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Abstract

Commecial off-the-shelf (COTS) middlewvare is now
widely used to develop distributed real-time and em-
bedded(DRE) systemsDRE systemsare themselvesn-
creasingly combinedto form “systemsof systems”that
have diverse quality of service (QoS)requirements Ear-
lier genemationsof COTS middlevare, sud as Object Re-
guestBrokers (ORBs)basedon the CORBA 2.x standad,
did not facilitate the sepaation of QoS policies from ap-
plication functionality which madeit hard to con gure
and validate complx DRE applications. The new gen-
eration of componentmiddlevare, suc as the CORBA
ComponeniModel (CCM) basedon the CORBA 3.0 stan-
dard, addresseghe limitations of earlier geneiation mid-
dleware by establishing standads for implementing
padkaging, assemblingand deployingcomponentmple-
mentations.

There hasbeenlittle systematieempirical study of the
performancecharacteristicsof componenmiddlevare im-
plementationsn the contet of DRE systemsThis paper
therefore providesfour contributionsto the studyof CCM
for DRE systemdir st, wedescribethe challengesinvolved
in bendmarkingdifferent CCM implementationsSecond,
we describekey criteria for comparingdifferent CCM im-
plementationsising key black-boxand white-boxmetrics.
Third, wedescribethedesignof our CCMPerf bendimark-
ing suiteto illustratetestcategoriesthatevaluateaspectof
CCM implementatiorto determinetheir suitability for the
DREdomain Fourth,weuseCCMPerf to bendmarkCIAO
implementatiorof CCM and analyzethe results.Thesere-
sultsshowthatthe CIAO implementatioflbasedonthe more
sophisticatedCORBA 3.0 standad has compaable DRE
performanceto that of the TAO implementatiorbasedon
theearlier CORBA 2.x standad.
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1. Intr oduction

Emerging trends. Distributed real-time and embed-
ded (DRE) systemsare becomingmore widespreadand
important. CommonDRE systemsdncludetelecommunica-
tion networks (e.g., wirelessphoneservices)tele-medicine
(e.g., robotic sumgery), and defenseapplications(e.g., to-
tal ship computingervironments).TheseDRE systemsare
increasinglyusedfor a rangeof applicationswheremulti-
ple systemsare interconnectedo form systemof systems
that possessstringent quality of service (QoS) con-
straints suchasbandwidthJatengy, jitter anddependability
requirements A challenging requirementfor these sys-
temsinvolves supportinga diverseset of QoS properties,
such as predictablelateng/jitter, throughputguarantees,
scalability and 24x7 availability, dependability and se-
curity, that must be satis ed simultaneouslyin real-time.
Corventionaldistributedobjectcomputing(DOC) middle-
ware frameworks (suchas DCOM, Java RMI, and earlier
versionsof the CORBA 2.x standard)do not provide ca-
pabilities for developers and end-usersto specify and
enforce these QoS requirementssimultaneouslyin com-
plex DRE systems.

Componentmiddlevare [25] is a classof middlewvare
thatenableseusableservicesto be composedgcon gured,
andinstalledto createapplicationgapidly androbustly. The
CORBA ComponenModel (CCM) [15] is astandarccom-
ponentmiddleware technologythat addressedimitations
with earlierversionsof CORBA 2.x middlevare basedon
the DOC model. In particular the CCM standardde ned



by the CORBA 3.x speci cation extendsthe CORBA 2.x
objectmodelto supportthe conceptof componentandes-
tablishesstandarddor specifying,implementing,packag-
ing, assemblinganddeplgying components.

Empirically evaluating CCM implementations. Compo-
nent middlevare in general— and CCM in particular—
area maturingtechnologybasethat represents paradigm
shift in the way complex DRE systemshave beendevel-
oped traditionally For example, componentmiddlevare
provides higherlevel capabilitiesfor developersand end-
usersto specify and enforce QoS requirementsn com-
plex DRE systems.Several implementationoof CCM are
now available, including the Componentintegrated ACE
ORB (CIAO) [28], Mico-CCM [12], Qedo[18], and Star
CCM [23]. As CCM platformsmatureandbecomesuitable
for DRE systemst is desirableto devise a standardset of
metricsto compareandcontrastdifferentCCM implemen-
tationsin termsof their:

Suitability, e.g., how suitableis the CCM implementa-

tion for DRE applicationsn a particulardomain,such

asavionics,total shipcomputing,or telecomsystems?

Quality of service e.g., doesa CCM implementation
for the DRE domainprovide predictableperformance
andconsumeaninimal time/spaceesources?

Conformancee.g., doesa CCM implementatiorcon-
form to OMG standardsby meetingthe portability
andinteroperabilityrequirementsle ned by the CCM
speci cation?

Earlier efforts, such as the Open CORBA Benchmark-
ing [26] andMiddlewareComparatof10] projectshavefo-

cusedon metricsto comparaniddlevarebasecdntheDOC

middleware standardde ned by the CORBA 2.x speci -

cations.Our work enhancegheseefforts by focusingon

a previously unexplored topic: designinga bendmark-
ing framevork to compae CCM implementationqual-

ity by developing metrics that evaluate the suitability of

those implementationsfor representativeDRE applica-
tions To quantify these comparisonssystematicallywe

developedCCMPerf, which is an an open-sourckbench-
marking suite that focuseson black-box and white-box
metrics,usingcriteriasuchaslateng, throughputandfoot-

print measuresThesemetrics can be partitionedinto the

follow categories:

Distribution middlewvare teststhat quantify the over-
headof CCM-basedapplicationsrelative to applica-
tionsbasedn earlierversionsof the CORBA 2.x stan-
dardthatdo not supportcomponentun-time,con gu-
ration,anddeploymentcapabilities.

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

Common middlevare services tests that quan-

tify the suitability of usingdifferentimplementations
of CORBA servicessuchasReal-timeEvent[14] and

Noti cation Serviceqd13].

Domain-speci ¢ middlewvare tests that quantify the
suitability of CCM implementationso meetthe QoS
requirementsof a particular DRE application do-
main, such as static linking and deployment of
componentsn an avionics missioncomputingarchi-
tecture[21].

