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Abstract

CHARMM is a popularmoleculardynamicscodefor computationalbiology. For many CHARMM appli-
cationssuchasproteinfolding, desktopgridscouldbecomeviablealternativesto clustersof PCs.
In this technicalreport,we presenta prototypeanddiscussthe viability of a protein folding application
with CHARMM on the United DevicesMetaProcessor, a platform for widely distributedcomputing. We
identify thealgorithmicapproachof proteinfolding asa hybrid searchalgorithmwith best-first,depth-first
andbreadth-firstcomponentsandaddresstheissuesof taskschedulingandfault tolerance.
Theperformanceevaluationof our systemindicatesthat thecalculationis robustagainsttheheterogeneity
of computenodesandlimited communicationcapabilitiestypically found in desktopgrids. We show that
thereis aninterestingtradeoff betweenaccuracy andtaskparallelismresultingin optimalwork-poolsizefor
agivenplatformandagivensimulation.Surprisinglytheplatformheterogeneityof adesktopgrid positively
affectsthequality of proteinfolding simulations.
Proteinfolding calculationswith CHARMM turn out to be well suitablefor desktopgrids like e.g. the
United Devices MetaProcessor. Our software systemcan make a large amountof nearly free compute
cyclesavailableto computationalbiologists.

Keywords: proteinfolding, widely distributedcomputing,desktopgrids,workloadcharacterization,search
algorithms,CHARMM, UnitedDevicesMetaProcessor.

1 Introduction

Millions of PCsare in useeverywherebut remainunder-usedmostof the time, utilizing only 18% of their
power on averageduring normaluse(word processing,web browsing, e-mail etc.) [3, 31, 23]. At the same
time,somecomputationallyintensive problemsaretoo largefor eventodayslargestsupercomputersto solve in
reasonableamountsof time. Wefind examplesof suchcomputationsin many fieldsof computationalsciences,
cryptographyandmathematics.
Thegoalof a wide varietyof technologieslike Globus [11, 12], Condor[2], EU DataGrid[27, 16], andGri-
PhyN [10], is to transformthe Internetinto a powerful computationalplatform. Moreover, a significantin-
dustrialeffort will provide standardsoftwarefor similar systemsin thenearfuture (e.g. Entropia[5], United
Devices[1]).
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Many projectstry to utilize theunused computing power availableontheIntranetor theInternetfor large-scale
problems.The possibility of harnessingthepower of idle processorsin a company or all over theworld has
beenproven by the successof technologydemonstratorslike Seti@home for the analysisof radio telescope
data[24] or distributed.net for testingcryptographickeys againstsecurityflaws [7]. Theseprojectsinvolve
so-calledembarrassinglyparallelproblems,meaningthateachparticipatingnodeperformsa lot of work thatis
notdependenton thework of othernodes.
Proteinfolding researchis anareaof computationalbiology thatcouldgreatlybenefitfrom freecomputational
power. Proteinfolding simulationsusingmoleculardynamicsrequirehugeamountsof computingpower, but
unlike cryptographickey-spacesearchesor cosmicsignalanalysisthey arenotembarrassinglyparallel.
Previous researchaddressesthe issueof protein folding simulationson distributed platforms,but no project
explicitly investigatestheamountof taskparallelismavailableandtheeffect of taskingon theaccuracy of the
results.CHARMM onthedistributedcomputingplatformLegionhasbeenstudiedin [20]. Theimplementation
describedtherespecializesin high-performance,stronglyinterconnectedclustersanda fairly smallnumberof
tasks.Ourwork appliesmorebroadlyto desktopgridsbuilt from commodityPCsconnectedby a wide variety
of strongerandweakernetwork technologies.TheFolding@home projectconductedby researchersatStanford
University[9, 35, 34] is basedon theTINKER moleculardynamicspackageandusesplain taskparallelismon
PCsconnectedvia Internet. For a first implementationthesupercomputercodewasre-designedso that only
trajectoriesovercomingenergy barrierswerecontinued[25]. The resultingstudydealtwith a collectionof
foldingsof a16residueβ-hairpinpeptide[35]. In amoreadvancedimplementationthesameteamremovedall
dependenciesamongtrajectoriesresultingin amostscalablecodedesignedto collectasmuchsimulationtime
aspossible[34]. The latterversionof thecodewasappliedto theunfoldedstateof 3 smallproteins(ranging
from 12 to 36residues)andnoneof theproteinsshowedclearfolding eventsin thesimulatedtime.
As a startingpoint to the work describedin this technicalreport,we alsouseplain taskparallelismto suc-
cessfullymigratetheCHARMM codefor a proteinfolding simulationto thewidely distributedplatform[30]
of United Devices(UD): the UD MetaProcessor. However, in our studyof the viability andeffectivenessof
CHARMM on theUD MetaProcessorwe focusour attentionon thewholecomplex systemincludingboththe
platformandtheapplicationparameters.In this first prototypeof theproteinfolding application,we carefully
studyissueslike theeffect of theheterogeneityof thecomputationplatformunderinvestigationandtheeffect
of severalworkloadparameters,suchasthenumberof moleculardynamicsstepsperwork-unit (or work-unit
size)andthemaximumnumberof work-unitsin progressat any time (i.e. work-poolsize).
As aresultof this studyonworkloadcharacteristicsandapplicationperformance,we find thattherearesignif-
icant limitationsof thescalabilitydueto thelimited amountof taskparallelismgeneratedby a proteinfolding
calculation. In particular, large work-unit sizesproviding simulationswith betterquality factors,andcalcu-
lation methodssuchasPME providing higheraccuracy, both increasetheamountof work perwork-unit and
thereforetheturn-aroundtimeof asingletask.On theotherhand,simulationswith ashortoverall turn-around
timemake thebiologistsmoreproductive in their research.
In Section2, we briefly introducethe protein folding processusing CHARMM code. We also presentthe
United DevicesMetaProcessor, a commercialplatform for widely distributing computingthat we usedasa
grid platform in our investigation. We show the adaptationandthe migrationof the proteinfolding process
to our platformfor widely distributedcomputingandidentify thealgorithmicapproachof proteinfolding asa
hybrid searchalgorithmwith best-first,depth-firstandbreadth-firstcomponents.In Section3, we presentour
experimentalresultsof the studyof critical issueslike the effect of heterogeneity, work-unit sizeandwork-
pool sizeon theexecutiontime andthequality of the resultsfor theproteinfolding of a specificprotein,the
SH3domain.In Section4, we concludesummarizingour resultsandpointingout somerelevant limits of task
parallelismfor proteinfolding applicationonsuchawidely distributedplatform.
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2 Protein Folding on Computational Desktop Grid

