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Abstract This chapterdescribeghe work donewithin the NSF-fundedGriPhyN project
in the areaof workflow management.The tamgetedworkflows are large both
in termsof the numberof tasksin a given workflow andin termsof the total
executiontime of the workflow, which cansometimese on the orderof days.
Theworkflowsrepresenthe computatiorthatneedgso be performedo analyze
large scientificdatasetproducedn high-enegy physics,gravitational physics,
andastronomy This chapterdiscussesssuesassociatedvith workflow man-
agemenin the Grid in generaland also provides a descriptionof the Pegasus
systemwhich cangeneratexecutablevorkflows.

Keywords: Workflow managementplanning, reliability, Grid-enabledscientific applica-
tions.

1. Introduction

As the compleity of Grid applicationgncreasesit becomegver moreim-
portantto provide a meansto manageapplicationcompositionandthe gen-
erationof executableapplicationworkflows. This chapterdescribeghe Gri-
PhyN project,which explores,amongothers,ssuesof workflow management
in Gridsin supportof large-scalescientificexperiments.

GriPhyN(Grid PhysicaNetwork[Grib]) is anNSF-fundedorojectthataims
to supportlarge-scaledatamanagemenin physicsexperimentssuchashigh-
enegy physics,astronomyand gravitational wave physicsin the wide area.
GriPhyNputsdatabothraw andderivedundertheumbrellaof Virtual Data. A
useror applicationcanaskfor avirtual dataproductusingapplication-specific
metadatavithout needingto know whetherthe datais availableon somestor
agesystenorif it mustto becomputed.To enablehecomputationthesystem
needgo have arecipe(possiblyin aform of aworkflow) thatdescribeshedata
products.



To satisfy the users request,GriPhyN will schedulethe necessarydata
movementsand computationgo producethe requestedesults. To perform
the scheduling resourceseedto be discovered,dataneedsto belocatedand
staged,andthe computationneedsto be scheduled.The choiceof particular
computationatesourcesand datastoragesystemswill dependon the overall
performanceandreliability of entire computation.GriPhyN usesthe Globus
Toolkit [GLO] asthebasicGrid infrastructureandbuilds ontop of it high-level
serviceghatcansupportvirtual datarequestsTheseservicesncluderequest
planning,requestexecution,replicaselection,workflow generationand oth-
ers.

Thefollowing sectiondescribesheworkflow generatiorprocessn general,
startingfrom the applicationlevel, which containsapplicationcomponente-
scriptions,down to the executionlevel, wherethe refinedworkflow is ready
for execution. Section3 providesa brief overvien of the issuesinvolvedin
workflow managemenin the Grid in general.Particularaspectof the prob-
lem suchasworkflow performancendworkflow fault toleranceareaddressed.
Sectiord describeshe PegasugPlanningfor Executionin Grids)[DBG*03b]
framework thatwasdevelopedto provide an experimentalplatform for work-
flow managementesearch.Two specificconfigurationsof Pegasusare dis-
cussed.Thefirst takesa descriptionof the workflow in termsof logical file-
namesandlogical applicationcomponenhamesand producesan executable
workflow. The secondbuilds an executableworkflow basedon metadatahat
describeghe workflow at the applicationlevel, allowing scientiststo request
datain termsthat are scientifically meaningful. The chapterconcludeswith
relatedwork on thetopic andfutureresearctdirections.

2. Generating Application Workflows

Scientistsoften seekspecificdataproductsthat canbe obtainedby config-
uring availableapplicationcomponentsindexecutingthemon the Grid. As an
example,supposehat the users goalis to obtaina frequeng spectrumof a
signal S from instrumentY” andtime frame X, placingtheresultsin location
L. In addition,theuserwouldlike theresultsof ary intermediatdiltering steps
performedto be availablein location I, perhapgo checkthefilter resultsfor
unusuabhenomenar perhapgo extractsomesalientfeatureso the metadata
of thefinal results.The procesof mappingthis type of userrequesbntojobs
to be executedin a Grid ernvironmentcanbe decomposedhnto two steps,as
showvnin Figurel.l.

1 Generating an abstract workflow: Selectingandconfiguringapplica-
tion componentgo form an abstractworkflow. The applicationcom-
ponentsareselectedoy examiningthe specificatiorof their capabilities
andcheckingto seeif they cangenerateéhedesireddataproducts.They
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areconfiguredby assigningnputfilesthatexist or thatcanbegenerated
by otherapplicationcomponents.The abstractworkflow specifiesthe
orderin whichthe componentsnustbe executed.More specifically the
following stepsneedto be performed:

(a) Findwhichapplicationcomponentgeneratehedesireddataprod-
ucts,which in our exampleis a frequeny spectrumof the desired
characteristicsLet onesuchcomponenbe C',. Find whichinputs
that componenneeds checkif ary inputsareavailableandif so
let the correspondindiles be 7;...1;. If ary inputis requiredin
formatsthatarenotalreadyavailable,thenfind applicationcompo-
nentsthat canproducethat input, andlet onesuchcomponenbe
C,_1. Thisprocesssiterateduntil thedesiredresultcanbegener
atedfrom a compositionof available componentshatcanoperate
over availableinput data,namelyC,...C, and I;.. .1, respec-
tively.

