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Abstract

TheComputationalGrid [10] hasrecentlybeenproposedfor theimplementationof high-performanceapplications
usingwidelydispersedcomputationalresources.Thegoalof a ComputationalGrid is to aggregateensemblesof shared,
heterogeneous,and distributedresources(potentiallycontrolled by separate organizations)to provide computational
“power” to anapplicationprogram.

In this paper, weprovidea toolkit for thedevelopmentof Grid applications.Thetoolkit, calledEveryWare, enables
an application to draw computationalpower transparently from the Grid. The toolkit consistsof a portable set of
processesand libraries that can be incorporatedinto an applicationso that a wide variety of dynamicallychanging
distributedinfrastructuresandresourcescanbeusedtogetherto achievesupercomputer-like performance. We provide
our experiencesgainedwhilebuilding theEveryWare toolkit prototypeandthe�r st trueGrid application.

1 Intr oduction

Increasingly, thehigh-performancecomputingcommunityis blendingparallelanddistributedcomputingtechnologies
to meetits performanceneeds.A new architecture,known asTheComputationalGrid [10], hasrecentlybeenproposed
to framethesoftwareinfrastructurerequiredto implementhigh-performanceapplicationsusingwidely dispersedcom-
putationalresources.Justashouseholdappliancesdraw electricityfrom apowerutility, thegoalof thisnew architecture
is to enableapplicationsto draw computecycles,network bandwidth,andstoragecapacityseamlesslyfrom theGrid.

To realizethis vision, theapplicationprogrammingenvironmentmustbeableto

� leverageall potentiallyusefulresourcesthattheusercanaccess,

� exploit theheterogeneityof theresourcepool to theprogram'sadvantage,and

� managetheeffectsof dynamicallychangingresourceperformancecharacteristicscausedby contention,recon�g-
uration,andfederatedadministration.
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Researchershave developedseveral innovative andpowerful softwareinfrastructuresto supporttheGrid paradigm[9,
16, 35, 4] andseveralpilot projects[13, 18, 24] havebeenlaunchedto investigatetheef�cacy of Grid computing.Each
of thesetechnologies,however, is designedassumingthat the individual technologyis ubiquitouswith respectto the
resourcesat hand.We note,however, that theresourcepool availableto anapplicationis generallyspeci�c to its user
andnot a particularinfrastructure.A singleusermaybegrantedaccessto resourcesownedby differentorganizations
which do not agreeto supporta single,unifying infrastructure.Moreover, the time at at which a given infrastructure
maybecomeavailableon a particularresourceis alsoa problem.Theremaybea signi�cant time lag betweenthetime
a particularmachinebecomesavailable,andwhenthesemoresophisticatedinfrastructurescanbeportedto it.

In this paper, we describeEveryWare - a user-level softwaretoolkit for writing Grid programs.EveryWareallows
a userto write Grid programsto take maximaladvantageof the functionality that is presentat eachresourceto which
heor shehasaccess.As such,EveryWareis anembarrassinglyportablesetof processesandlibrarieswhichcan“glue”
different locally-available infrastructurestogetherso that a programmay draw upon theseresourcesseamlessly. In
addition,we offer our experiencesin thedevelopmentof theEveryWareprototypeandthe �rst trueGrid application.
The EveryWaretoolkit enabledthe developmentof this applicationandprovideda framework in which to studyand
addresstheproblemsassociatedwith writing ComputationalGrid programs.

In anexperimententeredasa contestantin theHigh-PerformanceComputingChallenge[17] at SC98in November
of 1998,we wereableto usethis prototypeto leverageGlobus[9], Legion [16], Condor[35], NetSolve [4], Java [15],
Windows NT [37], andUnix simultaneouslyin a single,globally distributedapplication. The application,a program
thatsearchesfor Ramsey Numbercounterexamples(discussedin Section3), doesnotuseexhaustivesearch,but rather
requirescareful dynamicschedulingfor ef�ciency. Moreover, by focusingon enhancingthe interoperabilityof the
resourcesin our pool, we wereableto combinethe TeraMTA [36] andthe NT Supercluster[25] - two uniqueand
powerful resources- with a raft of other, morecommonlyavailablesystemsincluding parallelsupercomputers,PC-
basedworkstations,shared-memorymultiprocessors,andJava-enableddesk-topbrowsers. As such,it representsan
exampleof a true Grid program- the computational“power” of all resourcesthatwereavailableto the application's
userwasassessed,managed,anddeliveredto theapplication.TheEveryWareentrywasawarded“Best Acceleration”
by thepaneljudgingthecontest.

Thedynamicvariability of resourceperformancein a ComputationalGrid settingmakeswriting high-performance
Grid programsproblematic.EveryWareallowstheprogrammerto considerexplicitly thepotentialvariabilityof resource
type(heterogeneity),connectivity, anddynamicload.However, thedetailsassociatedwith managingthisvariability are
separatedfrom theapplicationcodeby well de�ned APIs.

In thefollowing section,we describethecomponentsin theEveryWaretoolkit. In Section3, we explain theappli-
cationwe selectedasthe �rst Grid programanddescribeits implementationusingthe toolkit. In Section4 we show
theperformanceresultsandexecutioncharacteristicsof theGrid programduringtheSC98contest.We thendetailour
experienceswith theindividual infrastructuresin Section5. We concludewith a futurework sectionin 6 andsummary
in 7.

2 The EveryWareToolkit

To realizetheperformanceofferedby theGrid computingparadigm,a programmustbe ubiquitous,adaptive, robust,
and scalable. Ubiquity is requiredbecausethe resourcesare federated:the ownersof the resourcesallow them to
participatein theGrid, but maintainultimateauthorityover their use.As such,the resourcepool maychangewithout
noticeasresourcesareadded,removed, replaced,or upgraded.If the programis not compatiblewith all potentially
availablesoftwareinfrastructures,operatingsystems,andhardwarearchitecturesit will notbeableto draw someof the
“power” thattheGrid canprovide.Adaptivity is requiredto ensureperformance.If theresourcepool is changing,or the
performanceof theresourcesare�uctuating dueto contention,theprogrammustbeableto choosethemostpro�table
resourcecombinationfrom theresourcesthatareavailableatany giventime. Similarly, if resourcesbecomeunavailable
dueto reclamation,excessive load,or failure,theprogrammustbeableto makeprogress.Scalability, in a Grid setting,
allows theprogramto useresourcesef�ciently . Thegreaterdegreeto which theprogramcanbedispersed,thegreater
the�e xibility theGrid systemhasin beingableto meetits performanceneeds.
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TheEveryWaretoolkit is composedof threeseparatesoftwarecomponents:
� aportable lingua franca thatis designedto allow processesusingdifferentinfrastructuresandoperatingsystems

to communicate,

� a setof performance forecastingservicesthat canmake short-termresourceandapplicationperformancepre-
dictionsin near-realtime,and

� a distributed state exchangeservicethat allows applicationcomponentsto manageandsynchronizeprogram
statein adynamicenvironment.