2.1 Protein Folding with CHARMM

CHARMM is a codefor simulatingthe structureof biologically relevant macromolecules(proteins,DNA,
RNA) [4]. It usesclassicalmechanicalmethodsto investigatepotentialenergy surfacesderived from experi-
mentaland”ab initio” quantumchemicalcalculations[18]. WeuseCHARMM for MolecularDynamics(MD)
simulationsat constanttemperatureto investigatethe proteinfolding process,in which the Newton equation
of motion of the system(protein+ thermalbath)is discretizeandsolved by an integrationprocedure(Verlet
algorithm).Theforceon theatomsis thenegative gradientof theCHARMM potentialenergy [18].
Basically, in aproteinfolding simulationweperformasearchfor trajectoriesleadingto conformationscloseto
thenative (folded)conformationof a protein,startingfrom anunfoldedconformation.An entiretrajectoryfor
which a certainamountof sub-trajectoriesor work-unitshave beencompletedis characterizedby its starting
conformationwith a startingquality factor, aswell asthebestcalculatedquality factorfor theentiretrajectory
with therelatedconformationandthethesetof work-unitsleadingfrom thestartingconformationto thebest
conformation.
In eachwork-unit, an MD simulationof a certainnumberof moleculardynamicssteps(or work-unit size)
andwith constanttemperatureis performed.Theentirefolding processis guidedby themeasureof a quality
factor, which is repeatedcalculatedfor a certainamountof snapshotsalongeachwork-unit computation.The
bestquality factorfound in a sub-trajectory(lower quality factorsarebetter!) guidesthe overall branchand
boundsearchfor the bestconformation. The bestconformationwith lower quality factor is returnedat the
endwhen the work-unit is completed. The quality factor usedhereis the φ-RMSD introducedin [33]. In
our implementationwe usea slightly differentdefinition[15]. Accordingto this definition,theconformations
minimizing thequality factorshouldbelongto thefolding transitionstateensemble(i.e. they lie on thetop of
thefreeenergy barrierseparatingthefoldedfrom theunfoldedpopulation).
During a proteinfolding simulation,multiple work-unitsareprocessedsimultaneouslyin parallel.New work-
unitsarealwaysgeneratedusingthebestresultobtainedso far asstartingconformationandassigningto this
conformationnew randomatomvelocitiesat thesametemperature.Theeffectivenessof thiskind of algorithms
in moleculardynamicssimulationshasbeendiscussedin [26].

