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Abstract

TheComputationalGrid [10] hasrecentlybeenproposedor theimplementatiorof high-performanceapplications
usingwidelydispessedcomputationaftesouces.Thegoal of a ComputationalGrid is to aggregateensemblesf shared,
hetepgeneousand distributed resouces(potentially contmolled by sepaate organizations)o provide computational
“power” to anapplicationprogram.

In this paper we provide a toolkit for the developmentf Grid applications.Thetoolkit, called EveryVire, enables
an applicationto draw computationalpower transpaently from the Grid. The toolkit consistsof a portable set of
processeand libraries that can be incorporatedinto an applicationso that a wide variety of dynamicallychanging
distributedinfrastructuesandresoucescanbe usedtogetherto achieve supecomputetlike performance We provide
our experiencegainedwhile building the EveryVére toolkit prototypeandthe r sttrue Grid application.

1 Intr oduction

Increasinglythe high-performanceomputingcommunityis blendingparallelanddistributedcomputingtechnologies
to meetits performancaeeds A new architectureknown asTheComputationalGrid [10], hasrecentlybeenproposed
to framethe softwareinfrastructurerequiredto implementhigh-performanceapplicationsusingwidely dispersectom-
putationalresourcesJustashouseholdpplianceslrav electricityfrom a power utility, the goal of this new architecture
is to enableapplicationgo drawv computecycles,network bandwidth andstoragecapacityseamlesslyrom the Grid.

To realizethis vision, the applicationprogrammingernvironmentmustbe ableto

leverageall potentiallyusefulresourceshattheusercanaccess,
exploit the heterogeneitpf theresourceool to the programs advantageand

managehe effectsof dynamicallychangingesourcgerformanceharacteristicsausedy contentionyecon g-
uration,andfederatecadministration.
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Researcherbave developedsereralinnovative and powerful softwareinfrastructurego supportthe Grid paradigm(9,
16, 35, 4] andseveralpilot projects[13, 18, 24] have beenlaunchedo investigateheef cacy of Grid computing.Each
of thesetechnologieshowever, is designedassuminghat the individual technologyis ubiquitouswith respecto the
resourcest hand. We note,however, thatthe resourcgpool availableto an applicationis generallyspeci c to its user
andnot a particularinfrastructure.A singleusermay be grantedaccesgo resourceownedby differentorganizations
which do not agreeto supporta single, unifying infrastructure.Moreover, the time at at which a giveninfrastructure
may becomeavailableon a particularresourcés alsoa problem.Theremaybea signi cant time lag betweerthetime
a particularmachinebecomeswvailable,andwhenthesemoresophisticatednfrastructurexanbeportedto it.

In this paper we describeEveryWre - a userlevel softwaretoolkit for writing Grid programs.EveryWareallows
a userto write Grid programsgo take maximaladvantageof the functionality thatis presentat eachresourceo which
heor shehasaccessAs such,EveryWareis anembarrassinglportablesetof processeandlibrarieswhich can“glue”
different locally-available infrastructuregogetherso that a programmay draw upon theseresourceseamlessly In
addition, we offer our experiencesn the developmentof the EveryWare prototypeandthe rst true Grid application.
The EveryWaretoolkit enabledthe developmentof this applicationand provided a framework in which to studyand
addresshe problemsassociateavith writing ComputationaGrid programs.

In anexperimententeredasa contestanin the High-Performanc€omputingChallengg17] at SC98in November
of 1998,we wereableto usethis prototypeto leverageGlobus[9], Legion [16], Condor[35], NetSohe [4], Java [15],
Windows NT [37], andUnix simultaneouslyn a single,globally distributed application. The application,a program
thatsearchefor Ramsg Numbercounterexamplegdiscussedh Section3), doesnot useexhaustve searchput rather
requirescareful dynamicschedulingfor ef ciency. Moreover, by focusingon enhancingthe interoperabilityof the
resourcesn our pool, we were ableto combinethe TeraMTA [36] andthe NT Superclustef25] - two uniqueand
powerful resources with a raft of other more commonlyavailable systemsncluding parallel supercomputers$?C-
basedworkstations shared-memorynultiprocessorsand Java-enableddesk-topbrowsers. As such,it representan
exampleof a true Grid program- the computational'power” of all resourceghat were availableto the applications
userwasassessednanagedanddeliveredto the application. The EveryWareentry wasawarded‘Best Acceleration”
by the paneljudgingthe contest.

The dynamicvariability of resourceperformancen a ComputationalGrid settingmakeswriting high-performance
Grid programgroblematic. EveryWareallowstheprogrammeto considerexplicitly thepotentialvariability of resource
type (heterogeneity)connectvity, anddynamicload. However, the detailsassociateavith managinghis variability are
separatedrom the applicationcodeby well de ned APls.

In thefollowing section,we describethe componentsn the EveryWaretoolkit. In Section3, we explain the appli-
cationwe selectedasthe rst Grid programand describeits implementatiorusingthetoolkit. In Section4 we shav
the performanceesultsandexecutioncharacteristicef the Grid programduringthe SC98contest.We thendetail our
experiencesvith theindividualinfrastructuresn Section5. We concludewith a futurework sectionin 6 andsummary
in7.

2 The EveryWare Toolkit

To realizethe performanceofferedby the Grid computingparadigm,a programmustbe ubiquitous,adaptve, robust,
and scalable. Ubiquity is requiredbecausehe resourcesare federated:the ownersof the resourcesallow themto

participatein the Grid, but maintainultimate authorityover their use. As such,the resourcepool may changewithout
noticeasresourcesre added,removed, replaced or upgraded.If the programis not compatiblewith all potentially
availablesoftwareinfrastructurespperatingsystemsandhardwarearchitectured will notbeableto draw someof the
“power” thatthe Grid canprovide. Adaptivity is requirecto ensureperformancelf theresourceoolis changingpor the
performancef theresourcesre uctuating dueto contentionthe programmustbe ableto choosethe mostpro table

resourc&ombinatiorfrom theresourceshatareavailableatary giventime. Similarly, if resourcebecomeunavailable
dueto reclamationgxcessie load, or failure,the programmustbe ableto make progressScalability in a Grid setting,
allows the programto useresourcef ciently . The greaterdegreeto which the programcanbe dispersedthe greater
the e xibility the Grid systemhasin beingableto meetits performanceneeds.