(b) Formulatetheworkflow thatspecifieghe orderof executionof the
components’;...C,. Thisis whatwe call anabstract workflow
Pleasenotethatat this level the componentandfiles arereferred
to by their logical nameswhich uniquelyidentify the components
in termsof their functionality and the datafiles in termsof their
content.A singlelogicalnamecancorrespondo mary actualexe-
cutablesandphysicaldatafiles in differentlocations.

2 Generating a concrete workflow: Selectingspecificresourcesfiles,
andadditionaljobsrequiredo form aconcretevorkflow thatcanbeexe-
cutedin the Grid ervironment.In orderto generatea concreteworkflow
eachcomponentin the abstractworkflow is turnedinto an executable
job by specifyingthe locationsof the physicalfiles of the component
anddata,aswell astheresourcesssignedo the componenin the ex-
ecutionervironment. Additional jobs may be includedin the concrete
workflow, for example,jobs that transferfiles to the appropriatdoca-
tions whereresourcesare available to executethe applicationcompo-
nents.Specifically thefollowing stepsneedto be performed:

(a) Findthe physicallocations(i.e., physicalfiles) of eachcomponent
Cy...Cu: Cy-pf...Cyp-pf.

(b) CheckthecomputationatequirementsfC'y-pf...C),-pf andspec-
ify locationsL;...L, to executethemaccordingto the required
andavailableresources.

(c) Determinghephysicallocationsof theinputdatafilesf1-pf. .. I,,-
pf, andselectlocationsaremoreappropriategivenL;. .. L,.
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(d) Augmentthe workflow descriptionto include jobs K. .. K4,
to move componentndinput datafiles (C-pf...C,-pf and ;-
pf...1,-pf) totheappropriatdargetlocationsL;. .. L,.

Although Grid middlewareallows for discovery of the availableresourcesnd
of the locationsof the replicateddata,usersare currentlyresponsibldor car
rying out all of thesestepsmanually Thereareseveralimportantreasonghat
automatinghis processhot only desirablebut necessary:

= Usability: Usersarerequiredto have extensive knowledgeof the Grid
computingervironmentandits middlevarefunctions.For example,the
userneedsto understandiow to queryan informationservicesuchas
the Monitoring and Discovery Service(MDS) [CFFKO01], to find the
availableandappropriatecomputationatesource$or thecomputational
requirementsf acomponen{step2b). Theuseralsoneeddo querythe
ReplicaLocationService(RLS) [CDF*02] to find thephysicallocations
of thedata(step2c).

s Compl«ity: In additionto requiringscientistso becomeGrid-enabled
userstheproces®f workflow generatiormaybecomplex andtime con-
suming.Notethatin eachstepthe usermakeschoiceswhenalternatve
applicationcomponentsfiles, or locationsare available. The usermay
reacha deadendwhereno solutioncanbe found, which would require
backtrackingo undosomeprevious choice.Mary differentinterdepen-
denciegnayoccuramongcomponentsandasaresultit maybedifficult
to determinewhich choiceof componenaindor resourcdo changeand
whatwould be a betteroptionthatleadsto afeasiblesolution.

=  Solutioncost Lower costsolutionsare highly desirablein light of the
high costof someof thecomputationgndthe userslimitationsin terms
of resourceaccessBecausdinding ary feasiblesolutionis alreadytime
consumingusersareunlikely to explore alternative workflows thatmay
reduceexecutioncost.

»  Globalcost Becausenary usersarecompetingfor resourcesminimiz-
ing costwithin a communityor a virtual organization(VO) [FKTO01] is
desirable.This requiresreasoningaboutindividual userchoicesin light
of all otheruserchoices. It may be desirableto find possiblecommon
jobsthatcanbeincludedacrosauserworkflows andexecutedonly once.

While addressinghe first three points abore would enablewider accessibil-
ity of the Grid to users thelast point, minimizing global cost, simply cannot
be handledby individual usersandwill likely needto be addressedt the ar-
chitecturelevel. In addition,therearemary policiesthatlimit useraccesgo
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resourcesandthat needsto be takeninto accountto accommodatas mary
usersaspossibleasthey contendfor limited resources.

An additionalissueis the reliability of execution. Whenthe executionof
thejob fails, in today's Grid framework the recarery consistsof resubmitting
thatjob for executionon the sameresources(In Figurel.1 thisis showvn as
retry.) However, it is also desirableto be able to choosea different set of
resourcesvhentasksfail. This choiceneedsto be performedat the abstract
workflow level. Currently thereis no mechanisnfor opportunisticaly re-
runningtheremainingtasksin the workflow to adaptto the dynamicsituation
of theervironment.Moreover, if ary job fails repeatedlyit would be desirable
for the systemto assignan alternatve componento achieve the sameoverall
usergoals.This approachwould needto be performedat the applicationlevel
wherethereis anunderstandingf how differentapplicationcomponentselate
to eachother

3. Workflow Management Issues in Grids

Grid computinghastakengreatstridesin the last few years. The basic
mechanism$or accessingemoteresourcehiave beendevelopedaspartof the
Globus Toolkit and are now widely deployedandused. Among suchmech-
anismsare: Informationserviceswhich canbe usedto find the availablere-
sourcesand selectthe resourcesvhich are the most appropriatefor a task;
Securityservices,which allow usersand resourcedo mutually authenticate
andallow theresourcego authorizeusersbasedon local policies; Resource
managementyhich allows for the schedulingof jobson particularresources;
andDatamanagemergerviceswhichenableusersandapplicationgo manage
large, distributed,andreplicateddatasets.