This paperprovides the following contrikutionsto the
study of componentmiddlevare implementedin accor
dancewith the OMG CCM standardy describing:

1. The challengesinvolved in benchmarkingdifferent
CCM implementations,

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

3. The designof our CCMPerf benchmarkinguite that
evaluatesaspectsof CCM implementationgo deter
minetheir suitability for the DRE domain.

The vehicle usedto test, obtain and analyzeour results
from CCMPerfis the Componentintegrated ACE ORB
(CIAO) [28], which is an open-sourcéimplementatiorof
CCM built uponthe Real-time CORBA infrastructureof
The ACE ORB(TAO) [20]. This papershavs how CCM-
Perf canbe usedto collect metricsandevaluateCCM im-
plementationsn the DRE domain.Our resultsshowv that
CIAO andits moresophisticatedORBA 3.x CCM capa-
bilities do not addappreciableverheadelative to its TAO
CORBA 2.xfoundation.

Paper organization. The remainderof this paperis orga-
nizedasfollows: Section2 providesanoverview of theele-
mentsin CCM; Section3 discussethedesignof CCMPerf,
focusingon the performancesxperimentst supports;Sec-
tion 4 analyzegjuantitatve resultsobtainedoy benchmark-
ing CIAO using CCMPerf; Section5 comparesour work
with othermiddlewarebenchmarkingefforts; andSection6
presentgoncludingremarks.

2. Overview of CCM

TheCORBA ComponenModel (CCM) formsakey part
of the CORBA 3.0 standard CCM is designedo address
thelimitationswith earlierversionsof CORBA 2.x middle-
warethat supporteda distributed objectcomputing(DOC)
model[5]. Figurel depictsthekey elementsn thearchitec-
ture of CCM. The remainderof this sectiondescribesach
of theseCCM elements.

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

Components. Componentsn CCM are implementation
entitiesthatcollaboratewith eachotherviaports CCM sup-
portsseveraltypesof ports,including (1) facets which de-
ne aninterfacethatacceptgoint-to-pointmethodinvoca-
tions from othercomponents(2) receptacleswhich indi-
catea dependeng on point-to-pointmethodinterfacepro-
vided by anothercomponentand (3) eventsouices/sinks
which indicatea willingnessto exchangetyped messages
with oneor morecomponents.

Container. A containerin CCM providestherun-timeen-
vironmentfor one or more componentghat managewar-
ious pre-de nedhooksand strateyies, suchas persistence,
event noti cation, transaction,and security used by the
component(s)Eachcontaineris responsibldor (1) initial-
izing instanceof the componentypesit managesand(2)
connectinghemto othercomponentsindcommonmiddle-
ware services.Developerspeci ed metadataexpressedn
XML canbeusedto instructCCM deploymentmechanisms
how to controlthelifetime of thesecontaineraindthe com-
ponentghey manageThemeta-datas presentn XML les
calleddescriptos, which aredescribedn Sidebarl.

ComponentAssembly In a distributed system,a compo-
nentmay needto be con gured differently dependingon
the context in which it is used.As the numberof compo-
nentcon guration parameter&nd optionsincreasejt can
becometediousand errorproneto con gure applications
consistingof mary individual componentsTo addresghis
problem the CCM de nesanassemblgntityto groupcom-
ponentsandcharacterizéhe meta-datahatdescribegthese
componentsn an assemblyEachcomponens meta-data
in turn describeshefeaturesavailablein it (e.g., its proper
ties)or thefeatureghatit requireqe.g., its dependencies).
CCM assembliesre de ned using XML Schemaem-
plates, which provide an implementation-independén
mechanisnfor describingcomponentpropertiesand gen-
erating default con gurations for CCM components.
These assembly con gurations can presere the re-
quired QoS properties[28] and establishthe necessary

Sidebar 1: Separating Con guration Con-
cemsin CCM

Con®gurationof componentsin CCM can be performedat
differentlevels of abstractiorand involves differenttradeofs.

CCM usesXML-baseddescriptorsto con®gurecomponents.
Eachdescriptorexposedlifferentaspect®f acomponent-based
systemThis sidebardescribeshe differenttypesof descriptorg
de®nedby the CCM Deploymentand Con®gurationspeci®ca
tion [17] andexplainshow they help separateomponenton-

®gurationconcerns:
Component Interface Descriptor (.ccd), which de-

scribegheinterface ports,andpropertieof asinglecom-
ponent.

Implementation Artifact Descriptor (.iad), which de-
scribesthe implementationartifacts(e.g., DLLs and OS
platform)associateavith a singlecomponent.
ComponentPackageDescriptor (.cpd), whichdescribes
multiple alternatve implementationsof a single compo-
nent.

Component Implementation Descriptor (.cid), which
describes speci®cimplementatiorof acomponentnter
face,i.e., if theimplementationis monolithicor assembly-
based.

ComponentDomain Descriptor (.cdd), which describes
the compositionof domains,e.g., a relatedsetof nodes
inter-connectsandbridges.

Component Deployment Plan (.cdp), which describes
the artifacts(e.g., componenimplementationand target
domaininformation)for deploaymentand providesinfor-
mationon how to createcomponeninstancegrom these
artifacts.

con guration and interconnectiongmonggroupsof com-
ponents.

Componentserver. A componenserveris anabstraction
thatis responsibldéor aggregyatingphysicalentities(i.e., im-
plementationsof componentinstances)into logical enti-
ties (i.e., distributed applicationservicesand subsystems).
A CCM componensener is a singleton[3] that playsthe
role of a factoryto createcontainersand standardizeshe
role of a sener processn the CORBA 2.x objectmodel.
Eachcomponenseneris typically assigned particularset
of capabilitieswithin a distributedsystem.

Component packaging and deployment. In addi-
tion to the run-time building blocks outlined above, the
CCM also standardizesomponenimplementationpack-
aging, and deployment mechanismsPackaginginvolves
grouping the implementationof componentfunctional-
ity — typically storedin a dynamiclink library (DLL) — to-
getherwith othermeta-datahatdescribepropertieof this
particularimplementation.The CCM Componentimple-
mentationFramavork (CIF) helpsgeneratehe component



implementation skeletons and persistentstate manage-
ment automaticallyusing the Componentimplementation
De nition Language€CIDL).