The EveryWaretoolkit is composedf threeseparatsoftwarecomponents:

aportable lingua franca thatis designedo allow processessingdifferentinfrastructuregndoperatingsystems
to communicate,

a setof performance forecastingsericesthat canmake short-termresourceand applicationperformancere-
dictionsin nearrealtime, and

a distributed state exchangeservicethat allows applicationcomponentdo manageand synchronizeprogram
statein adynamicenvironment.

The portability of the lingua francaallows the programto run ubiquitously Dynamicforecastingservicespermitthe
programto anticipateperformancechangesand adaptexecutionaccordingly The distributed state-&changeservices
provideamechanisnfior synchronizingandandreplicatingimportantprogramstateto ensureobustnesandscalability

Thetoolkit we implementedor SC98wasstrictly a prototypedesignedo exposetherelevantprogrammingssues.
As such,we do notdescribehespeci ¢ APIssupportedy eachcomponen(they will changedramaticallyin ourfuture
implementations)Ratherin this sectionwe motivateanddescribghefunctionalityof eachEveryWarecomponenand
discussour overallimplementatiorstrateyy.

2.1 Lingua Franca

For the SC98experimentwe implementedhelinguafrancausingC andTCP/IPsoclets. To ensurgortability, we tried
to limit theimplementatiorio useonly themost“vanilla” featuref thesewo technologiesFor example we did notuse
non-blockingsoclet I/O nordid we rely uponkeep-alve signalsto inform the systemaboutend-to-endcommunication
failure. In our experience,the semanticsassociatedvith thesetwo useful featuresare vendor andin somecases,
operatingsystenrelease-leel speci c. We tried to avoid controlling portability throughC preprocessolags wheneer
possiblesothat the systemcould be portedquickly to new architecture@ndervironments.Similarly, we chosenot to
rely uponXDR [33] for datatype corversionfor fearthatit would not bereadilyavailablein all erwvironments. Another
importantdecisionwasto strictly limit our useof signals.Unix signalsemanticaresomeavhatdetailedandwe did not
wantto hinderthe portability to non-Unix ervironments(e.g. Java andWindow NT). More immediately mary of the
currently available Grid communicationinfrastructuressuchasLegion [16] and Nexus[11], take over the userlevel
signalmechanismso facilitatemessagelelivery. Lastly, we avoidedthe useof threadshroughoutthe architectureas
differencedn threadsemanticandthreadimplementatiorquality hasbeena sourceof incompatibility in mary of our
previous Grid computingefforts.

Above the soclet level, we implementedrudimentarypacket semanticso enablemessagdyping and delineate
recordboundariesvithin eachstream-oriente@CPcommunicationOurapproachakesits inspirationfrom thepublicly
availableimplementatiorof netperf  [19]. Theoriginalimplementatiorof the EveryWarepacletlayercomeddirectly
from the currentNetwork WeatherService(NWS) [39] implementationwhereit hasbeenstress-testeth a variety of
Grid computingervironments.

2.2 ForecastingSenices

We also borroved and enhancedhe NWS forecastingmodulesfor EveryWare. To make performanceforecaststhe

NWS appliesa setof light-weighttime seriesforecastingnethodsand dynamicallychooseghe techniquethatyields

the greatesforecastingaccurag overtime (see[38] for a completedescriptionof the NWS forecastingnethodology).
The NWS collectsperformancemeasurementom Grid computingresourcegprocessorsnetworks, etc.) anduses
theseforecastingtechniquesto predict short-termresourceavailability. For EveryWare, however, we neededio be

ableto predictthe time requiredto perform arbitrary but repetitve programevents. Our stratgy was to manually

instrumentthe various EveryWare componentsand applicationmoduleswith timing primitives,andthen passingthe

timing informationto the forecastingmodulesto make predictions.We referto this processasdynamicbendmarking

asit useshenchmarkechniquege.g.timedprogramevents)perturbedy ambientoadconditionsto make performance
predictions.



For example,we appliedthe forecastingmodulesto dynamicbenchmarkgo predictthe responsdime of each
EveryWarestate-achangesener. We instrumentecachsenerto recordthetime requiredto getaresponséo arequest
madeto eachof the otherseners,for eachmessageype. To do so,we identi ed eachplacein the sener codewhere
arequest-respongmair occurred,andtaggedeachof these‘events”with anidenti er consistingof addressvherethe
requestvasserviced,andthe messagdype of therequest.By forecastinghow quickly a senerwould respondo each
type of messagewe were ableto dynamicallyadjustthe messagdime-outinterval to accountfor ambientnetwork
and CPU load conditions. This dynamictime-out discovery proved crucial to overall programstability. Using the
alternatve of staticallydeterminedime-outs,the systemfrequentlymisjudgedthe availability (or lack thereof)of the
differentEveryWarestate-managemesgenerscausingneedlessetriesanddynamicrecon gurationgseesubsectior?.3
below for a discussiorof EveryWarestate-&changeunctionality). At SC98,network performancen the exhibit oor
varied dramatically particularly as SCINet[29] wasrecon gured“on-the-y” to handleincreaseddemand thereby
exacerbatinghis problem.

In generaltheforecastingervicesanddynamicbenchmarkingllow boththe EveryWaretoolkit, andtheapplication
usingit, to dynamicallyadaptitself to changingload and performanceaesponseonditions. We trimmed down and
adaptedhe NWS forecastingsubsystenso thatit may be loadedasa library with applicationand EveryWare code.
We alsoaddeda taggingmethodologysothatarbitraryprogrameventscould be identi ed andbenchmarkd. We used
standardiming mechanismavailableoneachsystento generatéime stampsndeventtimings. However, we anticipate
that more sophisticategro ling systemssuchasParadyn[23] andPablo[7] will yield higher delity measurements.
While we wereunableto leveragethesetechnologiesn time for SC98,the prototypeEveryWareforecastingnterface
is compatiblewith them.

