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Abstract

Commercial off-the-shelf (COTS) middleware is now
widely used to develop distributed real-time and em-
bedded(DRE) systems.DRE systemsare themselvesin-
creasingly combinedto form “systemsof systems”that
havediverse quality of service(QoS) requirements.Ear-
lier generationsof COTSmiddleware, such as ObjectRe-
questBrokers (ORBs)basedon the CORBA 2.x standard,
did not facilitate the separation of QoSpolicies from ap-
plication functionality, which made it hard to con�gure
and validate complex DRE applications. The new gen-
eration of componentmiddleware, such as the CORBA
ComponentModel (CCM) basedon the CORBA 3.0 stan-
dard, addressesthe limitations of earlier generation mid-
dleware by establishing standards for implementing,
packaging, assembling, and deployingcomponentimple-
mentations.

There has beenlittle systematicempirical studyof the
performancecharacteristicsof componentmiddleware im-
plementationsin the context of DRE systems.This paper
therefore providesfour contributionsto the studyof CCM
for DREsystems.First,wedescribethechallengesinvolved
in benchmarkingdifferent CCM implementations.Second,
we describekey criteria for comparingdifferent CCM im-
plementationsusingkey black-boxand white-boxmetrics.
Third, wedescribethedesignof our CCMPerf benchmark-
ing suiteto illustratetestcategoriesthatevaluateaspectsof
CCM implementationto determinetheir suitability for the
DREdomain.Fourth,weuseCCMPerf to benchmarkCIAO
implementationof CCM andanalyzetheresults.Thesere-
sultsshowthattheCIAO implementationbasedonthemore
sophisticatedCORBA 3.0 standard has comparable DRE
performanceto that of the TAO implementationbasedon
theearlier CORBA 2.xstandard.

Keywords: CCM, Benchmarking,CCMPerf, white-box
metrics,black-boxmetrics.

1. Intr oduction

Emerging tr ends. Distributed real-time and embed-
ded (DRE) systemsare becomingmore widespreadand
important.CommonDRE systemsincludetelecommunica-
tion networks(e.g., wirelessphoneservices),tele-medicine
(e.g., robotic surgery), and defenseapplications(e.g., to-
tal shipcomputingenvironments).TheseDRE systemsare
increasinglyusedfor a rangeof applicationswheremulti-
ple systemsareinterconnectedto form systemof systems
that possessstringent quality of service (QoS) con-
straints,suchasbandwidth,latency, jitter anddependability
requirements.A challenging requirementfor these sys-
temsinvolvessupportinga diverseset of QoS properties,
such as predictablelatency/jitter, throughputguarantees,
scalability, and 24x7 availability, dependability, and se-
curity, that must be satis�ed simultaneouslyin real-time.
Conventionaldistributedobjectcomputing(DOC) middle-
ware frameworks (suchasDCOM, Java RMI, andearlier
versionsof the CORBA 2.x standard)do not provide ca-
pabilities for developers and end-usersto specify and
enforce theseQoS requirementssimultaneouslyin com-
plex DRE systems.

Componentmiddleware [25] is a classof middleware
thatenablesreusableservicesto becomposed,con�gured,
andinstalledto createapplicationsrapidlyandrobustly. The
CORBA ComponentModel (CCM) [15] is astandardcom-
ponentmiddleware technologythat addresseslimitations
with earlierversionsof CORBA 2.x middlewarebasedon
the DOC model. In particular, the CCM standardde�ned



by the CORBA 3.x speci�cation extendsthe CORBA 2.x
objectmodelto supporttheconceptof componentsandes-
tablishesstandardsfor specifying,implementing,packag-
ing, assembling,anddeploying components.

Empirically evaluating CCM implementations. Compo-
nent middleware in general– and CCM in particular –
area maturingtechnologybasethat representsa paradigm
shift in the way complex DRE systemshave beendevel-
oped traditionally. For example, componentmiddleware
provideshigher-level capabilitiesfor developersand end-
usersto specify and enforceQoS requirementsin com-
plex DRE systems.Several implementationsof CCM are
now available, including the ComponentIntegratedACE
ORB (CIAO) [28], Mico-CCM [12], Qedo[18], andStar-
CCM [23]. As CCM platformsmatureandbecomesuitable
for DRE systemsit is desirableto devisea standardsetof
metricsto compareandcontrastdifferentCCM implemen-
tationsin termsof their:

� Suitability, e.g., how suitableis theCCM implementa-
tion for DRE applicationsin a particulardomain,such
asavionics,total shipcomputing,or telecomsystems?

� Quality of service, e.g., doesa CCM implementation
for theDRE domainprovide predictableperformance
andconsumeminimal time/spaceresources?

� Conformance, e.g., doesa CCM implementationcon-
form to OMG standardsby meeting the portability
andinteroperabilityrequirementsde�ned by theCCM
speci�cation?

Earlier efforts, such as the Open CORBA Benchmark-
ing [26] andMiddlewareComparator[10] projects,havefo-
cusedonmetricsto comparemiddlewarebasedontheDOC
middleware standardde�ned by the CORBA 2.x speci�-
cations.Our work enhancestheseefforts by focusingon
a previously unexplored topic: designinga benchmark-
ing framework to compare CCM implementationqual-
ity by developing metrics that evaluate the suitability of
those implementationsfor representativeDRE applica-
tions. To quantify thesecomparisonssystematicallywe
developedCCMPerf, which is an an open-source1 bench-
marking suite that focuseson black-box and white-box
metrics,usingcriteriasuchaslatency, throughput,andfoot-
print measures.Thesemetricscan be partitionedinto the
follow categories:

� Distribution middleware teststhat quantify the over-
headof CCM-basedapplicationsrelative to applica-
tionsbasedonearlierversionsof theCORBA 2.xstan-
dardthatdonotsupportcomponentrun-time,con�gu-
ration,anddeploymentcapabilities.

1 CCMPerf is available for download from deuce.doc.wustl.
edu/Download.html .

� Common middleware services tests that quan-
tify the suitability of usingdifferent implementations
of CORBA services,suchasReal-timeEvent[14] and
Noti�cation Services[13].

� Domain-speci�c middleware tests that quantify the
suitability of CCM implementationsto meetthe QoS
requirementsof a particular DRE application do-
main, such as static linking and deployment of
componentsin an avionics missioncomputingarchi-
tecture[21].

This paperprovides the following contributions to the
study of componentmiddleware implementedin accor-
dancewith theOMG CCM standardby describing:

1. The challengesinvolved in benchmarkingdifferent
CCM implementations,

2. Thecriteriafor comparingdifferentCCM implementa-
tionsusingkey black-boxandwhite-boxmetrics,and

3. The designof our CCMPerf benchmarkingsuitethat
evaluatesaspectsof CCM implementationsto deter-
minetheir suitability for theDRE domain.