Summary. Figure 2 depictsthe interaction betweenthe
variousCCM elementdiscussedn this section.As shavn

Figure 2. Interaction betweenCCM entities

in this gure, a deploymentapplicationcreatesan assem-
bly managethatis responsibldor creatingcomponents-
sembliedrom con guration les. Eachof theseassemblies
arehostedn acomponensenerthatplaystherole of afac-
tory to createcontainerswhich provide the executionervi-
ronmentfor the componentsA componenhomeis a fac-
tory thatmanageshelifecycle of onetypeof component.
Figure 1 illustrateshow CCM is a layer residing atop
an ORB thatleveragesORB functionality (suchasconnec-
tion managementdatatransfer (de) marshalingof mes-
sagesand managemenand datatransfer)event/message
demultiplexing) andhigherlevel CORBA serviceqsuchas
and higherlevel CORBA services(suchas Load Balanc-
ing, TransactionSecurity and Persistence)CCM applica-
tions may thereforeincur additionaloverheadcomparedo
their CORBA 2.x counterpartin theform of additionalpro-
cessingn the code-path(i.e., additionalfunction calls) and
data-path(i.e., parametempassingbetweenthe underlying
ORB andthe CCM layers).Sincethis processinganoccur
in the critical pathof every request/responghe overhead
maybenon-trivial. Theremaindeof this papempresent&ey
criteriaandempiricalresultsthatcompareCCM implemen-
tationsandpresente&mpiricalresultsthatquantifytheover-
headsaddedby the CIAO CCM implementation.

3. Overview & Designof CCMPerf

The goals of CCMPerf are to create comprehensie
benchmarkshatallow usersand CCM developergo:

1. Evaluatethe overheadCORBA 3.x CCM implemen-
tations impose above and beyond CORBA 2.x im-
plementationghat arebasedon the earliergeneration
DOC model.

2. Deviseandapplybenchmarkshatsystematicallyden-
tify performancebottlenecksn popularCCM imple-
mentations.

3. ComparedifferentCCM implementationsn termsof
key metrics,suchaslateng, throughputandotherper
formancecriteria.

4. Developaframeawork thatautomatedenchmarkests
and facilitates seamlessintegration of new bench-
marks.

This sectiondescribeshekey challengesnvolvedin devel-
oping a benchmarkingsuite for CCM to addresghe goals
outlined above and shows how thesechallengesvere ad-
dressedoy CCMPerf. We alsoillustrate the three experi-
mentationcategoriesin CCMPerf and presenta sampleof
empiricalresultsobtainedrom applyingCCMPerfto CIAO
CCM middleware.

3.1. CCM Benchmarking Challengesand Their
Resolutions

During the designof CCMPerf we encountereé num-
ber of challengesincluding (1) heterogeneityn CCM im-
plementations(2) differencesin quality of CCM imple-
mentations(3) differencesn applicationdomains.and(4)
heterogeneityn hardware and software platforms.We de-
scribeeachof thesechallengeselov anddiscusshow we
resohe themin CCMPerf.

3.1.1. Heterogeneityin CCM Implementations

Context. CCM implementationsuse different tools and
mechanism$o developandcon gure applicationse.g.:

CCM headerles are not standardizedy the OMG.
Moreover, the procesf obtainingthe generatedles
(e.g., thecompilationchainfor the differentdescriptor
les explainedin Section2) usedby CCM is speci c
to eachORB andits CCM implementation.

Conformanceo CCM featuressuchasautomatiorof
componenfssemblyis inconsistenticrossCCM im-
plementations.

Problem. A benchmarkingramework shouldencapsulate
implementatiorheterogeneityo ensurets testsare(1) rep-
resentativei.e., testequivalentcon gurationsand (2) re-
peatablei.e., beamenabléo continuousdenchmarkingOf
coursethesechallengesrea microcosmof theissueghat
CCM applicationdevelopersmustaddresgo ensureporta-
bility acrossheterogeneousCM implementations.



Solution. To shield CCMPerf from CCM implementation
heterogeneityve developeda setof scriptsto con gure and
runits benchmarkingests Thesescriptsautomaticallygen-
erateCCM platform-speci ccodeandprojectbuild les for
eachimplementationThe scriptsare similar to the COR-
BAConf project [19] that provides autoconfsupportfor
CORBA 2.x ORBs.

3.1.2. Differencein Quality of CCM Implementations

Context. CCM implementationdiffer in the datastruc-
turesandalgorithmsthey useinternally, which affectsthe
QoSthey candeliverto DRE applications.

Problem. Evaluating these differences requires instru-

mentingthe code within the ORB/CCM implementation,

which presentghefollowing challenges:
A thoroughunderstandinggf CCM implementations
is neededo instrumentCCM middlevarewith probes
that measureperformanceaccurately No systematic
body of knowledgeyet exists, however, thatidenti es
the critical featureswithin CCM whereinstrumenta-
tion pointsshouldbe added.

CCM implementations are layered architectures,
which makesit necessaryo isolateeachlayerto mea-
sureits in uence on overall end-to-endapplication
performance.Since ORB-speci ¢ con guration op-

tions in uence the presence/absencef these lay-

ersit is hardto identify the setof stepswithin each
layer for every combination of con guration op-

tions.

Solution. As discussedn Section3.2, CCMPerf provides
benchmarkshatusea combinatiorof white-boxandblack-
box metricsto evaluateCCM quality of implementatioris-
sues.

3.1.3. Differencesn CCM Con guration Options

Context. CCM implementationgliffer in the con gurable
parameterghey provideto tuneperformancee.g., run-time
con guration options(suchasthe numberof threads]og-
ging levels,andlocks)thatcanbe enabledo ne tunedif-
ferentCCM implementations.

Problem. The presenceof implementation-speci CCCM

con gurationoptionsyieldsthefollowing challenges:
Thesamesetof con gurationoptionsmary notbesup-
portedby all CCM implementationse.g, CIAO allows
applicationgo con gure thetype of locks usedwithin
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-
threadecton gurations.