2.2 The United Devices MetaProcessor

TheUnitedDevices(UD) MetaProcessorplatform(MP platform)[31, 32] providesanenvironmentfor running
computeintensive tasksdistributedover many desktop-classmachinesin a corporate-wideIntranetor over the
worldwideInternet.TheMP platformis well establishedfor problemswith low communicationto computation
ratio and involving coarse-grainparallelismwith no dependenciesbetweenwork-units. Figure1 shows the
MetaProcessorplatformarchitectureandcomponents.
TheMP server is thelink betweentheMP platformandtheparticipatingagents.It is responsiblefor scheduling,
aswell asfor the distribution of taskmodules,residentdataandwork-units to the agents,andfor receiving
resultsreturnedby the agents. The managementserver allows accessto the internaldatastructuresvia the
Management API (Application ProgrammingInterface),allowing for instancethe submissionof work-units
andretrieval of results.Thedatabasecontainsall relevant informationof theMP platform. Thedatabase,MP
server andManagementserver form theserver sideof theMP platform.
TheUD agentis asmallprogramwhichrunsoneachparticipatingdevice(or worker). Theagentcommunicates
with theMP server to requestwork-units,residentdataandtaskmodulesasneeded,executesthetaskmodule
ontheparticipatingdevice,andreturnsthetask’sresultsto theserver. Themanagementconsoleprovidesaweb-
basedinterfaceto theMP platform,allowing administrative tasksto beperformed.Work-units aresubmittedto
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Figure1: MetaProcessorplatformoverview.

theserver via theManagementAPI by a controller process which performsthegenerationof work-unitsand
theretrieval of results.

2.3 Porting Protein Folding to the UD MetaProcessor

Many uniquepropertiesof the UD MetaProcessorplatform mustbe taken into accountto successfullyport
a protein folding applicationto this distributed platform. An application-specific controller processwhich
generateswork-unitsandsubmitsthemto theMP server hasto bedesignedandimplemented.However, this
controllerdoesnot interactdirectly with theworkers. Workerscommunicateonly with theMP server, which
performstheschedulingdecisions.
For our protein folding application,we implementedsucha controllerprocess,taking into accountboth the
issuesrelatedto theproteinfolding listedin theprevioussectionandthefeaturesof theUD MetaProcessor.
At the beginning of a protein folding simulation,our controllerprocesscreatesandsubmitsa setof starting
work-unitsto the MP server (initialization phase).Thesework-unitsall have the sameproteinconformation
but adifferentrandomseednumber. Thework-unitsarealsocharacterizedby astartingbestquality factor. The
work-unit setis definedasthe work-pool. The userdecidesthedimensionof thework-pool. Thenumberof
work-unitsin thework-poolis calledthework-pool size.
During thewholesimulation,besidesthesetof work-unitswhich have beencompletedandfor which results
have alreadybeenreturned,we have thesetof work-unitswhich areeitherin processby a worker or waiting
until they areassignedto a worker. At regular intervalsduringa socalledupdatephase,thestateof thework-
pool is inspectedby thecontrollerprocess.Thecontrolprocessis responsiblefor generatingandsubmittingto
thework-pooladditionalwork-unitsin substitutionto theoneswhich have reachedtheendsothat thesumof
thework-unitsin processby a worker andtheonesin waiting in theserver queueis the work-pool size. The
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userdecidesthedimensionof theupdateinterval. For thegenerationof new work-units,thecontrol process
sortsoutwhetherbetweenthesetof work-unitswhichhave reachedtheendsincethelastupdate,thereareany
work-unitswhichimprovethebestquality factorat thattime. In casethereis awork-unitwith improvedquality
factorthenthenew work-unitsaregeneratedusingits conformationwhile the relatedquality factorbecomes
thenew bestquality factor. In thecasethatno improvementhasbeenfound,thelastbestconformationis used
for generatingthework-unitsto addto thework-poolwhile thebestquality factorremainsunchanged.
For schedulingthework-units(tasks)we incorporatethemaster-worker settingprescribedby theUD MetaPro-
cessorsoftware toolkit becauseit is well suitablefor the task parallelismresultingfrom the applicationof
CHARMM to proteinfolding.
Oncenew work-unitsarequeuedto theMP server in its work-pool, it is theserver which distributesthenew
work-unitsandtheonesalreadypresentin thequeueacrosstheagentsin thedistributedsystem.Thescheduling
decisionsoverwhich taskto selectnext areleft to theUnitedDevicesMetaProcessorandin thecurrentversion
of thesoftwarethereis little influenceleft to theapplicationwriter.
The schedulerin the MP server providesso-calledeager scheduling, which basicallymeansthat as long as
theserver haswork-unitsqueuedthatarenot beingprocessedby otherworkers,it will sendout oneof these
work-unitsto aworkerrequestingwork [17]. A workeronwhichafinishedwork-unithasbeenrunningasksfor
andreceivesanew work-unit from theMP server. If however, all work-unitshavealreadybeensentto workers,
theserver will re-sendwork-unitsfor whichno resultshave beenobtainedyet. Thiseagerschedulingprovides
asimplemethodfor fault tolerance,i.e. if aworkerhascrashed,eventuallythework-unit it wasprocessingwill
getresentto adifferentworker. This schemecanalsohave negative effects,for instancecausingwork-unitsof
slow machinesto berescheduled,resultingin redundantresultsandthusapotentialwasteof computationtime.
Sothereschedulingfeatureof theMP platformis in factnotdesirable.To avoid reschedulingof work-units,we
take a simpleapproachby ensuringthat thesizeof thework-pool is alwayslarger thanthenumberof workers
contributing.
Sincethestartingconformationof eachnewly generatedwork-unitdependson theresultsreturnedsofar, there
aredependenciesbetweenwork-units,makingthetaskgenerationandschedulingof thisapplicationabit more
challengingthantypical “embarrassinglyparallel” caseof astaticallygeneratedsearchapplication.
Theproteinfolding algorithmusedis in itself fault tolerant, becausethework-unitsgeneratedfrom a certain
conformationare identical except from a randomnumberseedthat is usedto assignnew atom velocities.
Thereforetheresultsareonly marginally affectedby theinfrequentlossof anonlinework-unit.