The portability of the lingua francaallows theprogramto run ubiquitously. Dynamicforecastingservicespermit the
programto anticipateperformancechangesandadaptexecutionaccordingly. The distributedstate-exchangeservices
provideamechanismfor synchronizingandandreplicatingimportantprogramstateto ensurerobustnessandscalability.

Thetoolkit we implementedfor SC98wasstrictly a prototypedesignedto exposetherelevantprogrammingissues.
As such,wedonotdescribethespeci�c APIssupportedby eachcomponent(they will changedramaticallyin our future
implementations).Rather, in thissection,wemotivateanddescribethefunctionalityof eachEveryWarecomponentand
discussouroverall implementationstrategy.

2.1 Lingua Franca

For theSC98experiment,weimplementedthelinguafrancausingC andTCP/IPsockets.To ensureportability, wetried
to limit theimplementationtouseonly themost“vanilla” featuresof thesetwo technologies.Forexample,wedidnotuse
non-blockingsocket I/O nordid werely uponkeep-alivesignalsto inform thesystemaboutend-to-endcommunication
failure. In our experience,the semanticsassociatedwith thesetwo useful featuresare vendor, and in somecases,
operatingsystemrelease-level speci�c. We tried to avoid controllingportability throughC preprocessor�ags whenever
possiblesothat thesystemcouldbeportedquickly to new architecturesandenvironments.Similarly, we chosenot to
rely uponXDR [33] for datatypeconversionfor fearthatit wouldnotbereadilyavailablein all environments.Another
importantdecisionwasto strictly limit our useof signals.Unix signalsemanticsaresomewhatdetailedandwe did not
want to hindertheportability to non-Unixenvironments(e.g. Java andWindow NT). More immediately, many of the
currentlyavailableGrid communicationinfrastructures,suchasLegion [16] andNexus [11], take over the user-level
signalmechanismsto facilitatemessagedelivery. Lastly, we avoidedtheuseof threadsthroughoutthearchitectureas
differencesin threadsemanticsandthreadimplementationquality hasbeena sourceof incompatibility in many of our
previousGrid computingefforts.

Above the socket level, we implementedrudimentarypacket semanticsto enablemessagetyping and delineate
recordboundarieswithin eachstream-orientedTCPcommunication.Ourapproachtakesits inspirationfrom thepublicly
availableimplementationof netperf [19]. Theoriginal implementationof theEveryWarepacket layercomesdirectly
from thecurrentNetwork WeatherService(NWS) [39] implementation,whereit hasbeenstress-testedin a varietyof
Grid computingenvironments.

2.2 ForecastingServices

We alsoborrowed andenhancedthe NWS forecastingmodulesfor EveryWare. To make performanceforecasts,the
NWS appliesa setof light-weight time seriesforecastingmethodsanddynamicallychoosesthe techniquethat yields
thegreatestforecastingaccuracy over time (see[38] for a completedescriptionof theNWS forecastingmethodology).
The NWS collectsperformancemeasurementsfrom Grid computingresources(processors,networks, etc.) anduses
theseforecastingtechniquesto predict short-termresourceavailability. For EveryWare, however, we neededto be
able to predict the time requiredto perform arbitrary but repetitive programevents. Our strategy was to manually
instrumentthe variousEveryWarecomponentsandapplicationmoduleswith timing primitives,andthenpassingthe
timing informationto theforecastingmodulesto make predictions.We refer to this processasdynamicbenchmarking
asit usesbenchmarktechniques(e.g.timedprogramevents)perturbedby ambientloadconditionsto makeperformance
predictions.
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For example,we appliedthe forecastingmodulesto dynamicbenchmarksto predict the responsetime of each
EveryWarestate-exchangeserver. We instrumentedeachserver to recordthetimerequiredto getaresponseto arequest
madeto eachof theotherservers,for eachmessagetype. To do so,we identi�ed eachplacein theserver codewhere
a request-responsepair occurred,andtaggedeachof these“events”with an identi�er consistingof addresswherethe
requestwasserviced,andthemessagetypeof therequest.By forecastinghow quickly a server would respondto each
type of message,we wereable to dynamicallyadjustthe messagetime-out interval to accountfor ambientnetwork
and CPU load conditions. This dynamictime-out discovery proved crucial to overall programstability. Using the
alternative of staticallydeterminedtime-outs,thesystemfrequentlymisjudgedtheavailability (or lack thereof)of the
differentEveryWarestate-managementserverscausingneedlessretriesanddynamicrecon�gurations(seesubsection2.3
below for a discussionof EveryWarestate-exchangefunctionality).At SC98,network performanceon theexhibit �oor
varieddramatically, particularlyas SCINet [29] was recon�gured“on-the-�y” to handleincreaseddemand,thereby
exacerbatingthisproblem.

In general,theforecastingservicesanddynamicbenchmarkingallow boththeEveryWaretoolkit, andtheapplication
using it, to dynamicallyadaptitself to changingload andperformanceresponseconditions. We trimmeddown and
adaptedthe NWS forecastingsubsystemso that it may be loadedasa library with applicationandEveryWarecode.
We alsoaddeda taggingmethodologysothatarbitraryprogrameventscouldbeidenti�ed andbenchmarked. We used
standardtimingmechanismsavailableoneachsystemtogeneratetimestampsandeventtimings.However, weanticipate
thatmoresophisticatedpro�ling systemssuchasParadyn[23] andPablo [7] will yield higher-�delity measurements.
While we wereunableto leveragethesetechnologiesin time for SC98,theprototypeEveryWareforecastinginterface
is compatiblewith them.