2.3 Distrib uted State ExchangeSelvice

To functionin thecurrentGrid computingernvironmentsa programmustbe robustwith respecto resourcgperformance
failurewhile atthesameime ableto leverageavarietyof differenttargetarchitectureseveryWareprovidesadistributed
stateexchangeservicethat canbe usedin conjunctionwith application-leel checkpointingo ensurerobustness Ev-
eryWarestate-a&changeseners(called Gossifs) allow applicationprocesseso registerfor statesynchronization.The
applicationcomponenmmustregistera contactaddressa uniquemessagéype, anda function that allows a Gossipto
comparethe “freshness’of two differentmessageblaving the sametype. All applicationcomponentsvishingto use
Gossipservicemustalsoexport a state-updatenethodfor eachmessagéypethey wishto synchronize.

Onceregistered,an applicationcomponentperiodically recevesa requestirom a Gossipprocesso senda fresh
copy of its currentstate(identi ed by messagéeype). The Gossipcompareghat state(usingthe previously registered
comparatofunction)with thelateststatemessageecevedfrom otherapplicationcomponentsWhenthe Gossipdetects
thata particularmessageés out-of-date,it sendsa fresh stateupdateto the applicationcomponenthat originatedthe
out-of-datemessage.

To allow the systento scalewe rely onthreeassumptionskirst, thatthe Gossipprocessesooperatasadistributed
service.Secondthatthe numberof applicationcomponentsvishingto synchronizeas small. Lastly, thatthegranularity
of synchronizatioreventsis relatively coarse.CooperatiorbetweenGossipprocessess requiredso that the workload
associatedavith the synchronizatiorprotocolmay be evenly distributed. At SC98,the EveryWareGossifs dynamically
partitionedthe responsibilityfor queryingand updatingapplicationcomponentsamongstthemseles. We stationed
severalGossip atwell-known addressearoundthe country Whenanapplicationcomponentegisteredjt wasassigned
aresponsiblésossipwithin the pool of availableGossis whosejob it wasto keepthatcomponensynchronized.

In addition,we allowed the Gossippoolto uctuate. New Gossipprocessesegisteredthemseleswith oneof the
well-known sitesand were announcedo all otherfunctioning Gossi. Within the Gossippool, we usedthe NWS
clique protocol [39] (a token-passingprotocol basedon leaderelection[12, 1]) to managenetwork partitioningand
Gossipfailure. The clique protocolallows a clique of processeso dynamicallypartition itself into subcliguegdue
to network or hostfailure) andthenmemge whenconditionspermit. The EveryWare Gossippool usesthis protocolto
recon gureitself andrebalancehe synchronizatiorioad dynamicallyin response&o changingconditions.

The secondandthird assumptionsre morerestrictve. BecauseeachGossipdoesa pairwise comparisorof ap-
plication componentstate, comparisongare requiredfor  applicationcomponents.Moreover, if the overhead



associateavith statesynchronizatiorcannotbe amortizedby usefulcomputationperformancewill suffer. We believe
that the prototypestate-&changeprotocolwe implementedor SC98canbe substantiallyoptimized, (or replacedby
a more sophisticatednechanismpnd careful engineeringcan reducethe costof statesynchronizatiorover what we
wereableto achieve. However, we hasterto acknavledgethatnotall applicationsor applicationclassesill beableto
useEveryWareeffectively for Grid computation.Indeed,it is aninterestingandopenresearchjuestionwhetherarge-
scale tightly synchronizeapplicationimplementationsvill beableto extractperformancdrom Computationalsrids,
particularlyif the Grid resourceperformanceuctuatesasmuchasit did during SC98. EveryWaredoesnot allow arny
applicationto becomean effective Grid application.Rather it facilitatesthe deploymentof applicationsvhosecharac-
teristicsareGrid suitablesothatthey maydrav computationapower ubiquitouslyfrom asetof uctuating resources.

Similarly, the consisteng modelrequiredby the applicationprogramdramaticallyaffectsits suitability asan Ev-
eryWareapplication,in particular andasa Grid applicationin general. The developmentof a high-performancetate
replicationfacilities thatimplementtight boundson consisteng is an active areaof research EveryWaredoesnot at-
temptto solve the distributedstateconsisteng problemfor all consisteng models.Ratherit speci estheinclusionof
replicationandsynchronizatioriacilitiesasaconstituenservice. At SC98,weimplementedalooselyconsistenservice
basedon the Gossipprotocol. Other moretightly synchronizeagervicessanbeincorporatedeachwith its own perfor
mancecharacteristicsWe note,however, thatapplicationshaving tight consisteng constraintsare,in generaldif cult
to distribute while maintainingacceptablgerformancdevels. EveryWareis not intendedto changethe suitability of
theseprogramswith respecto Grid computing,but ratherenablegheir implementatioranddeploymentat what ever
performancéevel they canattain.

3 Example Application: RamseyNumber Search

The applicationwe choseto implementas part the EveryWare experimentat SC98attemptsto improve the known

boundsof classicalRamsg numbers. The classicalor symmetricRamsg number is the smallest
number suchthatany completetwo-coloredgraphon verticesmustcontaina completeone-coloredsubgrapton
of its vertices. It canbe provenin a few minutesthat ; it is alreadya non-trivial resultthat , andthe

exactvaluesof higher  areunknown.

Obsenre thatto shav thata certainnumber is alower boundfor  , onemighttry to producea particulartwo-
coloredcompletegraphon verticesthathasno one-coloreccompletesubgraptonary  of its vertices.We will
referto sucha graphasa “counterexample”for the Ramsg number Our goalwasto nd new lower boundsfor
Ramsg numberdy nding counterexamples.

This applicationwas especiallyattractive asa rst testof EveryWarebecausef its synchronizatiorrequirements
andits resistanceo exhaustve search.For example,if onewishesto nd anew lower boundfor , onemustsearch
in the spaceof completetwo-coloredgraphson  vertices,sincethe known lower boundis currently  ( [28]).
Thereare different two-coloredgraphson 43 verticeswhich makingit infeasibleto try all possible
colorings. Therefore we mustuseheuristictechniquedo control the searchprocessmaking the processof counter
exampleidenti cation relatedto distributed“branch-and-bound$tate-spacsearching.Note that this searchstrateyy
requiresndividual processe® communicat@ndsynchronizeasthey prunethe searctspaceamplying potentiallylarge
communicatioroverheads.