2.4 Protein Folding as a Search Algorithm

The processof protein folding for a given protein is a searchthrougha treeof a large numberof possible
configurationof the atomsin the protein, a so called conformation,underinvestigation. Eachnodein the
treecorrespondsto a differentconfigurationof theatomsin themolecule.For eachconfigurationthereis an
heuristicfunctionto guidefurtherdecisionsin thesearch.This functioncalculatesthequality factorbasedon
thetotalenergy of theatomconfiguration.
In theprocessof lookingfor bestconformations,weperformasearchin breadthandin depthonatreeof three-
dimensionalatomconfigurations.Correspondinglythereare two kinds of changesto the three-dimensional
atomconfigurations.

2.4.1 Energy minimization as search in depth

Thefirst kind of changesaresmoothchangesanddueto themechanicalforcesbetweentheatoms.Theprocess
of calculationfor thesechangesis a physicalsimulationcalledenergy minimization.A sub-trajectoryof states
within suchanenergy minimizationis a linearchainwithout any branchesandis encapsulatedin a work-unit
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or a task, whichwill beourbasicquantumfor thedistribution andtheschedulingof theproteinfolding compu-
tation. Sinceit is too expensive to evaluateevery configurationduringenergy minimization,thecalculationof
thequality factoris limited to certainsnapshotsduringtheenergy minimization.In thecalculationsconsidered
for this report,snapshotsweretakenevery 100simulationsteps.

Figure 2: Quality factor along the sub-trajectory
computedby awork-unit (50’000steps,asnapshot
every 100steps).Thesnapshotwith thebestqual-
ity factor(minimum)is at thebeginning.

Figure 3: Quality factor along a sub-trajectory
computedby awork-unit (50’000steps,asnapshot
every 100steps).Thesnapshotwith thebestqual-
ity factor (minimum) is in the secondhalf of the
sub-trajectory.

Figures2 and3 show examplesof thepaththe quality factortakesalongtwo differentsub-trajectoriesof an
energy minimizationwith thesamework-unit sizeof 50000steps.Onepropertyof this simulationis that it is
not possibleto predictif or whenan improvementof thequality factorwill occur. Specificallyin our casesa
simulationconcludesaftera fixednumberof stepsbut in generaladaptive criteriabasedon thequality factors
arealsosupported.The resultof the simulationis the snapshotof configurationwith the bestquality factor
obtainedwithin theentiresub-trajectory. At a higherlevel of abstraction,theprocessof energy minimization
for asingleconformationcandidatecanbecollapsedinto asingleedgein thehigherlevel searchtree.

