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DISTRIB UTED CONTINUOUS QUALITY ASSURANCE
PROCESSFOR EVALUATING QOS OF

PERFORMANCE-INTENSIVE SOFTWARE

ARVIND S. KRISHNA, CEMAL YILMAZ, ATIF MEMON, ADAM PORTER, DOUGLAS C.
SCHMIDT, ANIRUDDHA GOKHALE, BALACHANDRAN NATARAJAN

Abstract. Performance-intensive softwareis increasinglybeingusedonheterogeneouscombina-
tionsof OS,compiler, andhardwareplatforms.Examplesincludereusablemiddlewarethatforms
the basisfor scienti�c computinggrids anddistributed real-timeandembeddedsystems.Since
this software hasstringentquality of service(QoS) requirements,it often provides a multitude
of con�guration optionsthat canbe tunedfor speci�c applicationworkloadsandrun-timeenvi-
ronments.As performance-intensive systemsevolve, developerstypically conductquality assur-
ance(QA) tasksin-house,on a smallnumberof con�gurationsto identify andalleviate overhead
thatdegradesperformance.QA performedsolelyin-houseis inadequatebecauseof time/resource
constraints,andinsuf�cient to managesoftwarevariability, i.e., ensuringsoftwarequality on all
supportedtargetplatformsacrossall desiredcon�gurationoptions.

This paperaddresseslimitationswith in-houseQA for performance-intensive softwareby ap-
plying theSkoll distributedcontinuousquality assurance(DCQA) processes,to improve software
performanceiteratively, opportunistically, andef�ciently around-the-clockin multiple,geograph-
ically distributed locations. It describesmodeldriven tools that allow Skoll usersto capturethe
system'saxesof variability (suchascon�gurationoptions,QoSstrategies,andplatformdependen-
cies). It describesexperimentsthatapplySkoll to evaluateandimprove theperformanceof DRE
componentmiddlewareon a rangeof platformsandcon�gurationoptions.Theresultsshow that
automaticanalysisof QA taskresultscansigni�cantly improve softwarequality by capturingthe
impactof softwarevariability onperformanceandproviding feedbackto helpdevelopersoptimize
performance.

1. Intr oduction

Emerging tr endsandchallenges.QualityAssurance(QA) processeshavetra-
ditionally performedfunctionaltesting,codeinspections/pro�ling,andquality
of service(QoS)performanceevaluation/optimizationin-houseon developer-
generatedworkloadsandregressionsuites. Unfortunately, in-houseQA pro-
cessesarenot delivering the level of quality softwareneededfor large-scale
mission-criticalsystemssincethey do not managesoftwarevariability effec-
tively. For example,in-houseQA processescanrarely capture,predict,and
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recreatetherun-timeenvironmentandusagepatternsthatwill beencountered
in the�eld onall supportedtargetplatformsacrossall desiredcon�gurationop-
tions. Thede�cienciesof in-houseQA processesareparticularlyproblematic
for performance-intensivesoftwaresystems. Examplesof this typeof software
includehigh-performancescienti�c computingsystems,distributedreal-time
andembedded(DRE) systems,andtheaccompanying systemssoftware(e.g.,
operatingsystems,middleware,andlanguageprocessingtools).

To supportthe customizationsdemandedby users,reusableperformance-
intensive softwareoften must (1) run on a variety of hardware/OS/compiler
platformsand(2)provideavarietyof optionsthatcanbecon�guredatcompile-
and/orrun-time.For example,performance-intensivemiddleware,suchasweb
servers(e.g., Apache),objectrequestbrokers(e.g., TAO), anddatabases(e.g.,
Oracle)run on dozensof platformsandhave dozenor hundredsof options,
with eachoptionbeingacon�gurationwithin theentiresoftwarecon�guration
space.As softwarecon�guration spacesincreasein sizeandsoftwaredevel-
opmentresourcesdecrease,it becomesinfeasibleto handleall QA activities
in-house. For instance,developersmay not have accessto all the hardware,
OS,andcompilerplatformsonwhichtheir reusablesoftwareartifactswill run.
Solution approach � Distrib uted continuous QA processesand tools. In
responseto the trendsand challengesdescribedabove, developersand or-
ganizationshave begun to changethe processesthey useto build and vali-
dateperformance-intensive software. Speci�cally, they are moving towards
more agile processescharacterizedby (1) decentralizeddevelopmentteams,
(2) greaterrelianceon middlewarecomponentreuse,assembly, anddeploy-
ment,(3) evolution-orienteddevelopmentrequiringfrequentsoftwareupdates,
(4) productdesignsthatallow extensive end-usercustomization,and(5) soft-
warerepositoriesthathelp to consolidateandcoordinateQA tasksassociated
with theotherfour characteristicsoutlinedabove. While theseagileprocesses
addresskey challengeswith conventionalQA approaches,they alsocreatenew
challenges,e.g., copingwith frequentsoftwarechanges,remotedeveloperco-
ordination,andexplodingsoftwarecon�gurationspaces.

To addressthe challengeswith conventionaland agile software QA pro-
cesses,we havedevelopedadistributedcontinuousqualityassurance(DCQA)
environmentcalledSkoll (www.cs.umd.edu/projects/skoll ) thatsup-
portsaround-the-world,around-the-clockQA onacomputinggrid providedby
end-usersanddistributeddevelopmentteams.TheSkoll environmentincludes
languagesfor modelingkey characteristicsof performance-intensivesoftware
con�gurations,algorithmsfor schedulingand remotelyexecutingQA tasks,
andanalysistechniquesthatcharacterizesoftwarefaultsandQoSperformance
bottlenecks.
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Ourearlierpublications[1] onSkoll describedits structureandfunctionality
andpresentedresultsfrom a feasibility studythatappliedSkoll toolsandpro-
cessesto ACE [2] andTAO [3], which arelarge(i.e., over two million SLOC)
reusablemiddlewarepackagestargetedat performance-intensivesoftwarefor
DREsystems.Ourinitial work focusedlargelyonbuilding theSkoll infrastruc-
ture,which consistedof the languages,algorithms,mechanisms,andanalysis
techniquesthat testedthe functionalcorrectnessof reusablesoftwareandits
applicationto end-usersystems.