2.3 Distrib uted StateExchangeService

To functionin thecurrentGrid computingenvironments,aprogrammustberobustwith respectto resourceperformance
failurewhile atthesametimeableto leverageavarietyof differenttargetarchitectures.EveryWareprovidesadistributed
stateexchangeservicethatcanbeusedin conjunctionwith application-level checkpointingto ensurerobustness.Ev-
eryWarestate-exchangeservers(calledGossips) allow applicationprocessesto registerfor statesynchronization.The
applicationcomponentmustregistera contactaddress,a uniquemessagetype,anda function thatallows a Gossipto
comparethe “freshness”of two differentmessageshaving thesametype. All applicationcomponentswishing to use
Gossipservicemustalsoexportastate-updatemethodfor eachmessagetypethey wish to synchronize.

Onceregistered,an applicationcomponentperiodically receivesa requestfrom a Gossipprocessto senda fresh
copy of its currentstate(identi�ed by messagetype). TheGossipcomparesthatstate(usingthepreviously registered
comparatorfunction)with thelateststatemessagereceivedfrom otherapplicationcomponents.WhentheGossipdetects
that a particularmessageis out-of-date,it sendsa freshstateupdateto the applicationcomponentthat originatedthe
out-of-datemessage.

To allow thesystemto scale,werely onthreeassumptions.First,thattheGossipprocessescooperateasadistributed
service.Second,thatthenumberof applicationcomponentswishingto synchronizeis small.Lastly, thatthegranularity
of synchronizationeventsis relatively coarse.CooperationbetweenGossipprocessesis requiredso that theworkload
associatedwith thesynchronizationprotocolmaybeevenlydistributed.At SC98,theEveryWareGossips dynamically
partitionedthe responsibilityfor queryingandupdatingapplicationcomponentsamongstthemselves. We stationed
severalGossipsatwell-knownaddressesaroundthecountry. Whenanapplicationcomponentregistered,it wasassigned
a responsibleGossipwithin thepoolof availableGossipswhosejob it wasto keepthatcomponentsynchronized.

In addition,we allowedtheGossippool to �uctuate. New Gossipprocessesregisteredthemselveswith oneof the
well-known sitesandwereannouncedto all other functioningGossips. Within the Gossippool, we usedthe NWS
clique protocol [39] (a token-passingprotocolbasedon leader-election[12, 1]) to managenetwork partitioningand
Gossipfailure. The clique protocolallows a clique of processesto dynamicallypartition itself into subcliques(due
to network or hostfailure)andthenmergewhenconditionspermit. TheEveryWareGossippool usesthis protocolto
recon�gureitself andrebalancethesynchronizationloaddynamicallyin responseto changingconditions.

The secondandthird assumptionsaremorerestrictive. BecauseeachGossipdoesa pair-wise comparisonof ap-
plication componentstate,

���

comparisonsare requiredfor
�

applicationcomponents.Moreover, if the overhead
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associatedwith statesynchronizationcannotbeamortizedby usefulcomputation,performancewill suffer. We believe
that the prototypestate-exchangeprotocolwe implementedfor SC98canbe substantiallyoptimized,(or replacedby
a moresophisticatedmechanism)andcarefulengineeringcanreducethe costof statesynchronizationover what we
wereableto achieve. However, we hastento acknowledgethatnotall applicationsor applicationclasseswill beableto
useEveryWareeffectively for Grid computation.Indeed,it is aninterestingandopenresearchquestionwhetherlarge-
scale,tightly synchronizedapplicationimplementationswill beableto extractperformancefrom ComputationalGrids,
particularlyif theGrid resourceperformance�uctuatesasmuchasit did duringSC98.EveryWaredoesnot allow any
applicationto becomeaneffectiveGrid application.Rather, it facilitatesthedeploymentof applicationswhosecharac-
teristicsareGrid suitablesothatthey maydraw computationalpowerubiquitouslyfrom asetof �uctuating resources.

Similarly, the consistency modelrequiredby the applicationprogramdramaticallyaffectsits suitability asan Ev-
eryWareapplication,in particular, andasa Grid applicationin general.Thedevelopmentof a high-performancestate
replicationfacilities that implementtight boundson consistency is anactive areaof research.EveryWaredoesnot at-
temptto solve thedistributedstateconsistency problemfor all consistency models.Rather, it speci�estheinclusionof
replicationandsynchronizationfacilitiesasaconstituentservice.At SC98,weimplementedalooselyconsistentservice
basedon theGossipprotocol.Other, moretightly synchronizedservicescanbeincorporated,eachwith its own perfor-
mancecharacteristics.We note,however, thatapplicationshaving tight consistency constraintsare,in general,dif�cult
to distributewhile maintainingacceptableperformancelevels. EveryWareis not intendedto changethesuitability of
theseprogramswith respectto Grid computing,but ratherenablestheir implementationanddeploymentat whatever
performancelevel they canattain.

3 ExampleApplication: RamseyNumber Search

The applicationwe choseto implementas part the EveryWareexperimentat SC98attemptsto improve the known
boundsof classicalRamsey numbers. The ����� classicalor symmetricRamsey number

���	�
���
� �

is the smallest
number� suchthatany completetwo-coloredgraphon � verticesmustcontaina completeone-coloredsubgraphon �

of its vertices.It canbeprovenin a few minutesthat
�������

; it is alreadya non-trivial resultthat
���������

, andthe
exactvaluesof higher

���

areunknown.
Observe that to show thata certainnumber� is a lower boundfor

�
�

, onemight try to producea particulartwo-
coloredcompletegraphon �����

� �

verticesthathasnoone-coloredcompletesubgraphonany � of its vertices.We will
refer to sucha graphasa “counter-example”for the �

�

� Ramsey number. Our goalwasto �nd new lower boundsfor
Ramsey numbersby �nding counter-examples.

This applicationwasespeciallyattractive asa �rst testof EveryWarebecauseof its synchronizationrequirements
andits resistanceto exhaustive search.For example,if onewishesto �nd a new lower boundfor

�"!

, onemustsearch
in the spaceof completetwo-coloredgraphson #%$ vertices,since the known lower boundis currently #%$ ( [28]).
Thereare &('*)

�,+

��- �*.

) different two-coloredgraphson 43 verticeswhich making it infeasibleto try all possible
colorings. Therefore,we mustuseheuristictechniquesto control the searchprocessmakingthe processof counter-
exampleidenti�cation relatedto distributed“branch-and-bound”state-spacesearching.Note that this searchstrategy
requiresindividualprocessesto communicateandsynchronizeasthey prunethesearchspaceimplying potentiallylarge
communicationoverheads.