With the useof the abore mechanismsynecanmanuallyfind out aboutthe
resourcesndschedulehe desiredcomputationsand datamovements.How-
ever, this processis time consumingand can potentially be complex. As a
result,it is becomingincreasinglynecessaryo develop higherlevel services
that can automatethe processand provide an adequatdevel of performance
andreliability. Amongsuchservicesareworkflow generatorswhich cancon-
struct concreteor abstractworkflows or both, and executors,which givena
concretewvorkflow executeit onthespecifiedGrid resources.

Whengeneratingvorkflows, onecantakeinto accountmetricssuchasthe
overall runtimeof the workflow, andthe probability that the workflow will be
executedsuccessfully An importantaspecibf obtainingdesiredresultsfrom
workflow executionis therelationshipbetweerworkflow generatoandwork-
flow executor In the following sectionwe explorethisinteraction.
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3.1 Planning for Optimal Performance

In this section,we focus on the behaior of a workflow generator(here
referredto astheplanner)andits interactionwith anexecutor suchasCondor
G/DAGMan [FTLTO1]. Therelationshipandinterfacesbetweenthe planner
andthe executorareimportantbothfrom the standpoinbf planningandfault
tolerance.For this discussionwe assumedhat multiple requestgo the system
arehandledndependently

Wefirst describewo waysthatthe procesof workflow generatiorandexe-
cutioncanvary, andusethemto characterizéhedifferentinteractiondetween
the plannerandexecutor Decisionsaboutthe workflow, suchasthe resource
on which to run a particulartask, canbe madewith referenceo information
aboutthe whole workflow or just the taskat hand. The formerwe referto as
a global decisionandthe latterasa local decision Typically, executorsmake
local decisionsabouttasks while someplanneramakeglobaldecisions Deci-
sionscanbe madeassoonaspossiblgearly) or justbeforethetaskis executed
(in-time). Typically, anexecutormakesary decisiongust beforetaskexecu-
tion. To reasonglobally, a plannerneedsto makedecisionsbeforeary tasks
areexecuted put they may berevisited neareithe executiontime.

Onecanimaginetwo extremesfor how work is dividedbetweertheplanner
and executor: on one hand,the plannercan makea fully detailedworkflow
basednthecurrentinformationaboutthesystenthatincludeswherethetasks
needto execute,the exactlocationfrom wherethe dataneedsto be accessed
for the computationgtc.,leaving very few decisionsto the executor We call
this approacHull-plan-ahead, andit canbe seento resultin anearly, global
decision-maker At the otherextreme,the plannercanleave mary decisions
up to theexecutor It can,for example,give the executora choiceof compute
platformsto use,achoiceof replicasto accessetc. At thetime the executoris
readyto performthe computatioror datamovementsthe executorcanconsult
the information servicesand makelocal decisions(herecalledin-time local
scheduling).

The benefitof the full-plan-aheadapproachs that the plannercanaim to
optimizethe plan basedon the entirestructureof the workflow. However, be-
causdheexecutionervironmentcanbevery dynamic,by thetime thetasksin
theworkflow arereadyto execute theervironmentmayhave changedomuch
thatthe executionis now far from the expectedperformanceAdditionally, the
datamaynolongerbeavailableatthelocationassumedby the plannerleading
to anexecution-timeerror. Clearly, if the plannerconstructdully instantiated
plans,it mustbeableto adapto thechangingconditionsandbeableto quickly
re-plan.

Faultsdueto thechangingervironmentarefar lesslikely to occurwhenthe
executoris given the freedomto makedecisionsasit processeshe abstract
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workflow, asin the in-time-schedulingapproach.At the time a taskis to be
scheduledthe executorcanusethe informationservicego find out aboutthe
stateof the resourcesindthe locationof the dataand makea locally optimal
decision.However, becaus¢heexecutordoesnot useglobalinformationabout
therequestjt canmakepotentiallyexpensve decisions.

Anotherapproachs in-time global scheduling Here,the plannerprovides
an abstractworkflow descriptionto the executor which in turn contactsthe
plannerwhenit is readyto scheduleataskandasksfor the executionlocation
for the task. The plannercan at that time makea decisionthat usesglobal
information aboutthe workflow. In the meantime the plannercan continu-
ally plan ahead,updatingits views of the stateof the Grid. If the resources
availableto the planneritself arenot ableto supportcontinuousplanning,the
plannercanrun periodicallyor atatime whenanew decisiorneedgo bemade.
Becauseéhe plannercan makedecisionseachtime a taskis scheduledit can
takemary factorsinto consideratiorandusethe mostup-to-dateinformation.
The dravback, however, is that the control may be too fine, and may result
in high communicatioroverheadsanda large amountof computationdueto
re-planning.