The vehicle usedto test, obtain and analyzeour results
from CCMPerf is the ComponentIntegrated ACE ORB
(CIAO) [28], which is an open-source2 implementationof
CCM built upon the Real-timeCORBA infrastructureof
TheACE ORB(TAO) [20]. This papershows how CCM-
Perf canbeusedto collectmetricsandevaluateCCM im-
plementationsin the DRE domain.Our resultsshow that
CIAO andits moresophisticatedCORBA 3.x CCM capa-
bilities do not addappreciableoverheadrelative to its TAO
CORBA 2.x foundation.

Paper organization. The remainderof this paperis orga-
nizedasfollows:Section2 providesanoverview of theele-
mentsin CCM; Section3 discussesthedesignof CCMPerf,
focusingon theperformanceexperimentsit supports;Sec-
tion 4 analyzesquantitativeresultsobtainedby benchmark-
ing CIAO usingCCMPerf; Section5 comparesour work
with othermiddlewarebenchmarkingefforts;andSection6
presentsconcludingremarks.

2. Overview of CCM

TheCORBA ComponentModel(CCM) formsakey part
of the CORBA 3.0 standard.CCM is designedto address
thelimitationswith earlierversionsof CORBA 2.x middle-
warethatsupporteda distributedobjectcomputing(DOC)
model[5]. Figure1 depictsthekey elementsin thearchitec-
tureof CCM. Theremainderof this sectiondescribeseach
of theseCCM elements.

2 CIAO is also available for download from deuce.doc.wustl.
edu/Download.html .
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Figure 1. Elementsin the CCM Ar chitecture

Components. Componentsin CCM are implementation
entitiesthatcollaboratewith eachotherviaports. CCMsup-
portsseveral typesof ports,including(1) facets, which de-
�ne aninterfacethatacceptspoint-to-pointmethodinvoca-
tions from othercomponents,(2) receptacles, which indi-
catea dependency on point-to-pointmethodinterfacepro-
vided by anothercomponent,and (3) eventsources/sinks,
which indicatea willingnessto exchangetyped messages
with oneor morecomponents.

Container. A containerin CCM providestherun-timeen-
vironmentfor oneor morecomponentsthat managesvar-
ious pre-de�nedhooksandstrategies,suchaspersistence,
event noti�cation, transaction,and security, used by the
component(s).Eachcontaineris responsiblefor (1) initial-
izing instancesof thecomponenttypesit managesand(2)
connectingthemto othercomponentsandcommonmiddle-
ware services.Developerspeci�ed metadataexpressedin
XML canbeusedto instructCCM deploymentmechanisms
how to controlthelifetime of thesecontainersandthecom-
ponentsthey manage.Themeta-datais presentin XML �les
calleddescriptors, whicharedescribedin Sidebar1.

ComponentAssembly. In a distributedsystem,a compo-
nent may needto be con�gured differently dependingon
the context in which it is used.As the numberof compo-
nentcon�guration parametersandoptionsincrease,it can
becometediousand error-proneto con�gure applications
consistingof many individual components.To addressthis
problem,theCCM de�nesanassemblyentityto groupcom-
ponentsandcharacterizethemeta-datathatdescribesthese
componentsin an assembly. Eachcomponent's meta-data
in turn describesthefeaturesavailablein it (e.g., its proper-
ties)or thefeaturesthatit requires(e.g., its dependencies).

CCM assembliesarede�ned usingXML Schematem-
plates, which provide an implementation-independent
mechanismfor describingcomponentpropertiesandgen-
erating default con�gurations for CCM components.
These assembly con�gurations can preserve the re-
quired QoS properties[28] and establishthe necessary

Sidebar 1: Separating Con�guration Con-
cerns in CCM

Con®gurationof componentsin CCM can be performedat
different levels of abstractionand involvesdifferent tradeoffs.
CCM usesXML-baseddescriptorsto con®gurecomponents.
Eachdescriptorexposesdifferentaspectsof acomponent-based
system.Thissidebardescribesthedifferenttypesof descriptors
de®nedby theCCM DeploymentandCon®gurationspeci®ca-
tion [17] andexplainshow they helpseparatecomponentcon-
®gurationconcerns:

� Component Interface Descriptor (.ccd), which de-
scribestheinterface,ports,andpropertiesof asinglecom-
ponent.

� Implementation Artifact Descriptor (.iad), which de-
scribesthe implementationartifacts(e.g., DLLs andOS
platform)associatedwith a singlecomponent.

� ComponentPackageDescriptor (.cpd), whichdescribes
multiple alternative implementationsof a singlecompo-
nent.

� Component Implementation Descriptor (.cid), which
describesa speci®cimplementationof acomponentinter-
face,i.e., if theimplementationis monolithicor assembly-
based.

� ComponentDomain Descriptor (.cdd), whichdescribes
the compositionof domains,e.g., a relatedsetof nodes,
inter-connects.andbridges.

� Component Deployment Plan (.cdp), which describes
the artifacts(e.g., componentimplementationand target
domaininformation) for deploymentandprovides infor-
mationon how to createcomponentinstancesfrom these
artifacts.

con�guration andinterconnectionsamonggroupsof com-
ponents.

Componentserver. A componentserveris anabstraction
thatis responsiblefor aggregatingphysicalentities(i.e., im-
plementationsof componentinstances)into logical enti-
ties (i.e., distributedapplicationservicesandsubsystems).
A CCM componentserver is a singleton[3] that playsthe
role of a factory to createcontainersandstandardizesthe
role of a server processin the CORBA 2.x objectmodel.
Eachcomponentserver is typically assignedaparticularset
of capabilitieswithin adistributedsystem.

Component packaging and deployment. In addi-
tion to the run-time building blocks outlined above, the
CCM alsostandardizescomponentimplementation,pack-
aging, and deployment mechanisms.Packaginginvolves
grouping the implementationof componentfunctional-
ity – typically storedin a dynamiclink library (DLL) – to-
getherwith othermeta-datathatdescribespropertiesof this
particular implementation.The CCM ComponentImple-
mentationFramework (CIF) helpsgeneratethecomponent



implementationskeletons and persistentstate manage-
ment automaticallyusing the ComponentImplementation
De�nition Language(CIDL).

