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Abstract. Work ows are consideed to be one of the mostrelevant programmingmodelsfor the
Grid. In the pastmanywork ow languageshavebeendeveloped.However, mostof themare textual-

oriented,are basedon a self-de nednotation,or lack an adequateool-support.Theefore, thereis a

needfor streamliningthetaskof Grid worklow speci cation. In this paperwe presentour graphical
editor Teuta,which we havetailoredfor the speci cationof scienti ¢ Grid work ows. Moreover, we
haveintegrated Teutawith the AskalonGrid Environment(AGE). Teuta servesfor AGE as a user
interfacefor work ow compositionsubmissiongontrolling and monitoring In addition, we present
our DomainSpeci c Languae (DSL)for Grid work ows that is basedon the lateststandad of the
Uni ed ModelingLanguage (UML). In Teuta,the work ow is composedyraphically by combining
prede nedelementf our DSL in a hierarchical fashion. We haveevaluatedour approad for a

real-world material scienceprogram padkage. We showthat thanksto the hierarchical work ow

compositiora simpleview of thework ow is maintainedat ead level of abstraction.

1. Intr oduction

In the recentyearswork o ws have establishedhemselfas one of the mostrelevant programming
modelsfor the Grid. A signi cant researcleffort hasbeeninvolvedin the developmentof work ow
languagedor the Grid. However, thereis alack of a standardsetof abstractiongor Grid work ow
speci cation,andvirtually everyresearclprojectis de ning andusingadifferentwork o w language.
Most of theexistingwork o w languagesiretextual-orientedarebasedn a self-de nednotation,or
lack an adequatdool-support. Much remainsto be doneto streamlinethe task of Grid work ow
speci cation. This is of paramounimportancefor a typical Grid user who is primarily interested
on solving the problemsin his domainof interest(for instancephysics),andis lessinterestedor
spendinchis time by dealingwith intricaciesof the Grid ervironment.

In this paperwe presenbur graphicaleditor Teuta,which we have customizedor the speci cation
of scienti ¢ Grid work o ws andintegratedwith the AskalonGrid Environment(AGE) [7]. Within
thecontet of AGE, Teutais usedfor work o w compositionsubmissiongontrollingandmonitoring.
In addition,we presentour Domain Speci ¢ LanguaggDSL) for Grid work o ws thatis basedon
UML 2.0[13]. Thebene tsof de nition of a DSL for the domainof Grid work o ws include: (1)
the useris exposedto only domain-relgant UML modeling elements,(2) the languageconcepts
have domain-speci cinterpretation,and (3) modelsmay be enrichedwith informationthatis used
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by tools for automaticmodel transformation. In Teuta,the work ow is composedyraphically by
combining prede ned elementsof our DSL in a hierarchicalmanner Thanksto the hierarchical
work o w compositiona simpleview of thework o w is maintainecat eachlevel of abstractionThis
is demonstratefbr areal-world materialscienceprogrampackagen Section5.

Themain contributionsof this paperinclude: (1) de nition of aUML basedDSL for scienti ¢ Grid
work o ws; (2) extensionof Teutafor thespeci cationof scienti ¢ Grid work o ws;and(3) integration
of Teutawith AGE.

The restof this paper rst discusseselatedwork in Section2., andthen Section3. describesour
approachto UML basedspeci cationof Grid work ows. Section4. describeur implementation.
Section5. describeshow we evaluatedour approach. Section6. presentsour conclusionsand de-
scribeghe futurework.

2. RelatedWork

Most of the existing relatedwork include work ow languageghat are basedon XML, suchas
AGWL [6], Grid Work ow [2], GridAnt [12], GSFL[11], and QoWL [3]. However, typing XML
codein orderto specifythewok o w hasbeenprovedasanerrorproneandtime-consumindask.

Insteadof using a standardvisual modelinglanguagesuchas UML [13], mary work ow speci -
cationtools introducetheir own graphicalnotation. A major dravback of this approachis thata
work ow speci cationtool thatis basedon a self-de ned notationenforcesthe userto learna new
languageprior to the useof tool. For instance,Triana [4] supportsthe graphicalrepresentatiorof
work ows basedon a self-de ned notation. Furthermore the graphicalnotationof Trianais not
capableof expressingseveralrelevantwork o w patterngsuchasParallelForEad). For instancead-
vancedconcurreng cannotbe explicitly expressedecaus®f thelack of supportfor synchronization
conditions.