We hasterto acknavledgethatnotall applicationsor applicationclassesvill beableto useEveryWareeffectively for
Grid computationlndeed;t is aninterestingandopenresearchyuestionasto whetherdarge-scaletightly synchronized
applicationimplementationswill be ableto extract performancefrom ComputationalGrids, particularly if the Grid
resourcgerformanceuctuatesasmuchasit did during SC98.EveryWaredoesnotallow ary applicationto becomean
effective Grid application. Rather it facilitatesthe deploymentof applicationsvhosecharacteristicare Grid suitable
sothatthey maydraw computationapower ubiquitouslyfrom a setof uctuating resources.



3.1 Implementing the RamseyNumber Search Algorithm with EveryWare

We usedthe implementationstrategy discussedn the previous subsectiorto structurethe Ramsg Number Search
applicationa setof computationatlientsthatrequestun-timemanagemergervicesrom a setof application-speci ¢
serves. Figurel depictsthe structureof theapplication.Applicationclients(denoted'A” in the gure) canexecutein a

logging
server

scheduler

gossip

application tasks

persistent state
manager

Condor

Figurel: Structur e of RamseyNumber application at SC98

numberof differentervironments suchasNetSohe [4], Globus[9], Legion[16], Condor[35], etc. They communicate
amongsthemselesandwith schedulingseners(marked“S” in the gure) to receve schedulingirectivesdynamically

Persistenstatemanagergdenotedby “P” in the gure) control and protectary programstatethat mustsurvive host
or network failure. Logging seners(marked“L") allow arbitrarymessageo be loggedby the application. Finally,

all applicationcomponentsisethe Gossipservice(marked“G”) to synchronizestate. To anticipateload changesthe

variousapplicationcomponentsonsultthe Network WeatherService(NWS) - a distributed dynamicperformance
forecastingservicefor ComputationalGrids[39, 38, 26].

3.1.1 Scheduling

To schedulehe Ramsg Numberapplication,we usea collection of cooperatingbut independenschedulingseners
to control applicationexecutiondynamically Eachclient periodically reportscomputationaprogresgo a scheduling
sener. Senersareprogrammedo issuedifferentcontroldirectivesbasednthetypeof algorithmtheclientis executing,
how muchprogresghe clienthasmade andthe mostrecentcomputationatateof theclient.
Theschedulingsenersarealsoresponsibldor migratingwork basednforecastof availableresourcgperformance
levels. If aschedulepredictsthata clientwill be slow basedon previous performanceit may chooseto migratethat
client's currentworkloadto a machinethatit predictswill be faster Ratherthanbasingthat predictionsolely on the



last performancemeasuremerfor eachclient, the schedulerusesthe NWS lightweight forecastingfacilities to make
its predictions. Note that this methodologyis inspiredby someof our previous work in building application-leel
schedulerg¢AppLeS)[31, 3].

3.1.2 PersistentState Management

To improve robustnessye identify threeclasse®f programstatewithin the application:local, volatile-tut-replicated,
and persistent.Local stateis statethat canbe lost by the applicationdueto machineor network failure (e.g. local
variableswithin eachcomputationaklient). Volatile-but-replicatedstateis passedetweenprocessess a result of
Gossipupdatesput it is not written to persistenstorage.For example,the up-to-datdist of active senersis volatile-
but-replicatedstate.Persistenstatemustsurvive the lossof all active processes the application. The largestcounter
examplethattheapplicationhasyetto nd, for example,is check-pointedispersistenstate.

We usea separat@ersistenstateservicefor threereasonsFirst, we wantto limit thesizeof the le systenfootprint
left by the application. Many sitesrestrictthe amountof disk storagea guestusermay acquire. By separatinghe
persistenstoragefunctionality, we areableto dynamicallyscheduleghe applications disk usageaccordingo available
capacitiesSecondlywe wantto ensurghatpersistenstateis ultimatelystoredin “trusted” ernvironments.For example,
we maintaineda persistentstatesener at the SanDiego Supercompute€enterbecausave were assuredf regular
tapeback-upsandindustrialquality le systemsecurity Lastly, we areableto implementrun-timesanitycheckson all
persistenstateaccessedf aprocesattemptdo storea counterexample for example the persistenstatemanagerrst
checksto malke surethe storedobjectis, indeed,a Ramsg counterexamplefor thegivenproblemsize.

3.1.3 Logging Sewice

To track the performanceof the applicationdynamically we implementeda distributed logging service. Scheduling
senersbasetheir decisionsjn part,on performancenformationthey recevve from eachcomputationatlient. Before
theinformationis discardedit is forwardedto a logging sener sothatit canbe recorded.Having a separateservice
allows usto limit andcontrolthe storagdoad generatedby the application.

4 Results

To estimatethe performanceof the Ramsg Number Searchapplication,we instrumentedeachclient to maintaina
runningcountof thecomputationabperationst performs.Thebulk of thework in eachof the heuristic§seeSection3)
areinteger testand arithmeticinstructions. Sinceeachheuristichasan executionpro le thatdependdargely on the
point in the searchspacewhereit is searchingwe were unableto rely on staticinstructioncountestimates.Instead,
we insertedcountersnto eachclient afterevery integertestandarithmeticoperation.Sincetheratio of instrumentation
codeto computationatodeis essentiallyone-to-ondoneintegerincrementor everyintegeroperationtheperformance
estimateswve reportare conserative. Moreover, we do not include ary instrumentatiorinstructionsin the operation
countsnor do we countthe instructionsin the client interfaceto EveryWare - only “useful” work deliveredto the
applicationis counted. Similarly, we includeall communicatiordelaysincurredby the clientsin the elapsedimings.
The computationatateswe reportincludeall of the overheadsmposedby our softwarearchitectureandthe ambient
loading conditionsexperiencedby the programduring SC98. Thatis, all of the resultswe reportin this sectionare
consenative estimate®f the sustainegerformanceleliveredto theapplicationduring SC98.