Summary. Figure 2 depicts the interactionbetweenthe
variousCCM elementsdiscussedin this section.As shown

Figure 2. Interaction betweenCCM entities

in this �gure, a deploymentapplicationcreatesan assem-
bly managerthat is responsiblefor creatingcomponentas-
sembliesfrom con�guration�les. Eachof theseassemblies
arehostedin acomponentserverthatplaystheroleof afac-
tory to createcontainers,whichprovidetheexecutionenvi-
ronmentfor the components.A componenthomeis a fac-
tory thatmanagesthelifecycleof onetypeof component.

Figure 1 illustrateshow CCM is a layer residingatop
anORB that leveragesORB functionality(suchasconnec-
tion management,data transfer, (de) marshalingof mes-
sages,and managementand data transfer)event/message
demultiplexing) andhigher-level CORBA services(suchas
and higher-level CORBA services(suchas Load Balanc-
ing, Transaction,Security, andPersistence).CCM applica-
tionsmaythereforeincur additionaloverheadcomparedto
theirCORBA 2.xcounterpartsin theform of additionalpro-
cessingin thecode-path(i.e., additionalfunctioncalls)and
data-path(i.e., parameterpassingbetweenthe underlying
ORBandtheCCM layers).Sincethis processingcanoccur
in the critical pathof every request/responsethe overhead
maybenon-trivial. Theremainderof thispaperpresentskey
criteriaandempiricalresultsthatcompareCCM implemen-
tationsandpresentsempiricalresultsthatquantifytheover-
headsaddedby theCIAO CCM implementation.

3. Overview & Designof CCMPerf

The goals of CCMPerf are to createcomprehensive
benchmarksthatallow usersandCCM developersto:

1. Evaluatethe overheadCORBA 3.x CCM implemen-
tations impose above and beyond CORBA 2.x im-
plementationsthatarebasedon theearlier-generation
DOCmodel.

2. Deviseandapplybenchmarksthatsystematicallyiden-
tify performancebottlenecksin popularCCM imple-
mentations.

3. ComparedifferentCCM implementationsin termsof
key metrics,suchaslatency, throughput,andotherper-
formancecriteria.

4. Developa framework thatautomatesbenchmarktests
and facilitates seamlessintegration of new bench-
marks.

Thissectiondescribesthekey challengesinvolvedin devel-
oping a benchmarkingsuitefor CCM to addressthe goals
outlined above and shows how thesechallengeswere ad-
dressedby CCMPerf. We also illustrate the threeexperi-
mentationcategoriesin CCMPerf andpresenta sampleof
empiricalresultsobtainedfrom applyingCCMPerfto CIAO
CCM middleware.

3.1. CCM Benchmarking Challenges and Their
Resolutions

During thedesignof CCMPerf we encountereda num-
berof challenges,including (1) heterogeneityin CCM im-
plementations,(2) differencesin quality of CCM imple-
mentations,(3) differencesin applicationdomains,and(4)
heterogeneityin hardwareandsoftwareplatforms.We de-
scribeeachof thesechallengesbelow anddiscusshow we
resolve themin CCMPerf.

3.1.1. Heterogeneityin CCM Implementations

Context. CCM implementationsuse different tools and
mechanismsto developandcon�gure applications,e.g.:

� CCM header�les arenot standardizedby the OMG.
Moreover, theprocessof obtainingthegenerated�les
(e.g., thecompilationchainfor thedifferentdescriptor
�les explainedin Section2) usedby CCM is speci�c
to eachORBandits CCM implementation.

� Conformanceto CCM features,suchasautomationof
componentassembly, is inconsistentacrossCCM im-
plementations.

Problem. A benchmarkingframework shouldencapsulate
implementationheterogeneityto ensureits testsare(1) rep-
resentative, i.e., test equivalentcon�gurationsand (2) re-
peatable, i.e., beamenableto continuousbenchmarking.Of
course,thesechallengesarea microcosmof theissuesthat
CCM applicationdevelopersmustaddressto ensureporta-
bility acrossheterogeneousCCM implementations.



Solution. To shieldCCMPerf from CCM implementation
heterogeneitywedevelopedasetof scriptsto con�gureand
runits benchmarkingtests.Thesescriptsautomaticallygen-
erateCCM platform-speci�ccodeandprojectbuild �les for
eachimplementation.The scriptsaresimilar to the COR-
BAConf project [19] that provides autoconf support for
CORBA 2.x ORBs.

3.1.2. Differ encein Quality of CCM Implementations

Context. CCM implementationsdiffer in the datastruc-
turesandalgorithmsthey useinternally, which affectsthe
QoSthey candeliver to DREapplications.

Problem. Evaluating these differences requires instru-
menting the codewithin the ORB/CCM implementation,
whichpresentsthefollowing challenges:

� A thoroughunderstandingof CCM implementations
is neededto instrumentCCM middlewarewith probes
that measureperformanceaccurately. No systematic
bodyof knowledgeyet exists,however, that identi�es
the critical featureswithin CCM whereinstrumenta-
tion pointsshouldbeadded.

� CCM implementations are layered architectures,
whichmakesit necessaryto isolateeachlayerto mea-
sure its in�uence on overall end-to-endapplication
performance.Since ORB-speci�c con�guration op-
tions in�uence the presence/absenceof these lay-
ers it is hard to identify the set of stepswithin each
layer for every combination of con�guration op-
tions.

Solution. As discussedin Section3.2,CCMPerf provides
benchmarksthatuseacombinationof white-boxandblack-
box metricsto evaluateCCM quality of implementationis-
sues.

3.1.3. Differ encesin CCM Con�guration Options

Context. CCM implementationsdiffer in thecon�gurable
parametersthey provideto tuneperformance,e.g., run-time
con�guration options(suchasthe numberof threads,log-
ging levels,andlocks) thatcanbeenabledto �ne tunedif-
ferentCCM implementations.

Problem. The presenceof implementation-speci�cCCM
con�gurationoptionsyieldsthefollowing challenges:

� Thesamesetof con�gurationoptionsmany notbesup-
portedby all CCM implementations,e.g, CIAO allows
applicationsto con�gure thetypeof locksusedwithin
the ORB, whereasMico-CCM doesnot supportthis
feature.

� An implementationcan be optimizedfor a given set
of con�gurations,yet perform poorly for other con-
�gurations, e.g., Mico-CCM is optimizedfor single-
threadedapplicationsand performspoorly in multi-
threadedcon�gurations.