In contrasto themostof existingwork [15], Teutasupportgyraphicawork o w compositiorbasedn
thelateststandardJML 2.0[13]. Furthermoreit providesasetof prede nedabstractionspeci cally
tailoredfor Grid work o w speci cation(seeFigure5 in Section3.2.). Teutacanmodelgraphically
ary Grid work ow applicationthat can be expressedextually using AGWL [6]. Moreover, Teuta
hasbeenintegratedwith AskalonGrid ervironment[5], andsenesasa userinterfacefor work ow
composition submissiongontrollingandmonitoring. The advantageof this approachs thatthe user
dealswith asingleinterfaceduringthe whole work o w life-cycle. Therefore the userdoesnot have
to usemultiple tools,eachwith a differentkind of interface,for usingthe Grid.

3. UML BasedSpeci cation of Grid Work o ws

In this section, rst, we describethe UML actvity diagrams. Thereafter basedon UML actwvity
diagramswve de ne aDomainSpeci ¢c Languagé€DSL) for Grid work o ws, by usingUML extension
mechanism§l3].

3.1. UML Activity Diagrams

In this sectionwe brie y describea subsetof elementsof UML 2.0 activity diagrams[13], thatis
relevantfor understandinghe work presentedn this paper UML 2.0 actvity diagramsaresuitable



for ow modelingof varioustypesof softwareor hardwaresystems Hierarchicalcapabilitiesof the
UML actvity diagramsupportmodelingof systemsat arbitrarylevels of detailandcomplexity. For
instance,it is possibleto group a setof actvities with the correspondingo w into a higherlevel
actiity with awell de ned inputandoutput(seeFigurel).

An activity is a o w graph,which consistsof a setof nodesinterconnectedby directededges (see
Figure1l). Therearethreetypesof nodes:action nodes,control nodes,and objectnodes. Action
nodesarebasicunits of the behaior speci cation. Actions may containpins, which representnput
andoutput(seeFigurel(a)). Actionsprocessnputedcontrolanddatavalues,andoutputcontroland
datato otheractionnodes. A CallAction may invoke anotheractiity. A CallAction is graphically
representedsanactionwith aspeci c symbolin the lower-right corner(seeFigurel(b)).

Figurel shows aninstanceof hierarchicaimodelingby usingCallActions. The behaior of CallAc-
tion Activitylin Figure1(b)is re ned by actvity Activitylin Figurel(c). This processf behaior

re nementmaybefurthercontinued;for instancepy re ning the behaior of CallAction Activity2in
Figurel(c). In thismanneyit is possibleto representtmodelat anarbitrarylevel of detail.
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(a) Action (b) CallAction (c) Activity
Figure 1. Hierar chical modeling with actionsand activities.
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Contmol nodessteerthe controlanddataalongthe o w graph.Semanticof InitiaINode, DecisionN-
ode,MergeNode,ForkNode,and JoinNodeare intuitively clear(seeFigure2). Therefore we only
clarify thedifferencebetweerr-lowFinalandActivityFinal controlnodes A FlowFinalnodeindicates
theendof a o w, whereaghe ActivityFinal nodeterminategshewhole actwvity.
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InitialNode DecisionNode MergeNode ForkNode JoinNode FlowFinal ActivityFinal
Figure2. Control nodes.

An edgeof actvity diagramindicateseithercontrol o w or object o w (seeFigure3). A control
ow edgespeci esthe precedenceelationshipbetweenwo interconnectethodes(seeFigure3(a)).
Objectnodescontainthe datathat o ws throughthe graph(seeFigure 3(a)). An object ow edge
speci esthe o w of objectsalonginterconnecte@ctionnodes(seeFigure3(c)).

Theinterestedeademay nd thecompletedescriptionfor all UML modelingelementsn the UML
speci cation[13].



Action2 } name [ Actionl ]% data %[ Action2 }

@) (b) (€)
Figure 3. Control and data o w. (a) Speci cation of the action executionprecedence(b) Object node notation. (c)
The useof an object nodefor data o w representation.