Solution. To ensureequivalent con gurations, CCMPerf

providesautomatedscriptsto con gure andrun eachtest.
Thescriptscapturethe optionsthatareusedin differentim-

plementations$o obtainequivalentCCM con gurations.To

ensureconsistenthardware and OS con gurations CCM-

Perf testsarerunusingEMULab [30] andLockheedMartin

AdvancedTechnologylab's (ATL) Middleware Compara-
tor framework [10]. Thesetestbedsupportsystematidest-
ing conditiongthatenableequivalentcomparisonsf perfor

mancedifferencesbetweenCCM implementationsATL's

MiddlewareComparatoframenork alsoallows experiment
datato be accessedia a corvenientweb interface (www.

atl.external.Imco.com/projects/QoS /).

3.1.4. Differencedn Application Domain

Context. EachCCM implementatiorcanbe tailoredfor a
particularapplicationdomain,e.g., the CIAO CCM imple-
mentationis tailored for the DRE domain,whereasMico-
CCM is tamgetedfor the general-purposdistributed com-
putingdomain.

Problem. Differentdomainsof applicability posethe fol-
lowing challenges:

Use casesmay change across domains e.g., some
DRE applicationgequirethattotal startuptime beper
formedin undertwo secondg22]. Componentmid-
dlewarecateringto the DRE domainoftenneedgo be
optimizedto meetthis requirementwhereasmiddle-
warefor general-purposdistributedcomputingmight
notrequiresuchoptimizations.

QoSrequirrmentsmay change acrossdomains.Cer
tain metrics (such as predictableend-to-endlatencgy
andstatic/dynamienemoryfootprint) areimportantin
the DRE domain,but areoftenlessimportantin other
domains suchasenterpriseanddesktopcomputing.

Solution. To evaluatedomain-speci csuitability, we pro-
vide scenario-basetéstsand/orenactmentsf speci c use
casesleemedmportantin agivendomain suchastheDRE
domain. In this contet, we are evaluating CCM imple-
mentationausingthe scenariopresentn the BoeingBold
Stroke Prismcomponentnodeldescribedn Section3.2.

3.2. CCMPerf Benchmark Design

We now describethe designof CCMPerf, focusingon
its three experimentationcategories and the metrics col-
lectedin eachof the cateyories. The benchmarkingests
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-
terfacesand without modifying CCM ORB internals.The
black-boxperformanceanetricssupportecdby CCMPerf in-
clude:

Round-triplatency which measuresherespons¢ime
for atwoway operationwith a singletype of parame-
ter, suchasanarrayof CORBA::Long .

Throughput which compareghe (1) numberof events
persecondprocesseadt the componensener and(2)
numberof requestpersecondattheclient.

Jitter, which measureghe variancein round-trip la-
teng for a seriesof requests.

Collocation performance which measuregesponse
time andthroughputvhenaclientandsenerarein the
sameprocesys. acrosprocessesnthesameanddif-
ferentmachines.

Data copyingoverheadwhich compareghevariation
in responsdime with an increasein requestsize to
determinewhethera CCM implementationncurs ex-
cessve buffer copying relatveto a CORBA 2.x-based
ORB.

Footprint, whichmeasureghestaticanddynamicfoot-
print of a CCM implementatiorto determinewhether
it is suitablefor memory-constraine@RE systems.

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

White-box metrics. White-box metrics are performance
evaluation techniquesthat employ explicit knowledge
of software internalsto select and analyze benchmark
data.Unlike black-box metrics, white-box metrics evalu-

ate performanceby instrumentingthe software internals
with probes. The white-box performancemetrics sup-

portedby CCMPerf include:

Functionalpathanalysis whichidenti es CCM layers
abovethe ORB andaddsinstrumentatiompointsto de-
terminethe time spentin theselayers.CCMPerf can
analyzejitter by measuringthe variationin the time
spentin eachlayer.

Lookup-timeanalysis which measureghe variation
in lookup-timefor certainoperationssuchas nding

componenthomes,obtaining facets,and obtaininga
componeninstanceeferencagivenits key.

Context switch overhead which measurghetime re-
quired to interrupt the currently running threadand
switch to anotherthreadin multi-threadedcon gura-
tions.

The benchmarkingestsin CCMPerf can be cateyorized
into thegenerabreadiscussedtelown. Eachareathenusesa
rangeof black-boxandwhite-boxmetricsto compareCCM
implementations.

Distrib ution middleware benchmarks. TheseCCMPerf
benchmarkemploy black-boxandwhite box metricsthat
measurevariousaspectf distribution middlevareperfor
manceoverhead.e.g., for a given ORB andits CCM im-
plementationthe round-trip metric measureghe increase
in responseime incurredby the CCM implementatiorbe-
yondthe CORBA 2.x DOC modelsupportEachCCM im-
plementationresidesatopa CORBA ORB. The ORB man-
agesvariousnetwork programmingtasks,suchasconnec-
tion managementgatatransfer (de)marshalingdemulti-
plexing, andconcurreng. CCM implementationsnay add
additionaloverheado the underlyingCORBA ORB, asex-
plainedin Section2. Applicationdevelopersandend-users
canapply CCMPerf's distribution middlevarebenchmarks
to evaluatehow well CCM implementationsneettheir end-
to-endQoSrequirementsThesebenchmarkganalsoben-
e t userswho are consideringmoving from DOC middle-
ware to componentmiddlewvare so they can quantify the
prosandconsof suchatransition.

Common middleware sewices benchmarks. These
CCMPerf benchmarksguantify the performanceof var

ious implementation choices associatedwith integrat-
ing commonmiddlenareserviceswithin CCM containers.
CCM leveragesnary standardservicesandfeaturesasde-

scribedin Section2. CCM implementationganeitheruse
the standardCORBA servicespeci cationsor they canuse
customizedmplementation®f theseserviceslf CCMim-

plementationsuse a publish/subscribemodel, they can
use the standardCORBA Noti cation and/or Event Ser

vices[14] or usea customizedmplementatior(suchasthe
TAO Real-timeEvent Service[6] or the OMG DataDistri-

bution Service[16].

To benchmarkthe scenariowhere a containerusesan
event channelto publish events, CCMPerf measureghe
overheadintroducedby extra (de)marshalingand indirec-
tion costsincurredwithin the containerfor publishingthe
eventsto the all the recevers. Black-box and white-box
metricsde ned in the Section3.2 are also usedto empir
ically compareandcontrastheimplementatiorchoicesfor
aparticularapplicationdomain.