2.4.2 Randomized conformations as search in breadth

The searchin breadthis triggeredby a secondkind of changesto the configurationsof a moleculeunder
investigation.Thefolding processintentionallyintroducesdisturbancesto themolecularsystemby reassigning
theatomvelocitiesof aconformationwith randomnumberswhile preservingthetemperature.Eachwork-unit
generatedin theprocessof randomizationreceivesa differentrandomseed.Multiple work-unitsaregenerated
from onesingleconformationusingdifferentseeds.This resultsin thebranchesof abreadth-firstsearch.
Figure4 showsapossibleconfigurationof thesearchtree.In thepicture,wehavethreeupdatephasesfor which
new work-unitsaregeneratedandqueuedin awork-pool.
In Figure4, theproteinconformation(Mol1) in thefirst updateis thebestfoundat thattimeandweassumethat
anemptywork-poolis fully completedby new work-unitseachonewith adifferentrandomseed.In thesecond
updatephaseonly two work-unitshave reachedtheendwhile two othersareeitherin progressby workersor
waiting at the MP server. Betweenthe work-unitswhich reachthe end, the conformationwith bestquality
factor(Mol2) is chosenandtwo new work-unitsaregeneratedandaddedto the server queueby the control
process.Note that the work-unitsnot finishedyet remainin the work-pool queue. During the third update,
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Figure4: Exampleof a pieceof a searchtreefor a proteinfolding simulationin which for eachupdatephase
new work-unitsaregeneratedfrom improvementsof thequality factorobservedandqueuedin awork-pool.

all the four work-poolsarefinished. This time the bestconformationfound (Mol3) is usedto addfour new
work-unitsto thework-pool.
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Figure5: Exampleof a pieceof a searchtreefor a proteinfolding simulationin which at theendof anupdate
phaseno improvementof thequality factorcanbeobservedfor thework-unitscompleted.

Figure5.ashows the casein which no improvementof thequality factorcanbe observed for the work-units
completedbetweentwo updatephases.In thiscase,thetwo new conformationsarediscardedandMol3, which
is still the conformationwith the bestquality factor, is usedagainas the startingconformationof the two
newly generatedwork-units(Figure5.b). If thissituationoccursrepetitively, theproteinfolding simulationhas
reacheda local minimum,andnew strategiesareneededto escapethisminimum.
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2.4.3 Parameters affecting the search process

Thebranchingfactorof thesearchin breadthis adaptive anddependson thework-pool sizeandthenumber
of taskcompletedin themeantime, while thesearchin depthdeterminesprimarily thewaiting time andturn-
aroundtime of thework-unitsin thequeues.
Thewaiting time dependson theratio of thework-poolsizeover thenumberof workersthatareavailableon
a particularplatform. Theturn-aroundtime of thesinglework-unitsis dueto thework-unit sizeaswell asthe
CPUclock ratesandthenetwork technologiesof thenodeson theheterogenousplatform.

3 Characterization of Protein Folding on UD MetaProcessor

3.1 The Biological Structure Folded

As anexampleof workloadfor our studywe chosethesrc-SH3domain. It is a 56 residueproteinconsisting
of two anti-parallelβ-sheetspacked to form a singlehydrophobiccore(seeFigure6). The folding character-
isticsof src-SH3domain(andstructurallyhomologousproteins)have beenthoroughlystudiedboth from the
experimentalandthetheoreticalpointof view [6, 13, 19, 22], andadetailedpictureof thefolding nucleus[21]
andthetransitionstateensemble[22] is now available. TheSH3domainrepresentsa sortof testingtablefor
theoriesor algorithmsdealingwith proteinfolding. Its shortlengthandtheabundanceof comparablestudies
make this proteintheoptimal target for our computations.Thesizeof this proteindoesnot allow to simulate
its behavior with an explicit treatmentfor water; neverthelessthe implicit solvation modelusedhere,that is
basedon thesolventaccessiblesurfaceareaof theatoms(SASA) [8] successfullydescribedseveralaspectsof
thedynamicpropertiesof thisprotein[13, 14].

Figure6: Thesrc-SH3domainis a56 residueproteinconsistingof two anti-parallelβ-sheetspackedto form a
singlehydrophobiccore.