This paperdescribesseveralotherdimensionsof DCQA processesandthe
Skoll environment: (1) integrating model-basedtechniqueswith DCQA pro-
cesses, (2) improving QoSas opposedto simply functional correctness, and
(3) using Skoll to empirically optimizea systemfor speci�c run-time con-
texts. At the heartof the Skoll work presentedin this paperis Benchmark
GenerationModelingLanguage(BGML) [4], which is Model-basedtoolsuite

�

that appliesgenerative model-basedsoftware techniques[5] to measureand
optimizethe QoSof reusableperformance-intensive softwarecon�gurations.
BGML extendsSkoll' s earlierfocuson functionalcorrectnessto addressQoS
issuesassociatedwith reusableperformance-intensivesoftware,i.e., modeling
andbenchmarkinginteractionscenarioson variousplatformsby mixing and
matchingcon�gurationoptions.By integratingBGML into theSkoll process,
QoSevaluationtasksareperformedin afeedback-drivenloopthatis distributed
overmultiple sites.Skoll toolsanalyzetheresultsof thesetasksandusethem
asthebasisfor subsequentevaluationtasksthatareredistributedto theSkoll
computinggrid.
Paper organization.Theremainderof thispaperis organizedasfollows: Sec-
tion 2 presentsan overview of the Skoll DCQA architecturefocusingon in-
teractionsbetweenvariouscomponentsandservices;Section3 motivatesand
describesour modelbasedmeta-programmabletool (BGML), focusingon its
syntacticand semanticmodelingelementsthat help QA engineersto visu-
ally composeQA tasksfor Skoll andits generative capabilitiesto theresolve
accidentalcomplexities associatedwith quantifying the impact of software
variability on QoS; Section4 reportsthe resultsof experimentsusing this
model-basedDCQA processon the CIAO QoS-enabledcomponentmiddle-
wareframework; andSection5 presentsconcludingremarksandoutlinesfu-
turework.

�

BGML canbedownloadedfrom www.dre.vanderbilt.edu/cosmic .
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2. Overview of the Structure and Functionality of Skoll

To addresslimitationswith in-houseQA approaches,theSkoll projectis devel-
opingandempiricallyevaluatingfeedback-drivenprocesses,methods,andsup-
portingtools for distributedcontinuousQA. In this approachsoftwarequality
is improved– iteratively, opportunistically, andef�ciently – around-the-clock
in multiple, geographicallydistributedlocations. To supportdistributedcon-
tinuousQA processes,wehave implementedasetof componentsandservices
calledtheSkoll infrastructure, which includeslanguagesfor modelingsystem
con�gurationsand their constraints,algorithmsfor schedulingand remotely
executingtasks,andanalysistechniquesfor characterizingfaults.

TheSkoll infrastructureperformsits distributedQA tasks,suchastesting,
capturingusagepatterns,andmeasuringsystemperformance,onagridof com-
puting nodes.Skoll decomposesQA tasksinto subtasksthat performpart of
a larger task. In the Skoll grid, computingnodesaremachinesprovided by
the coredevelopmentgroupandvolunteeredby end-users.Thesenodesre-
questwork from a server whenthey wish to make themselvesavailable. The
remainderof this sectiondescribestheSkoll infrastructureandprocesses.

2.1. The Skoll Infrastructur e

Skoll QA processesare basedon a client/server model. Clients distributed
throughouttheSkoll grid requestjob con�gurations(implementedasQA sub-
taskscripts)from aSkoll server. Theserverdetermineswhichsubtasksto allo-
cate,bundlesupall necessaryscriptsandartifacts,andsendsthemto theclient.
Theclientexecutesthesubtasksandreturnstheresultsto theserver. Theserver
analyzesthe results,interpretsthem,andmodi�es theprocessasappropriate,
which may trigger a new roundof job con�gurationsfor subsequentclients
runningin thegrid.

At a lower level, theSkoll QA processis moresophisticated.QA process
designersmustdetermine(1) how taskswill bedecomposedinto subtasks,(2)
on whatbasisandin whatordersubtaskswill beallocatedto clients,(3) how
subtaskswill beimplementedto executeonapotentiallywidesetof clientplat-
forms, (4) how subtaskresultswill bemergedtogetherandinterpreted,(5) if
andhow shouldtheprocessadapton-the-�y basedonincomingresults,and(6)
how theresultsof theoverall processwill besummarizedandcommunicated
to softwaredevelopers.To supportthis processwe'vedevelopedthefollowing
componentsandservicesfor useby Skoll QA processdesigners(acomprehen-
sivediscussionappearsin [1]):