Domain-speci ¢ middleware benchmarks. The charac-
teristics of an applicationdomain often in uence the se-
lection andsuitability of a particularserviceand/orits im-

plementationWe thereforedesignedhe CCMPerf bench-
markingtestsuitesto usetheblack-boxandwhite-boxmet-
rics de ned in the Section3.2 to empirically compareand
contrastthe implementatiorchoicesfor a particularappli-
cationdomain.TheseCCMPerf benchmarkincludeblack-



box and white-box teststailored for key domain-speci c
middleware usecaseshat occurin certaindomains,such
asBoeing's Bold Stroke Prismplatform[22] that supports
avionicsmissioncomputingin the DRE domain.

The purposeof thesetestsis to identify whethera given
CCM implementatiorcanmeetthe QoSrequirementgor a
particulardomain,e.g., an organizationmight have a large
numberof componentghat 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 benchmarkslsoincludeteststhat an-
alyze domain-speci cCORBA implementationgsuch as
Real-time CORBA) and protocolswith real-time proper
ties(suchasthe StreamControl TransmissiorProtocol[4])
standardizetty the OMG. Althoughthe CCM speci cation
itself doesyet not explicitly standardizereal-time exten-
sions,CCM implementationsuchas CIAO thattargetthe
DRE domainsupportthe integrationof Real-timeCORBA
andSCTPwith CCM.

3.3. Summary

Benchmarkingfeature-richcomponentmiddleware im-
plementationssuchasCCM, poseseveralchallengesThis
sectiondescribedhow thedesignof CCMPerf (1) addresses
the heterogeneitpf CCM implementationssuchasdiffer-
encesn con guration options,implementatiorquality, and
domainof application,(2) provides black-boxand white-
box metricsto compareand contrastCCM implementa-
tions, and(3) consolidategestsinto cateyoriesthat clarify
the structureof the benchmarksand facilitate the integra-
tion of new benchmarkests.

4. Empirically evaluating CIAO using CCM-
Perf

This section presents distribution middlevare and
domain-speci ¢ benchmarksfor CIAO. These experi-
mentsevaluatemary of the black-box(round-triplatengy,
throughput, jitter, and collocation lateng, throughput
and jitter) and white-box (functional-pathanalysis) met-
rics describedn Section3. We alsoanalyzethe empirical
resultsto evaluatethe suitability of CIAO for DRE applica-
tions.

Thefollowing IDL interfacewasusedfor all the experi-
ments:

module Test {
interface RoundTrip  {
/I Use a timestamp
/I roundtrip delay
typedef unsigned long

to measure the
long Timestamp;

Timestamp test_method (in Timestamp send_time);

As shaowvn in the RoundTrip interface,the communica-
tion entitiesexchangdimestampsetattheclientandprop-
agatedto the sener. This designenablesexperimenterdo
set/unsetime-probest variouspointsin the call-pathand
propagatehemvia this interface.For example,to compute
the round-trip lateng, experimenterscomputethe differ-
encebetweerthe currenttime andthe oneencodedn the
time-stamp.

Althoughboth CIAO and TAO supporta variety of con-
guration options[11], we make thefollowing assumptions
for this options,we make thefollowing assumption$or this
analysis:

1. Native exceptionhandlingwasenabled

2. Senants are normal CORBA senants that in-
herit from PortableServer::ServantBase ,
i.e., we do not considerthe CORBA dynamicinvo-
cationinterface(DIl) 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 proprietarypolicieswereassociateavith the ORB.

Theseassumptionarerepresentatie of acommonclassof
DRE applicationghatapply ORB middleware.

4.1. Distribution Middlewar e Benchmarks

This sectionpresentanalysisof thebadk-boxandwhite-
boxteststhat quantify the overheadbf CIAO over the base
TAO ORB. All experimentspresentedvere performedon
an Intel PentiumIV 2.0 Ghz processowith 512 MB of
main memory For theseexperiments,TAO version1.3.5
and CIAO 0.3.5 were compiled using the TimesysGNU
g++ compilerversion3.2.2 and executedusing on Linux
2.4.21-timesys-4.1.14kernel.Eachexperimentwasrunin
the TimesysLinux real-timeschedulingclassanda sample
sizeof 250,000datapointswasusedfor the resultinganal-
ysis.

4.1.1. Black-box Analysis In the bladk-boxexperiments,
a client issuedtwo-way operationsat the fastestpossible
rate, while the sener performeda minimal but non-trivial

operationof cubing the datait received. Several black-
box metrics were collectedincluding, round-trip lateng,

throughputjitter, collocationperformanceand datacopy-

ing overheadanalysisTheseexperimentgjuantifytheover

headof CCM for normalCORBA operations.

Experiment description. The experimentsconsiderthe
following usagescenariosn which an end-usemay use
CCM:



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

2. A CORBA 2.0Senerinteractingwith aCCM Compo-
nent(playingtherole of theclient) and

3. A CCM componen{playingrole of sener)interacting
with a CORBA client

4. A CCM componentinteracting with another CCM
componen{playingbothclientandsenerroles)

Thesefour usecasesepresentll the possibilitiesof mix-
ing and matching a CCM componentwith CORBA
seners/clients.For each of the above interaction sce-

narios, we examined the following four combinations:

1. TAO-TAO — a TAO sener interactingwith a TAO
client,

2. CIAO-TAO - a CIAO componeninteractingwith a
TAO client,

3. TAO-CIAO — a TAO sener interactingwith a CIAO
componenand

4. CIAO-CIAO —aCIAO component(semrr)interacting
with anotherCIAO componenfclient).

The TAO-TAO interactionsenersasthe baselineto com-
putethe overheacaddedby othercombinations.

Round-trip analysis. This sectionanalyzeghe resultsof
benchmarkshat measurdhe averagelateng, 99% bound,
thedispersiorandworst-caséehavior.
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Figure 3. Round Trip Latency Analysis

Average measues — Figure 3 shaws that averagela-
teng for all the four caseis nearly the samewith

TAO-TAO scenariohaving the minimum averagela-
teng/ of 93.07 secsandCIAO-CIAQO scenarichav-
ing maximum lateny of 100.54 secs.Using the
average-casdherefore the overheadaddedby CCM
overCORBA is 8 secs.