Solution. To ensureequivalent con�gurations,CCMPerf
providesautomatedscriptsto con�gure andrun eachtest.
Thescriptscapturetheoptionsthatareusedin differentim-
plementationsto obtainequivalentCCM con�gurations.To
ensureconsistenthardware and OS con�gurationsCCM-
Perf testsarerunusingEMULab[30] andLockheedMartin
AdvancedTechnologyLab's (ATL) MiddlewareCompara-
tor framework [10]. Thesetestbedssupportsystematictest-
ingconditionsthatenableequivalentcomparisonsof perfor-
mancedifferencesbetweenCCM implementations.ATL's
MiddlewareComparatorframework alsoallowsexperiment
datato be accessedvia a convenientweb interface(www.
atl.external.lmco.com/projects/QoS / ).

3.1.4. Differ encesin Application Domain

Context. EachCCM implementationcanbe tailoredfor a
particularapplicationdomain,e.g., theCIAO CCM imple-
mentationis tailoredfor the DRE domain,whereasMico-
CCM is targetedfor the general-purposedistributedcom-
putingdomain.

Problem. Differentdomainsof applicability posethe fol-
lowing challenges:

� Use casesmay change across domains, e.g., some
DREapplicationsrequirethattotalstartuptimebeper-
formed in undertwo seconds[22]. Componentmid-
dlewarecateringto theDRE domainoftenneedsto be
optimizedto meetthis requirement,whereasmiddle-
warefor general-purposedistributedcomputingmight
not requiresuchoptimizations.

� QoSrequirementsmay change acrossdomains.Cer-
tain metrics (such as predictableend-to-endlatency
andstatic/dynamicmemoryfootprint)areimportantin
theDRE domain,but areoftenlessimportantin other
domains,suchasenterpriseanddesktopcomputing.

Solution. To evaluatedomain-speci�csuitability, we pro-
vide scenario-basedtestsand/orenactmentsof speci�c use
casesdeemedimportantin agivendomain,suchastheDRE
domain. In this context, we are evaluating CCM imple-
mentationsusingthescenariospresentin theBoeingBold
StrokePrismcomponentmodeldescribedin Section3.2.

3.2. CCMPerf Benchmark Design

We now describethe designof CCMPerf, focusingon
its three experimentationcategories and the metrics col-
lected in eachof the categories.The benchmarkingtests
in CCMPerf focuson black-boxandwhite-boxmetrics,as
discussedbelow.

Black-box metrics. Black-box metrics are performance
evaluation techniquesthat do not require instrumenta-
tion of softwareinternalsto selectandanalyzebenchmark



data.CCMPerf can be usedto benchmarkCCM imple-
mentationswithout knowledge of their internal structure
by using standardoperationspublishedin the CCM in-
terfacesandwithout modifying CCM ORB internals.The
black-boxperformancemetricssupportedby CCMPerf in-
clude:

� Round-triplatency, whichmeasurestheresponsetime
for a twoway operationwith a singletype of parame-
ter, suchasanarrayof CORBA::Long .

� Throughput, whichcomparesthe(1) numberof events
persecondprocessedat thecomponentserver and(2)
numberof requestspersecondat theclient.

� Jitter, which measuresthe variancein round-trip la-
tency for a seriesof requests.

� Collocation performance, which measuresresponse
timeandthroughputwhenaclientandserverarein the
sameprocessvs.acrossprocessesonthesameanddif-
ferentmachines.

� Datacopyingoverhead, whichcomparesthevariation
in responsetime with an increasein requestsize to
determinewhethera CCM implementationincursex-
cessivebuffer copying relative to a CORBA 2.x-based
ORB.

� Footprint, whichmeasuresthestaticanddynamicfoot-
print of a CCM implementationto determinewhether
it is suitablefor memory-constrainedDRE systems.

CCMPerf canmeasureeachof thesemetricsin (1) single-
threadedand (2) multi-threadedcon�gurationson servers
andclients.

White-box metrics. White-box metrics are performance
evaluation techniques that employ explicit knowledge
of software internals to select and analyze benchmark
data.Unlike black-boxmetrics,white-box metricsevalu-
ate performanceby instrumentingthe software internals
with probes. The white-box performancemetrics sup-
portedby CCMPerf include:

� Functionalpathanalysis, whichidenti�es CCM layers
abovetheORBandaddsinstrumentationpointsto de-
terminethe time spentin theselayers.CCMPerf can
analyzejitter by measuringthe variation in the time
spentin eachlayer.

� Lookup-timeanalysis, which measuresthe variation
in lookup-timefor certainoperations,suchas�nding
componenthomes,obtainingfacets,and obtaininga
componentinstancereferencegivenits key.

� Context switch overhead, which measurethe time re-
quired to interrupt the currently running threadand
switch to anotherthreadin multi-threadedcon�gura-
tions.

The benchmarkingtestsin CCMPerf can be categorized
into thegeneralareasdiscussedbelow. Eachareathenusesa
rangeof black-boxandwhite-boxmetricsto compareCCM
implementations.

Distrib ution middleware benchmarks. TheseCCMPerf
benchmarksemploy black-boxandwhite box metricsthat
measurevariousaspectsof distribution middlewareperfor-
manceoverhead,e.g., for a given ORB and its CCM im-
plementationthe round-trip metric measuresthe increase
in responsetime incurredby theCCM implementationbe-
yondtheCORBA 2.x DOC modelsupport.EachCCM im-
plementationresidesatopa CORBA ORB.TheORB man-
agesvariousnetwork programmingtasks,suchasconnec-
tion management,data transfer, (de)marshaling,demulti-
plexing, andconcurrency. CCM implementationsmay add
additionaloverheadto theunderlyingCORBA ORB,asex-
plainedin Section2. Applicationdevelopersandend-users
canapplyCCMPerf's distributionmiddlewarebenchmarks
to evaluatehow well CCM implementationsmeettheirend-
to-endQoSrequirements.Thesebenchmarkscanalsoben-
e�t userswho areconsideringmoving from DOC middle-
ware to componentmiddleware so they can quantify the
prosandconsof sucha transition.

Common middleware services benchmarks. These
CCMPerf benchmarksquantify the performanceof var-
ious implementation choices associatedwith integrat-
ing commonmiddlewareserviceswithin CCM containers.
CCM leveragesmany standardservicesandfeatures,asde-
scribedin Section2. CCM implementationscaneitheruse
thestandardCORBA servicespeci�cationsor they canuse
customizedimplementationsof theseservices.If CCM im-
plementationsuse a publish/subscribemodel, they can
use the standardCORBA Noti�cation and/or Event Ser-
vices[14] or usea customizedimplementation(suchasthe
TAO Real-timeEventService[6] or theOMG DataDistri-
butionService[16].

To benchmarkthe scenariowherea containerusesan
event channelto publish events,CCMPerf measuresthe
overheadintroducedby extra (de)marshalingand indirec-
tion costsincurredwithin the containerfor publishingthe
events to the all the receivers. Black-box and white-box
metricsde�ned in the Section3.2 arealsousedto empir-
ically compareandcontrasttheimplementationchoicesfor
aparticularapplicationdomain.