3.2. De nition of a Domain Speci c Language(DSL) for Grid Work o ws

While UML speci cation[13] providesalargesetof modelingelementsor modelingof varioustypes
of softwareandhardwaresystemspnly arelatively smallsubsebf modelingelementss requiredfor
modelingGrid work o ws. We have identi ed asubsebf UML modelingelementghatis relevantfor
modelingGrid work ows, andbrie y presentedt in Section3.1.

In orderto make possiblethe modelingof differenttypesof systemsUML modelingelementsare
de nedin UML speci cationin anabstracimannerwithout conceptuatonnectionwith a particular
domain. For this reason,UML speci cation de nes the mechanismgor specializingsemanticof

modelingelementdor a particulardomain.We have de ned a DomainSpeci c Languae (DSL)for

Grid work o ws by usingthe UML extensionmechanismsThe UML may be extendedby de ning

nenv modelingelementsstereotypesbasedon existing elementspaseclasseqi.e. metaclasses)A

stereotypes de ned asa subclasof an existing UML metaclasswith the associatedagged values
(i.e. metaattrilntes)and constaints. Stereotypesre notatedby the stereotypenameenclosedn

guillemets«StereotypeName»sgr by a graphicicon. Taggedvaluesare name-walue pairs, suchas
type= FFT (seeFigure4(b)).

Thebene tsof de nition of aDSL for thedomainof Grid work o wsinclude: (i) the useris exposed
to only domain-releant UML modelingelements(ii) the languageconceptshave domain-speci ¢
interpretationand(iii) modelsmay be enrichedwith informationthatis usedby tools for automatic
model transformation(for instanceto XML) or model processingfor instancefor the purposeof

performanceprediction).
«metaclass» «stereotype» «GridAction»
Action < GridAction SampleAction

type:String _
o {type = FFT,
gos:String gos = ExecTime &lt; 100}

(a) De nition (b) Usage
Figure4. The de nition and the usageof stereotypeGrid Action.

Figure4 depictsaninstanceof the procedurdor de ning element®f our DSL for thedomainof Grid
work ows. The DSL modelingelementGrid Adion is de ned by stereotypinghe baseclassAdion
(seeFigure4(a)). Thetaggedvaluetypespeci esthekind of instance®f stereotypesrid Action (for
instanceFastFourier Transform(FFT)); the taggedvalueqos may be usedto specifythe Quality of
Service(for instanceexecutiontime shouldbe lessthan 100 time units). The graphicalnotationof
stereotypesridAcion is illustratedwith anexamplein Figure4(b). Elementsof our Grid work o w
DSL arepresentedh Figureb.



Stereotype Base Class Tags Constraints Description
GridAction Action type:String N/A Indicates that the Action represents
«Gi dAct i on» qos:String a fundamental unit of Grid
) workload.
GridSequence SequenceNode  gos:String N/A Indicates that the SequenceNode
«Gri dSequence» represents a series of Grid actions
that are executed sequentially.
IfThenElse ConditionalNode condition:Boolean N/A Indicates that the ConditionalNode
| f ThenEl se Qtpi represents a co_nd?tional execution
« i qos:String of Grid actions in 'if-then-else’
fashion.
Switch ConditionalNode caseValue:Integer N/A Indicates that the ConditionalNode
Swi t ch Gty represents a conditional execution
« i gos:String of Grid actions in 'switch' fashion.
While LoopNode condition:Boolean  N/A Indicates that the LoopNode
«Whi | e» 0s:Strin represents a ‘while' loop. The loop
qos: 9 body is executed zero or more
times.
DoWhile LoopNode condition:Boolean N/A Indicates that the LoopNode
«DoWhi | e» qos:String represents a 'do-while' loop. The
’ loop body is executed one or more
times.
For LoopNode from:Integer, N/A Indicates that the LoopNode
«FOr » to:Integer, represents a ‘for' loop.
stride:Integer,
gos:String
ForEach ExpansionRegion qos:String N/A Indicates that the ExpansionRegion
«For Each» represents a loop that iterates over
elements of a data collection in
sequential fashion.
Parallel StructuredActivity qos:String N/A Indicates that the
«Paral | el » Node StructuredActivityNode represents
a group of Grid actions that are
executed in parallel.
ParallelFor StructuredActivity from:Integer, N/A Indicates that the ExpansionRegion
«Paral | el For» Node to:Integer, represents a 'for' loop whose
stride:Integer, iterations are executed
gos:String simultaneously).
ParallelForEach ExpansionRegion qos:String N/A Indicates that the ExpansionRegion
«Par al | el For Each» represents a loop that iterates over
elements of a data collection in
parallel fashion (i.e. loop iterations
are executed simultaneously).
CallWorkflow CallAction gos:String N/A Indicates that the CallAction

«Cal | Wor kf | ow»

represents invokation of the
specified workflow.