Dispersionmeasues— Thetermpredictabilityhasdif-

ferentconnotationsn differentdisciplines.For exam-
ple, in real-timeschedulingtheory a predictablesys-
tem meansthat eachtask always meetsits deadline.
For theseexperimentswe de ne predictability asthe
measureof standarddeviation of the datapoints. As

seerfrom theabove gure thedispersiommeasuresor

all the four casesare comparableo that of the base-
line TAO-TAO caseof 4.5.Thesemeasureshaw that
theuseof CIAO doesnot degradepredictabilityby in-

creasingitter.

Maximummeasues— The 99% and worst-casemea-
suredor all thefour scenarioslisplaybehaior similar

totheaveragemeasureslhe99%valuesareveryclose
to theaveragandicatingpredictabldateng. However,

all the four scenariogdo incur high worst-casemea-
sures.The worst-casemeasuregor CIAO-CIAO sce-
nario was mawginally higherthanall the casesThese
resultsshav that CIAO hasworst-caseneasuresimi-

lar to thatof TAO.

1100

10000—

9000—
Bl TAO-TAO
Bl CIAO-TAO
8000— Bl TAO-CIAO
Bl CIAO-CIAO

7000—

6000—

5000—

Throughput (event/sec)

4000—

3000—

2000—

1000—

Scenarios

Figure 4. Throughput Analysis

Figure4, shavs thethroughputj.e., numberof requests
issuedat the client side/secondAs showvn in the gure,
the useof CIAO in all scenariogloesnot unduly degrade
throughput.The throughputfor TAO-TAO casewas the
most, 10,267events/secwhile CIAO-CIAO casewasthe
least, 9676events/secUsingthe CIAO-CIAQ interaction
astheworst-casescenaricand TAO-TAO interactionasthe
bestcasetheoverheachddedby CCMis 5.6%.

Collocation analysis. This sectionanalyzeshe resultsof
benchmarkshat measurdhe averagelateng, 99% bound,



the dispersionand worst-casebehaior for roundtrip op-
erationsin collocatedmode,i.e., within the sameaddress
spaceln the caseof CIAO, theinteractingcollocatedcom-
ponentsresidewithin a single componentsener process.
For this experiment,the only possibleinteractionscenar
ios arethe TAO-TAO and CIAO-CIAO casesFor our ex-
perimentswe consideronly the thru_poacollocationstrat-
egy [29] sincethe direct collocationstrateyy optimization
is notpermissiblgor CIAO. Directcollocationbypassethe
PQA to makeinvocationdirectly onthesenant. CCM uses
a“glue senant” registeredwith a POA to decouplethe ac-
tualimplementatiorfrom the PQA, which requiresall calls
to go throughthe POA andmakingit impossibleto usedi-
rectcollocation.ln addition,CIAO useghe PQA to loadthe
senantimplementatioron-demandnecessitatinghe useof
aPQA.
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Figure 5. Collocation Analysis

Average measues — Figure 5 depicts the average
round-trip lateng in collocatedmode. As shown in
the gure, the averagelatenciesfor CIAO-CIAO sce-
narioare 2 secs.Theoverheadmpartedby CIAO
overTAOisthus 0.4 secs.

Dispersionmeasues— Thedispersiormeasureseveal
that CIAO-CIAQO caseis comparabldo that of TAO-
TAO caseThisresultshavsthattheuseof CIAO does
not degradepredictabilityin the collocatedmoderela-
tiveto TAO.

Maximummeasues — The 99% boundfor both the

casemre 2 secsThusforboththecase®99%of the

obsenedsamplesarebelov 2 secsTheworst-case
measuredor CIAO are again comparableto that of

TAO-TAO casewhichillustratesthat CIAO hasworst-

casesmeasuresimilar to that of TAO in collocated
mode.

ORB Throughput (events/sec)
TAO-TAO 385,370
CIAO-CIAO 323,832

Table 1. Collocation Performance: Thr oughput

Table 1 takulatesthe collocationthroughput,.e., num-
berof client-requests/seés shovnin thetable,CIAO adds
15% overheadon top of TAQO's collocationmechanism.
This overheadstemsfrom the additionalcall paththat has
to be traversedin CIAO. The additionalstepsrequiredin-
clude(1) operationon the senantglue codeand(2) actual
methodinvocationon the executor The white-box exper
imentsdiscussedn Section4.1.2 analyzesthe functional
pathwithin CIAO to pinpointwheretheoverheadarises.

Data copyingoverheadanalysis. Theseexperimentsnea-
sure roundtrip lateng for exchangingn bytes of octets
for TAO-TAO and CIAO-CIAO scenariosThe numberof
octetsarevariedfrom 4 to 64 K.B by powersof 2. Thevari-
ationin round-triplateng with increasén messagsizeis
takulated.The motivation of this analysisis to quantify ad-
ditional datacopying overheadncurredwhenrequestra-
versesvarious middleware layersthe along the data-path.
For larger messagsaizes,ary additionaloverheadncurred
is easily revealed.We now analyzethe resultsof bench-
marksthatmeasurg¢heaveragdateng, 99%bound thedis-
persionandworst-caséehaior for datacopying overhead.
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Figure 6. Data Copying OverheadAnalysis

Average measues.— Figure 6 illustratesthe average
round-trip lateny valuesfor TAO-TAO and CIAO-
CIAO. As shawn in the gure, for both TAO and
CIAQ, lateng increaseswith an increasein request



size,theincreasegradualup to messagsizeof 4 K.B,

afterwhich thereis a sharpincreaseTheresultsshov

thatlateny measurdor CIAO arecomparableandin

mary casesthe sameas that of TAO, eg., for mes-
sagesizeof 4K.B, lateng for CIAO ( 205 secs)is

nearlythesameasTAO ( 202 secs).Thisindicates
that CIAO doesnotincur ary additionaldatacopying

overheadalongthecritical requesprocessingath.