Domain-speci�c middleware benchmarks. The charac-
teristicsof an applicationdomainoften in�uence the se-
lectionandsuitability of a particularserviceand/orits im-
plementation.We thereforedesignedtheCCMPerf bench-
markingtestsuitesto usetheblack-boxandwhite-boxmet-
rics de�ned in theSection3.2 to empirically compareand
contrastthe implementationchoicesfor a particularappli-
cationdomain.TheseCCMPerf benchmarksincludeblack-



box and white-box teststailored for key domain-speci�c
middlewareusecasesthat occur in certaindomains,such
asBoeing's Bold Stroke Prismplatform[22] that supports
avionicsmissioncomputingin theDRE domain.

Thepurposeof thesetestsis to identify whethera given
CCM implementationcanmeettheQoSrequirementsfor a
particulardomain,e.g., an organizationmight have a large
numberof componentsthat needto be deployed within a
certainamountof time. In the DRE domain,for instance,
Boeing's Bold Stroke Prism architecturehas several use
caseswith stringenttiming constraints.

This category of benchmarksalsoincludeteststhat an-
alyze domain-speci�cCORBA implementations(such as
Real-timeCORBA) and protocolswith real-time proper-
ties(suchastheStreamControlTransmissionProtocol[4])
standardizedby theOMG.AlthoughtheCCM speci�cation
itself doesyet not explicitly standardizereal-time exten-
sions,CCM implementationssuchasCIAO that target the
DRE domainsupportthe integrationof Real-timeCORBA
andSCTPwith CCM.

3.3. Summary

Benchmarkingfeature-richcomponentmiddleware im-
plementations,suchasCCM,posesseveralchallenges.This
sectiondescribedhow thedesignof CCMPerf (1) addresses
theheterogeneityof CCM implementations,suchasdiffer-
encesin con�gurationoptions,implementationquality, and
domainof application,(2) providesblack-boxand white-
box metrics to compareand contrastCCM implementa-
tions,and(3) consolidatestestsinto categoriesthat clarify
the structureof the benchmarksand facilitate the integra-
tion of new benchmarktests.

4. Empirically evaluating CIAO using CCM-
Perf

This section presents distribution middleware and
domain-speci�c benchmarksfor CIAO. These experi-
mentsevaluatemany of the black-box(round-trip latency,
throughput, jitter, and collocation latency, throughput
and jitter) and white-box (functional-pathanalysis)met-
rics describedin Section3. We alsoanalyzethe empirical
resultsto evaluatethesuitabilityof CIAO for DRE applica-
tions.

Thefollowing IDL interfacewasusedfor all theexperi-
ments:
module Test {

interface RoundTrip {
// Use a timestamp to measure the
// roundtrip delay
typedef unsigned long long Timestamp;

Timestamp test_method (in Timestamp send_time);
};

}

As shown in the RoundTrip interface,the communica-
tion entitiesexchangetimestampssetat theclientandprop-
agatedto the server. This designenablesexperimentersto
set/unsettime-probesat variouspointsin thecall-pathand
propagatethemvia this interface.For example,to compute
the round-trip latency, experimenterscomputethe differ-
encebetweenthe currenttime andthe oneencodedin the
time-stamp.

AlthoughbothCIAO andTAO supporta varietyof con-
�guration options[11], wemakethefollowing assumptions
for thisoptions,wemakethefollowingassumptionsfor this
analysis:

1. Nativeexceptionhandlingwasenabled

2. Servants are normal CORBA servants that in-
herit from PortableServer::ServantBase ,
i.e., we do not considerthe CORBA dynamic invo-
cation interface(DII) anddynamicskeletoninterface
(DSI), which are inappropriatefor most DRE sys-
tems

3. Loggingwasdisabled

4. The ORB was con�gured to run in single-threaded
modeand

5. No proprietarypolicieswereassociatedwith theORB.

Theseassumptionsarerepresentativeof a commonclassof
DRE applicationsthatapplyORB middleware.

4.1. Distribution Middleware Benchmarks

Thissectionpresentsanalysisof theback-boxandwhite-
boxteststhatquantify theoverheadof CIAO over thebase
TAO ORB. All experimentspresentedwereperformedon
an Intel PentiumIV 2.0 Ghz processorwith 512 MB of
main memory. For theseexperiments,TAO version1.3.5
and CIAO 0.3.5 were compiledusing the TimesysGNU
g++ compiler version3.2.2andexecutedusingon Linux
2.4.21-timesys-4.1.147kernel.Eachexperimentwasrun in
theTimesysLinux real-timeschedulingclassanda sample
sizeof 250,000datapointswasusedfor theresultinganal-
ysis.

4.1.1. Black-box Analysis In theblack-boxexperiments,
a client issuedtwo-way operationsat the fastestpossible
rate,while the server performeda minimal but non-trivial
operationof cubing the data it received. Several black-
box metrics were collectedincluding, round-trip latency,
throughput,jitter, collocationperformanceanddatacopy-
ing overheadanalysis.Theseexperimentsquantifytheover-
headof CCM for normalCORBA operations.

Experiment description. The experimentsconsider the
following usagescenariosin which an end-usermay use
CCM:



1. A CORBA 2.0 Server interactingwith a CORBA 2.0
client,

2. A CORBA 2.0Server interactingwith aCCM Compo-
nent(playingtheroleof theclient)and

3. A CCM component(playingroleof server) interacting
with a CORBA client

4. A CCM componentinteracting with anotherCCM
component(playingbothclientandserver roles)

Thesefour usecasesrepresentall thepossibilitiesof mix-
ing and matching a CCM component with CORBA
servers/clients.For each of the above interaction sce-
narios, we examined the following four combinations:

1. TAO-TAO – a TAO server interactingwith a TAO
client,

2. CIAO-TAO – a CIAO componentinteractingwith a
TAO client,

3. TAO-CIAO – a TAO server interactingwith a CIAO
componentand

4. CIAO-CIAO – aCIAO component(server)interacting
with anotherCIAO component(client).

The TAO-TAO interactionserversas the baselineto com-
putetheoverheadaddedby othercombinations.

Round-trip analysis. This sectionanalyzesthe resultsof
benchmarksthatmeasuretheaveragelatency, 99%bound,
thedispersionandworst-casebehavior.
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Figure 3. Round Trip Latency Analysis

� Average measures – Figure 3 shows that averagela-
tency for all the four caseis nearly the samewith

TAO-TAO scenariohaving the minimum averagela-
tency of � 93.07 � secsandCIAO-CIAO scenariohav-
ing maximum latency of � 100.54 � secs.Using the
average-case,therefore,the overheadaddedby CCM
overCORBA is � 8 � secs.