StudiaInformaticaUniversalis



“JSP-SIU”
2004/12/19
page5

CapturingImpactof SoftwareCon�gurationonQoS 5

Con�guration spacemodel.The cornerstoneof Skoll is its formal modelof
a DCQA process'con�gurationspace,which capturesall valid con�gurations
for QA subtasks.This informationis usedin planningtheglobalQA process,
for adaptingtheprocessdynamically, andaidingin analyzingandinterpreting
results.
Intelligent Steering Agent. A novel featureof Skoll is its useof an Intelli-
gentSteeringAgent(ISA) to controltheglobalQA processby decidingwhich
valid con�guration to allocateto eachincomingSkoll client request.TheISA
treatscon�guration selectionasanAI planningproblem. For example,given
the currentstateof the global processincluding the resultsof previous QA
subtasks(e.g., whichcon�gurationsareknown to havefailedtests),thecon�g-
urationmodel,andmetaheuristics(e.g., nearestneighborsearching),the ISA
will chosethenext con�gurationsuchthatprocessgoals(e.g., evaluatecon�g-
urationsin proportionto known usagedistributions)will bemet.
Adaptation strategies.As QA subtasksareperformedby clientsin theSkoll
grid, their resultsarereturnedto the ISA, which canlearnfrom the incoming
results. For example,whensomecon�gurationsprove to be faulty, the ISA
can refocusresourceson other unexploredpartsof the con�guration space.
To supportsuchdynamicbehavior, Skoll QA processdesignerscandevelop
customizedadaptationstrategiesthatmonitortheglobalQA processstate,an-
alyzeit, andusetheinformationto modify futuresubtaskassignmentsin ways
thatimproveprocessperformance.

2.2. Skoll in Action

At ahigh level, theSkoll processis carriedoutasshown in Figure1.
1. Developerscreatethe con�guration modelandadaptationstrategies. The
ISA automaticallytranslatesthe model into planningoperators.Developers
createthegenericQA subtaskcodethatwill bespecializedwhencreatingac-
tual job con�gurations.
2. A userrequestsSkoll client softwarevia theregistrationprocessdescribed
earlier. TheuserreceivestheSkoll clientsoftwareandacon�gurationtemplate.
If a userwantsto changecertaincon�guration settingsor constrainspeci�c
optionshe/shecandosoby modifying thecon�gurationtemplate.
3. A Skoll clientperiodically(or on-demand)requestsajob con�gurationfrom
a Skoll server.
4. The Skoll server queriesits databasesandtheuser-providedcon�guration
templateto determinewhich con�guration option settingsare �x ed for that
userandwhich mustbesetby theISA. It thenpackagesthis informationasa
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Figure1: Skoll QA ProcessView

planninggoal andqueriesthe ISA. The ISA generatesa plan,createsthe job
con�gurationandreturnsit to theSkoll client.
5. A Skoll client invokesthe job con�guration andreturnsthe resultsto the
Skoll server.
6. TheSkoll serverexaminestheseresultsandinvokesall adaptationstrategies.
TheseupdatetheISA operatorsto adapttheglobalprocess.
7. The Skoll server preparesa virtual scoreboard that summarizessubtask
resultsandthecurrentstateof theoverall process.This scoreboardis updated
periodicallyand/orwhenpromptedby developers.

3. Enhancing Skoll with a Model-basedQoS Impr ovement
Process

Reusableperformance-intensive software is often usedby applicationswith
stringentQoSrequirements,suchaslow latency andboundedjitter. TheQoS
of reusableperformance-intensive software is in�uenced heavily by factors
suchas the con�guration optionssetby end-usersandcharacteristicsof the
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underlyingplatform. Managingthesevariableplatformaspectseffectively re-
quiresaQA processthatcanpreciselypinpointtheconsequencesof mixing and
matchingcon�gurationoptionson variousplatforms.In particular, sucha QA
processshouldresolve thefollowing forces:(1) Minimize thetime andeffort
associatedwith testingvariouscon�guration optionson particularplatforms,
and(2) Provide a framework for seamlessadditionof new testcon�gurations
correspondingto variousplatform environmentand applicationrequirement
contexts.

In our initial Skoll approach,creatinga benchmarkingexperimentto mea-
sureQoSpropertiesrequiredQA engineersto write (1) theheader�les, source
code,thatimplementthefunctionality, and(2) thecon�gurationandscript�les
that tunethe underlyingORB andautomaterunningtestsandoutputgenera-
tion, Our experienceduring our initial feasibility study [1] revealedhow te-
diousanderror-pronethis processwassinceit requiredmultiple manualsteps
to generatebenchmarks,therebyimpedingproductivity andquality in theQA
process.Theremainderof this sectiondescribeshow we have appliedmodel-
basedtechniques[5] to resolve forces1 and2 outlinedearlier.

3.1. Model Dri ven Approachfor Evaluating QoS

To overcomethe limitationswith manuallydevelopingcustombenchmarking
suitesdescribedearlier, we have usedMDD techniquesto developtheBench-
mark Generation Modeling Language (BGML) [4]. BGML providesvisual
representationsfor de�ning entities(components),their interactions(opera-
tions and events)and QoS metrics(latency, throughputand jitter). Further,
thevisual representationsthemselvesarecustomizablefor differentdomains.
BGML hasbeentailoredtowardsevaluatingtheQoSof implementationsof the
CORBA ComponentModel (CCM) [6]

�

.

3.1.1. BGML overview

BGML is built atop the GenericModeling Environment(GME) [7], which
providesa meta-programmableframework for creatingdomain-speci�cmod-
eling languagesandgenerative tools. GME is programmedvia meta-models
andmodelinterpreters. The meta-modelsde�ne modelinglanguagescalled
paradigmsthatspecifyallowedmodelingelements,their properties,andtheir
relationships.Model interpretersassociatedwith a paradigmcanalsobebuilt

�

WefocusonCCM in ourwork sinceit is standardcomponentmiddlewarethatis targetedfor
theQoSrequirementsof DRE systems.As QoSsupportfor othercomponentmiddlewarematures
wewill enhanceourmodelingtoolsandDCQA processesto integratethem.
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to traversetheparadigm'smodelingelements,performinganalysisandgener-
atingcode.