3.2 Platform and Application Parameters

We usedifferenttestbedconfigurationswith machinesat ETH Zurich andat theprivateresidencesof several
researchersfor studyingthe effect that platform and applicationparametershave on quality and total turn-
aroundtime of theproteinfolding of theSH3domain.
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First of all, we investigatethe impactof the heterogeneityon the quality of the protein folding results. In
particular, we look at thekind of CPUclock ratesandnetwork technologyasa representative of theplatform
parametersof theheterogenouscomputationalgrid.
We also study the effect of aspectsdirectly relatedto the application(i.e. applicationparameters)like the
work-unit sizeandwork-poolsizeon thequalityandturn-aroundtimeof theproteinfolding.

3.3 Effect of Heterogeneity on the Quality Parameter

3.3.1 Testbed for the study of heterogeneity effect

Two long-runningtestsusingmachinesavailablearoundtheclockonafirst testbedareconductedoveraperiod
of 20 days.Themachinesrangein CPUclock ratefrom 350MHz to 1.6GHz, providing a wide performance
spectrum.Also, a widely varyingrangeof network connectivity technologiesarein use,from machinesin the
sameLAN segmentasthe server (100 Mbit/s switchedEthernet)to machinesat homeconnectedvia ADSL
(128kbit/s to 512kbit/s).
Most of the machinesinvolved areusedduring the courseof the testsfor normalday-to-daytasks. Because
the UD agentspawns the taskmoduleprocessesat low priority, only otherwiseunusedprocessorcyclesare
consumedby thetests.
Thefollowing applicationparametershave beenchosenfor thesetests:

� 100’000simulationstepsperwork-unit,

� platformsize:45 machines,

� awork-poolof 50 work-units,

� polling frequency: onceevery 5 minutes.

Thetwo testsaresubjectto a numberof unforeseendisruptions(e.g.network failures,failureof machines,in-
cludingthemachinerunningthecontrollerprocess,server’sdiskfull), whichcausethetestto stalloccasionally,
exhibiting many propertieswhichusuallycharacterizerealwidely distributedgrid platforms.

3.3.2 Experimental results of heterogeneity effect

An importantquestionin aheterogeneousenvironmentlike theonewearestudying,is whetherslow machines
areableto provide enoughcontributionsto theoverall computationto justify their participation.In our case,
work-unitsaregeneratedbasedon the resultsof previous work-units. The time at which a result is returned
is thereforea parameterwhich cannot be ignored. It is possiblethat,during the processingtime of a work-
unit on onemachine,the stateof the entiresystemhasprogressedso that the resultof the work-unit of the
consideredmachineis obsoleteand thereforenot usedfor the generationof new work-unitsconfigurations.
If slow machinesreturna disproportionatelylarge amountof obsoleteresults,their contribution to the entire
calculationwill belessvaluable.
Thelong-runningtestsshow thatresultsreturnedby all machines,fastandslow, areacceptedasgoodconfigu-
rations.Figures7 and8 show theCPUclock ratefor eachresultwhichwasacceptedin thelong-runningtests.
Most resultsarefrom machineswith CPU clock ratesbetween910 MHz and1010MHz. This is dueto the
fact thatmany suchmachinesareused,andthusthetotal numberof work-unitscompletedby thesemachines
waslarge. Nevertheless,slower machinesmake contributionsduringall phasesof thesimulation.Notethatin
Figure8, no machinefasterthan1010MHz participatedin thecalculation.
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Figure 7: CPU clock rate of nodesreturningac-
ceptedresults,for thefirst long-runningtest.

Figure 8: CPU clock rate of nodesreturningac-
ceptedresults,for thesecondlong-runningtest.

3.4 Effect of Work-Unit Size on the Execution Time and the Quality Parameter

3.4.1 Testbed for the study of work-unit size effect

An importantparameterof our simulationsis thework-unit size. To studytheeffect of the work-unit size on
the quality factorandthe resourceusage,a numberof short-runningtestsof 12 hoursareconductedon two
testbedconfigurationswith differentnumbersof machinesconnectedby 100 Mbit/s switchedEthernet.The
first testbedcomprises:

� 12 machines400MHz PentiumIII (Katmai)

� 12 machines500MHz PentiumIII (Katmai)

� 12 machines600MHz PentiumIII (Katmai)

� 12 machines933MHz PentiumIII (Coppermine)

� 12 machines1000MHz PentiumIII (Coppermine)

