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Abstract

In several workingernvironmentsproductioninvolvesre-
peatedexecutionsof certain procedues. A workflow de-
scribesthe individual tasksperformedin theseprocedues
and their interrelationships. Current Workflow Manage-
mentSystemgWFMSs)usea DatabaseManagementSys-
tem (DBMS)to store task descriptions,and implementall
workflow functionality in modulesthat run on top of the
DBMS. Motivated by scientific workflows, we proposea
mud more DBMS-centricarchitectule, in which corven-
tional databasetechnology provides mud of the desied
scientific WFMS functionality A key elementof our ap-
proacd is viewing the workflow as a web of data objects
interconnectedvith activelinks that carry processdescrip-
tions. Theworkflowis fully definedasa databaseschema,
and its executionis the gradual buildup of an instanceof
this schemathroughthe active objectlinks. For our work,
we use the modelingand queryingtools of Hor se, the
object-orientedBMSthat we havedevelopedin the con-
text of the Zoo DesktopExperimentManagementEnviron-
ment.

1. Intr oduction
Several proceduresn mary working ervironmentsare

repeateaverandoveragain.At aninsuranceeompaty, ev-
ery time a claim is filed, a standarcbrocedurds followed
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for its evaluation;ata carrentalagengy, thereis asequence
of stepdollowedwhenacustomeasksfor acar;andin lab-
oratories the samescientificexperimentis executedwhen
fresh input dataare available. Theseprocedureaisually
consisof asetof smallertasksthatrepresenself-contained
units of work, which arenaturallydependento eachother
The setof tasksinvolved in a procedurealongwith their
interdependencieand their inputs and outputsis calleda
workflow Wbrkflow manajementsystemgWFMSSs) are
usedto define,execute andmonitorworkflows.

| nput Output
I}I Workflow

Figure 1. Transactionaview of workflows.
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Figure 2. Objectview of workflows.

In the typical conceptualizatiof workflows, the focal
pointis theaction,i.e., the processethattake placeduring
workflow execution(Figure1). Workflows are considered
astransactionswith the informationthatthey manipulate
playinga“subordinaterole—it is aside-efect,soto speak.
This transactionalview of workflows leadsto (almostim-
poses)he architecturedepictedin Figure3a, which is the
onefollowedby the majority of existing WFMSs(commer
cial system®rresearciprototypes)A dedicatedvorkflow-
specificsoftware systemrunson top of a DataBaseMan-
agemenBystem(DBMS), i.e., processnanagemens sep-
aratefrom datamanagementThe DBMS simply storeshe



informationaboutthe workflow tasks,while the next soft-
ware layer usesthat informationto conductthe workflow
execution.
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Figure 3. Two WFMS architectures

Motivatedprimarily by scientific applications,we pro-
posea differentconceptualizatiomf workflows, wherethe
focal pointis theinformation,i.e., thedatausedandgener
atedduring workflow execution(Figure2). Workflows are
considereasgraphsof objects with theprocessethatcre-
atedthembeingexpressedhroughthelinks betweerthem.
This objectview of workflows suggestshearchitecturale-
pictedin Figure3b. Provided thatits datamodel can ex-
pressthe active workflow aspectsthe DBMS orchestrates
theworkflow executionasa first-classWFMS.

In this paper we essentiallybuild a casefor the object
view of scientificworkflows. We demonstratéhata DBMS
is itself a WFMS, offering muchof the neededunctional-
ity with respecto processmanagementvithout additional
software (Figure 3b). Moreover, we show that ary crit-
ical functionality missingfrom corventional DBMSs can
be easily provided with minimal, natural extensionsthat
remainfaithful to the philosophyof databasdechnology
By providing all neededprocessmanagementvithin the
DBMS, we reapmary benefits:

¢ Reducedimplementationeffort: For much of the
neededworkflow functionality, thereis no needfor
implementingspecial-purposav orkflow tools’.

¢ Increasedoptimizationopportunity: The entire op-
erationof a workflow is controlledfrom within the
DBMS proper sotheoptimizerhasglobalknowledge
of all databasénteractions.

e Uniformity in workflow management: From speci-
fication to executionand monitoring, all workflow
functionalityis exportedto the userthroughoneuni-
fied accesganguage.