4.1 SustainedExecution Performance

As a ComputationalGrid experiment,we wantedto determinef we could obtainhigh applicationperformancdevels
from widely distributed,heavily used,andnon-dedicatedomputationatesourcesin Figure2, we shav the sustained
executionperformancef the entireapplicationduringthe twelve-hourperiodincludingandimmediatelyprecedinghe



judging of our High-Performanc&€omputingChallengeat at SC98on Novemberl2,1998'. The shavs the
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Figure2: SustainedApplication Performance
time of day, Paci ¢ StandardTime?, andthe shaws the averagecomputationakateovera ve-minutetime

period. The highestratethatthe applicationwasableto sustainwas2.39billion integeroperationdetween09:51and
09:56 during a testan hour beforethe competition(right-handside of the graph). The judging for the competition
itself (which requireda “li ve” demonstrationpeganat 11:00. As several competingprojectswerebeingjudgedsimul-
taneouslyandmary of our competitorswere usingthe sameresourcesve were using, the networks interlinking the
resourcesuddenlyexperienceda sharpload increase.Moreover, mary of the competingprojectsrequireddedicated
accesdor their demonstration.Sincewe deliberatelydid not requestdedicatedaccesspur applicationsuddenlylost
computationapower (asresourcesve claimedby otherapplicationslasthe communicatioroverheadsose(dueto in-
creaseccommunicatiorioad). The sustainegerformancelroppedo 1.1 billion operationsasaresult. Theapplication
wasableto adaptto the performancdossandreomganizeitself sothatby 11:10(whenthe demonstratioractuallytook
place), the sustainegerformancéadclimbedto 2.0billion operationgersecond.

This performancepro le clearly demonstratethe potentialpower of ComputationalGrid computing. With non-
dedicatedaccessunderextremelyheary load conditions the EveryWareapplicationwasableto sustainsupercomputer
performancéevels.

1We demonstratethe systenfor a panelof judgesbetweenl 1:00AM and11:30AM PST
2sCc98washeldin Orlando,Floridawhichis in the Easterrtime zone. Our logging andreportfacilities, primarily locatedat stablesiteson the
westcoast,usedPaci ¢ Standardrime. As such,we reportall time-of-dayvaluesin PST



4.2 PerformanceResponse

We alsowantedto measureghe smoothnessf the performancaesponsehe applicationwasableto obtainfrom the
Computationarid. FortheGrid visionto beimplementedanapplicatiormustbeableto draw “power” uniformly from
theComputationaGrid asawholedespiteuctuationsandvariability in the performancef theconstituentesourcesln
Figures3 and4 we compareheoverallperformanceespons®btainecdby theapplication(graph(c) in both gures) with
the performanceandresourceavailability provided by eachinfrastructure.Figure3 makesthis comparisoron a linear
scaleandFigure4 shovsthesamedataon alog scalesothatthewide rangeof performancevariability maybeobsened.
In Figures3aand4awe detailthe numberof cycleswe wereableto successfullydeliver from eachGrid infrastructure
duringthetwelve hoursleadingup to the competition.Similarly, in Figure3b, we shav the hostavailability from each
infrastructurefor the sametime period. Togethey thesegraphsprovide insightinto the diversity of the resourcesve
usedin the SC98experiment.

In Figure3c we reproducerigure 2 for the purposeof comparison Figure4c shavs this samedataon a log scale.
By comparinggraphs(a) and(b) to (c) on eachscalewe exposethe degreeto which EveryWarewasableto realizethe
ComputationalGrid paradigm.Despite uctuations in the deliverable performance and host availability provided
by eachinfrastructur e, the application itself was able to draw power from the overall resource pool relatively
uniformly. As such,we believe the EveryWareexampleconstituteshe rst applicationto bewritten thatsuccessfully
demonstratethe potentialof high-performanc€omputationalGrid computing.lt is the rst true Grid program.

5 Computational Grid ExperiencesUsing EveryWare

In this section we describethe way in which we implementedhe Ramsg NumberSearchapplicationusingdifferent
Grid computinginfrastructuresvith EveryWareasa coordinatingtool. Our goalin usingtheseinfrastructureavasto
attemptto leveragethe functionality from eachthatwasmostusefulfor the application.In addition,we wishedto gain
programmingexperiencewith thesetechnologiesn a“li ve” Grid setting.

5.1 Unix

We developedthe referenceémplementatiorof EveryWareandthe Ramsg NumberSearchapplicationfor Unix and
Unix soclets. Our goal wasto target high-performanceesourcedocatedat the NSF Partnershipfor Computational
Infrastructuresites. Whenwe begandevelopmentin the summerof 1998, theseresourcesvere entirely Unix based.
By startingwith a Unix implementationyve believedthatwe would be ableto leveragethe greateshumberof systems
quickly. Our planwasto thenusethisimplementatiorasthe basisfor the portto otherinfrastructureypes.

To supportthis developmentanddeploymentstratagy, the Unix implementatiorhadto be portableandunparameter
izedby variabledrom theexecutionervironment.Portabilityensuredhatwe would beableto migratethefunctionality;
notonly betweerlJnix systemsbut to otherinfrastructuraypessuchasJazaandNT. Similarly, eachapplicationcompo-
nenthadto beself-con guringsothatwe couldleverageasmary differentprocessnvocationmechanismsspossible.

For portability, we identi ed “basic” Unix functionality thatwe believed would be commonlysupportecby most
implementationsln particular we relieduponcommonsemanticgor

thesocletsystencallssend() ,recv() ,connect() |, listen() ,bind() ,andaccept() ,
theselect() le-descriptor synchronizatioreall, and
thesetitimer() systemcall.