Wehastento acknowledgethatnotall applicationsorapplicationclasseswill beableto useEveryWareeffectively for
Grid computation.Indeed,it is aninterestingandopenresearchquestionasto whetherlarge-scale,tightly synchronized
applicationimplementationswill be able to extract performancefrom ComputationalGrids, particularly if the Grid
resourceperformance�uctuatesasmuchasit did duringSC98.EveryWaredoesnotallow any applicationto becomean
effective Grid application.Rather, it facilitatesthedeploymentof applicationswhosecharacteristicsareGrid suitable
sothatthey maydraw computationalpowerubiquitouslyfrom asetof �uctuating resources.

5



3.1 Implementing the RamseyNumber Search Algorithm with EveryWare

We usedthe implementationstrategy discussedin the previous subsectionto structurethe Ramsey NumberSearch
applicationa setof computationalclientsthat requestrun-timemanagementservicesfrom a setof application-speci�c
servers. Figure1 depictsthestructureof theapplication.Applicationclients(denoted“A” in the�gure) canexecutein a
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Figure1: Structur eof RamseyNumber application at SC98

numberof differentenvironments,suchasNetSolve [4], Globus[9], Legion [16], Condor[35], etc.They communicate
amongstthemselvesandwith schedulingservers(marked“S” in the�gure) to receiveschedulingdirectivesdynamically.
Persistentstatemanagers(denotedby “P” in the �gure) control andprotectany programstatethat mustsurvive host
or network failure. Logging servers(marked “L”) allow arbitrarymessagesto be loggedby the application. Finally,
all applicationcomponentsusetheGossipservice(marked“G”) to synchronizestate.To anticipateloadchanges,the
variousapplicationcomponentsconsult the Network WeatherService(NWS) - a distributed dynamicperformance
forecastingservicefor ComputationalGrids[39, 38, 26].

3.1.1 Scheduling

To scheduletheRamsey Numberapplication,we usea collectionof cooperating,but independentschedulingservers
to control applicationexecutiondynamically. Eachclient periodicallyreportscomputationalprogressto a scheduling
server. Serversareprogrammedto issuedifferentcontroldirectivesbasedonthetypeof algorithmtheclientis executing,
how muchprogresstheclienthasmade,andthemostrecentcomputationalrateof theclient.

Theschedulingserversarealsoresponsiblefor migratingwork basedonforecastsof availableresourceperformance
levels. If a schedulerpredictsthata client will beslow basedon previousperformance,it maychooseto migratethat
client's currentworkloadto a machinethat it predictswill be faster. Ratherthanbasingthat predictionsolely on the
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last performancemeasurementfor eachclient, the schedulerusesthe NWS lightweight forecastingfacilities to make
its predictions. Note that this methodologyis inspiredby someof our previous work in building application-level
schedulers(AppLeS)[31, 3].

3.1.2 PersistentStateManagement

To improve robustness,we identify threeclassesof programstatewithin theapplication:local, volatile-but-replicated,
andpersistent.Local stateis statethat canbe lost by the applicationdue to machineor network failure (e.g. local
variableswithin eachcomputationalclient). Volatile-but-replicatedstateis passedbetweenprocessesas a result of
Gossipupdates,but it is not written to persistentstorage.For example,theup-to-datelist of active serversis volatile-
but-replicatedstate.Persistentstatemustsurvive thelossof all active processesin theapplication.Thelargestcounter
examplethattheapplicationhasyet to �nd, for example,is check-pointedaspersistentstate.

Weuseaseparatepersistentstateservicefor threereasons.First,wewantto limit thesizeof the�le systemfootprint
left by the application. Many sitesrestrict the amountof disk storagea guestusermay acquire. By separatingthe
persistentstoragefunctionality, we areableto dynamicallyscheduletheapplication'sdiskusageaccordingto available
capacities.Secondly, wewantto ensurethatpersistentstateis ultimatelystoredin “trusted”environments.For example,
we maintaineda persistentstateserver at the SanDiego SupercomputerCenterbecausewe wereassuredof regular
tapeback-upsandindustrialquality �le systemsecurity. Lastly, we areableto implementrun-timesanitychecksonall
persistentstateaccesses.If aprocessattemptsto storeacounterexample,for example,thepersistentstatemanager�rst
checksto makesurethestoredobjectis, indeed,a Ramsey counterexamplefor thegivenproblemsize.

3.1.3 Logging Service

To track the performanceof the applicationdynamically, we implementeda distributed logging service. Scheduling
serversbasetheir decisions,in part,on performanceinformationthey receive from eachcomputationalclient. Before
the informationis discarded,it is forwardedto a loggingserver so that it canbe recorded.Having a separateservice
allowsusto limit andcontrolthestorageloadgeneratedby theapplication.

4 Results

To estimatethe performanceof the Ramsey NumberSearchapplication,we instrumentedeachclient to maintaina
runningcountof thecomputationaloperationsit performs.Thebulk of thework in eachof theheuristics(seeSection3)
are integer testandarithmeticinstructions. Sinceeachheuristichasan executionpro�le that dependslargely on the
point in the searchspacewhereit is searching,we wereunableto rely on static instructioncountestimates.Instead,
we insertedcountersinto eachclient afterevery integertestandarithmeticoperation.Sincetheratioof instrumentation
codeto computationalcodeis essentiallyone-to-one(oneintegerincrementfor everyintegeroperation)theperformance
estimateswe reportareconservative. Moreover, we do not includeany instrumentationinstructionsin the operation
countsnor do we count the instructionsin the client interfaceto EveryWare - only “useful” work deliveredto the
applicationis counted.Similarly, we includeall communicationdelaysincurredby theclientsin theelapsedtimings.
Thecomputationalrateswe reportincludeall of theoverheadsimposedby our softwarearchitectureandtheambient
loadingconditionsexperiencedby the programduring SC98. That is, all of the resultswe report in this sectionare
conservativeestimatesof thesustainedperformancedeliveredto theapplicationduringSC98.