¢ Immediatanformationavailability: ‘Drill down’ re-
questdrom the endresultto all aspect®of the work-
flow thatgeneratedt aredirectdatabaseueries.

As a proof of conceptfor the objectview, we describe
how workflows have beencapturedin the Hor se object-
orientedDBMS, which we have built as part of the Zoo

DesktopExperimentManagemenErnvironment[8]!. The
key characteristicef our overall approacharethe follow-

ing:
o A workflow is definedasan object-orientediatabase

schema

¢ An instanceof theworkflow schemas createduring
execution

¢ Invocation of workflow processeds capturedand
triggeredby active rulesof arestrictedform

e External applicationsimplementingworkflow pro-
cessesrescheduledhroughupdatego systemcata-
logs

e Statusand other kinds of information about run-
ning or finishedworkflow processess obtainedby
databasgueries

¢ Information on the workflow datais obtained by
databasegueries

Therestof the paperis organizedasfollows. In Section
2, we provide an exampleworkflow to be usedthrough-
out the paper In Section3, we discussthe functional-
ity requiredfrom a WFMS to supportscientificworkflows.
In Section4, we briefly describethe Mbose datamodel
andthe Fox datadefinition and querylanguageon which
Hor se is based. In Section5, we discusshow Hor se
achievesthe desiredfunctionality and becomesaa WFMS.
In Section6, we presentthe workflows operatedin two
scientificlaboratoriesvherewe are actually applying our
toolsfor workflow managementandin Section7, we dis-
cusssomerelatedwork. Finally, in Section8, we present
summaryof our contributionsandour futurework plans.

2. A Workflow Example

The example depictedin Figure 4 is an actual scien-
tific workflow that captureghe operationof an experimen-
tal studyin the Soil ScienceDepartmenbf the Univ. of
Wisconsin[1]. The objective of the experimentis to pro-
ducedaily forecastsof nearsurfacetemperaturesn cran-
berry bogsin Wisconsin. Theseforecastsgive cranberry
farmersadvancewarningof over-nightfrostconditiong, so
they cantake actionto protecttheir vinesfrom frost dam-
age.

1. Around noon eachday, satellite and ground-based
meteorologicabbsenationsareprocessedh the At-
mosphericSciencePDepartmendf UW, generating
24-hourweatherforecastat severalheightsin the at-
mospherdor thewhole United States;

2. ThisUSforecasis fed into aBog Forecast Extrac-
tion progranthatextractsforecastgor pointsthatare
25 metersabove specifiedcranberryboglocations;

1 Although our maininterestandemphasiss on scientificworkflows,
theresultsapplyequallywell to businessvorkflows also.
2...asis oftenthe casein Wisconsin!
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Figure 4. Thecranberryworkflow

3. Theseforecastsare sentto the Soil ScienceDepart-
mentwherethey areprocessethy CranEB, to derive
aforecasfor thelevel of thecranberrwines(canopy
level);

4. Later in the day, as newv weatherobsenations be-
comeavailable, the initial 25m bog forecastcan be
updated:

e ScaledCranEB outputforecastsarecompared
with new obsered weather conditionsin a
packageof statisticalroutines.

e Appropriatecorrectiongo theoriginal25mbog
forecastaredeterminedandCranEB is rerun.

With this feedbackmechanism,the canojy-level
forecasis updateccontinuouslythroughouthe day.

5. Text files generatedby CranEB arefed into the DE-
ViseVisualization tool [9] thatgeneraté&sIF plotsof
canopy temperaturevs. time. Theseplots arethen
publishedon the Web, wherethey canbereadilyac-
cessedy cranberryfarmershroughoutWisconsin.

In the sequel,we refer to this exampleasthe “cranberry
workflow”. It is usedthroughouthe paperfor reference.