4. Teuta

5

Figure5. Elementsof the Grid work o w DSL. The rst column showsthe elementname (for instanceGridAction)

and the correspondingnotation («GridAction») for newly de ned elements. The namesof UML elementsthat
selve asbaseclassedor customizationare shown in the secondcolumn. The third and the fourth column show tags
and constraints. The rightmost column providesdescriptionsfor DSL elements.

In thissectionwe outlinethearchitecturef Teuta,andbrie y describeéheAskalonGrid Environment
(AGE)[5]. In addition,we introducethe AbstractGrid Work o w Languagd AGWL) [6], thatis used
for thecommunicatiorbetweenTeutaandAGE.

Teutais a platformindependenUML editor. On theleft-handsideof Figure6 is depictedthe archi-
tectureof Teuta. Teutacompriseghreemain componentsGraphicalUser Interface(GUI), Model



Teuta Askalon Grid Environment

(Askalon Grid Workflow Manager) (AGE)
Model Model Web Services
Traverser Checker
Workflow Meta Performance || Performance
j: $ Executor Scheduler Estimator Analyser

Graphical User Interface AGWL Resource Resource Information
Menu Model > (XML) Broker Monitor Service

Tree

Code ]:

Toolbar

Editor Grid Infrastructure
Drawing Elemept Jc_)b ) File D|scqvery & Security
Space Properties Submission Transfer Monitoring

Figure 6. The architecture of Teuta and Askalon Grid Environment (AGE). Teuta and AGE communicate via
AGWL. Teutaactsasan Askalon Grid Work o w Manager in conjuction with AGE.

TraverserandModel Checler.

TeutaGUI includesthe following componentsMeny Toolbar, Drawing Space Model Treg Code
Editor, andElemenProperties Weillustratethe GUI of Teutawith example<f real-world work o ws
in SectionbS.

The Model Traverser providesthe possibility to walk programaticallythroughthe model, visit each
modelingelement,andaccessts propertieqfor instanceelementame). Figure 7 shovs the UML
communicatiordiagramof the modeltraversingprocedure Model traversinginvolvesthreeentities:
the Traverser, the Navigatorandthe ContentHandler During the modeltraversingprocedure,rst,
theTraversersendghenavigationcommando theNavigator Then,theTraveiserobtainghecurrent
elemenfrom the Navigator. Finally, the Traverserasksthe ContentHandleto procesghe element

ContentHandler

* 3: process element()

1:navigation command() —pm» .
Traverser | | Navigator

2: element:= current element() —p»

Figure 7. The UML communicationdiagram of Teutamodeltraverser.

We usethe modeltraversingfor the generationof variousmodel representationsfor instance,an
XML representatiosenesasinput for Askalon Grid Environment(seeFigure6). The Navigator,
the Traverser, and the ContentHandlerare independentf eachotherin the sensethat they only
communicatevia well-de ned interfaces(seeFigure 7). Therefore,eachimplementatiorof one of
thesecomponentsan be combinedwith ary implementationof the othertwo components.Teuta
provides the necessarynterfacesand baseclassesand default implementationsof the Navigator,
Traverser and ContentHandler Commonly the extensionof Teutafor the generatiorof a speci ¢
modelrepresentatiomvolvesonly aspeci ¢ implementatiorof the ContentHandleinterface.

TheModelCheder is responsibldor the correctnessf themodel. Therulesfor modelcheckingare
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speci ed by usingour XML basedViodel CheckingLanguagegMCL). The modelchecler getsthe
modeldescriptionfrom anMCL le. ThisMCL le containsalist of availablediagramsmodeling
elementandthesetof rulesthatde neshow theelementsnaybeinterconnectedBasedonthe UML
RuleSetthemodelchecler veri es whetherthe modelconformsto the UML speci cation.