4.1 SustainedExecutionPerformance

As a ComputationalGrid experiment,we wantedto determineif we couldobtainhigh applicationperformancelevels
from widely distributed,heavily used,andnon-dedicatedcomputationalresources.In Figure2, we show thesustained
executionperformanceof theentireapplicationduringthetwelve-hourperiodincludingandimmediatelyprecedingthe
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judgingof our High-PerformanceComputingChallengeat at SC98on November12, 19981. The �
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Program Performance
5 Minute Averages

0.00E+00

5.00E+08

1.00E+09

1.50E+09

2.00E+09

2.50E+09

3.00E+09

23
:3

6:
56

0:
36

:5
6

1:
36

:5
6

2:
36

:5
6

3:
36

:5
6

4:
36

:5
6

5:
36

:5
6

6:
36

:5
6

7:
36

:5
6

8:
36

:5
6

9:
36

:5
6

10
:3

6:
56

11
:3

6:
56

Time of Day

In
te

g
e
r 

O
p
s.

 P
e
r 

S
e
co

n
d

Figure2: SustainedApplication Performance

time of day, Paci�c StandardTime2, andthe � ���

�	��� shows the averagecomputationalrateover a � ve-minutetime
period. Thehighestratethat theapplicationwasableto sustainwas2.39billion integeroperationsbetween09:51and
09:56during a test an hour beforethe competition(right-handside of the graph). The judging for the competition
itself (which requireda “li ve” demonstration)beganat 11:00.As severalcompetingprojectswerebeingjudgedsimul-
taneously, andmany of our competitorswereusingthe sameresourceswe wereusing,the networks interlinking the
resourcessuddenlyexperienceda sharpload increase.Moreover, many of the competingprojectsrequireddedicated
accessfor their demonstration.Sincewe deliberatelydid not requestdedicatedaccess,our applicationsuddenlylost
computationalpower (asresourceswe claimedby otherapplications)asthecommunicationoverheadsrose(dueto in-
creasedcommunicationload).Thesustainedperformancedroppedto 1.1billion operationsasa result.Theapplication
wasableto adaptto theperformancelossandreorganizeitself sothatby 11:10(whenthedemonstrationactuallytook
place),thesustainedperformancehadclimbedto 2.0billion operationspersecond.

This performancepro�le clearly demonstratesthe potentialpower of ComputationalGrid computing. With non-
dedicatedaccess,underextremelyheavy loadconditions,theEveryWareapplicationwasableto sustainsupercomputer
performancelevels.

1Wedemonstratedthesystemfor a panelof judgesbetween11:00AM and11:30AM PST.
2SC98washeld in Orlando,Floridawhich is in theEasterntime zone. Our loggingandreportfacilities,primarily locatedat stablesiteson the

westcoast,usedPaci�c StandardTime. As such,we reportall time-of-dayvaluesin PST.
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4.2 PerformanceResponse

We alsowantedto measurethe smoothnessof the performanceresponsethe applicationwasableto obtain from the
ComputationalGrid. For theGrid visiontobeimplemented,anapplicationmustbeableto draw “power” uniformly from
theComputationalGrid asawholedespite�uctuationsandvariability in theperformanceof theconstituentresources.In
Figures3 and4 wecomparetheoverallperformanceresponseobtainedby theapplication(graph(c) in both�gures) with
theperformanceandresourceavailability providedby eachinfrastructure.Figure3 makesthis comparisonon a linear
scaleandFigure4 showsthesamedataonalog scalesothatthewiderangeof performancevariability maybeobserved.
In Figures3aand4awe detail thenumberof cycleswe wereableto successfullydeliver from eachGrid infrastructure
duringthetwelve hoursleadingup to thecompetition.Similarly, in Figure3b,we show thehostavailability from each
infrastructurefor the sametime period. Together, thesegraphsprovide insight into the diversityof the resourceswe
usedin theSC98experiment.

In Figure3c we reproduceFigure2 for thepurposeof comparison.Figure4c shows this samedataon a log scale.
By comparinggraphs(a) and(b) to (c) on eachscalewe exposethedegreeto which EveryWarewasableto realizethe
ComputationalGrid paradigm.Despite�uctuations in the deliverable performanceand host availability provided
by each infrastructur e, the application itself was able to draw power fr om the overall resource pool relatively
uniformly . As such,we believe theEveryWareexampleconstitutesthe�rst applicationto bewritten thatsuccessfully
demonstratesthepotentialof high-performanceComputationalGrid computing.It is the�rst trueGrid program.

5 Computational Grid ExperiencesUsingEveryWare

In this section,we describetheway in which we implementedtheRamsey NumberSearchapplicationusingdifferent
Grid computinginfrastructureswith EveryWareasa coordinatingtool. Our goal in usingtheseinfrastructureswasto
attemptto leveragethefunctionalityfrom eachthatwasmostusefulfor theapplication.In addition,we wishedto gain
programmingexperiencewith thesetechnologiesin a “li ve” Grid setting.

5.1 Unix

We developedthe referenceimplementationof EveryWareandthe Ramsey NumberSearchapplicationfor Unix and
Unix sockets. Our goal wasto targethigh-performanceresourceslocatedat the NSF Partnershipsfor Computational
Infrastructuresites. Whenwe begandevelopmentin the summerof 1998,theseresourceswereentirely Unix based.
By startingwith a Unix implementation,we believedthatwe would beableto leveragethegreatestnumberof systems
quickly. Ourplanwasto thenusethis implementationasthebasisfor theport to otherinfrastructuretypes.

To supportthisdevelopmentanddeploymentstrategy, theUnix implementationhadto beportableandunparameter-
izedby variablesfrom theexecutionenvironment.Portabilityensuredthatwewouldbeableto migratethefunctionality,
notonly betweenUnix systems,but to otherinfrastructuretypessuchasJavaandNT. Similarly, eachapplicationcompo-
nenthadto beself-con�guringsothatwecouldleverageasmany differentprocessinvocationmechanismsaspossible.

For portability, we identi�ed “basic” Unix functionality that we believed would be commonlysupportedby most
implementations.In particular, we relieduponcommonsemanticsfor

� thesocketsystemcallssend() ,recv() ,connect() , listen() ,bind() , andaccept() ,

� theselect() �le-descriptorsynchronizationcall, and

� thesetitimer() systemcall.