3. BasicWFMS Functionality

In this section,we attempta closerlook at workflows
andanalyzethefollowing basicfunctionalitythata WFMS
mustdefinitelyprovide:

o workflow specification
o workflow execution

o workflow evolution

o workflow auditing

The above functionalityis necessaryor all typesof ap-
plications,butis alsosuficientfor someaswell, e.g.,those

thatarisein single-useior mostly-readernvironments.Sci-
entific laboratorieg(physicalor virtual) tend to belongin
thesecateyoriesin general;sincethey are our main moti-
vationfor this work, our discussiorfocusesalmostexclu-
sively ontheabove functionality. Clearly, in multi-userand
very dynamicervironments,like thosefound in the busi-
nesssector thereis additionalworkflow functionality that
is necessaryincluding transactiormanagementyorkflow
recovery, workflow interaction(for cooperatre work), and
others. We believe that the objectview of workflows has
mary benefitsfor the supportof this additionalfunctional-
ity aswell, but demonstratinghisremaingpartof ourfuture
work.

3.1 Workflow Specification

Thespecificatiorof aworkflow consistof threeitems:

e Process This includesthe workflow tasksand how
they arerelated. Thereshouldbe enoughflexibility
to allow variousformsof taskinterrelationships:

1. tasksoperatingn seriesor in parallel

2. tasksreceving input from or providing (possi-
bly distinct)inputto multiple othertasks

3. tasks choosingto receve input from among
mary possibletasksthatprovideit

4. tasksreceving input directly or indirectly from
themseles(feedback)

5. tasksbeingabstracte@ndgroupednto higher
level tasks

Even in the simple cranberryworkflow, we seethe
needfor mostof theabove. For example taskStatis-
tics Package acceptsmultiple inputs (1,2); task
CranEB choosests input betweenwvhattaskStatis-
tics Package generateandwhatBog Forecast Ex-
traction generate$3), partof which s indirectly af-
fectedby whatit produceg4); and25m Forecast
Generation abstractsa sequencef two tasksinto
oneasthe detailedstepsare often (althoughnot al-
ways)unimportan{5).

e Data: Thisincludesthe inputandoutputdataof the
workflow tasks.

e Invocation This includesthe mechanisn{rule) that
triggersthe executionof eachtask. Thereare two
main choices:explicit invocation,in which a human
initiatesthetask,andimplicit invocation,in whichthe
taskbeginsimmediatelyuponcreationof its inputas
long asary specifiedconditionsaresatisfied.For ex-
ample,in the cranberryworkflow, one may choose
someor even all of the tasksto be associatedvith
implicit invocation,dependingn how muchautoma-
tion is desired.(Currently the entireprocesss com-
pletelyautomated.)



3.2 Workflow Execution

Executionof a workflow involvesdealingwith thethree
mainelementf its specificatiorasfollows:

e The procesgypically involvesexecutionof applica-
tionsoutsidethe WFMS. For example taskCranEB
in thecranberryworkflow is executedby CranEB an
externalsurfaceenegy budgetprogram.The WFMS
mustfollow thelogic of theworkflow andatary point
interactwith theappropriatexternalsystento trans-
fer the control of executionasneeded.

e Thedatamayneedtranslationduringexecution.For
instancethe WFMS shouldbe ableto translate25m
Bog Forecastdatafrom the WFMS internalformatto
CranEBsinputformat,andCanopy-level Forecast
datafrom CranEBsoutputformatbackto theWFMS
internalformat.

e The Invocationmay be automaticor not, depending
onthespecification.

Evenfor a completelyautomatedvorkflow, usersretainul-
timatecontrolduringits execution,monitoringandevenin-
fluencingits operation:

e Statusmonitoring At ary pointusersmayaskfor the
executionstatusof the entireworkflow or partsof it.
Statusnformationmaybe providedby the WFMS or
ary externalsystenusedn theworkflow. Suchinfor-
mationdoesnot obey to ary universalformat, but is
veryimportantbecausé usersn decidingif andhow
they shouldinterveneto the execution. For example,
aninquisitiononthestatusof thecranberryworkflow
may reveal that the incoming weatherobsenations
aregarbled,which couldleadin the (temporary)de-
activation of the feedbackoop throughthe Statisti-
cal Analysis taskandthe useof anearlier25mbog
forecastasinputto the CranEB task.

o VCRfunctionality. Userinterventionin theexecution
of aworkflow is reminiscento the functionality of a
VCR: the usercanst op execution,pause execu-
tion andr esune soonafterwards,or r ewi nd exe-
cutionupto acertainpointandr esune from there.