� Dispersionmeasures– Thetermpredictabilityhasdif-
ferentconnotationsin differentdisciplines.For exam-
ple, in real-timeschedulingtheory, a predictablesys-
tem meansthat eachtask always meetsits deadline.
For theseexperiments,we de�ne predictabilityasthe
measureof standarddeviation of the datapoints.As
seenfrom theabove�gure thedispersionmeasuresfor
all the four casesarecomparableto that of the base-
lineTAO-TAO caseof � 4.5.Thesemeasuresshow that
theuseof CIAO doesnotdegradepredictabilityby in-
creasingjitter.

� Maximummeasures– The 99% andworst-casemea-
suresfor all thefour scenariosdisplaybehavior similar
to theaveragemeasures.The99%valuesareveryclose
to theaverageindicatingpredictablelatency. However,
all the four scenariosdo incur high worst-casemea-
sures.The worst-casemeasuresfor CIAO-CIAO sce-
nario wasmarginally higherthanall the cases.These
resultsshow thatCIAO hasworst-casemeasuressimi-
lar to thatof TAO.
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Figure 4. Thr oughput Analysis

Figure4, shows thethroughput,i.e., numberof requests
issuedat the client side/second.As shown in the �gure,
the useof CIAO in all scenariosdoesnot unduly degrade
throughput.The throughputfor TAO-TAO casewas the
most, � 10,267events/sec,while CIAO-CIAO casewasthe
least,� 9676events/sec.UsingtheCIAO-CIAO interaction
astheworst-casescenarioandTAO-TAO interactionasthe
bestcase,theoverheadaddedby CCM is � 5.6%.

Collocation analysis. This sectionanalyzesthe resultsof
benchmarksthatmeasuretheaveragelatency, 99%bound,



the dispersionand worst-casebehavior for round trip op-
erationsin collocatedmode,i.e., within the sameaddress
space.In thecaseof CIAO, theinteractingcollocatedcom-
ponentsresidewithin a single componentserver process.
For this experiment,the only possibleinteractionscenar-
ios arethe TAO-TAO andCIAO-CIAO cases.For our ex-
periments,we consideronly thethru poacollocationstrat-
egy [29] sincethe direct collocationstrategy optimization
is notpermissiblefor CIAO.Directcollocationbypassesthe
POA to makeinvocationsdirectlyontheservant.CCM uses
a “glue servant” registeredwith a POA to decoupletheac-
tual implementationfrom thePOA, which requiresall calls
to go throughthePOA andmakingit impossibleto usedi-
rectcollocation.In addition,CIAO usesthePOA to loadthe
servantimplementationon-demand,necessitatingtheuseof
aPOA.
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Figure 5. Collocation Analysis

� Average measures – Figure 5 depicts the average
round-trip latency in collocatedmode.As shown in
the �gure, the averagelatenciesfor CIAO-CIAO sce-
narioare � 2 � secs.The overheadimpartedby CIAO
overTAO is thus � 0.4 � secs.

� Dispersionmeasures– Thedispersionmeasuresreveal
that CIAO-CIAO caseis comparableto that of TAO-
TAO case.Thisresultshowsthattheuseof CIAO does
notdegradepredictabilityin thecollocatedmoderela-
tive to TAO.

� Maximummeasures – The 99% bound for both the
casesare � 2 � secs.Thus,for boththecases99%of the
observedsamplesarebelow � 2 � secs.Theworst-case
measuresfor CIAO are againcomparableto that of
TAO-TAO case,whichillustratesthatCIAO hasworst-
casesmeasuressimilar to that of TAO in collocated
mode.

ORB Thr oughput (events/sec)
TAO-TAO 385,370

CIAO-CIAO 323,832

Table 1. Collocation Performance:Thr oughput

Table1 tabulatesthe collocationthroughput,i.e., num-
berof client-requests/sec.As shown in thetable,CIAO adds

� 15% overheadon top of TAO's collocationmechanism.
This overheadstemsfrom the additionalcall paththat has
to be traversedin CIAO. The additionalstepsrequiredin-
clude(1) operationon theservantgluecodeand(2) actual
methodinvocationon the executor. The white-boxexper-
imentsdiscussedin Section4.1.2 analyzesthe functional
pathwithin CIAO to pinpointwheretheoverheadarises.

Datacopyingoverheadanalysis. Theseexperimentsmea-
sure roundtrip latency for exchangingn bytes of octets
for TAO-TAO andCIAO-CIAO scenarios.The numberof
octetsarevariedfrom 4 to 64K.B by powersof 2. Thevari-
ationin round-triplatency with increasein messagesizeis
tabulated.Themotivationof this analysisis to quantifyad-
ditional datacopying overheadincurredwhenrequesttra-
versesvariousmiddleware layersthe along the data-path.
For largermessagesizes,any additionaloverheadincurred
is easily revealed.We now analyzethe resultsof bench-
marksthatmeasuretheaveragelatency, 99%bound,thedis-
persion,andworst-casebehavior for datacopyingoverhead.
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Figure 6. Data Copying OverheadAnalysis

� Average measures.– Figure 6 illustratesthe average
round-trip latency valuesfor TAO-TAO and CIAO-
CIAO. As shown in the �gure, for both TAO and
CIAO, latency increaseswith an increasein request



size,theincreasegradualup to messagesizeof 4 K.B,
afterwhich thereis a sharpincrease.Theresultsshow
that latency measurefor CIAO arecomparableandin
many casesthe sameas that of TAO, e.g., for mes-
sagesizeof 4K.B, latency for CIAO ( � 205 � secs)is
nearlythesameasTAO ( � 202 � secs).This indicates
thatCIAO doesnot incur any additionaldatacopying
overheadalongthecritical requestprocessingpath.

� Dispersion measures.– The dispersionmeasuresfor
bothTAO andCIAO displayatrendsimilarto theaver-
age.For smallermessagessizes,bothCIAO andTAO
valuesare�at, indicatinghigh predictability. For very
large messagesizes,the predictability degradescon-
siderably. The increasein dispersionis not speci�c to
TAO, i.e., observed in otherORBs3 andis in�uenced
by externalfactors,suchascachemissesfor very large
payloadsizes.The similarity in the dispersionmea-
suresfor both CIAO andTAO show that CIAO is as
predictableasTAO.