In addition,we assumedhattherewould be somepotentiallyvendorspeci ¢c way of obtainingclock readingge.g. via
gettimeofday() ) with one-secondesolution.Conspicuouslybsenfrom thislist arethreadmanipulatiorcalls. All
of theapplication-speci cserviceswveresinglethreadedvhich complicatedheirimplementationbut greatlyenhanced
their portability. Similarly, we chosenot to rely uponthefork()  systemcall. While the semanticof fork() are
universalwith respecto Unix implementationsye did notbelieve thatall of the executionernvironmentswvould support
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fork() in thesameway. The chief problemwe hadto overcomewasthatthe soclet calls for TCP/IPcouldblock a
callingthreadof executioninde nitely. Onthereceving end,weusedheselect()  systencallto portablyimplement
areceve with time-out. For sendingor connecting however, we initially relied upona forked “watchdog’procesgo
senda blocked sendera Unix signal after a time-out. This functionality was dif cult to re-implementin non-Unix
basecenvironmentssuchasprovidedby Legion andJava. Insteadwe usedthe self-alarmfunctionality provided by the
setitimer() systemcall which, interestinglyturnedoutto berelatively portable.

Processnvocationsemanticpresenteénotheimpedimento portability andwide deployment.Eachinfrastructure
exportedits own interfacefor launchingandterminatingprocessesT he problemwasparticularlycumbersomén batch
controlledenvironmentswherethe appropriaténvocationsemanticsvereoftenuserandsite speci c. To gettheappro-
priatelevel of servicefrom someof thesesystemsa usermustspecifythe correctaccountandtarmgetqueuenformation.
The Globus GRAM [9] interfaceprovided a partial solution (seeSection5.2 for a discussiorof our experienceusing
Globuswith EveryWare)but, in generalwe wereunableto usea singlesetof semanticgn all ervironments.To min-
imize the problem,all componentseceved ary necessarparameteryia messagesWhenary componenstarted,it
immediatelyattemptedo contactaschedulerunningatawell-known locationto receve start-upparameterandexecu-
tion instructiong(seeSection3.1.1for details).As aresult,theapplicationdid not needto rely oninfrastructure-speci c
parametepassingnechanismsr shellervironmentvariablesat start-up.

We alsousedthe GNU autoconf utility extensiely. Headerle placemenfor commonlibrary andsystemcall
packagess oftenvendorspeci c. While our choiceof systemcallswasrelatively universal,usingautoconf —wewere
ableto achieve completesource-cod@ortability acrossall Unix platformsandbetweenUnix andNT via the CygWin
emulationervironment(seeSection5.5 for adescriptionof EveryWarefor NT).

5.2 Globus

The Globus Projectis an on-goingresearcheffort to createan infrastructurethat allows aggreation of distributed
resourceénto Grids. The Globus Metacomputingroolkit [9, 14] providesseveraluserlevel facilitiesto build “Globus-
enabled’Grid applications’

Eachcomponentf the Globustoolkit maybe usedindependentlypf or in concertwith the otherservices Figure5
illustratesthe Globus servicesusedby the Ramsg NumberSearchapplication.Our principal designgoalwasto enable
light switch functionality, which providesthe notion of a single point of contol for activating and deactvating the
Globus-enabledipplicationcomponents.The Ramsg Number Searchapplicationusesthe processcontrol/creation
(via the Globus ResourceéAllocation Manager) persistenstorage(via the Global Accessto SecondarnyStorage)and
metacomputinglirectoryservicesrom the Globustoolkit. This light switch abstractiorhidesmuchof the compleity
of theeachof thesecomponentaindthe underlyingGlobusinfrastructure.

The Globus ResourceAllocation Manage{GRAM) mechanisnprovidesprocessreationandcontrol capabilities.
GRAM is a gateleepetrthat rst createscerti catesof authenticityfor eachuserthat enableaccesdo remotecompute
resourcesOnceprocessesreexecutingGRAM providesthe userwith meanso checkjob statuseskill jobs, or read
outputfrom jobs. Our Ramsg Numberapplicationusedthe GRAM interfaceto launchcomputationatlientsat various
sitesrunningGlobus gateleepers Oncethe client wasstarted putputandexit statusesvereirrelevant, sincethe client
wasnhot designedo runto completion.Essentiallythe GRAM interfacewasbeingusedasaremoteprocessnvocation
mechanisnin this application.

TheGlobalAccesgo Secondanstoragg GASS)interfaceallows applicationsacces$o commonpersistenstorage
areas.GASSsenersessentiallyallow remoteprocessegusingthe GASSclient utilities or library functions)to access
local le systems.A GASSsener actsasasimple le sener by bindingto a portandtransferring les to or from its
local le systemdrivenby requestsvhich arereceivedonthatportby remoteprocesses.

We con gureda GASSsener (runningon awell-known host)to actasarepositoryfor pre-compileccomputational
client binary imagesfor variousplatforms. Requestsentto gateleepersvould thenreferenceles in the repository
ratherthan les onthe gateleepers'ocal le systems.Furthermorewe took advantageof the gateleepersability to

3For clarity, theseservicesaredescribechereasthey existedat thetime of our experiments.Globusis, by nature a constantlychangingsystem.
Readersnterestedn changeshatmayhave occurredsinceSC98shouldreferto documentatiomndtechnicalpapersavailableat[14].

12



L wos O

_-” Workstations™..

] AN Clusters
"The Switch" D

=
MPPs

Figure 5: RamseyNumber application on the Globus infrastructur e. Depictedis the relationshipbetweenthe
Ramsg NumberSearchapplicationcontrol site, the Grid resourcesandthe Globus subsystemsised. The following

Globus mechanismsisedby the applicationand EveryWaretoolkit are shavn: Globus ResourceéAllocation Manager
(GRAM) the Global Accessto SecondanstoraggGASS),andthe MetacomputingDirectory Service(MDS).

substitutevaluesfor somepre-de nedvariablenamesrepresentinghe executionplatform. This facilitatedplatform-
independenticcesdo the GASSsener. By doing so, we usedthe gateleeperasa grappling hookonto the machine,
automaticalljloadingthe appropriatebinarythroughGASS.

The Globus MetacomputingDirectory Service(MDS) [8] is basedon the Lightweight Directory AccessProtocol
(LDAP) [40]. It senesasageneral-purposeepositoryfor informationaboutresourcesn the Globustestbed.Among
otherdata,the MDS storesinformation aboutwhereeachgateleeperis running, how to contactit (i.e. TCP/IP port
number),andhow mary nodesarefree ontheresourcdt managesThe Ramsg Numberapplicationusedthe metadata
storedin theMDS to performcrude but effective,resourcaliscovery. It queriedtheMDS for alist of potentialexecution
sitesandthen exerciseda relatively lightweight, authenticate-onlyperationto determineif the applications useris
authenticandauthorizedo runremoteprocessesn eachgateleepetthatis listed. At the sametime, the MDS metadata
speci ed the architecturetype of eachtarget machineso thatan appropriateGRAM and GASSspeci cationcould be
made.