3.3 Workflow Evolution

Changesn aworkflow maybeanevery-dayroutinein a
working ervironment.Suchchangesreof threetypes:

¢ Modification new workflow hassameobjective but
differentlogic andreplaceold one.

e \ersioning asbeforebut new workflow doesnot re-
placeold one,but co-existswith it.

o Extension new workflow hasdifferentobjective and
thereforeadditionallogic andreplace®ld one.

In addition,someervironmentgequiredynamicratherthan
static workflow evolution, i.e., changingone part of the
workflow while anothempartis running.

3.4. Workflow Auditing

Workflow executionsare relatedto several piecesand
kinds of information, including the original input andthe
final outputdata,the resultsof intermediateasks,andthe
interim andfinal statusof the WFMS andthe relevant ex-
ternalsystemsUsersareconstantlyauditingworkflows by
accessin@ndexploring all this information,analyzingthe
workflow results obtainingreportson efficiency, validating
theusedprocessnodels etc. For scientificworkflows, this
is oftenthe primarytime when'‘scienceis done’.

4. The MooseData Model and the Fox Query
Language

As avehicleto demonstrat¢he power of our approach,
we usethe Hor se object-orientedBMS thatwe arede-
veloping as part of the Zoo desktopexperimentmanage-
mentervironment.Hor se is basecbntheMoose 2 object-
orienteddatamodelandthe Fox 4 querylanguageUndet
standingherestof thepapemrequiressomefamiliarity with
Moose andFox, sotheir mostimportantfeaturesare de-
scribedbelon. More detailsaboutMbose andFox canbe
foundelsevhere[8, 14].

4.1 Moose

Therearevariouskindsof objectclassesn Mbose (tu-
ple, collectionor primitive). Objectsfrom theseclassesre
connectedvia binary relationshipsthreeof which arerel-
evant to this paper The structureof a tuple classis de-
finedby anarbitrarynumberof has-partrelationshipseach
pointing to a single object. Associatiorrelationshipscon-
nectindividual objectsin two classe®f any kind. An is-a
relationshipbetweertwo classe$iastheusualmeaning All
relationshipsarebidirectional,i.e., they canbetraversedn
eitherdirection.

Any relationshipbetweentwo classe’; and C> may
be specifiedasderivedfrom C; to C5 or from C, to Cy or
both. In thefirst casefor eachC; object,therelatedC> ob-
jectis constructear identifiedbasedn objectsthatare(in-
directly) connectedo the C'; objectvia otherrelationships
(similarly for the othercases)The constructioror identifi-
cationis througha rule, which may beary Fox command
that returnsan object. This includesthe execcommand,
whichinvokesanexternalsystenthat,in this caseyeceves
asinputafile containing(partsof) theseotherobjects.The
semanticof a derivationrule from classC; to classC, is
thatit is invokedeverytime anobjectis insertedn C1, and
whatever C, objectit producedif ary) is placedin the C;

3ModelingObjectsOf cientific Environments
4Finding Objectsof eXperiments



objectasits value for the correspondingelationshipand
viceversa.Thus,derivationrulesin Mbose arearatherre-
strictedform of triggerg4], in the sensahatthe only event
thatcantriggeraruleis aninsertionin a specificclass.

The datadefinition languageof Mbose providesstate-
mentsto create,destry, andrenameclassesandrelation-
ships,associateulesto relationshipsgeactvaterules(tem-
porarily modifyingtheschemaasif therule doesnotexist),
andreactvatethemback. Rule deactvation holdsonly for
the currentusersessiorand doesnot affect other usersof
theschema.