In addition,we assumedthattherewould besomepotentiallyvendor-speci�c way of obtainingclock readings(e.g.via
gettimeofday() ) with one-secondresolution.Conspicuouslyabsentfrom this list arethreadmanipulationcalls.All
of theapplication-speci�cservicesweresinglethreadedwhichcomplicatedtheir implementation,but greatlyenhanced
their portability. Similarly, we chosenot to rely uponthe fork() systemcall. While the semanticsof fork() are
universalwith respectto Unix implementations,wedid notbelievethatall of theexecutionenvironmentswouldsupport
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Figure3: SustainedProcessingRateby Infrastructure(a),HostCountby Infrastructure(b), andTotalSustainedRate(c)
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Figure 4: Log Scale: SustainedProcessingRateby Infrastructure(a), Host Count by Infrastructure(b), and Total
SustainedRate(c)
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fork() in thesameway. Thechief problemwe hadto overcomewasthat thesocket calls for TCP/IPcouldblock a
callingthreadof executioninde�nitely. Onthereceivingend,weusedtheselect() systemcall to portablyimplement
a receive with time-out. For sendingor connecting,however, we initially reliedupona forked“watchdog”processto
senda blocked sendera Unix signal after a time-out. This functionality was dif�cult to re-implementin non-Unix
basedenvironmentssuchasprovidedby LegionandJava. Instead,weusedtheself-alarmfunctionalityprovidedby the
setitimer() systemcall which, interestingly, turnedout to berelatively portable.

Processinvocationsemanticspresentedanotherimpedimentto portabilityandwidedeployment.Eachinfrastructure
exportedits own interfacefor launchingandterminatingprocesses.Theproblemwasparticularlycumbersomein batch
controlledenvironmentswheretheappropriateinvocationsemanticswereoftenuserandsitespeci�c. To gettheappro-
priatelevel of servicefrom someof thesesystems,ausermustspecifythecorrectaccountandtargetqueueinformation.
The GlobusGRAM [9] interfaceprovideda partial solution(seeSection5.2 for a discussionof our experienceusing
Globuswith EveryWare)but, in general,we wereunableto usea singlesetof semanticsin all environments.To min-
imize theproblem,all componentsreceivedany necessaryparametersvia messages.Whenany componentstarted,it
immediatelyattemptedto contactaschedulerrunningatawell-known locationto receivestart-upparametersandexecu-
tion instructions(seeSection3.1.1for details).As aresult,theapplicationdid notneedto rely on infrastructure-speci�c
parameter-passingmechanismsor shellenvironmentvariablesat start-up.

We alsousedtheGNU autoconf utility extensively. Header�le placementfor commonlibrary andsystemcall
packagesis oftenvendor-speci�c. While ourchoiceof systemcallswasrelatively universal,usingautoconf wewere
ableto achieve completesource-codeportability acrossall Unix platformsandbetweenUnix andNT via theCygWin
emulationenvironment(seeSection5.5for a descriptionof EveryWarefor NT).

5.2 Globus

The Globus Project is an on-goingresearcheffort to createan infrastructurethat allows aggregation of distributed
resourcesinto Grids.TheGlobusMetacomputingToolkit [9, 14] providesseveraluser-level facilitiesto build “Globus-
enabled”Grid applications.3

Eachcomponentof theGlobustoolkit maybeusedindependentlyof or in concertwith theotherservices.Figure5
illustratestheGlobusservicesusedby theRamsey NumberSearchapplication.Ourprincipaldesigngoalwasto enable
light switch functionality, which provides the notion of a single point of control for activating and deactivating the
Globus-enabledapplicationcomponents.The Ramsey NumberSearchapplicationusesthe processcontrol/creation
(via the Globus ResourceAllocation Manager),persistentstorage(via the Global Accessto SecondaryStorage),and
metacomputingdirectoryservicesfrom theGlobustoolkit. This light switchabstractionhidesmuchof thecomplexity
of theeachof thesecomponentsandtheunderlyingGlobusinfrastructure.

TheGlobusResourceAllocation Manager(GRAM) mechanismprovidesprocesscreationandcontrolcapabilities.
GRAM is a gatekeeperthat �rst createscerti�catesof authenticityfor eachuserthatenableaccessto remotecompute
resources.OnceprocessesareexecutingGRAM providestheuserwith meansto checkjob statuses,kill jobs,or read
outputfrom jobs.OurRamsey NumberapplicationusedtheGRAM interfaceto launchcomputationalclientsatvarious
sitesrunningGlobusgatekeepers.Oncetheclient wasstarted,outputandexit statuseswereirrelevant,sincetheclient
wasnotdesignedto run to completion.Essentially, theGRAM interfacewasbeingusedasaremoteprocessinvocation
mechanismin this application.

TheGlobalAccessto SecondaryStorage(GASS)interfaceallowsapplicationsaccessto commonpersistentstorage
areas.GASSserversessentiallyallow remoteprocesses(usingtheGASSclient utilities or library functions)to access
local �le systems.A GASSserver actsasa simple�le server by binding to a port andtransferring�les to or from its
local �le system,drivenby requestswhicharereceivedon thatportby remoteprocesses.

Wecon�guredaGASSserver (runningonawell-known host)to actasa repositoryfor pre-compiledcomputational
client binary imagesfor variousplatforms. Requestssentto gatekeeperswould thenreference�les in the repository,
ratherthan�les on the gatekeepers'local �le systems.Furthermore,we took advantageof the gatekeepersability to

3For clarity, theseservicesaredescribedhereasthey existedat thetime of our experiments.Globus is, by nature,a constantlychangingsystem.
Readersinterestedin changesthatmayhave occurredsinceSC98shouldreferto documentationandtechnicalpapersavailableat [14].
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Figure 5: RamseyNumber application on the Globus infrastructur e. Depictedis the relationshipbetweenthe
Ramsey NumberSearchapplicationcontrol site, the Grid resources,andthe Globussubsystemsused.The following
Globusmechanismsusedby theapplicationandEveryWaretoolkit areshown: GlobusResourceAllocation Manager
(GRAM) theGlobalAccessto SecondaryStorage(GASS),andtheMetacomputingDirectoryService(MDS).

substitutevaluesfor somepre-de�nedvariablenamesrepresentingthe executionplatform. This facilitatedplatform-
independentaccessto theGASSserver. By doing so,we usedthegatekeeperasa grapplinghookonto the machine,
automaticallyloadingtheappropriatebinarythroughGASS.