Dispersion measues.— The dispersionmeasuregor
bothTAO andCIAQ displayatrendsimilarto theaver-
age.For smallermessagesizes,both CIAO and TAO
valuesare at, indicatinghigh predictability For very
large messagssizes,the predictability degradescon-
siderably Theincreasedn dispersions not speci c to
TAO, i.e., obsenedin otherORBS andis in uenced
by externalfactors suchascachemissedor verylarge
payloadsizes.The similarity in the dispersionmea-
suresfor both CIAO and TAO shawv that CIAO is as
predictableasTAO.

Maximummeasues.— The 99% boundfor both CIAO
andTAOQ is closeto theaverageanddisplaytrendsimi-
larto average-cas@ heworst-caseneasurefor CIAO
are comparableo that of TAO, e.g., for requestsize
of 16 K.B, the worst-casameasurefor CIAO ( 927

secs)is nearly sameasthat of TAO ( 923 secs).
Theseresultsindicatethat the worst-casebehaior of
CIAO is comparableéo TAO.

4.1.2. White-box Analysis In thewhite-boxexperiments,
a client issuedtwo-way operationsat the fastestpossible
rate, while the sener performeda minimal but non-trivial

operationof cubingthe sentdata.Functional-pathanalysis
metricsarecollectedthatquantifythe overheadf the addi-

tional codepathtraversedby a CCM implementatiorsuch
asCIAOQ, for processing remoteclientrequest.

Functional path analysis. Figure 7, depictsthe critical

codepathtraversedby a remoterequesfor TAO-TAO and
CIAO-CIAO scenariosAs shavn in the gure, CIAO in-

curstwo additionalmethodcalls (1) to the generatedser

vantfrom the POA and(2) to the executorthatimplements
the functionality. The motivation for this experimentis to

guantifythis overheadmposedoy CCM.

Resultanalysis. We now analyzetheresultsof benchmarks
that measurehe averagelateng, 99% bound,the disper
sion,andworst-casdehaior for functionalpathanalysis.

Average measues— Figure8 illustratesthe resultsfor
bothTAO andCIAO. As shavn in the gure, the TAO
resultsrepresentatengy for a normal senant upcall,

3 Detailed results for other Jasa and C++ ORBs are available
from www.atl.external.Imco.com/projects/QoS/
compare/dist_oo_compare_ipc.html
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Figure 8. Functional-path Analysis

while the CIAO resultsdenotethelateng correspond-
ing to TAO, plus the additionalcodepath neededor
CCM. The resultsindicate that this extra code path
leadsto anoverheadbf 1.5 secswhich shows that
CIAO addsprocessingoverheadin the critical code
path. This overheadstemsfrom conformanceto the
CCM speci cation(in particulartheneedto useagen-
erated’glue senant”) that necessitatethe additional
indirection.

Dispesionmeasues— Thedispersiormeasureseveal
that resultsof CIAO and comparableto that of TAO

0.75 secs.Theseresultsshav that use of CIAO
doesnotsacri ce predictabilityin thecritical codepath
of componenbasedsystems.

Maximummeasues— The 99% boundfor both TAO
and CIAO are comparableto the averagemeasures
indicating predictablebehaior. The worst-casemea-
suresfor both TAO and CIAO show trend similar to
the average-and worst-casemeasuresthoughworst-
casemeasuresor CIAO aremaminally higher



4.2. Domain-speci®cBenchmarks

The goal of domain-specic analysis is to evalu-
atethe impactof supportingdomain-speci crequirements
in CCM. Thesexxperimentsaresimilarto theblack-boxex-
perimentsin distribution benchmarksThe hardware plat-
form contains 2 Intel Pentium IV 2.8 Ghz processor
with 512 MB of main memoryrunning KURT real-time
Linux [2] 2.4.18,developedby the KansasState Univer
sity, connectedvith a 100MB Ethernetswitch.

Due to the differencebetweenthe hardware con gura-
tion andOS,the TAO-TAO andCIAO-CIAO testsdescribed
in Section4.1 are performedto relatethe domain-speci ¢
experimentsto the corventionaltests.Thesetestsarethen
repeatedgainusingimplementationsvith domain-speci ¢
support.Figure9 shavs the following four scenariosnea-
suredin this experiment:

Figure 9. Domain-speci c Benchmark Scenarios

NRT-TAO — an interacting TAO object-basedlient
and sener that are con gured without Real-time
CORBA policies.

NRT-CIAO — aninteractingCIAO component-based
clientandsenerthatarecon guredwithoutReal-time
CORBA policies.

RT-TAO —aninteractingTAO object-basedlientand
sener that are con gured with Real-time CORBA
policies.

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

TheRT-TAO con guredusedareal-timeORB andPortable
ObjectAdapter(PQA). Likewies,the RT-CIAO con gura-
tion useda real-timecomponensener wasused.For each
experiment,however, no Real-timeCORBA policies(such

as priority and protocol properties)were explicitly seton
theobjects/components.

Figure10shownsthelateng resultsof comparinghefol-
lowing scenariosywhich aresimilarto the TAO-TAO, TAO-
CIAO, CIAO-TAO andCIAO-CIAO scenariogomparedn
the Distribution middlevarebenchmarkgomparedn Sec-
tion4.1.
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Figure 10. Round Trip Latency Analysis for RT-
CIAO

Average measues— As shown in the gure, the av-
eragelateng for all the four caseis relatively close,
with NRT-TAO scenarichaving the averagdateng of

108.43 secsandNRT-CIAO scenarichaving aver-
agelatengy of 109.05 secsln comparisontheaver
agelateng of RT-TAO scenarids 118.91 secsand
the averagelateny of RT-CIAO scenariois 122.87

secslin eithercase,usingNRT-CIAO doesaddmin-
imal overhead=f 0.62 secsand3.96 secsto the
overalllatencies.

Dispersion measues — As seenfrom Figure 10, the
dispersiormeasuredor all the four casesare compa-
rableto thatof the NRT-TAO caseof 4 secsThese
measureshow thattheuseof NRT-CIAO or RT-CIAO

doesnot degradepredictabilityby increasingitter.

Maximummeasues— The 99% and worst-casemea-
suredor all thefour scenarioslisplaybehaior similar
totheaveragemeasureslhe99%valuesareveryclose
to the averageindicating predictabldatengy. All four

scenariogloincur highworst-caseneasuresiowever,

becauseno real-timepriorities were explicitly associ-
atedwith the componentgor the experiment.