4.2 Fox

Fox is the declaratve queryanddatamanipulationan-
guageof Moose. Onemayreferto anobjectin aFox com-
mandby its uniqueobjectid (assignedy the system),its
name(optionallyassignedby theuser),or theuniversalkey-
word this in casesanobjectis uniquelyidentifiedby some
context in which the Fox commands nested.In addition,
onemayspecifyanobjectvariablein a Fox queryandbind
it to memberf a classextentor a collectionsdefinedby a
pathexpression.Path expressionsn Fox areusedto nav-
igatethroughinterrelatedclasses A pathexpressionstarts
from a known objectspecificationconstanir boundvari-
able)andfollows relationshipgrom thatobject. The basic
structureof aFox queryis deriveddirectly from SQL:

for <range-binding-list
select<projection-list>
where <qualificatior>
as<name>;

Thefor clause(optional)definesa setof objectsusingob-
ject variablesor constantspr both. The selectclausede-
finesprojections,asin SQL, which could be pathexpres-
sions.Thewhere clausgoptional)involvesa conditionthat
definesthe selectionamongthe results. The as clause(op-
tional) specifiesa namefor future referenceto the query
results.

Therearefive datamodificationstatementén Fox: in-
sert, delete update, load, andexec The middlethreeare
not usedin this paper so they are not describedary fur-
ther (load is for bulk insertionof datafrom a file, gener
ally into multiple classesat once). The insert command
generatesiew objectsfor a classwith valuesfor their re-
lationshipsspecifiedeitherdirectly in alist or astheresult
of a Fox query asin SQL. The execcommandschedules
theexecutionof aprogram(‘agent’) externalto Hor se. Its
argumentsarethenameof theprogramandalist of pathex-
pressionswhichform theprograminput. Examplef Fox
commandsregivenin thefollowing sectionsn thecontext
of describinghow workflows arecapturedvithin Hor se.

5. A DatabaseWay to Workflow Functionality

In this section,we describehow we capturein Moose,
Fox, andHor se all aspectof WFMS functionality pre-
senteckearlier(Section3), i.e., workflow specificationgxe-
cution,evolution, andauditing.

5.1 Workflow Specification

One of the most important characteristicof our ap-
proach is that workflows are directly representedas
databaseschemas.This offers tremendoudlexibility and
malkesmary otheraspectof the desiredfunctionality fall
out for free. The essencef the workflow-to-schemamap-
pingis asfollows:

¢ tasks,inputdata,andoutputdataareall represented
asordinaryMbose classes;

e task interconnectionsare representeddy ordinary
Mbose relationshipsand

¢ taskinvocationis expressedy assigningulesonthe
appropriataelationships.

The detailsof this mappingwith respecto workflow data,
processandinvocationarepresentedeparatelypelow.

Simple task and data: A workflow taskis a process
thatoperate®n someinputandproducesomeoutput.De-
pendingon which aspect®f thetaskonewantsto capture,
therearedifferentschemashatcanbeused.Theinputand
outputdataare alwaysrepresenteéisMbose classedn a
straightforvard way. In somecasesthe processitself is
alsoof intereste.g.,to storeinformationabouttheduration
of eachexecution. Then,the correspondindaskis repre-
sentedn the schemaasa Mbose classaswell, connected
via has-partelationshipsvith the correspondingnput and
outputclasseslin othercasesthetaskpresentsio interest,
soit doesnot appeaiin the generatedschema. Then,the
correspondingnput andoutputclassesre connectedvith
anassociatiomelationship.

Thefirstrow (row 0) of Figure5 shavs asingletaskwith
its associatedataanda schemahatcanrepresenit for the
first of the two casedliscussedbove (whenthe processs
of interest). Theothercases similar: theexplicit taskclass
is missingandthe input and output classesare connected
via anassociationThis holdsfor theremainingrows of the
figure, wherefor eachof the workflows in theleft column
andthe correspondingschemahat captureshe workflow
tasks(secondcolumn)areshaown. In the sequelworkflows
andschemasn row N arereferredto asFigure5(N).

Theactionthatproduceghetask’s outputis specifiedoy
a derivationrule associatedvith the appropriaterelation-
ship of the output class. This is either the has-partrela-
tionshipconnectedo the taskclassor the associatiorcon-
nectedto theinput class.In Figure5, thisis indicatedby a
D(<input-class>) labelon the appropriateelationshipand
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X has-part Y X is-associated-to Y YisaX

(any relationship)
D)

valueof Y isderived viaarule
(only task execution rules shown)

Figure 5. Taskinterconnections theMoose model

closeto theoutputclass.AssumethatthetaskT1 of Figure
5(0) is implementedby an externalapplicationaProgram
onits input. Thecorrespondingule in Fox is

execaProgram(this.I1)

Whenthe taskis invoked, the systemshouldsendthe ap-
propriatell object(possiblywith its parts)to the external
applicationto generatehe output.