4.1. Askalon Grid Environment (AGE)

AGE[5] is depictedon theright-handsideof Figure6. AGE comprises setof suitablewebservices
for performanceorientedexecutionof scienti ¢ grid work o ws. AGE servicesaredevelopedbased
on a Grid infrastructuee, thatis implementedy Globustoolkit [9]. Globustoolkit providessupport
for job submission le transfer resourcediscovery andmonitoring andsecurity In whatfollows,

AGE servicesarebrie y described.

Work ow Executorprovidessupportfor deployment,activation,andfault tolerantcompletionof ac-
tivities on remoteGrid sites. Meta Sthedulermapswork o w applicationsonto Grid resourcesPer-
formanceEstimator predictsapproximatelythe executiontime of computationakctiities andthe
datatransfertime. In addition, this serviceestimateghe availability of Grid resourcedasedon
historicaldata. PerformanceAnalyserprovidessupportfor automaticinstrumentationperformance
measuremengndbottelneckdetectionof Grid work o ws. Resouce Broker negotiatesandresenes
requiredGrid resourcedor the work ow execution. Resouce Monitor supportsthe monitoring of
Grid resources.Information Serviceprovides supportfor discovery, organization,andmaintenance
of resourceandapplication-speci dnformation.

4.2. Abstract Grid Work o w Language(AGWL)

AGWL [6] is an XML-basedlanguagefor describingGrid work o w applicationsat a high level of
abstraction.AGWL allows a programmelto de ne a o w of actwvities that referto computational
tasksor userinteractions.Activities areconnectedy controlanddata o w ports. A rich setof con-
structsis providedto simplify the speci cationof Grid work o w applicationgsuchas<sequence>,
<if>, <switch>,<while>, <dowhile>, <for>, <forEach><dag>,<parallel>, <parallelfor> and<par
allelForEach>). A detaileddescriptionof AGWL is out of the scopeof this paper thereforethe
interestedeadelis referredto [6, 8] for moreinformation.

Teutaand AGE communicatevia AGWL (seeFigure6). Basedon the UML representatiof the
work ow thatis speci ed by the user Teutaautomaticallygenerateshe correspondindAGW.L rep-
resentationAGE takesasinput AGWL representationf thework o w.

5. CaseStudy: WIEN2K Grid Work o w

Wien2K [14] — developedat the ViennaUniversity of Technology- is a programpackagefor per

forming electronicstructurecalculationsof solidsusingthe densityfunctionaltheory Wien2K has
beendeployedin AustrianGrid [1]. In this sectionwe describeheworklow compositionof Wien2K
with Teuta,and presentthe performanceesultsof Wien2K for variousproblemsizesand various
numberof AustrianGrid sites.

The programswhich composethe Wien2k packageare organizedin a work ow thatis illustrated
in Figure8. The programsLAPW1 and LAPW2 canbe executedin parallelfashion. The lasttask
veri es whetherthe corvergencecriterionis ful lled basedon the informationthatis storedduring



the executionin severaloutput les. The numberof iterationsfor the corvergenceloop is unknovn
atcompiletime. Thework o w compositionwith Teutainvolvesthe speci cationof the control o w
(seeFigure8) andthedata o w (seeFigure9).
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Figure 8. Hierar chical compositionof Wien2K work o w with Teuta.

Figure8(a)depictsthe procesof hierarchicatompositionof Wien2Kwork o w. At the highestevel
of the hierarchyis while loop whileCorv, thatcomprisegherestof work o w actiities. Propertieof
thewhile loop whileCorv, suchasLoop Condition aredepictedn Figure8(b).



In orderto zoom-inin the body of the while loop whileCorv, the menuitem Edit Loop Bodyis used
(seeFigure8(a)). The body of the while loop whileCorv is shovn in Figure8(c). Analogously it is

possibleto zoom-inin the body of ParallelFor loop. The body of the ParallelFor loop pforLAPW lis

shown in Figure8(d). This mechanisnmakespossiblethework o w descriptionat differentlevels of

abstractionAt eachabstractiorievel the userhasa simpleview of thework o w.

(a) Inputdata (b) Outputdata
Figure 9. Speci cation of the data input and output for activity rst.