BGML captureskey QoSevaluationconcernsof performance-intensivemid-
dleware. Middleware/applicationdeveloperscan useBGML to graphically
modelinteractionscenariosof interest.Givensucha model,BGML thengen-
eratesmostof thecodeneededto run experiments,includingscriptsthatstart
daemonprocesses,launchcomponentson variousdistributedsystemnodes,
runthebenchmarks,andanalyze/displaytheresults.BGML allowsCCM users
to:

1. ModelinteractionscenariosbetweenCCMcomponentsusingvariedcon-
�guration options,i.e., capturesoftwarevariability in higher-level mod-
elsratherthanin lower-level sourcecode.

2. Automatebenchmarkingcodegenerationto systematicallyidentify per-
formancebottlenecksbasedonmixing andmatchingcon�gurations.

3. Generatecontrol scripts to distribute and executethe experimentsto
usersaroundtheworld to monitorQoSperformancebehavior in a wide
rangeof executioncontexts.

4. EvaluateandcompareCCM implementationperformancesin a highly
automatedway the overheadthat CCM implementationsimposeabove
andbeyondCORBA 2.x implementationsbasedon theDOCmodel.

5. Enablecomparisonof CCM implementationsusingkey metrics,suchas
throughput,latency, jitter, andotherQoScriteria.

With BGML, QA engineersgraphicallymodelpossibleinteractionscenarios.
Given a model,BGML generatesthe scaffolding codeneededto run the ex-
periments. This typically includesPerl scripts that start daemonprocesses,
spawn the componentserver andclient, run the experiment,anddisplay the
requiredresults. BGML is built on top of the GenericModeling Environ-
ment (GME) [7], which providesa meta-programmableframework for cre-
atingdomain-speci�cmodelinglanguagesandgenerative tools. GME is pro-
grammedvia meta-modelsandmodelinterpreters. The meta-modelsde�ne
modelinglanguagescalledparadigmsthatspecifyallowedmodelingelements,
their properties,andtheir relationships.Model interpretersassociatedwith a
paradigmcanalsobebuilt to traversetheparadigm'smodelingelements,per-
forminganalysisandgeneratingcode.

3.1.2. BGML modelelements

To captureQoSevaluationconcernsof differentcomponentmiddlewaresolu-
tions,theBGML provides:

� Build elementssuchasproject,workspace,resourcesandimplementa-
tion artifactthatcanbeusedto representprojectsandtheirdependencies
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suchasDLLs, sharedobjects. For example,the projectsmodeledcan
be mappedto Visual Studioproject �les (Windows platforms)or onto
GNUMake/Make �les (*NIX platforms). The build commandscanbe
usedto representcompilersfor differentplatformssuchasgcc,g++ and
ant.

� Test elementssuchasoperations,return-types,latency andthroughput
thatcanbeusedto representgenericoperationor asequenceor operation
stepsandassociatefunctionalQoSpropertieswith them. For example,
theoperationsignature(name,input parametersandreturn-type)canbe
usedto generateplatformspeci�c benchmarkingcodevia languagemap-
pings(C++/Java)duringtheinterpretationprocess.

� Workload elementssuchastasksandtask-setthatcanbeusedto model
andsimulatebackgroundload presentduring the experimentationpro-
cess.Theseworkloadelementsarethenmappedto individual platform
speci�c codein theinterpretationprocess.

A benchmarkin BGML consistsof capturinglatency, throughputandjitter as-
sociatedwith atwo wayoperation/eventcommunicationbetweentwo CORBA
components.In particular, thefollowing arethetwo stepsrequiredto generate
a benchmarkusingBGML:
Step1. Modeling componentinteraction scenarios.This�rst stepin ourpro-
cessinvolvesusingPICML [8] to visually representtheinterfacesof thecom-
ponents,their interconnections,and their dependencieson external libraries
andartifacts. The PICML tool which is part of the CoSMIC tool chainsup-
portsvisualmodelingof components,ports,interfaces,andoperations.
Step 2. Benchmark construction. UseBGML MDD tool to modelthe test,
i.e., associatelatency/throughputcharacteristicswith thecomponentoperations
thatareto beempiricallyevaluatedto determinetheright con�gurations.Then
useBGML'smodelinterpretersto generatethetestsuitefor evaluatingtheQoS
deliveredto the DRE systemby the middlewarecon�guration. This stepin-
volvesthe generationof the build, benchmarkingandscript codecodefrom
higher level modelsto run the experiment. Figure 2 depictshow a latency
metricwasassociatedwith a twowayCORBA operation.

Figure2: AssociatingQoSwith operationin BGML
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3.2. Integrating BGML with Skoll

Figure3 presentsanoverview of how wehaveintegratedBGML with theSkoll
infrastructure.
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Figure3: Skoll QA ProcessView with BGML Enhancements

Below wedescribehow ourBGML modelingtoolsinteractwith theexisting
Skoll infrastructureto enhanceits DCQA capabilities.
A. QA engineersde�ne a testcon�gurationusingBGML models.Theneces-
saryexperimentationdetailsarecapturedin themodels,e.g., theORB con�g-
urationoptionsused,the IDL interfaceexchangedbetweentheclient andthe
server, andthebenchmarkmetricperformedby theexperiment.
B & C. QA engineersthenuseBGML to interpretthemodel.TheOCML par-
adigminterpreterparsesthemodeledORBcon�gurationoptionsandgenerates
therequiredcon�guration �les to con�gure theunderlyingORB. TheBGML
paradigminterpreterthengeneratestherequiredbenchmarkingcode,i.e., IDL
�les, therequiredheaderandsource�les, andnecessaryscript �les to run the
experiment.StepsA, B, andC areintegratedwith Step1 of theSkoll process.
D. Whenusersregisterwith theSkoll infrastructurethey obtaintheSkoll client
softwareandcon�gurationtemplate.Thisstephappensin concertwith Step2,
3, and4 of theSkoll process.
E & F. The client executestheexperimentandreturnsthe resultto theSkoll
server, which updatesits internaldatabase.When promptedby developers,
Skoll displaysexecutionresultsusingan on demandscoreboard.This score-
boarddisplaysgraphsandchartsfor QoSmetrics,e.g., performancegraphs,
latency measuresandfoot-print metrics.StepsE andF correspondto steps5,
6, and7 of theSkoll process.
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4. DCQA Processfor Capturing QoSof Performance-intensive
Software