Thesecondtestbedusesasubsetof theabove listedmachinesandcomprises:

� 6 machines400MHz PentiumIII (Katmai)

� 6 machines500MHz PentiumIII (Katmai)

� 6 machines600MHz PentiumIII (Katmai)

� 6 machines933MHz PentiumIII (Coppermine)

� 6 machines1000MHz PentiumIII (Coppermine)

In thesetests,two differentwork-unit sizesareconsideredandtheir effect on theturn-aroundtime aswell as
thequality factoris investigated.Thework-unit sizesare:20000simulationstepsand40000simulationsteps
perwork-unit.
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3.4.2 Experimental results of work-unit size effect

Figure9 shows theresultsof thequality factorfor the two differentwork-unit sizechosen(20000and40000
simulationsteps). The testswith 40000stepsreachgood quality factorsafter fewer processedwork-units.
Althoughtheothertestswith 20000stepsalsoreachedsimilarquality factorsafterlargeramountsof processed
work-units, in two of the threecasespresentedin Figure9, the testwith 40000stepsstill obtainedthe best
quality factorat theend.
The amountof datacommunicatedfrom theserver to theworker perwork-unit for the applicationchosenis
around15 kilobytes. Theamountof datareturnedby theworker to theserver dependson whetherthework-
unit simulationactuallygeneratesanimprovementof thequality factor. If this is thecase,theworker sendsthe
entiresub-trajectoryto theserver. Figure10 shows thedatacommunicatedin kilobytesfor differentwork-unit
sizesfor this case.In caseof no improvementof thequality factorby a work-unit computation,which is the
mostcommoncase,theamountof datareturnedto theMP server is drasticallyreduced.
The applicationperformanceis limited by the CPU clock rate. As the work-unit size increases,we have
observedanunexpectednon-linearriseof thetotalfloatingpointoperationsperwork-unit. Figure11shows the
amountof floatingpointoperationsfor differentwork-unitsizesandtherelatednon-linearbehavior (thedashed
line shows thelinearbehavior). Thedatarelatedto theresourceusagewasmeasuredby meansof a framework
for monitoringperformanceon limited wideareatestbeddevelopedby ourgroup[29, 28].

3.5 Effect of Work-Pool Size on the Execution Time and the Quality Factor

3.5.1 Testbed for the study of work-pool size effect

Differentvaluesfor thework-poolsizeondifferentplatformsizesarechosento investigatethework-pooleffect
on thequality factor. For theinvestigationof theeffect of thework-pool size, a numberof short-runningtests
of 12 hoursareconductedon two differenttestbedconfigurationseachonecharacterizedby a differentsubset
of work-poolsizes.Both the testbedconfigurationsareconnectedby 100Mbit/s switchedEthernetwhile the
work-poolsizeis constant(10000simulationssteps).
Thefist testbedcomprisesthefollowing machines:

� 12 machines500MHz PentiumIII (Katmai)

� 12 machines600MHz PentiumIII (Katmai)

� 24 machines933MHz PentiumIII (Coppermine)

Thework-poolsizesconsideredfor thefirst testbedare:70,120,200.
Thesecondtestbedhasthefollowing structure:

� 12 machines400MHz PentiumIII (Katmai)

� 12 machines1000MHz PentiumIII (Coppermine)

Thedifferentwork-poolsizesconsideredfor thesecondtestbedare:30,45,60.

3.5.2 Experimental results of work-pool size effect

Figure 12 shows the minimum, averageand maximumquality factorsobtainedusing threedifferent levels
of the work-pool size for the short-runningtestson the larger testbedunder investigation. The work-unit
sizeis maintainedconstant(10000simulationstepsperwork-unit). Figure13 shows thesamequality factors
(minimum,averageandmaximum)for thesmallertestbed.Again thework-unit sizeis 10000.For the larger
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Figure9: Effect of work-unit sizeon the quality factor. Two platformswith differentnumbersof nodesare
taken into account,i.e. a platform with 30 nodes(np 30) anda platform with 60 nodes(np 60). Eachpoint
in thepicturesis a work-unit which returneda resultaccepteddueto improvementof thequality factor. In all
cases,thetestswith 40000simulationstepsperwork-unit reachedgoodquality factorsafterfewer work-units
thanthetestswith lessstepsperwork-unit.

testbed,thetestswith awork-poolsizeof 120reachedthebestquality factorin average.Onthesmallertestbed,
thebestquality factorin averageis reachedwith a work-pool sizeof 45. This implies that for eachplatform
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Figure10: Sizeof thedatacommunicatedfor dif-
ferentwork-unit sizeswhena sub-trajectoryis ac-
ceptedbecauseit providesan improvementof the
quality factor.