� Maximummeasures.– The99%boundfor bothCIAO
andTAO is closeto theaverageanddisplaytrendsimi-
lar to average-case.Theworst-casemeasuresfor CIAO
arecomparableto that of TAO, e.g., for requestsize
of 16 K.B, the worst-casemeasurefor CIAO ( � 927

� secs)is nearly sameas that of TAO ( � 923 � secs).
Theseresultsindicatethat the worst-casebehavior of
CIAO is comparableto TAO.

4.1.2. White-box Analysis In thewhite-boxexperiments,
a client issuedtwo-way operationsat the fastestpossible
rate,while the server performeda minimal but non-trivial
operationof cubingthesentdata.Functional-pathanalysis
metricsarecollectedthatquantifytheoverheadof theaddi-
tional codepathtraversedby a CCM implementationsuch
asCIAO, for processinga remoteclient request.

Functional path analysis. Figure 7, depicts the critical
codepathtraversedby a remoterequestfor TAO-TAO and
CIAO-CIAO scenarios.As shown in the �gure, CIAO in-
curs two additionalmethodcalls (1) to the generatedser-
vantfrom thePOA and(2) to theexecutorthat implements
the functionality. The motivation for this experimentis to
quantifythis overheadimposedby CCM.

Resultanalysis. Wenow analyzetheresultsof benchmarks
that measurethe averagelatency, 99% bound,the disper-
sion,andworst-casebehavior for functionalpathanalysis.

� Average measures– Figure8 illustratestheresultsfor
bothTAO andCIAO. As shown in the�gure, theTAO
resultsrepresentlatency for a normalservant upcall,

3 Detailed results for other Java and C++ ORBs are available
from /www.atl.external.lmco.com/projects/QoS/
compare/dist_oo_compare_ipc.html .

poa: ObjectAdapter

dispatch_servant

skel:Skeleton

_dispatch

base:ServantBase

synchronous_upcall

serv:Servant

invoke_method

serv:Glue_Servant exec:Executor

invoke_method
invoke_method

Indirection to generated
code that points to an
Executor implemting required
functionality

Figure 7. Critical Code Path for TAO-TAO &
CIAO-CIAO Scenarios
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Figure 8. Functional-path Analysis

while theCIAO resultsdenotethelatency correspond-
ing to TAO, plus the additionalcodepathneededfor
CCM. The resultsindicate that this extra code path
leadsto anoverheadof � 1.5 � secs,which shows that
CIAO addsprocessingoverheadin the critical code
path. This overheadstemsfrom conformanceto the
CCM speci�cation(in particulartheneedto useagen-
erated”glue servant”) that necessitatesthe additional
indirection.

� Dispersionmeasures– Thedispersionmeasuresreveal
that resultsof CIAO andcomparableto that of TAO

� 0.75 � secs.Theseresultsshow that use of CIAO
doesnotsacri�cepredictabilityin thecritical codepath
of componentbasedsystems.

� Maximummeasures– The 99% boundfor both TAO
and CIAO are comparableto the averagemeasures
indicatingpredictablebehavior. The worst-casemea-
suresfor both TAO andCIAO show trend similar to
the average-andworst-casemeasures,thoughworst-
casemeasuresfor CIAO aremarginally higher.



4.2. Domain-speci®cBenchmarks

The goal of domain-speci�c analysis is to evalu-
atethe impactof supportingdomain-speci�crequirements
in CCM.Theseexperimentsaresimilar to theblack-boxex-
perimentsin distribution benchmarks.The hardwareplat-
form contains 2 Intel Pentium IV 2.8 Ghz processor
with 512 MB of main memory running KURT real-time
Linux [2] 2.4.18,developedby the KansasStateUniver-
sity, connectedwith a 100MBEthernetswitch.

Due to the differencebetweenthe hardwarecon�gura-
tion andOS,theTAO-TAO andCIAO-CIAO testsdescribed
in Section4.1 areperformedto relatethe domain-speci�c
experimentsto the conventionaltests.Thesetestsarethen
repeatedagainusingimplementationswith domain-speci�c
support.Figure9 shows the following four scenariosmea-
suredin this experiment:

Figure 9. Domain-speci�c Benchmark Scenarios

� NRT-TAO – an interactingTAO object-basedclient
and server that are con�gured without Real-time
CORBA policies.

� NRT-CIAO – an interactingCIAO component-based
clientandserver thatarecon�guredwithoutReal-time
CORBA policies.

� RT-TAO – aninteractingTAO object-basedclientand
server that are con�gured with Real-time CORBA
policies.

� RT-CIAO – an interacting CIAO component-based
client and server that are con�gured with Real-time
CORBA policies.

TheRT-TAO con�guredusedareal-timeORBandPortable
ObjectAdapter(POA). Likewies, theRT-CIAO con�gura-
tion useda real-timecomponentserver wasused.For each
experiment,however, no Real-timeCORBA policies(such

as priority and protocolproperties)were explicitly seton
theobjects/components.

Figure10showsthelatency resultsof comparingthefol-
lowing scenarios,whicharesimilar to theTAO-TAO, TAO-
CIAO, CIAO-TAO andCIAO-CIAO scenarioscomparedin
theDistribution middlewarebenchmarkscomparedin Sec-
tion 4.1.
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Figure 10. Round Trip Latency Analysis for RT-
CIAO

� Average measures – As shown in the �gure, the av-
eragelatency for all the four caseis relatively close,
with NRT-TAO scenariohaving theaveragelatency of

� 108.43 � secsandNRT-CIAO scenariohaving aver-
agelatency of � 109.05� secs.In comparison,theaver-
agelatency of RT-TAO scenariois � 118.91� secsand
the averagelatency of RT-CIAO scenariois � 122.87

� secs.In eithercase,usingNRT-CIAO doesaddmin-
imal overheadsof 0.62 � secsand 3.96 � secsto the
overall latencies.

� Dispersion measures – As seenfrom Figure 10, the
dispersionmeasuresfor all the four casesarecompa-
rableto thatof theNRT-TAO caseof � 4 � secs.These
measuresshow thattheuseof NRT-CIAO or RT-CIAO
doesnotdegradepredictabilityby increasingjitter.

� Maximummeasures– The 99% andworst-casemea-
suresfor all thefour scenariosdisplaybehavior similar
to theaveragemeasures.The99%valuesareveryclose
to the averageindicatingpredictablelatency. All four
scenariosdo incurhighworst-casemeasures,however,
becauseno real-timeprioritieswereexplicitly associ-
atedwith thecomponentsfor theexperiment.

Figure11showsthethroughputof all for scenarios.This
�gure shows that the useof NRT-CIAO doesnot degrade
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Figure 11. Thr oughput Analysis of RT-CIAO

throughputsigni�cantly, which is consistentwith the con-
ventionalblack-box results.RT-CIAO, however, doesin-
curmoreoverhead( � 3.7%)comparedto thenon-RT CIAO
( � 0.9%).