This sectiondescribesthe designandresultsof an experimentwe conducted
to evaluatetheenhancedDCQA capabilitiesthatstemfrom integratingBGML
with Skoll. In prior work [4], weusedBGML to measureround-triplatency of
theCIAO CCM middlewareplatform,focusingongeneratingscaffoldingcode,
evaluatingthecorrectnessof thegeneratedexperimentcode,andusingmodels
to identify performancebottlenecksandimprove QoScharacteristics.In this
paper, we usetheBGML modelingtoolsandSkoll infrastructureto executea
formally-designedexperimentusingafull-factorial design, whichexecutesthe
experimentaltask(benchmarkingin this case)exhaustively acrossall combi-
nationsof the experimentaloptions(a subsetof thecon�guration parameters
of theCIAO QoS-enabledcomponentmiddleware).

Thedatafrom ourexperimentsis returnedto theSkoll server, whereit is or-
ganizedinto a database.Thedatabasethenbecomesa resourcefor developers
of applicationsandmiddlewarewho wish to studythe system's performance
acrossits many differentcon�gurations. Sincethe datais gatheredthrough
a formally-designedexperiment,we usestatisticalmethods(e.g., analysisof
variance,wilcox ransumtests,andclassi�cationtreeanalysis)to analyzethe
data.To demonstratetheutility of thisapproach,wepresenttwo usecasesthat
show how (1) CIAO developerscanquerythedatabaseto improve theperfor-
manceof thecomponentmiddlewaresoftwareand(2) applicationdevelopers
can�ne-tune CIAO's con�gurationparametersto improvetheperformanceof
their software.

4.1. Hypotheses

Theusecaseswe presentin thissectionexplorethefollowing hypotheses:
1. The Skoll grid can be usedtogetherwith BGML to quickly generate

benchmarkexperimentsthatpinpointspeci�c QoSperformanceaspects
of interestto developersof middlewareand/orapplications,e.g., BGML
allowsQA processengineersto quickly setupQA processesandgenerate
signi�cant portionsof therequiredbenchmarkingcode.

2. Using the outputof BGML, the Skoll infrastructurecanbe usedto (1)
quickly executebenchmarkingexperimentsonend-userresourcesacross
a Skoll grid and(2) captureandorganizetheresultingdatain a database
thatcanbeusedto improvetheQoSof performance-intensivesoftware.

3. Developersandusersof performance-intensive softwarecanquerythe
databaseto gatherimportantinformationaboutthatsoftware,e.g., obtain
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a mix of con�gurationoptionsettingsthat improve theperformancefor
their speci�c workload(s).

4.2. Experimental Process

We usedthe following experimentalprocessto evaluatethe hypothesesout-
lined in Section4.1:

Step1: Choosea softwaresystemthathasstringentperformancerequire-
ments.Identify a relevantcon�gurationspace.

Step2: Selectworkload applicationmodel and build benchmarksusing
BGML.

Step3: Deploy Skoll andBGML to run benchmarkson multiple con�gu-
rationsusinga full factorialdesignof thecon�gurationoptions.Gather
performancedata.

Step4: Formulateanddemonstratespeci�c usesof theperformanceresults
databasefrom theperspectiveof bothmiddlewareandapplicationdevel-
opers.

4.2.1. Step1: SubjectApplications

We usedACE 5.4 + TAO 1.4 + CIAO 0.4 for this study. CIAO [9] is a
QoS-enabledimplementationof CCM developedatWashingtonUniversity, St.
LouisandVanderbiltUniversitytohelpsimplify thedevelopmentof performance-
intensive softwareapplicationsby enablingdevelopersto declaratively provi-
sion QoS policies end-to-endwhen assemblinga DRE system. CIAO adds
componentsupportto TAO [3], which is distribution middlewarethat imple-
mentskey patterns[10] to meetthedemandingQoSrequirementsof DREsys-
tems.

4.2.2. Step2: Build Benchmarks

The following stepswereperformedby the ACE+TAO+CIAO QA engineers
to build benchmarksusingtheBGML tool. Themodelswereusedto generate
screeningexperimentsto quantifybehavior of latency andthroughput.

1. QA engineersusedthe BGML modelingparadigmto composethe ex-
periment. In particular, QA engineersusethedomain-speci�cbuilding
blocksin BGML to composeexperiments.

2. In theexperimentmodeled,QA engineersassociatedtheQoScharacter-
istic (in thiscaseroundtriplatency andthroughput)thatwill becaptured
in theexperiment.
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3. Using the experimentmodeledby QA engineers,BGML interpreters
generatedthebenchmarkingcoderequiredto set-up,run,andtear-down
the experiment. The generated�les include componentimplementa-
tion �les (.h and.cpp),IDL �les (.idl), componentIDL �les (.cidl), and
benchmarkingcode(.cpp)�les.

4. Thegenerated�le wasthenexecutedusingtheSkoll DCQA processand
QoScharacteristicsweremeasured.The executionwasdonein Step4
describedin Section4.2.4.

4.2.3. Step3: Executethe DCQA process

For this versionof ACE+TAO+CIAO, we identi�ed 14 run-timeoptionsthat
could affect latency andthroughput.As shown in Table1, eachoption is bi-
nary, so the entire con�guration spaceis �

���
	���
��������

. We executedthe
benchmarkexperimentson eachof the 16,384con�gurations. This is called
a full-f actorialexperimentaldesign.Clearlysuchdesignswill not scaleup to
arbitrarynumbersof factors.In ongoingwork wearethereforestudyingstrate-
gies for reducingthe numberof observationsthat mustbe examined. In the
currentexample,however, thedesignis manageable.

