspectsin formal

model is that it simplifies the communicationbetweensystemsand the transformations

performedonpropertiesof competitors.

Anotherthemein the theoreticalinvestigationis how adaptationsaffect the fulfill-

mentof end-to-endapplicationQoSrequests.Our focusis on schedulabilityanalysisin

end-to-endDREsystemswhereeachendsystemcanpotentiallyhaveadifferentscheduling

algorithmthatrequiresadaptationof QoSrequirements.This investigationwill provideus

criteria to determinethe schedulabilityof a given setof competitorsautomaticallyin an

openDREenvironment.

2. Empirical evaluation: ExtendingTAO to supporttheJuno meta-programmingarchi-

tecturedescribedin Chapter4. Theseenhancementswould be part of broaderefforts to

apply reflective middlewaretechniques[38] anddynamicscheduling[8] to TAO. In these

efforts it is essentialthedevelopmentof testbedsto conductempiricalbenchmarksthatwill

quantifytheQoSprovidedby Juno. Themaingoalsshouldbe

1. Identify thecritical softwarepatternsandframework componentsand

2. Measuretheimpactof our solutionon end-to-endDRE performance,predictability,

andflexibility .

Thisdimensionof researchwill aimto demonstratehow to developopenDREsystemsthat

implementtheflexible Juno formalismsandmeta-programmingarchitecturepresentedin

this thesiswithoutunduelossof QoS.

All thesourcecodefor Junoandfor Juno’s Real-Time EventNotificationServicecanbe

downloadedfromhttp://tao.doc.wustl.edu/ Ü corsaro/distrcomp.html,

while the sourcecode,documentation,andtestcasesfor the TAO open-sourceCORBA

ORB canbedownloadedfrom www.cs.wustl.edu/ Ü schmidt/TAO.html.
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Appendix A

Real-Time Event Notification Service

IDL

ThisAppendixcontainstheIDL for theReal-Time EventNotificationService.

A.1 Event Communication IDL

1 module edu { module wustl { module doc { module rtevents {

module rtEventComm {

5 // -- Event Structure --

typedef long SupplierID;

typedef long EventID;

struct EventHeader {

10 EventID eventID;

SupplierID supplierID;

};

typedef sequence<EventHeader> EventHeaderList;

15

struct Event {

EventHeader header;

any data;

20 };

typedef sequence<Event> EventSet;
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interface PushConsumer {

oneway void push_vec(in EventSet data);

25
oneway void push(in Event data);

void disconnect_push_consumer ();

};

30
typedef sequence<PushConsumer> PushConsumerList;

interface PushSupplier {

void disconnect_push_supplier ();

35 };

typedef sequence<PushSupplier> PushSupplierList;

};};};};};

40

A.2 Event ServiceAdministration IDL

1 module edu { module wustl { module doc { module rtevents {

module rtEventChannelAdmin {

5 // -- Exceptions Declaration --

exception AlreadyConnected {};

exception UnknownEvent {};

10 exception UnknownSupplier {};

// Exception thrown when a supplier/consumer is trying to

// register a request for resource would lead the

// EventChannelCore to an unfeasible point.

15 exception UnfeasibleScheduleException {};

// Raised when two event with the same name, from the same

// source are registered.

exception EventAlreadyRegistered {};

20
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// -- Property Set --

// It would have been much better to use valuetypes, but

// JacORB does not support those now :-(

25 // So instead of passing Juno Properties I need to embed

// those into Octet Sequences.

typedef sequence<octet> PropertySet;

typedef sequence<PropertySet> PropertySetList;

30 typedef sequence<octet> MetaPropertySet;

typedef sequence<MetaPropertySet> MetaPropertySetList;

// -- EventDescriptor Declaration --

35 // This structure describes an event completely, by providing

// its name, supplier’s name and properties. This structure is

// exposed to the user of the EventChannel to registrate event,

// or to registrate the interest in events.

struct EventDescriptor {

40 string eventName;

string supplierName;

};

typedef sequence<EventDescriptor> EventDescriptorList;

45
//-- EventSpec Declaration --

struct EventSpec {

EventDescriptor descriptor;

50 PropertySet properties;

// Reserved field, used internally by the EC to communicate

// the ID that have to be associated with the event being

// registered. With each event are associated 2 numeric ID,

55 // and the couple is guaranteed to be unique. One of the two

// number is associated with the event source, and is unique

// for all the sources within an event channel, while the

// other number is associated with the events generated by a

// supplier, and it is unique within the event generated by a

60 // supplier. Moreover the number are all adjacent and start

// from 1.

edu::wustl::doc::rtevents::rtEventComm::EventHeader header;
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};

65 typedef sequence<EventSpec> EventSpecList;

//-- EventSubscription Declaration --

struct EventSubscription {

70 EventDescriptor descriptor;

PropertySet properties;

edu::wustl::doc::rtevents::rtEventComm::PushConsumer

consumer;