Clearly, thereis no singlebestsolutionfor all applicationssincetheseap-
proacheganhave very differentcharacteristics-or example,considera data-
intensive application,wherethe overall runtimeis driven by datamovement
costs,in which sometask A requiresfile A; asinput andproducesutputfile
B; thatis inputfor task B. If B canonly runin afew locationsandB; is large
relative to A;, thenalocal decision-makesuchasthein-time local scheduler
is likely to createavery poorplan,becausé will firstchoosealocationto run
A thatis closeto its requiredinput A;, without regardto the requiremento
thenmove the output B; to a locationwhere B canrun. Globalreasonings
requiredto find the bestworkflow.

To decideon the beststrateyy, however, we also needto talk abouthow
quickly the Grid ervironmentchanges.If the availability of the neededre-
sourceshangegjuickly enoughthatan early decisionfor whereto executeB
may be poor or invalid by thetime A completesandif B canrunatmary lo-
cationsor B; is relatively small,thenin-time local schedulingvould be better
thanfull-ahead-planning.f the domainchangegjuickly andrequiresglobal
schedulingthenin-time globalschedulings probablythe beststratayy. How-
ever, it is alsopossiblethat global schedulingtself will takesignificanttime
to completecomparedwith the savingsit produces.Soif the planningtime
is large comparedwvith the executionsavings, in-time local schedulingor full-
ahead-planningnay still be preferred. Similar agumentscan be madefor
compute-intensie applications.

Anotherfactorin workflow managemernis the useof resenationsfor vari-
ousresourcesuchascomputehosts storagesystemsandnetworks.As these
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technologiesadvance,we believe thatthe role of full-plan-aheadandin-time
globalschedulingsystemswill increase.

Up to now, we have considerednly the casewherethe workflow manage-
mentsystemhandlesonly onerequestt atime. The problembecomesnore
compl whenthe systemis requiredto find efficient workflows for multiple
requestandto accommodatearioususagepoliciesandcommunityanduser
priorities. In this case full-plan-aheadlannershave the the advantageof be-
ing ableto compareandin somecase®ptimizeend-to-endvorkflows (through
exhaustve search.)However, full-plan-aheadolannersstill facethe challenge
of needingto beableto reactto the changingsystenstate.

Thenatureof this problemseemso indicatethattheworkflow management
systemneedsto be flexible and adaptablan orderto accommodatearious
applicationsbehaior and systemconditions. Becausean understandingf
theapplications behaior is crucialto planningandschedulinghe execution,
applicationperformancanodelsarebecomingever morenecessary

3.2 Planning for Fault Tolerance

Performances not the solecriterion for workflow generation.Fault toler-
anceof theworkflow executionalsoneeddo beconsideredTheabstractvork-
flow generatocanconstructa few differentworkflows, allowing thelowerlev-
elsto decidewhich abstractwvorkflow to implement. For exampleonework-
flow canrely on datathat is available only from very unreliableresources,
whereasinothercanuseresourceshatareexpectedo bereliable.In thatcase,
the concreteworkflow generatomay decideto instantiatethe secondabstract
workflow.

Theconcretevorkflow generatoitself mayprovide multiple concretevork-
flows, leaving it up to the executorto choosebetweenthem, or allowing it
to executealternative workflows in casesof a failure of a particularconcrete
workflow. The generatomay also include “what if” scenariosn the con-
creteworkflows. The executorwould then executethe dependennodesin
the workflow basedon the succesor failure (or possiblysomeothermetric)
of the executionof the parentnodes. The generatorcan alsoinstantiatethe
abstractworkflow basedon the informationit hasaboutthe reliability of the
systemcomponents.To achiese this, monitoring of the behaior of various
systemcomponentsieedso be performed.This informationcanalsobe used
by the executor which canreplicatetasksif it is schedulingobs on compute
resourceviewedasunreliableor on computeresourcegonnectedyy a poorly
performingnetwork. The executionenvironmentitself canincorporatefault
tolerancemeasuresby checkpointingthe stateand providing restartcapabil-
ities. The executormay alsowantto adaptthe checkpointingnterval for the
jobsbasednwhichresourceshejob is running.
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So far we have discussedhe generalissuesin workflow managemenin
GriPhyN. In the following sectionswe focuson the first implementatiorof a
workflow generatiorsystem.

4. Pegasus-Planning for Execution in Grids

Pegasus which standsfor Planningfor Executionin Grids, wasdeveloped
atISl aspartof the GriPhyNproject.Pagasuds a configurablesystenthatcan
mapandexecutecomplex workflows onthe Grid. Currently Pegasuselieson
a full-ahead-plannindo mapthe workflows. As the systemevolves,we will
incorporatdn-time local schedulingandin-time globalschedulingaswell.