Option Index Option Name Option Settings
opt1 ORBReactorThreadQueue � FIFO,LIFO �

opt2 ORBClientConnectionHandler � RW, MT �

opt3 ORBReactorMaskSignals � 0, 1�

opt4 ORBConnectionPurgingStrategy � LRU, LFU �

opt5 ORBConnectionCachePurgePercentage � 10,40�

opt6 ORBConnectionCacheLock � thread,null �

opt7 ORBCorbaObjectLock � thread,null �

opt8 ORBObjectKeyTableLock � thread,null �

opt9 ORBInputCDRAllocator � thread,null �

opt10 ORBConcurrency � reactive, tpc�

opt11 ORBActiveObjectMapSize � 32,128�

opt12 ORBUseridPolicyDemuxStrategy � linear, dynamic�

opt13 ORBSystemidPolicyDemuxStrategy � linear, dynamic�

opt14 ORBUniqueidPolicyReverseDemuxStrategy � linear, dynamic�

Table 1: The Con�guration Space: Run-time Options and
their Settings

For agivencon�guration,weusetheBGML modelingparadigmsto model
thecon�gurationvisually andgeneratethescaffolding codeto run thebench-
markingcode.Theexperimentwasrun threetimesandfor eachrun theclient
sent300,000requeststo the server. In total, we distributedandran � 50,000
benchmarkingexperiments.For eachrun, we measuredthelatency valuesfor
eachrequestandtotal throughput(events/second).
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TheBGML modelingtool helpsimprove theproductivity of QA engineers
byallowing themto composetheexperimentvisuallyratherthanwrestlingwith
low-level sourcecode.This tool thusresolvestediousanderror-proneacciden-
tal complexities associatedwith writing correctcodeby auto-generatingthem
from higher level models. Table 2 summarizesthe BGML codegeneration
metricsfor aparticularcon�guration.

Files Number Lines of Code Generated(%)
IDL 3 81 100

Source(.cpp) 2 310 100
Header(.h) 1 108 100
Script(.pl) 1 115 100

Con�g (svc.conf) 1 6 100
Descriptors(XML) 2 90 0

Table2: GeneratedCodeSummary for BGML
This tableshowshow BGML automaticallygenerates8 of 10 required�les

thataccountfor 88%of thecoderequiredfor theexperiment.

4.2.4. Step4: ExampleUseCases

Below we presenttwo usecasesthat leveragethe datacollectedby the Skoll
DCQA process.The �rst scenarioinvolvesapplicationdeveloperswho need
informationto helpcon�guring CIAO for theiruse.ThesecondinvolvesCIAO
middlewaredeveloperswhowantto prioritizecertaindevelopmenttasks.
Use case#1: Application developer con�guration. In this scenario,a de-
veloperof a performance-intensive softwareapplicationis usingCIAO. This
applicationis expectedto have a fairly smoothtraf�c streamandneedshigh
overall throughputand low latency for individual messages.This developer
hasdecidedonseveralof theoptionsettingsneededfor his/herapplication,but
is unsurehow to setthe remainingoptionsandwhateffect thosespeci�c set-
tingswill have on applicationperformance.To helpanswerthis question,the
applicationdevelopergoesto theACE+TAO+CIAO Skoll webpageandiden-
ti�es thegeneralworkloadexpectedby theapplication,theplatform,OS,and
ACE+TAO+CIAO versionsused.Next, thedeveloperarrivesat thewebpage
shown in Figure4. On this pagetheapplicationdeveloperinputsthoseoption
settings(s)heexpectsto useandleft unspeci�ed(denoted“*”) thosefor which
(s)heneedsguidance.The developeralso indicatesthe performancemetrics
(s)hewishesto analyzeandthensubmitsthepage.

Submittingthepagecausesseveral thingsto happen.First, thedatacorre-
spondingto theknown optionsettingsis locatedin theSkoll databases.Next,
the systemgraphsthe historicalperformancedistributionsof both the entire
con�gurationspaceandthesubsetspeci�edby theapplicationdeveloper(i.e.,
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Figure4: AccessingPerformanceDatabase

thesubsetof thecon�gurationspaceconsistentwith thedeveloper'spartially-
speci�edoptions).Thesegraphsareshown in Figure5 andFigure6.

Figure5:
�����

Iteration

Last, the systempresentsa statisticalanalysisof the optionsthat signif-
icantly affect the performancemeasures,asdepictedin Figure6. Together,
theseviews presenttheapplicationdeveloperwith severalpiecesof informa-
tion. First, it showshow theexpectedcon�gurationhasperformedhistorically
on a speci�c setof benchmarks.Next, it comparesthis con�guration'sperfor-
mancewith theperformanceof otherpossiblecon�gurations.It alsoindicates
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Figure6:
�����

Iteration: Main Effects Graph (Statistically Sig-
ni�cant Options areDenotedby an *)

which of theoptionshave a signi�cant effect on performanceandthusshould
beconsideredcarefullywhenselectingthe�nal con�guration.

Continuingourusecaseexample,theapplicationdeveloperseesthatoption
opt10(ORBConcurrency ) hasnotbeensetandthatit hasasigni�cant effect
on performance.To betterunderstandtheeffect of this option, thedeveloper
consultsthemaineffectsgraphshown in Figure6). Thisplot showsthatsetting
ORBConcurrency to thread-per-connection(wheretheORB dedicatesone
threadto eachincomingconnection)shouldleadto betterperformancethan
settingit to reactive(wheretheORBusesasinglethreadto detect,demultiplex
andservicemultiple client connections).Theapplicationdevelopertherefore
setsthe option andrerunsthe earlieranalysis.The new analysisshows that,
basedon historicaldata,thenew settingdoesindeedimproveperformance,as
shown in Figure7.