75 };

typedef sequence<EventSubscription> EventSubscriptionList;

//////////////////////////////////////////////////////////

80 // Admin Interfaces Section

//////////////////////////////////////////////////////////

// -- ConsumerAdmin Declaration --

interface ConsumerAdmin {

85 edu::wustl::doc::rtevents::rtEventComm::EventHeader

subsribe_event(in EventSubscription subscription)

raises(UnfeasibleScheduleException,

UnknownSupplier,

UnknownEvent);

90
edu::wustl::doc::rtevents::rtEventComm::EventHeader

subsribe_events(in EventSubscriptionList subscriptions)

raises(UnfeasibleScheduleException,

UnknownSupplier,

95 UnknownEvent);

void unsubscribe_event(in EventDescriptor descriptor)

raises(UnknownEvent, UnknownSupplier);

100 void unsubscribe_events(in EventDescriptorList descriptors)

raises(UnknownEvent, UnknownSupplier);

};

// -- SupplierAdmin Declaration --
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105
// Interface used by the supplier to register

// the event they supply

interface SupplierAdmin {

110 // Register an event and returns the PushConsumer

// that should be used to push the event just

// registered

edu::wustl::doc::rtevents::rtEventComm::PushConsumer

register_event(inout EventSpec event_spec)

115 raises(UnfeasibleScheduleException,

EventAlreadyRegistered);

// Register an array of events and returns the

// PushConsumers that should be used to push the

120 // events just registered

edu::wustl::doc::rtevents::rtEventComm::PushConsumerList

register_events(inout EventSpecList event_specs)

raises(UnfeasibleScheduleException,

EventAlreadyRegistered);

125
// Updates the QoS associated with an event and

// returns the PushConsumer that should be used

// to push the event

edu::wustl::doc::rtevents::rtEventComm::PushConsumer

130 update_event(inout EventSpec event_spec)

raises(UnfeasibleScheduleException);

// Update the QoS associated with an event’s array and

// returns the PushConsumer that should be used to

135 // push the event

edu::wustl::doc::rtevents::rtEventComm::PushConsumerList

update_events(inout EventSpecList event_specs)

raises(UnfeasibleScheduleException);

140 // Unregister an event from the EventChannel

void unregister_event(

in edu::wustl::doc::rtevents::rtEventComm::EventHeader

header) raises(UnknownEvent);

145 // Unregister an event list from the EventChannel

void unregister_events(
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in edu::wustl::doc::rtevents::rtEventComm::EventHeaderList

headerList) raises(UnknownEvent);

150 };

// -- EventChannel Declaration --

155 interface EventChannel {

ConsumerAdmin for_consumers();

SupplierAdmin for_suppliers();

void destroy();

};

160
// -- Event Processing --

// This structure represent a binding between an event,

// its consumer and the properties that characterize

165 // the binding.

struct EventBinding {

edu::wustl::doc::rtevents::rtEventComm::EventHeader header;

PropertySet properties;

edu::wustl::doc::rtevents::rtEventComm::PushConsumer

170 eventTarget;

};

typedef sequence<EventBinding> EventBindingList;

175 // This interface implements the processing of events

// within the Event Channel. It should take care of

// receiving/scheduling/dispatching the events.

interface EventProcessor {

180 // JacORB does not currently support valuetype, so I

// need to implement those in the event channel by

// streaming serialized Object inside obtect sequences.

// This breaks the interoperability with languages

// other than Java, but for the time being this is fine.

185
// -- Periodic Event Suppliers --

edu::wustl::doc::rtevents::rtEventComm::PushConsumer

addPeriodicPushConsumer(in PropertySet properties);
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190 edu::wustl::doc::rtevents::rtEventComm::PushConsumerList

addPeriodicPushConsumers(in PropertySetList properties);

// -- Sporadic Event Suppliers --

edu::wustl::doc::rtevents::rtEventComm::PushConsumer

195 addSporadicPushConsumer(in PropertySet properties);

edu::wustl::doc::rtevents::rtEventComm::PushConsumerList

addSporadicPushConsumers(in PropertySetList properties);

200 // -- Non Real-Time Event Suppliers --

edu::wustl::doc::rtevents::rtEventComm::PushConsumer

addNonRealTimePushConsumer(in PropertySet properties);

edu::wustl::doc::rtevents::rtEventComm::PushConsumerList

205 addNonRealTimePushConsumers(in PropertySetList properties);

void addEventConsumer(in EventBinding binding);

210 void addEventConsumers(in EventBindingList bindings);

// Retrieves the scheduler characteristic set of the Event

// Delivery Module.

MetaPropertySet eventDeliveryModuleSchedulerChi();

215
// Retrieves the scheduler characteristic set of the Event

// Receipt Module.

MetaPropertySet eventReceiptModuleSchedulerChi();

220 };

};

};}; }; };
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