Pagasusandits concreteworkflow generatothasbeenintegratedwith the
GriPhyN Chimerasystem[FT02]. Chimeraprovides a catalogthat can be
usedto describea setof applicationcomponentandthentrack all the data
files producedby executingthoseapplications. Chimeracontainsthe mech-
anismto locatethe recipeto producea given logical file in the form of an
abstractworkflow. In the Chimera-dwen configuration,Peyasusrecevesan
abstracivorkflow (AW) descriptionfrom Chimera produces concretevork-
flow (CW), and submitsthe CW to CondorG/DAGMan for execution. The
workflows arerepresenteds DirectedAcyclic Graphs(DAGSs). The AW de-
scribesthe transformationsand datain termsof their logical names;it has
informationaboutall the jobsthatneedto be performedto materializethere-
quireddata.

The PagasusRequesManagersendsthis workflow to the Conciete Work-
flow Geneator (CWG.) The latter queriesthe Globus ReplicaLocation Ser
vice (RLS) to find the locationof the input files, as specifiedby their logical
filenamedn the DAG. TheRLS returnsalist of physicallocationsfor thefiles.

Theinformationaboutthe available datais then usedto optimizethe con-
creteworkflow from the point of view of Virtual Data. The optimizationis
performedby the Abstract DAG Reductioncomponentof Pegasus. If data
productsdescribedwithin the AW are foundto be alreadymaterialized,Pe-
gasugeuseghemandthusreduceghe compleity of the CW.

Thefollowing is anillustrationof thereductionalgorithm. Figurel.2showns
a simpleabstractvorkflow in which the logical componen€Extract is applied
to aninput file with a logical filenamef£'.a. Theresultingfiles, with logical
filenamesfF.b1 and F.b2, are usedasinputsto the componentsdentified by
logicalfilenamesResampl@andDecimaterespectiely. Finally, theresultsare
Concatenated

If we assumehat F.c2 is alreadyavailable on somestoragesystem(asin-
dicatedby the RLS), the CWG reducesthe workflow to three components,
namely Extract, Resampleand Concat It thenaddsthe transfernodesfor
transferringf.c2 and F.a from their currentlocations. It alsoaddstransfer
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Figure 1.2.  An exampleabstractorkflow.

Gridftp host://f.a ....lumpy.isi.edu/
nfs/temp/f.a

lumpy.isi.edu://usr/local/
bin/extract

Jet.caltech.edu://home/malcom/ O Data Transfer
resample -1 /home/malcolm/F.b1 Nodes

F.cl O
. Replica
F.c2 Catalog

Registration
Concat Nodes

Register /F.d at home/malcolm/f2

Figure 1.5. An examplereducedconcretenorkflow.

nodesbetweenjobs that will run on differentlocations. For example,if the
executabledor Resampleand Concatare availableat two differentlocations,
Fc.1will have to betransferred Finally, the CWG addsoutputtransfernodes
to stagedataout andregistrationnodesif the userrequestedhatthe resulting
databe publishedand madeavailable at a particularlocation. The concrete
workflow for this scenariois showvn in Figure 1.3. Oncethe workflow is in-
stantiatedn the form of a DAG, softwaresuchasDAGMan andCondorG is
usedto schedulghejobsdescribedn the nodesof the DAG ontothe specified
resourcesn their specifiedorder

In general,the reductioncomponentof Pegasusassumeghat it is more
costly to executea component(a job) thanto accesshe resultsof the com-
ponentif that datais available. For example,someotheruserin the VO may
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have alreadymaterializedpart of the entirerequireddataset. If this informa-
tion is publishedinto the RLS, then Pegasuscan utilize this knowledgeand
obtainthe datathusavoiding possiblecostly computations As aresult,some
componentshatappeain the abstracwvorkflow do not appeatn theconcrete
workflow.

During the reduction,the outputfiles of the jobs that do not needto be
executedare identified. Any antecedentsf the redundanfobs that do not
have ary unmaterializedlescendantareremoved. Thereductionalgorithmis
performeduntil no furthernodescanbereduced.

The CWG componenof Pegasusmapsthe remainingabstractworkflow
onto the available resources. Currently the information aboutthe available
resourcess staticallyconfigured.However, at this time, we areincorporating
the dynamicinformation provided by the Globus Monitoring and Discovery
Service(MDSZ2) into thedecision-makingrocess.

The CWG alsochecksfor the feasibility of the abstractworkflow. It de-
terminesthe root nodesfor the abstracwworkflow andqueriesthe RLS for the
existenceof the input files for thesecomponents.The workflow canonly be
executedif the input files for thesecomponentsanbe found to exist some-
wherein the Grid and are accessiblevia a datatransportprotocol, suchas
GridFTP[ABB*02]. The Transformaton Catalog [DKMO01] is queriedto
determinef the componentsare availablein the executionervironmentand
to identify their locations.The TransformatiorCatalogperformsthe mapping
betweera logical componenthameandthelocationof the correspondingxe-
cutableson specificcomputeresourcesThe TransformatiorCatalogcanalso
be usedto annotatethe componentswith the creationinformationaswell as
componenfperformancecharacteristics Currentlythe CWG picks a random
locationto executefrom amongthe possibldocationsidentifiedby the catalog.