The Globus MetacomputingDirectory Service(MDS) [8] is basedon the Lightweight Directory AccessProtocol
(LDAP) [40]. It servesasa general-purposerepositoryfor informationaboutresourcesin theGlobustestbed.Among
otherdata,the MDS storesinformationaboutwhereeachgatekeeperis running,how to contactit (i.e. TCP/IPport
number),andhow many nodesarefreeon theresourceit manages.TheRamsey Numberapplicationusedthemetadata
storedin theMDS to performcrude,but effective,resourcediscovery. It queriedtheMDS for alist of potentialexecution
sitesand thenexerciseda relatively lightweight, authenticate-onlyoperationto determineif the application's useris
authenticandauthorizedto runremoteprocessesoneachgatekeeperthatis listed.At thesametime,theMDS metadata
speci�ed thearchitecturetypeof eachtargetmachineso thatanappropriateGRAM andGASSspeci�cationcouldbe
made.

5.3 Legion

Legion is an object-based,meta-systemssoftwareprojectat the Universityof Virginia [16, 22]. It implementsa dis-
tributedobjectmodelthat is scalable,easy-to-program,fault-tolerant,andsecure.Legion's object-orientedinvocation
semanticsmotivatedusto developa“stateless”applicationclientfor theRamsey NumberSearchapplication.Legionof-
fersboth“stateful” clientsin whichaspeci�edbackingstoreis usedfor storageof requiredinformation;and“stateless”
clients in which operationsareperformedandresultsreturnedindependentof prior executions.The advantagefrom
the application's perspective of a statelessclient is that Legion implementsautomaticresourcediscovery andprocess
migrationfor statelessobjects.

To testour ability to developapplication-speci�cservicesusingEveryWare,we alsoimplementedthe scheduling
andpersistentstateservicesusingLegion. Our goalwasto permit theLegion environmentto be partitionedfrom the
restof theEveryWareapplicationdynamicallyin theeventof anetwork connectivity failure.If wehadnot implemented
theRamsey NumberSearchservicesfor Legion, we would have hadto ensurethatanotherinfrastructurewasalways
connectedto thepoolof Legion resourcessothattheseservicescouldexecute.
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To communicatewith the other infrastructures,we implementeda translatorobject for the lingua franca. As an
alternative, we could have loadedeachLegion objectwith the lingua francalibrary, but we found that having a sin-
gle messagetranslatorgreatlyaidedthe debuggingprocess.In particular, it gave us a singlemonitoringpoint for all
messagesheadedto andfrom Legion applicationcomponents.If thetranslatorhadbecomea bottleneck,however, our
designwouldhavesupportedthealternativeapproach.

To constructthe translator, we implementedthe Legion versionsof the schedulerandpersistentstatemanageras
a singleobjectandcon�gured to be passive (to function uponrequest). The role of the translatorwas to invoke an
appropriateLegion methodbasedon messagereceipt. In effect, the translatorimplementedan event model for the
Legionapplicationcomponentsthatpermittedthemto respondto eventsthatoccurredin otherinfrastructures.

5.4 Condor

Condorprovidesreliableguestaccessto federatedworkstationresources[35, 5]. Thegoalof theCondorsystemis to
supporthigh-throughputcomputing[2] by consumingotherwiseidle CPUcyclesfrom aworkstationpool. Workstation
ownersallow Condorto monitor keyboardandprocessactivity to determinewhena workstationbecomesidle. Idle
workstationsmaybeclaimedby Condorandusedto run guestprocesses.Whenworkstationactivity indicatesthat the
resourceis beingreclaimedby its owner, theguestprocessis eithercheckpointedandmigratedto a workstationof the
sametype,or killed.

For theEveryWareexperiment,we useda heterogenouscollectionof Condor-managedworkstations.Sincethemi-
grationfacilitiescouldnot moveprogramstatebetweenpoolsof differentresourcetypes,we choseto usethe“vanilla”
Condoruniverse[5] for theRamsey NumberSearchapplication.In thevanillauniverse,guestjobsareterminatedwith-
outwarningwhena resourceis reclaimedby its owner. Applicationclients,therefore,checkpointedtheir persistentand
volatile-but-replicatedstatethroughtheEveryWareGossipmechanisms.SincetheEveryWareschedulersarestateless,
they werealsoexecutedwithin theCondorpool. Whenaschedulerwaskilled by Condor, its clientscouldautomatically
switch to anotherviable scheduler. Schedulerbirth anddeathinformationwascirculatedvia the Gossipprotocolso
applicationclientscouldlearnof thecurrentlyviableschedulers.

In practice,the overheadassociatedmanagingthe location transparency of rapidly moving (birthing and dying)
schedulersprovedprohibitive. Sinceclientsrequestschedulingservice,they couldonly learnof serverdeathat thetime
whenthey attemptto make contact.In this dynamiccon�guration,clientsspentanappreciableamountof time simply
locatinga viable server. We, therefore,optedfor a morestablecon�guration in which the Condorapplicationclients
only contactedschedulersthat werelocatedoutsideof the Condorpools. Sinceschedulerfailure occurredmuchless
frequentlythanresourcereclamation,theoverallperformanceimproved.

5.5 NT and Win32

To leverageNT-basedsystemswe usedtheCygWin [6] compiler, emulationlibrary, andexecutionenvironment. The
referenceUnix implementationusedonly the most “vanilla” set of systemcalls possiblewhich were all supported
by the emulationlibrary. The overall effort requiredto completethe port of EveryWare to the Win32 systemwas
minimal,consistingof changesto include�les, theinclusionof a lessspeci�c randomnumbergenerationfunction,and
a staticde�nition of whereto direct error andlog output. By developinga port to NT, we wereableto leveragethe
NT Superclusterslocatedat NCSA andUCSD aswell asa variety of PC resourcesthat would have effectively been
unusableotherwise.

Executionon the NT Superclusterswasstraightforward, with the exceptionof the following minor issues.First,
eachof themachinesin theclusterhadto becon�guredto resolveDomainNameSystem(DNS)hostnames.Thiscon-
�guration changewasnecessaryto supportcommunicationbetweencomputationalclient processesandtheEveryWare
schedulers.Sinceno oneexpectedthattheNCSA Superclusterwould beusedin cooperationwith otherresources,the
ability to resolvehostnameswasnot a partof thedefault con�guration. NCSAsupportpersonnelquickly resolvedthis
con�gurationproblemfor usat SC98.

A moresubtlechallengewaspresentedby the batchschedulingsystemusedon the Superclusters,Local Sharing
Facility (LSF). To prevent a large set of new worker processesfrom presentinga excessive instantaneousload to a
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particularEveryWarescheduleruponstartup,we designedeachworker processto sleepfor a randomizedamountof
time beforesoliciting instructionsfrom the rest of the system. LSF seemedto interpret the lack of cpu usageby
assumingtheprocessis dead,reclaimingtheprocessorfor useby otherdistributedprocesses.Wereducedthesleeptime
duration,sacri�cing ourgoalof reducedschedulerload,in orderto effectively usetheSuperclusterprocessors.