Figure11: Amountof floatingpoint operationsfor
differentwork-unit sizesandtherelatednon-linear
behavior (the dashedline shows the linear behav-
ior).
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Figure12: Minimum, averageandmaximumqual-
ity factorfor differentwork-poolsizes(i.e.70,120,
200)on a testbedwith 48machines.
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Figure13: Minimum, averageandmaximumqual-
ity factorfor differentwork-poolsizes(i.e. 30,45,
60)on a testbedwith 24machines.

sizethereis anoptimalwork-poolsizewhich leadsto thebestresults(i.e. quality factor).To keepall workers
busythework-poolsizeshouldbelargerthanthenumberof participatingworkers.Therefore,thedependency
betweenthequality factorandthework-poolsizeinherentlylimits theamountof task-parallelismavailablein
theapplicationandthepotentialfor speed-upin awidely distributedcomputation.
Overly largework-poolsizescancausea slow convergenceof thequality functionandcanthereforeresultin
longerturn-aroundtime asdisplayedin Figure14. Thefigurereportsthequality factorof repeatedtestson the
smallertestbed.For theseveral tests,thework-poolsizeis 10000simulationsteps.On theotherhand,we can
alsoseecomparingthe threepicturesthat asthe work-pool sizeincreases,the contribution to the simulation
provided by the slower machines(400 MHz) becomesmoreandmorerelevant. Moreover, larger work-pool
sizeshelpto avoid local minimumandfacilitatetheresolutionof simulationsstuckin a localminimum.
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Figure14: Effect of work-poolsizeon thequality factorandthekind of machinesproviding acceptedwork-
units(i.e. CPUclockrate).Theseveraltestslastabout12hoursandrunson24nodes(12nodeswith 400MHz
CPUclock rateand12 nodeswith 1 GHz CPUclock rate).

4 Conclusion

In this report,wemigrateaproteinfolding simulationusingCHARMM from PCclustersto theUnitedDevices
MetaProcessor- a commercialplatformfor widely distributedcomputingon Intra- andInternet.We alsolook
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at theperformancecharacterizationof themigratedapplicationon theheterogenousplatform.
The performanceevaluationwith a 56 residueprotein(the src-SH3 domain)shows that thereareinteresting
trade-offs in work-unit size and work-pool size which even affect the quality of the resultsin the folding
simulation.Largerwork-unitsizesprovidebetterquality factorswith asmallernumberof work-units,but result
in longerturn-aroundtimesandlessparallelism. We prove that thequality of the proteinfolding simulation
is sensitive to the platform configuration,i.e. the numberof workersandthe clock ratesof the workers. In
particular, theproperchoiceof work-poolsizefor a givenplatformsize(numberof workers)canimprove the
final quality factorby 20%-30%with thesametotal amountof computationperformed.We demonstratethat
with larger work-pool sizesthe active contribution of slower machinesto the entirefolding processbecome
moresignificantandthecomputationbecomeslesssusceptibleto local minima. But choosingwork-poolsthat
aretoo largewill adverselyaffect theconvergenceof thequality factor.
Theexperiencewith ourresearchprototypeindicatesthattheapplicationof proteinfolding is robustagainstthe
heterogeneousenvironmentsandthelimited communicationcapabilitiesof desktopgrids. In fact,all compute
nodesinvolveddoprovidecontributionsto theprogressof theproteinfolding simulation,despitetheirdifferent
CPUclockratesandslowernetwork interconnections.Basedonourperformancestudypresentedin thispaper,
we canconcludethat the platform heterogeneitypositively affectsthe quality of proteinfolding simulations,
becauseof its positive influenceon taskgenerationsandscheduling.The differencesin clock ratesandnet-
work speedsseemto contributeadditionalrandomnessto thesearchfor anoptimalconformationby simulated
annealingandhelpto getbetterresults.
In short,we cansaythatproteinfolding calculationswith CHARMM arewell suitablecandidatesfor widely
distributed computationon a desktopcomputationalgrid. The suggestedsoftwaresystemcanmake a large
amountof nearlyfreecomputecyclesavailableto computationalbiologistsin needof a largeamountof addi-
tional computepower for proteinfolding calculationsfor their research.
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