Transferodesareaddedfor ary of thesefiles thatneedto be stagedn, so
that eachcomponentandits input files are at the samephysicallocation. If
theinputfiles arereplicatedat severallocations,the CWG currentlypicksthe
sourcelocationat random.

Finally transfernodesand registrationnodes,which publishthe resulting
dataproductsin the RLS, areaddedif the userrequestedhatall the databe
publishedandsentto a particularstoragdocation.

In orderto be ableto executetheworkflow, Pegasus'Submit-ile Geneator
generatesubmitfiles which aresubsequentlgentto DAGManfor execution.
Their executionstatuss thenmonitoredwithin Pegasus.

In the abstract-workflav-driven configuration,Pegasushasbeenshown to
be successfuin mappingworkflowsfor very comple applicationssuchasthe
SloanDigital Sky Survey [A+02] andthe CompactMuon Sourcg DBG*03a].
Pagasudook theabstractvorkflow with hundredof nodesjnstantiatedt, and
oversav its successfuexecutionon the Grid.
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Figure 1.4. Thestagesn theLIGO pulsarsearch.

4.1 Planning at the Level of Metadata

Pegasuscanalsobe configuredto generatea workflow from a metadatale-
scriptionof the desireddataproduct. This descriptionis application-specific
andis meaningfulto the domainexpert. This configurationof Pegasuswas
appliedto oneof the physicsprojectsthat are partof GriPhyN, the LaserIn-
terferometerGravitational-Wave Obsenatory, (LIGO [LIG, AT92, BW99]).
LIGO is a distributed network of interferometeravhosemissionis to detect
andmeasurgravitationalwavespredictedoy generarelativity, Einsteinsthe-
ory of gravity. Onewell-studiedsourceof gravitational wavesis the motion
of dense massve astrophysicabbjectssuchasneutronstarsor black holes.
Othersignalsmay comefrom supern@a explosions,quakesin neutronstars,
andpulsars.

LIGO scientisthave developedapplicationghatlook for gravitationalwaves
possiblyemittedby pulsars.Thecharacteristicef thesearctarethepositionin
the sky, frequeng rangeof the expectedsignal,andtime interval over which
to conductthe search.LIGO scientistswould like to makerequestdor data
usingjustsuchmetadata.

To supportthis type of requestthe pulsarapplicationis decomposedhto
several stageqeachan applicationin itself). Someof thesestagesnay con-
tain thousand®f independenapplications. The first stage(Figure 1.4) con-
sistsof extracting the gravitational wave channelfrom the raw data. Some
processingjearedowardsthe removal (cleaning)of certaininstrumentakig-
naturesalsoneedsto be doneat thattime. The pulsarsearchis conductedn
the frequeng domain;thus, Fourier Transforms,in particular Short Fourier
Transforms(SFTs),are performedon the long durationtime frames(second
stage).Sincethe pulsarsareexpectedto befoundin a smallfrequeng range,
thefrequeng interval of interestis extractedfrom the STFs(third stage).The
resultingpower spectraare usedto build the time-frequeng image,which is
analyzedfor the presenceof pulsarsignaturegfourth stage). If a candidate
signalwith a goodsignal-to-noiseatio is found, it is placedin LIGO’s event



14

databasdfinal stage). Eachof the stagesin this analysiscanbe described
uniquely by LIGO-specificmetadataasseenin Table1.1. For example,the
SFTis describedy thechannehameandthetime interval of interest. These
descriptionsneedto madeavailableto the workflow generatiorsystem here
Pagasuswhich translatesheminto abstracand/orconcretewvorkflows.

Stage Metadata
Extract | Channelhame time interval
SFT | Channelhame time interval
Frequeng ExtractedSFT | Channehame time intenal, frequeng band
PulsarSearch | Channehame timeintenal, frequeng band,locationin the sky

Table 1.1. MetadatadescribingheLIGO pulsarsearctstages.

4.2 Metadata-driven Pegasus

Givenattributessuchastime interval, frequeng of interest,locationin the
sky, etc., Pgasuswasconfiguredto supportthe LIGO pulsarsearch.Details
aboutthe searchcanbefoundin [D*02]. Pagasuss currentlyableto produce
ary virtual dataproductspresenin the LIGO pulsarsearch.Figurel.5showns
Payasusconfiguredfor suchasearch.