However, the accompanying main effectsgraphshown in Figure8 shows
that the remainingunsetoptionsare unlikely to have a substantialeffect on
performance.At this point, theapplicationdeveloperhasseveralchoices,e.g.,
(s)hecanstophereandset the remainingoptionsto their default settingsor
(s)hecanrevisit the original settings. In this case,our developerreexamines
theoriginal settingsandtheir maineffects(SeeFigure9) anddeterminesthat
changingthe settingof opt2 (ORBClientConnectionHandler ) might
greatlyimproveperformance.

Using this settingwill requiremaking somechangesto the actualappli-
cation,so the applicationdeveloperrerunsthe analysisto get an ideaof the
potentialbene�ts of changingtheoption setting. Theresultingdatais shown
in Figure10. Theresultsin this �gure show thattheperformanceimprovement
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Figure7: ���� Iteration

Figure8: ���� Iteration: Main effectsgraph (Statistically Sig-
ni�cant Options areDenotedby an *)

from settingthis optionwould besubstantial.Thedeveloperwould now have
to decidewhetherthebene�ts justify thecostsof changingtheapplication.
Usecase#2: Middlewar e developer task prioritization. In this scenario,a
developerof CIAO middlewareitself wantsto doanexploratoryanalysisof the
system'sperformanceacrossits con�gurationspace.Thisdeveloperis looking
for areasthatarein thegreatestneedof improvement.To dothis(s)heaccesses
theACE+TAO+CIAO andSkoll webpageandperformsseveraltasks.

First, (s)heexaminesthe overall performancedistribution of oneor more
performancemetric. In this case,the middlewaredeveloperexaminesmea-
surementsof systemlatency, noting that the tails of thedistribution arequite

StudiaInformaticaUniversalis



“JSP-SIU”
2004/12/19
page18

18 Krishna-Natarajan

Figure9:
��!

 Iteration: Main Effects Graph (Statistically Sig-
ni�cant Options areDenotedby an *)

Figure10:
��!

 Iteration: Step3

long (the latency plots are the sameas thosefound in the “all.options” sub-
plots of Figure5). The developerswantsto betterunderstandwhich speci�c
con�gurationsarethepoorperformers."

OurDCQA processcaststhisquestionasaclassi�cationproblem.Themid-
dlewaredeveloperthereforerecodestheperformancedatainto two categories:
thosein theworse-performing10%andtherest.Fromhereout,(s)heconsiders
poorperformingcon�gurationsasthosein thebottom10%. Next, (s)heuses

#

For latency theworstperformersarefoundin theuppertail, whereasfor throughputit is the
opposite.
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classi�cationtreeanalysis[11] to modelthespeci�c combinationsof options
thatleadto degradedperformance.

For our currentusecaseexample,themiddlewaredeveloperusesa classi�-
cationtreeto extractperformance-degradingoptionpatterns,i.e., (s)heextracts
theoptionsandoptionsettingsfrom thetreethatcharacterizepoorly perform-
ing con�gurations.Figure11showsonetreeobtainedfrom theCIAO data(for
spacereasonsthe treeshown in the Figuregivesonly a coarsepictureof the
informationactuallycontainedin thetree).

Figure 11: Sample Classi�cation Tree Modeling Poorly Per-
forming Con�gurations

By examiningthe tree,themiddlewaredevelopernotesthata largemajor-
ity of thepoorlyperformingcon�gurationshaveORBClientConnection-
Handler setto MT andORBConcurrency setto reactive. The�rst option
indicatesthat theCORBA ORB usesseparatethreadsto serviceeachincom-
ing connections.Thesecondoptionindicatesthat theORB's reactor[10] (the
framework that detectsand acceptsconnectionsand dispatchesevent to the
correspondingevent handlerswheneventsarrive) areexecutedby a pool of
threads.

Theinformationgleanedby theclassi�cationtreeis thenusedto guideex-
ploratorydataanalysis.To helpmiddlewaredevelopersorganizeandvisualize
the large amountof data,we employed the Treemapsdatavisualizer( www.
cs.umd.edu/hcil/treemap ), whichallowsdevelopersto exploremulti-
dimensionaldata.

The performancedatadescribedin the previous paragraphis represented
asa treemap.In this scheme,poorly performingcon�gurationsareshown as
dark tiles and the acceptablyperformingcon�gurationsas lighter tiles. The
layout �rst divides the datainto two halves: the left for con�gurationswith
ORBClientConnectionHandler set to RW and the right for thoseset
to MT. Eachhalf is furthersubdivided,with theupperhalf for con�gurations
with ORCConcurrency setto thread-per-connectionandthe lower half for
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thoseset to reactive. The datacanbe further subdivided to arbitrary levels,
dependingonhow many optionsthemiddlewaredeveloperwishesto explore.

Themiddlewaredevelopercontinuesto explorethedata,checkingwhether
theadditionof otheroptionswouldfurtherisolatethepoorperformers,thereby
providing more information aboutthe optionsthat negatively in�uence per-
formance. After someexploration, the middleware developer�nd no other
in�uential options. Next, (s)heexaminesthe poor performingcon�gurations
thatarenot partof then group,i.e., thosewith ORBCurrency setto thread-
per-connectionratherthanreactive. Themiddlewaredeveloperdeterminesthat
nearlyall of the latency valuesfor thesecon�gurationsarequite closeto the
10%cutoff. In fact,loweringthearbitrarycutoff to around8%leadsto thesit-
uationin whichnearlyeverypoorperformerhasORBConnectionClient-
Handler setto MT andORBConcurency setto reactive. Basedon this in-
formation,themiddlewaredevelopercanconductfurtherstudiesto determine
whethera redesignmight improveperformance.