Data o w speci cationinvolvesthe associatiorof the correspondinglatainput and outputportsto
eachactvity. An instanceof data o w speci cationis depictedin Figure9. The userspeci esfor
eachdatainput(Dataln) portthecorrespondingdName TypeandSouce(seeFigure9(a)). TheSouce
of dataport speci esthe entity that providesthe data. Analogously the userspeci esfor eachdata
output(DataOu) portthecorrespondingNameandType(seeFigure9(b)).

(a) Begin

(b) End

Figure 10. An excempt of the AGWL representationof Wien2k work o w. 157lines of XML-based AGWL codeare
generatedfor the correspondingeight UML activities.



Teutagenerategutomaticallythe AGWL representatioof Wien2k work o w, basedon the corre-
spondingUML representationThe AGWL representatioof Wien2k work o w senesasinput for
Askalon Grid ervironment. Figure 10 depictsan excerptof the AGWL representatioof Wien2k
work ow. 157linesof XML-basedAGWL codearegeneratedor the correspondingightUML ac-
tivities. We considerthatfor ahumanis simplerto specifyandunderstandhe control o w basedn
UML (seeFigure8) thanto typethe XML-basedAGWL code.

5.1. PerformanceAnalysisof Wien2k Grid Work o w

Linz: Grid Sites
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The core of Austrian Grid consists of six 'SGI Systems Altix 350" with total 96 'Intel Itanium 2' processors 1.4GHz / 4MB cache.
In addition, it includes several Beowulf class cluster computers.

Figure 11. The usageof Austrian Grid for performing calculations of magnetic properties of ferrimagnetic mate-
rials with Wien2K.

AskalonGrid Environment[5] is deployedonthe AustrianGrid [1] infrastructurghatcompriseser-
eralGrid sitesacrosghestateof Austria(seeFigurell). We analyzedhe performancef the Wien2k
workowon1l, 2, 3,4,5, 6, 7and8 Grid sites. A large problemcasewith threedifferentproblem
sizesdeterminedy thenumberof k-points(100,200and250)hasbeenselected14]. Geschefl0], a
local clusterusedby theWien2kscientistdor theirexperimentsis usedasthereferenceneasurement
for the singlesite execution.

Figurel2 shavstheperformanceesultswhich demonstratéhatby migratingfrom thelocal Gescher
clusterto a distributed Grid environment,good performanceesultsare achiezed. The speedupm-
proveswith larger problemsizesindicatedby the parallelk-points(seeFigure12(a)). Theimprove-
mentcomesirom the parallelexecutionof k-pointson multiple Grid sitesthatsigni cantly decreases
the computatiortime. The paralleloverheaddecreaseby increasinghe numberof Grid siteswith
constaninumberof k-pointsbecausdewer tasksarescheduledo a singleGrid site. The sequential
overheadremainsrelatively constantput its ratio to the overall executiontime is smallerfor large
problemsizes.

The communicatioroverheadf this applicationis negligible sincewe scheduldghetime consuming
tasks,suchasLAPW1 andLAPW?2, to Grid siteswith asingleNFS le system.Thecommunication
overheadecomesnoresigni cant with increasinghumberof Grid siteshostingdifferent le systems.
Typically for a scalability study the work ow performancedeteriorateseyond a certainmachine
size(e.g.,6 for 100 or 200 k-points,and8 for 250 k-points). This is dueto sitescontainingslower
processorghat are part of the Grid infrastructure,which causeshe load imbalanceof work ow
application.
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Figure 12. Performanceanalyzesof Wien2k work o w on Austrian Grid.

6. Conclusionsand Future Work

Thereis a needfor streamliningthe processof Grid work o w speci cation. We have addressethis
issueby developinga domainspeci ¢ languageor Grid work o ws thatis basedon widely adopted
standardJML2.0, andprovidedthe correspondingool-supportby customizingour graphicaleditor
Teuta. In Teuta,the work ow is composedyraphicallyby combiningprede ned elementsof our
languagein a hierarchicalfashion. We have demonstrateaur approachfor a real-world material
sciencgprogrampackageandshovedthatthanksto the hierarchicawork o w compositiona simple
view of thework ow is maintainedat eachlevel of abstraction.In future we planto evaluateTeuta
for largeandcomplex Grid work o w applications.
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