Pegasugeceiesthe metadatalescriptionfrom the user The Current State
Geneator queriesthe MetadataCatalog Service(MCS) [CT02], to perform
the mappingbetweenapplication-specifiattributesandlogical file namesof
existing dataproductg(step3 in Figurel.5). The MCS, developedat ISI, pro-
videsa mechanisnfor storingandaccessingnetadatawhich is information
thatdescribeslatafiles or dataitems. The MCS allows usergo querybasedn
attributesof dataratherthannamesof files containingthe data. In additionto
managinginformationaboutindividual logical files, the MCS providesman-
agemenbf logical collectionsof files andcontainerghat consistof smallfiles
thatarestored moved,andreplicatedtogether

The MCS cankeeptrack of metadatalescribingthelogical files suchas:

= Informationabouthow datafiles werecreatedbr modified,includingthe
creatoror modifier, the creationor modificationtime, whatexperimental
apparatusandinput conditionsproduceahefile, or whatsimulationor
analysissoftwarewas run on which computationakenginewith which
input parametersetc.



Workflow Management in GriPhyN 15

(1) Metadata Attributes T (18) Results
[
(3) Metadata Attributes
MCS @ List of Existing virual (2) Metadata
Ist of Existing Virtual Attrib
Data Products Matching ClchiSalch  Aubues Request Manager
the Request (LFNs) Generator (@) current
State
(5) Logical File Names
(LFNs) T
RLS
(6) Physical File Names
(PFNS) User's VO information (14) DAGMan files
Available Resources (S)M?Sﬁzﬁ /;tar:t;u\es‘
MDS 7
J (9) Concrete DAG (17) Monitoring
Abstract and
Concrete Workflow
Generator
106y vLx (9b) Derivations ‘m)gf\"GC’e‘e (13) DAGMan files
Chimera T P
Submit File DAGMan
VDL Generator Generator for Submission and P
- Condor-G Monitorin (
Transformation 9 \
T 11) Physical
Catalog ¢ T
T @ Ex‘ecuuon (15)DAG | (16) Log Flles
Environment Information pagasvs
Condor-G/
DAGMan

Figure 1.5. Pegasusconfiguredto performthe LIGO pulsarsearch,basedon application-
specificmetadata.

= A descriptionof what the datastoredin a file representfor example,
time seriesdatacollectedat a particularinstrument.

Oncethe metadatdor a productis specified, MCS determineghe corre-
spondingogical file anddetermineshe metadatandlogical filenamedor all
othersub-productghat canbe usedto generatehe dataproduct,andreturns
themto the CurrentStateGeneratoasshavn in Figure1.5. The CurrentState
Generatothenqueriesthe RLS to find the physicallocationsof the logical
files (step5). We arealsointerfacingthe CurrentStateGeneratoto MDS2
to find the available Grid resources.Currently this informationis statically
configured.The metadatandthe currentstateinformationarethenpassedo
the Abstractand ConceteWorkflow Geneator (ACWG).

Al-basedplanningtechnologiesare usedto constructboththe abstracand
concreteworkflows [BDG* 03, BDGKO03]. The Al-basedplanner modelsthe
applicationcomponentalongwith datatransferanddataregistrationasoper
ators. The parameter®f the planneroperatorsncludethe locationwherethe
componentanbe run. Someof the effects and preconditionsof the opera-
torscancapturethe dataproducedoy componentandtheirinput datadepen-
dencies. Stateinformation usedby the plannerincludesa descriptionof the
availableresourcesndthefiles alreadyregisteredin the RLS. Theinput goal
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descriptiorcaninclude(1) ametadatapecificatiorof theinformationtheuser
requiresandthe desiredocationfor the outputfile, (2) specificcomponents$o

berun, or (3) intermediatedataproducts. The plannergenerateshe concrete
workflow (in the form of a DAG) necessaryo satisfythe users request.The

plannertakesinto accounthe stateof the networkto comeup with anefficient

plan, andin somedomainsfinds an optimal plan using an exhaustve search
thatis madefeasibleby carefulpruning. This planneralsoreusesxisting data
productswhenapplicable.

The plan generatedpecifieshe sitesat which the job shouldbe executed
andrefersto the dataproductsin termsof metadata.This planis thenpassed
to the submitfile generatofor CondorG (step10). The submitfile generator
determinedirst thelogical namedor the dataproductsby queryingthe MCS
andthenthe physicalnamesby queryingthe RLS. In addition,it queriesthe
TransformatiorCatalogto getthecompletepathsfor thetransformationstthe
executionlocationsdescribedn the concreteDAG.

Payasusalsocontainsa Virtual DataLanguagegeneratothat canpopulate
the Chimeracatalogwith newly constructedlerivations(step9b). This infor-
mationcanbe usedlaterto obtain provenanceinformationaboutthe derived
dataproducts.

In this configuration Pegasussimilarly generateshe necessargubmitfiles
andsendghe concreteworkflow to DAGManfor execution(stepl5).

As aresultof executionof theworkflow, thenewly deriveddataproductsare
registerecbothin theMCS andRLS andthusaremadeavailableto subsequent
requests.

Themetadata-dvien Pagasusconfigurationthat supportedhe LIGO pulsar
searchwasfirst demonstratedt the SC 2002conferencéieldin Novemberin
Baltimore,MD. For thisdemonstrationihefollowing resourcesvereused:

s Caltech( PasadenaCA): Data StorageSystemsandthe LIGO Data
Analysis System(LDAS), which performedsomeof the stagesof the
LIGO analysisshovn in Figurel.4.

m |S| (Marinadel Regy, CA): CondorComputePools,Data StorageSys-
tems,ReplicaLocationServicesandMetadataCatalogServices.