5.6 Java

We implementeda lightweightversionof theapplicationin Java in orderto take advantageof theubiquity of Internet-
basedJava Virtual Machines.This choicewasmotivatedby the desireto allow any userconnectedto the Internetto
contributeprocessorcycleswithout downloadingandinstalling any oneexecutionenvironmentor porting the toolkit.
Using this framework, a usercan downloadan appletversionof the applicationand immediatelyparticipatein the
distributedexecution.

Java's portability and easeof usecomeswith considerabletradeoff in performance.The threadednatureof the
languagehowever, enabledusto overlapcomputationwith communication.In addition,we implementeda lightweight
versionof the Ramsey Searchheuristicswith limited graphicsto improve performance.Our resultsshow that the
appletversionof theRamsey applicationis still muchslower thanwhenusingtheotherframeworks,but theadditional
(otherwiseunused)cyclesstill aidcomputation.

Just-In-Time compilers[20, 34, 32], Java-to-C-codetranslators[27, 30], andotherJava research[21] offer hope
for improvedperformancefor futureEveryWareapplications.For example,duringSC98,aninterpretedversionof the
appleton a 300Mhz PentiumII performed111,616integeroperationspersecondon average;a JIT-compiledversion
performed12,109,720integeroperationspersecondon average.Even thoughtheJIT-compiledversionis still slower
thanmany of the other hostsfrom different frameworks in our study, asJava improvesin performance,it will be a
practicalandimportantgateway to theuseof idle cycles.

5.7 NetSolve

TheNetSolve [4] infrastructuredevelopedat theUniversityof Tennesseeprovidesbrokeredremoteprocedureinvoca-
tion servicein a distributedenvironment. Computationalserverscommunicatetheir capabilitiesto brokering agents.
Applicationclientsgainaccessto remoteservicesthrougha stronglytypedproceduralinterface.

At SC98,weusedNetSolveto testtheextensibilityof theEveryWareapproach.TheEveryWaredevelopmentteam4

hadextensive implementationexperiencewith all of the other infrastructureswe employed in the study. To test the
ability of EveryWareto leveragean infrastructurewe hadnot previously encountered,we appealedto the NetSolve
groupandaskedif they wouldbewilling to developanEveryWareimplementationof theRamsey NumberSearchcode
for NetSolve. Dr. HenriCasanovabasedhis implementationon theLegionversionsince,at thetimeof theexperiment,
theNetSolve invocationinterfacewasfunctional.

6 Futur e Work

TheEveryWareexperimentveri�ed animportantconjecture:thatprogramscanbewritten which realizetheComputa-
tional Grid paradigm.Our focusin thefuturewill betowardsdevelopingEveryWareasa programmingtool, andusing
it to enableGrid applicationprogramming.

While theRamsey NumberSearchapplicationwasaneffectivetestof theEveryWareandGrid computingconcepts,
it wasa dif�cult programto write. We, the applicationprogrammers,hadto designandimplementboth application
clients(performingtheactualcomputations)andtheapplication-speci�cservicesthatwererequiredfor robustnessand
adaptivity. The EveryWaretoolkit madesuchan implementationpossible,but not easy. Oneof our primary future
objectivesis to develop the softwarenecessaryto make EveryWarea useful tool for morethanthe dedicatedandthe
brave. In particular, we planto exploit commonalitiesin thevariousservicedesignsto provide anapplication-speci�c

4Themembersof theEveryWaredevelopmentteamaretheauthorsof this paper.
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serviceframework or template.Programmerscould theninstall control moduleswithin the framework that would be
automaticallyinvokedby eachserver.

We plan to study the applicability of EveryWareto a variety of Grid applications.We will continueto enhance
Ramsey NumberSearchapplication,both as a study of EveryWare and to improve the known boundsof classical
Ramsey numbers. Our experienceat SC98showed that to searchfor

�

� , we will needto parallelizesomeof the
individualheuristics,eachof whichwe will implementasa computationalclientwithin theapplication.As a result,we
will developwaysin which EveryWarecanbe usedto coupletightly synchronizedparallelcodesrunningon parallel
computerswith otherGrid applicationcomponents.

Wealsoplanto characterizetypesof applicationsthatcantakeadvantageof theGrid infrastructureusingtheEvery-
Waretoolkit. Two characteristicsdiscoveredduringourSC98experiencethatmayachieveimprovedperformanceusing
thisdevelopmentenvironmentareapplicationswith coupledmaster/slaveanddataparallelismandnon-trivial communi-
cationandsynchronizationrequirements.To determinetheperformancelevelsachievableusingtheEveryWaretoolkit
on suchapplications,we planto implementan imagereconstructiontool calledPositronEmissionTomography(PET)
andadataminingapplicationcalledNOW G-Net.

7 Conclusions

By leveraginga heterogeneouscollectionof Grid softwareandhardwareresources,dynamicallyforecastingfuturere-
sourceperformancelevels,andemploying relativelysimpledistributedstatemanagementtechniques,EveryWarehasen-
abledthe�rst applicationimplementationthatmeetstherequirementsfor ComputationalGrid computing.In [10](page
18) theauthorsdescribethecriteria that a ComputationalGrid mustful�ll asthe provision of pervasive, dependable,
consistent, andinexpensivecomputing.

� Pervasive- At SC98,wewereableto useEveryWareto executeahigh-performance,globallydistributedprogram
onmachinesrangingfrom theTeraMTA to a webbrowserlocatedin a campuscoffeeshopatUCSD.

� Dependable- TheRamsey NumberSearchapplicationrancontinuouslyfrom earlyJune,1998,until theHigh-
PerformanceComputingChallengeonNovember12,1998.

� Consistent - During the twelve hoursleadingup to the competitionitself, the applicationwas able to draw
uniformcomputepower from resourceswith widely varyingavailability andperformancepro�les.

� Inexpensive - All of the resourcesusedby the Ramsey NumberSearchapplicationwere non-dedicatedand
accessedvia a non-privilegeduserlogin.

To our knowledge,EveryWareis the�rst Grid softwareeffort thathasbeenableto successfullymeetthesecriteria,and
to demonstratethedegreeto which they aremetquantitatively.
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