5.3 Legion

Legion is an object-basedmeta-systemsoftware projectat the University of Virginia [16, 22]. It implementsa dis-
tributedobjectmodelthatis scalable gasy-to-progranfault-tolerantandsecure.Legion's object-orientednvocation
semanticsnotivatedusto developa“stateless’applicationclientfor theRamsg NumberSearchapplication.Legion of-
fersboth“stateful” clientsin which a speci ed backingstoreis usedfor storageof requiredinformation;and“stateless”
clientsin which operationsare performedandresultsreturnedindependentf prior executions. The advantagefrom
the applications perspectie of a statelesglient is that Legion implementsautomaticresourcediscovery and process
migrationfor stateles®bjects.

To testour ability to develop application-speci cservicesusing EveryWare, we alsoimplementedhe scheduling
andpersistenstateservicesusingLegion. Our goalwasto permitthe Legion ervironmentto be partitionedfrom the
restof the EveryWareapplicationdynamicallyin theeventof anetwork connectvity failure. If we hadnotimplemented
the Ramsg NumberSearchservicesfor Legion, we would have hadto ensurethat anotherinfrastructurewasalways
connectedo the pool of Legionresourcesothattheseservicesouldexecute.
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To communicatewith the otherinfrastructureswe implementeda translatorobjectfor the lingua franca As an
alternative, we could have loadedeachLegion objectwith the lingua francalibrary, but we found that having a sin-
gle messagédranslatorgreatly aidedthe detuggingprocess.In particular it gave us a single monitoring point for all
messagebeadedo andfrom Legion applicationcomponentslf thetranslatoradbecomea bottleneckhowever, our
designwould have supportedhealternatie approach.

To constructthe translator we implementedhe Legion versionsof the schedulerand persistenstatemanageras
a single objectand con gured to be passie (to function uponrequest). The role of the translatorwasto invoke an
appropriatel egion methodbasedon messageeceipt. In effect, the translatorimplementedan event modelfor the
Legion applicationcomponentshat permittedthemto respondo eventsthatoccurredn otherinfrastructures.

5.4 Condor

Condorprovidesreliableguestaccesdo federatedvorkstationresource$35, 5]. The goal of the Condorsystemis to
supporthigh-throughputomputing[2] by consumingotherwiseidle CPU cyclesfrom aworkstationpool. Workstation
ownersallow Condorto monitor keyboardand processactiity to determinewhena workstationbecomeddle. Idle
workstationamay be claimedby Condorandusedto run guestprocessesWhenworkstationactiity indicatesthatthe
resourcas beingreclaimedby its owner, the guestprocesss eithercheckpointecandmigratedto a workstationof the
sametype, or killed.

For the EveryWareexperimentwe useda heterogenousollectionof Condormanagedvorkstations Sincethe mi-
grationfacilities could not move programstatebetweerpoolsof differentresourcaypes,we choseto usethe“vanilla”
Condoruniverse[5] for theRamsg NumberSearchapplication.In thevanillauniverse guestobsareterminatedvith-
outwarningwhenaresources reclaimedoy its owner. Applicationclients,therefore checkpointedheir persistenaind
volatile-hut-replicatedstatethroughthe EveryWare GossipmechanismsSincethe EveryWareschedulersrestateless,
they werealsoexecutedwithin the Condorpool. Whena schedulewaskilled by Condor its clientscouldautomatically
switch to anotherviable scheduler Schedulebirth and deathinformationwas circulatedvia the Gossipprotocol so
applicationclientscouldlearnof the currentlyviable schedulers.

In practice,the overheadassociatednanagingthe location transpareng of rapidly moving (birthing and dying)
schedulerprovedprohibitive. Sinceclientsrequesschedulingservice they couldonly learnof sener deathatthetime
whenthey attemptto make contact.In this dynamiccon guration, clientsspentanappreciableamountof time simply
locatinga viable sener. We, therefore optedfor a more stablecon guration in which the Condorapplicationclients
only contactedschedulerghat werelocatedoutsideof the Condorpools. Sinceschedulerfailure occurredmuchless
frequentlythanresourcereclamationthe overall performancémproved.

5.5 NT and Win32

To leverageNT-basedsystemsave usedthe CygWin [6] compiler emulationlibrary, and executionervironment. The
referenceUnix implementationusedonly the most“vanilla” setof systemcalls possiblewhich were all supported
by the emulationlibrary. The overall effort requiredto completethe port of EveryWare to the Win32 systemwas
minimal, consistingof changego include les, theinclusionof alessspeci c randomnumbergeneratiorfunction,and
a staticde nition of whereto direct errorandlog output. By developinga portto NT, we wereableto leveragethe
NT Superclusterfocatedat NCSA and UCSD aswell asa variety of PC resourceshatwould have effectively been
unusableotherwise.

Executionon the NT Superclustersvas straightforvard, with the exceptionof the following minor issues. First,
eachof themachinesn the clusterhadto be con guredto resohe DomainNameSystem(DNS) hosthamesThis con-
guration changewvasnecessaryo supportcommunicatiorbetweercomputationatlient processeandthe EveryWare
schedulersSinceno oneexpectedthatthe NCSA Superclustewould be usedin cooperatiorwith otherresourcesthe
ability to resole hostnameswvasnot a partof thedefault con guration. NCSA supportpersonnetjuickly resohedthis
con guration problemfor usat SC98.

A moresubtlechallengewas presentedy the batchschedulingsystemusedon the Superclusters,.ocal Sharing
Facility (LSF). To prevent a large setof new worker processe$rom presentinga excessie instantaneoufoad to a
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particularEveryWare schedulemupon startup,we designedeachworker procesgo sleepfor a randomizedamountof
time before soliciting instructionsfrom the rest of the system. LSF seemedo interpretthe lack of cpu usageby
assumingheprocesss dead reclaimingthe processofor useby otherdistributedprocessesWe reducedhesleeptime
duration,sacri cing our goalof reducedscheduletoad,in orderto effectively usethe Superclusteprocessors.