Figurellshonsthethroughpubf all for scenariosThis
gure shaws that the useof NRT-CIAO doesnot degrade
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throughputsigni cantly, which is consistenwith the con-
ventional black-box results.RT-CIAO, however, doesin-
curmoreoverhead 3.7%)comparedo thenon-RT CIAO
( 0.9%).

4.3. Summary

This section presenteddistribution middlewvare and
domain-speci ¢ benchmarksfor various combinations
CIAO and TAO. The round-trip latengy 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 ensuring predictability The data copy-
ing overheadmeasureshaved that CIAO doesnot suffer
from additionaldatacopying alongthe critical requesipro-
cessing. The domain-speci c benchmarks shav that
CIAOQO's real-timeextensionshelp ensurepredictability re-
quiredfor DRE applications.

5. RelatedWork

Thissectionsummarizestherbenchmarkingffortsthat
relateto our work on componentmiddlewvare in general
andCCM in particular We decomposeniddlevareinto lay-
ersanddescribeherepresentatie benchmarkingffortsin
eachof themiddlewarelayers.

Host infrastructural middleware. This layer encap-
sulatesand enhancesnatve OS mechanismsto create
reusablesvent demultiplexing and interprocesscommuni-
cationmechanismsA benchmarkingeffort at this layeris

RTJPerf [1], which is an open-sourcédenchmarkinguite
that measureshe quality of variousReal-Time Speci ca-
tion for Java (RTSJ) implementationsRTJPerf provides
benchmarkgor most of the RTSJ featuresthat are criti-

calto real-timeandembeddedystems.

Distribution middleware. Distribution middlevare en-
ablesclients to programapplicationsby invoking opera-
tions on target objectswithout hard-codingdependencies
on their location,programminganguageand OS platform.

A benchmarkingeffort at this layer is the Open CORBA
Benchmarkingproject[26], which is a genericbenchmark-
ing suite for various ORB implementationsThe goal for
this effort is to measurecommonly used ORB function-
ality using metricstailored for both ORB developersand
ORBusers.

AnotherCORPA 3.xandCORBA 2.x benchmarkinggf-
fort [27] comparesheperformancendeaseof useof Real-
time CORBA implementatiorof TAO versusthe real-time
extensionsaddedn CIAO. Theresultsn thispaperevealed
thatusingcomponenmiddlenvareenhancedhe con gura-
tion of real-timepoliciesvia XML-basedcon guration les
withoutsacri cing predictability Theseresultsalsoshoved
that using componentmiddleware enablesthe con gura-
tion of real-time policies that conformsto standardXML
schemas.

Common middleware sewices. This layer provides
higherlevel domain-independentreusable services. A

benchmarkingeffort at this layer is the LockheedMar-

tin AdvancedTechnologyLab's (ATL) [10] Middleware
Comparatorwhich evaluatesa rangeof middleware lay-

ers, including commonmiddleware servicesvia an easily
accessiblaVebinterface.In particular the ATL testseval-

uate the real-time publish subscribearchitecturesbased
on CORBA Data Distribution Service(DDS) [16]. ATL's
methodology has been to use identical test conditions
(i.e., application,hardware, etc.), which permits compar

isons that can reveal performancedifferencesbetween
varioussystems.

6. Concluding Remarks

Component middlevare and QoS-enabled CORBA
ComponentModel (CCM) implementationsare impor-
tant emeging technologiesfor distributed real-time and
embedded DRE) systems.Several initiatives are under
way to develop commercialand researchimplementations
of QoS-enabledCCM. Thereis not yet, however, a sys-
tematicbody of knowledgethat describeshow to develop
metrics that can systematically evaluate the correct-
ness,suitability, and quality of CCM implementationdor
DRE systems.

Empirically evaluating feature-rich component mid-
dleware implementations,such as CCM, posesseveral
challengesThis paperdescribedhow our CCMPerf bench-
marking framewvork (1) addresseghe heterogeneityof
CCM implementationssuch 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 middlewvare layers (i.e., distribution middleware,
common middleware services,and domain-speci ¢ mid-
dleware), and (3) consolidatestestsinto cateyories that



clarify the structureof thebenchmarkandfacilitatethein-
tegration of new benchmarktests. Our empirical results
in Section4 shav how CCMPerf can be usedto quan-
tify metrics,suchasoverhead(.e., increasesn the mean),
that the CIAO CORBA 3.x CCM implementationin-
curs above and beyond its underlying TAO CORBA 2.x
implementation.Our future work on CCMPerf will fo-
cuson benchmarkingother open-sourcéCCM implemen-
tations(suchasMico-CCM, Qedo,and StarCCM),aswell
as completing the white-box and scenario-basedench-
marksandenhancingCCMPerf's testsuite.

Ourwork on CCMPerf hasalsounderscoredheimpor-
tanceof automatingoenchmarkingxperimentsrom higher
level models.For example,to conducta simpleexperiment
requiresdevelopersto write (1) the headerles andsource
benchmarkingcodethat measure€QoS, suchasroundtrip
latengy andthroughput(2) IDL les thatdescribeshecon-
tractbetweertheclientandthesener, (3) thecon guration
andscript les thattunetheunderlyingmiddlevareandau-
tomatethe taskof runningtestsandoutputgenerationand
(3) projectbuild les (e.g., make les) requiredto generate
the executablecode.Writing these les repeatedlyfor each
experimentis tediousand errorprone.Further in a hand-
craftedapproachchangingthe con guration would entalil
re-writing the benchmarkingcode. In a model-basedp-
proach,however, the only changewill bein the modeland
the necessanexperimentationcodewill be automatically
generatedA model-base@pproachalsoprovidesaneffec-
tive abstractionto visualize and analyzethe overall plan-
ning phase ratherthan inspectingthe sourcecode manu-
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 aspectsof QoS-enabledcomponent middleware.
CoSMIC's model-based24] approachto benchmarksyn-
thesis enablesquality assuranceengineersand testersto
con gure componentsmodeltestcon gurations,andgen-
eratebenchmarkingodeautomatically
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