4.3. Discussion

Theexperimentsreportedin this sectionempiricallyexploredhow integrating
BGML andSkoll allowedus to quickly implementspeci�c DCQA processes
to help applicationandmiddlewaredevelopersunderstand,use,andimprove
highly-variableperformance-intensive systems.To accomplishthis, we used
BGML andSkoll to implementa DCQA processthatconducteda large-scale,
formally-designedexperimentacrossa grid of remotemachines.This process
quickly collectedperformancedataacrossall combinationsof a setof system
con�gurationoptions,therebyallowingapplicationandmiddlewaredevelopers
to conductsophisticatedstatisticalanalyses.

WefoundthattheBGML modelingapproachallowedusto specifytherele-
vantcon�gurationspacequickly andto automaticallygeneratea largefraction
of the benchmarkcodeneededby the DCQA process. In our previous ef-
forts[1] weperformedthesestepsmanually, makingnumerouserrors.Overall,
it tookaround48hoursof CPUtimeto runthe � 50,000experimentaltasksdic-
tatedby theexperimentaldesign.Calendartime is effectively dictatedby the
numberof end-usersparticipatingin theprocess.We seenoproblemconduct-
ing thesetypesof experimentseveraltimesa day, which is particularlyuseful
for ACE++TAOCIAO developers(whosemiddleware infrastructurechanges
quitefrequently),sincethis will helpkeeptheperformancedatain synchwith
theevolving middleware.
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Althoughthis paperfocusedonexperimentsovera singleplatform,we can
run our Skoll DCQA processovermany platforms.This cross-platformporta-
bility is extremely important to ACE++TAOCIAO developersbecausetheir
middlewarerunoverdozensof compiler/OSplatforms,thoughindividualmid-
dleware developersoften have accessto only a few platforms. Our DCQA
processthereforegives individual developersvirtual accessto all platforms.
Moreover, our approachmakesperformancedataaccessibleto applicationde-
velopersandend-users,which helpsextendthe bene�ts of DCQA processes
from thecoreto theperiphery.

Despitethesuccessof our experiments,we alsofoundnumerousareasfor
improvement. For example,we realizethat exhaustive experimentaldesigns
canonly scaleup so far. As thenumberof con�guration optionsunderstudy
grows,it will becomeincreasinglyimportantto �nd moreef�cient experimen-
tal designs.Moreover, the optionswe studiedwerebinary andhadno inter-
option constraints,which will not alwaysbe the casein practice. Additional
attentionthereforemustbepaid to theexperimentaldesignto avoid incorrect
analysisresults.

We also found that muchmorework is neededto supportdatavisualiza-
tion andinteractiveexploratorydataanalysis.Wehaveincludedsometoolsfor
this in Skoll, but they arerudimentary. More attentionmustbe paid to char-
acterizingtheworkloadexaminedby thebenchmarkexperiments.Theonewe
usedin this studymodeleda constant�o w of messages,but obviously differ-
entusagescenarioswill call for differentbenchmarks.Finally, wenotethatour
usecasesfocusedonmiddlewareandapplicationsataparticularpoint in time.
Time-seriesanalysesthatstudysystemsasthey evolvemayalsobevaluable.

5. Concluding Remarks& Future Work

Reusablesoftwarefor performance-intensivesystemsincreasinglyhasamulti-
tudeof con�gurationoptionsandrunsonawidevarietyof hardware,compiler,
network, OS,andmiddlewareplatforms.ThedistributedcontinuousQA tech-
niquesprovidedby Skoll playanimportantrole in ensuringthecorrectnessand
qualityof service(QoS)of performance-intensivesoftware.

Skoll helpsto amelioratethe variability in reusablesoftware contexts by
providing

� Domain-speci�cmodelinglanguagesthatencapsulatethevariability in
software con�guration options and interactionscenarioswithin GME
modelingparadigms.

StudiaInformaticaUniversalis



“JSP-SIU”
2004/12/19
page22

22 Krishna-Natarajan

� An Intelligent SteeringAgent (ISA) to map con�guration options to
clientsthat testthecon�gurationandadaptationstrategiesto learnfrom
theresultsobtainedfrom clientsand

� Model-basedinterpretersthatgeneratebenchmarkingcodeandprovide
a framework to automatebenchmarktestsandfacilitatetheseamlessin-
tegrationof new tests.

Our experimentalresultsshowedhow themodelingtools improve produc-
tivity by resolvingthe accidentalcomplexity involved in writing error-prone
sourcecodefor eachbenchmarkingcon�guration. Section4.2.3showed that
by using BGML, � 90% of the coderequiredto test and pro�le eachcom-
binationof optionscanbegenerated,therebysigni�cantly reducingtheeffort
requiredby QA engineersto empiricallyevaluateimpactof softwarevariability
onnumerousQOSparameters.Section4.2.4showedhow theresultscollected
usingSkoll canbeusedto populatea datarepositorythatcanbeusedby both
applicationand middleware developers. The two usecasepresentedin our
feasibility studyshowed how our approachprovidesfeedbackto (1) applica-
tion developers,e.g., to tunecon�gurationsto maximizeend-to-endQoSand
(2) middlewaredevelopers,e.g., to more readily identify con�gurationsthat
shouldbeoptimizedfurther.

In future work, we areapplyingDCQA processesto a grid of geographi-
cally decentralizedcomputerscomposedof thousandsof machinesprovided
by users,developers,andorganizationsaroundthe world. We arealso inte-
gratingour DCQA technologiesinto theDRE softwarerepositorymaintained
by theESCHERInstitute(www.escherinstitute.org ), which is anon-
pro�t organization

�

establishedto preserve, maintain,andpromotethe tech-
nology transferof government-sponsoredR&D tools and frameworks in the
DRE computingdomain.
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