4.3. Summary

This section presenteddistribution middleware and
domain-speci�c benchmarks for various combinations
CIAO and TAO. The round-trip latency measuresfor
CIAO were comparableto that of TAO, indicating neg-
ligible overhead.Similarly, throughputand jitter results
revealed that CIAO does not degrade performancesig-
ni�cantly, while ensuringpredictability. The data copy-
ing overheadmeasuresshowed that CIAO doesnot suffer
from additionaldatacopying alongthecritical requestpro-
cessing. The domain-speci�c benchmarks show that
CIAO's real-timeextensionshelp ensurepredictability re-
quiredfor DRE applications.

5. RelatedWork

Thissectionsummarizesotherbenchmarkingeffortsthat
relate to our work on componentmiddleware in general
andCCM in particular. Wedecomposemiddlewareinto lay-
ersanddescribetherepresentativebenchmarkingefforts in
eachof themiddlewarelayers.

Host infrastructural middleware. This layer encap-
sulatesand enhancesnative OS mechanismsto create
reusableevent demultiplexing and interprocesscommuni-
cationmechanisms.A benchmarkingeffort at this layer is
RTJPerf [1], which is an open-sourcebenchmarkingsuite
that measuresthe quality of variousReal-Time Speci�ca-
tion for Java (RTSJ) implementations.RTJPerf provides
benchmarksfor most of the RTSJ featuresthat are criti-
cal to real-timeandembeddedsystems.

Distrib ution middleware. Distribution middleware en-
ablesclients to programapplicationsby invoking opera-
tions on target objectswithout hard-codingdependencies
on their location,programminglanguageandOSplatform.

A benchmarkingeffort at this layer is the OpenCORBA
Benchmarkingproject[26], which is a genericbenchmark-
ing suite for variousORB implementations.The goal for
this effort is to measurecommonly usedORB function-
ality using metricstailored for both ORB developersand
ORBusers.

AnotherCORBA 3.x andCORBA 2.x benchmarkingef-
fort [27] comparestheperformanceandeaseof useof Real-
time CORBA implementationof TAO versusthe real-time
extensionsaddedin CIAO.Theresultsin thispaperrevealed
thatusingcomponentmiddlewareenhancedthecon�gura-
tion of real-timepoliciesvia XML-basedcon�guration�les
withoutsacri�cing predictability. Theseresultsalsoshowed
that using componentmiddleware enablesthe con�gura-
tion of real-timepolicies that conformsto standardXML
schemas.

Common middleware services. This layer provides
higher-level domain-independentreusable services. A
benchmarkingeffort at this layer is the LockheedMar-
tin AdvancedTechnologyLab's (ATL) [10] Middleware
Comparator, which evaluatesa rangeof middleware lay-
ers, including commonmiddlewareservicesvia an easily
accessibleWeb interface.In particular, theATL testseval-
uate the real-time publish subscribearchitecturesbased
on CORBA Data Distribution Service(DDS) [16]. ATL's
methodologyhas been to use identical test conditions
(i.e., application,hardware, etc.), which permits compar-
isons that can reveal performancedifferencesbetween
varioussystems.

6. Concluding Remarks

Component middleware and QoS-enabledCORBA
ComponentModel (CCM) implementationsare impor-
tant emerging technologiesfor distributed real-time and
embedded(DRE) systems.Several initiatives are under-
way to develop commercialandresearchimplementations
of QoS-enabledCCM. There is not yet, however, a sys-
tematicbody of knowledgethat describeshow to develop
metrics that can systematically evaluate the correct-
ness,suitability, andquality of CCM implementationsfor
DRE systems.

Empirically evaluating feature-rich component mid-
dleware implementations,such as CCM, posesseveral
challenges.Thispaperdescribedhow ourCCMPerf bench-
marking framework (1) addressesthe heterogeneityof
CCM implementations,such as differencesin con�gura-
tion options, implementationquality, and domain of ap-
plication, (2) provides black-box and white-box metrics
to compareand contrastCCM implementationsat mul-
tiple middleware layers (i.e., distribution middleware,
commonmiddleware services,and domain-speci�c mid-
dleware), and (3) consolidatestests into categories that



clarify thestructureof thebenchmarksandfacilitatethein-
tegration of new benchmarktests.Our empirical results
in Section4 show how CCMPerf can be usedto quan-
tify metrics,suchasoverhead(i.e., increasesin themean),
that the CIAO CORBA 3.x CCM implementation in-
curs above and beyond its underlying TAO CORBA 2.x
implementation.Our future work on CCMPerf will fo-
cuson benchmarkingotheropen-sourceCCM implemen-
tations(suchasMico-CCM, Qedo,andStarCCM),aswell
as completing the white-box and scenario-basedbench-
marksandenhancingCCMPerf's testsuite.

Our work onCCMPerf hasalsounderscoredtheimpor-
tanceof automatingbenchmarkingexperimentsfrom higher
level models.For example,to conducta simpleexperiment
requiresdevelopersto write (1) theheader�les andsource
benchmarkingcodethat measuresQoS,suchasroundtrip
latency andthroughput,(2) IDL �les thatdescribesthecon-
tractbetweentheclientandtheserver, (3) thecon�guration
andscript�les thattunetheunderlyingmiddlewareandau-
tomatethetaskof runningtestsandoutputgeneration,and
(3) projectbuild �les (e.g., make�les) requiredto generate
theexecutablecode.Writing these�les repeatedlyfor each
experimentis tediousanderror-prone.Further, in a hand-
craftedapproach,changingthe con�guration would entail
re-writing the benchmarkingcode.In a model-basedap-
proach,however, theonly changewill be in themodeland
the necessaryexperimentationcodewill be automatically
generated.A model-basedapproachalsoprovidesaneffec-
tive abstractionto visualizeand analyzethe overall plan-
ning phase,ratherthan inspectingthe sourcecodemanu-
ally.

To alleviate the shortcomingsdescribedabove, we are
developing the Benchmark Generation Modeling Lan-
guage(BGML) [8, 9], which automatesthe generation
of benchmarking experiments from high-level mod-
els. BGML hasbeenintegratedwith CoSMIC [7], which
is an integrated toolsuite for modeling design and run-
time aspects of QoS-enabledcomponent middleware.
CoSMIC's model-based[24] approachto benchmarksyn-
thesisenablesquality assuranceengineersand testersto
con�gure components,modeltestcon�gurations,andgen-
eratebenchmarkingcodeautomatically.
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