5.6 Java

We implementeda lightweightversionof the applicationin Javain orderto take advantageof the ubiquity of Internet-
basedJava Virtual Machines. This choicewas motivatedby the desireto allow any userconnectedo the Internetto
contribute processorcycleswithout downloadingandinstalling any one executionervironmentor porting the toolkit.
Using this framawork, a usercan download an appletversionof the applicationand immediatelyparticipatein the
distributedexecution.

Java's portability and easeof usecomeswith considerabldradeof in performance.The threadedhatureof the
languagehowever, enabledusto overlapcomputationwith communicationln addition,we implementeda lightweight
versionof the Ramsg Searchheuristicswith limited graphicsto improve performance. Our resultsshov that the
appletversionof the Ramsg applicationis still muchslower thanwhenusingthe otherframeaworks, but the additional
(otherwiseunused)yclesstill aid computation.

Just-In-Time compilers[20, 34, 32], Java-to-C-coderanslatorg27, 30|, and other Java researct21] offer hope
for improvedperformancedor future EveryWareapplications.For example,during SC98,aninterpretedversionof the
appleton a 300 Mhz Pentiumll performedl11,616integeroperationger secondon average;a JIT-compiledversion
performed12,109,720nteger operationger secondon average.Eventhoughthe JIT-compiledversionis still slover
than mary of the other hostsfrom differentframeavorksin our study asJava improvesin performancejt will be a
practicalandimportantgatevay to the useof idle cycles.

5.7 NetSohe

The NetSole [4] infrastructuredevelopedat the University of Tennesseprovidesbrokeredremoteprocedureénvoca-
tion servicein a distributed environment. Computationakenerscommunicateheir capabilitiesto brokering agents.
Applicationclientsgainaccesso remoteserviceghrougha stronglytypedprocedurainterface.

At SC98,we usedNetSoleto testthe extensibility of the EveryWareapproachThe EveryWaredevelopmenteant
had extensve implementationexperiencewith all of the otherinfrastructuresve employedin the study To testthe
ability of EveryWareto leveragean infrastructurewe had not previously encounteredwe appealedo the NetSole
groupandasledif they would bewilling to developanEveryWareimplementatiorof the Ramsg NumberSearchcode
for NetSohe. Dr. Henri Casanwa basechis implementatioron the Legion versionsince,at the time of the experiment,
the NetSolwe invocationinterfacewasfunctional.

6 FutureWork

The EveryWareexperimentveri ed animportantconjecture thatprogramscanbe written which realizethe Computa-
tional Grid paradigm.Our focusin thefuturewill betowardsdevelopingEveryWareasa programmingool, andusing
it to enableGrid applicationprogramming.

While theRamsg NumberSearchapplicatiorwasan effective testof the EveryWareandGrid computingconcepts,
it wasa dif cult programto write. We, the applicationprogrammershadto designandimplementboth application
clients(performingthe actualcomputationsandthe application-speci cserviceghatwererequiredfor robustnesand
adaptvity. The EveryWaretoolkit madesuchan implementationpossible,but not easy One of our primary future
objectiesis to develop the software necessaryo make EveryWare a usefultool for morethanthe dedicatedandthe
brave. In particular we planto exploit commonalitiesn the variousservicedesigngo provide an application-speci ¢

4Themembersf the EveryWaredevelopmenteamarethe authorsof this paper
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serviceframework or template. Programmergould theninstall control moduleswithin the framework that would be
automaticallyinvokedby eachsener.

We plan to studythe applicability of EveryWareto a variety of Grid applications. We will continueto enhance
Ramsg Number Searchapplication, both as a study of EveryWare andto improve the known boundsof classical
Ramsg numbers. Our experienceat SC98showved that to searchfor , we will needto parallelizesomeof the
individual heuristics gachof whichwe will implementasa computationatlientwithin theapplication.As aresult,we
will developwaysin which EveryWare canbe usedto coupletightly synchronizegarallelcodesrunningon parallel
computerswith otherGrid applicationcomponents.

We alsoplanto characterizéypesof applicationghatcantake advantageof the Grid infrastructurausingthe Every-
Waretoolkit. Two characteristicgliscoveredduringour SC98experienceghatmayachiezeimprovedperformanceising
thisdevelopmenernvironmentareapplicationsvith coupledmaster/slae anddataparallelismandnon-trivial communi-
cationandsynchronizatiomequirementsTo determinghe performancdevels achievableusingthe EveryWaretoolkit
on suchapplicationswe planto implementanimagereconstructioriool called PositronEmissionTomography(PET)
anda datamining applicationcalledNOW G-Net.

7 Conclusions

By leveraginga heterogeneousollectionof Grid softwareandhardwareresourcesgynamicallyforecastinguture re-
sourceperformancéevels,andemploying relatively simpledistributedstatemanagemertechniqueskveryWarehasen-
abledthe rst applicationimplementatiorthatmeetshe requirement$or Computationalsrid computing.In [10](page
18) the authorsdescribethe criteriathat a ComputationalGrid mustful Il asthe provision of pervasive dependable
consistentandinexpensiveeomputing.

Pervasive- At SC98,wewereableto useEveryWareto executea high-performancegloballydistributedprogram
onmachinesangingfrom the TeraMTA to awebbrowserlocatedin a campuscoffee shopat UCSD.

Dependable- The Ramsg NumberSearchapplicationran continuouslyfrom early June, 1998, until the High-
Performanc&€omputingChallengeon Novemberl2,1998.

Consistent- During the twelve hoursleadingup to the competitionitself, the applicationwas able to draw
uniform computepower from resourcesvith widely varyingavailability andperformancero les.

Inexpensive - All of the resourcesuisedby the Ramsg Number Searchapplicationwere non-dedicatecind
accessettia a non-privilegeduserlogin.

To our knowledge ,EveryWareis the rst Grid softwareeffort thathasbeenableto successfullymeetthesecriteria,and
to demonstrat¢éhe degreeto which they aremetquantitatvely.
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