= University of Wisconsin(Milwaukee,WI): CondorComputePoolsand
DataStorageSystems.

Therequestsor pulsarsearchegvereobtainedusinganautomaticqgenerator
that producedrequestsboth for approximatelyl300 known pulsarsas well
asfor randompoint-searchei the sky. A userwasalso ableto requesta
specificpulsarsearchby specifyingthe metadataf the requireddataproduct
througha web-basedsystem. Both the submissioninterfacesas well as all
the computeanddatamanagementesourcesvereGlobus GSI (Grid Security
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Infrastructure]WSF* 03] enabled Departmenbf Enegy ScienceGrid [Gria]
issuedx509 certificatesvereusedto authenticateo all theresources.

During thedemonstratioperiodandduringa subsequentun of thesystem,
approximately200 pulsar searchesvere conducted(both known as well as
random) generatingapproximatelyl000dataproductsinvolving around1500
datatransfers. The datausedfor this demonstratiorwas obtainedfrom the
first scientificrun of the LIGO instrument.Thetotal computetime takento do
thesesearchesvasapproximately100CPUhrs. All thegeneratedesultswere
transferredo theuserandregisteredn the RLS; themetadatdor the products
placedin the MCS aswell asinto LIGO’s own metadataatalog.Pegasusalso
generatedhe correspondingrovenanceinformation using the Virtual Data
Languageandusedit to populatein the ChimeraVirtual DataCatalog.

Thejob executionwasmonitoredby two meansFor eachDAG, a startand
endjob wasaddedwhich loggedthe starttime andthe endtime for the DAG
into aMySQL databaseThis informationwasthenpublishedvia awebinter-
face. Anotherscript-basednonitor parsedthe Condorlog files at the submit
hostto determinghestateof theexecutionandpublishedhisinformationonto
theweh

5. Related Work

In the areaof Al planningtechniquesthe focusis on choosinga set of
actionsto achieve givengoals,andon schedulingechnigueghatfocuson as-
signingresourcesor analreadychosersetof actions.Somerecentapproaches
in schedulinghave hadsuccessisingiterative refinementechnique$¢SL94]in
which a feasibleassignmenis graduallyimproved throughsuccessie modifi-
cations.The sameapproacthasbeenappliedin planningandis well suitedto
ACWG,whereplanqualityis importantfAK97]. Somework hasbeendoneon
integratingplanningandschedulingechniqueso solve thejoint task[M+01].

Centralto schedulinglarge complex workflows is the issueof dataplace-
ment,especiallywhenthe datasetsinvolvedarevery large. In CWG, we give
preferenceo the resourcesvherethe input datasetis alreadypresent.Ran-
ganatharandFoster in [RF02a,RF02b]andChapter??, studythe datain the
Grid asatieredsystemandusedynamicreplicationstrateiesto improve data
accessandachiere significantperformancemprovementwhenschedulings
performedaccordingo dataavailability while alsousingadynamicreplication
strateyy.

While runninga workflow on the Grid makesit possibleto performlarge
computationghat would not be possibleon a singlesystem|t leadsto a cer
tain lossof controlover the executionof the jobs,asthey maybe executedin
differentadministratve domains. To counterthis, thereareothersystemsry
to provide Quality of Serviceguaranteesequiredby theuserwhile submitting
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the workflow to the Grid. Nimrod-G [ABG02, BAG0O0] usesthe information
from the MDS to determinethe resourcethat is selectedto meetthe budget
constraintspecifiedby the user while Keyani et al. [KSW02] monitorsa job
progressover time to ensurethat guaranteesre beingmet. If a guarantees
notbeingmet,schedulesirerecalculated.

Eachof the systemsmentionedabore arerigid becausehey usea fixed
setof optimizationcriteria. In GriPhyN we are developing a framework for
a flexible systemthat can map from the abstractworkflow descriptionto its
concretdform andcandynamicallychangehe optimizationcriteria.

6. Future Directions

Theeffortsin workflow planningpresenteéh thischapteday thefoundation
for mary interestingresearctavenues.

As mentionedn Section3.2,faulttolerancdas animportantissuein the Grid
environment,whereruntimefailuresmay resultin the needto repairthe plan
during its execution. The future work within Pegasusmay include planning
stratgjiesthatwill designplansto eitherreducetherisk of executionfailure or
to be sahageablevhenfailurestakeplace.CurrentAl-basedplannersanex-
plicitly reasorabouttherisksduring planningandsearchindor reliableplans,
possiblyincluding conditionalbranchesn their execution.Someplannersde-
lay building partsof the plan until execution,in orderto maintaina lower
commitmentto certainactionsuntil key informationbecomesvailable.

Anotherareaof futureresearchs the explorationof theuseof ontologiesto
providerich descriptionf Grid resourcesndapplicationcomponentsThese
canthenbe usedby the workflow generatorto bettermatchthe application
componentso theavailableresources.
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