Task interr elationships: Figure 5 concentraten a
setof ‘atomic’ workflows (i.e., workflows of the simplest

form), which capturefive possibletaskinterrelationships.

The figure shavs one naturaland consistentvay to repre-
senteachworkflow with a Moose schemabut this is not
forced uponthe designer). By combiningthe appropriate
schemashavn, onecanconstructothersthatrepresenar-

bitrarily complex workflows (lik e the cranberryworkflow).

Theworkflow in Figure5(1) hastasksT1 andT2 operat-
ing in serieg(similarly with tasksT1 andT3), andtasksT?2
andT3 operatingin parallel. The correspondingchemas
straightforvardfrom the associatedchemédor the simple-
taskworkflow (Figure5(0)) andneedsno further explana-
tion.

Theworkflow in Figure5(2) hastaskT1 receving mul-
tiple inputs and providing multiple outputs. The basic
schemas now enhancedvith two auxiliary classes| and
O, whichactasinputandoutputconcentratorggespectiely.

The workflow in Figure5(3) hastaskT1 receving two
alternativeinputs,of which it usesoneeachtime. Assum-
ing thegenerakasethatthetwo inputsareof differenttype,
this is modeledthroughinheritance by makingthe classes
capturingthetwo inputtypessubclassesf anauxiliarygen-
eralinput classl. If the alternatve inputsare of the same
type,noinheritancds necessary

Theworkflow in Figure5(4) hastaskT1 receving input
indirectly from itself. The schemacorrespondingo sucha
feedbackcycle are direct derivatives of the corresponding
single-taskschemaFor simplicity, we have assumedh the
figure thatthe outputof task T2 is of the sametype asthe
inputof T1, soinheritancedoesnot appeain theschema.

Theworkflow in Figure5(5) hasa simpleworkflow (se-
riesof taskT1 followedby taskT2) abstracteéndgrouped
into a higherlevel taskT. This is simply modeledby con-
nectingtheclasse®f theinputof theentireseriedo its out-
put, eitherthroughanexplicit taskclassT (shovnin Figure
5) thathasthe individual task classesandthe overall input
andoutputclassessparts,or througha directassociation.
In theschemashavn, T.I andT.O arederivedrelationships
whoserulesessentiallyretrieve the pathexpressiong . T1.1
andT.T2.0, respectrely. Theserulesarenot indicatedin
5, to bring outtherulesthatcapturetaskexecution.

Fromthe above exposition,it shouldbe clearthatwork-
flows of arbitrary compleity canbe capturedin ordinary
Moose schemaswithout usingary specialconstructsal-
mosteffortlessly For example workflows thatrequirecon-
structdik eif-then-elsearecapturedasparalleltasks(Figure
5(1)). Theif-condition is expressedn the qualificationof
the derivation rule of the then-taskwhile the complemen-
tary conditionis in the qualificationof the derivation rule
of theelse-taskLik ewise,workflowsthatrequireprogram-
ming constructdik e for andwhile are capturedwith loops
in theworkflow schemaFigure5(4)). The desiredcondi-
tion of the constructis expressedn the qualificationof the
correspondingerivationrulethatinitiatestheloop,e.g. the
rule thatinsertsanobjectin taskT1 (Figure5(4)). As long
asthe conditionis satisfiedtherule firesandtheloop con-
tinues;the first time the conditionis not satisfied the loop
stops.



Moreover, all desiredinformation on workflow execu-
tionsis uniformly and centrally capturedin a schemajn-
cludingthedatamanipulateddetailsof the executionitself,
the exact stepsfollowed by the workflow and the mecha-
nism usedto invoke eachone, etc. The schemabecomes
the formal documentlescribingevery aspectof the work-
flow. Theexplorability of workflow historythusaffordedis
oneof the greatesbenefitsof our approachthat make the
implementatiorof workflow managemeninsidea DBMS
very attractive.

Invocation: Considethesimpleexampleof Figure5(0).
In thecorrespondingchemaby thesemantic®f derivation
rules(Sectiord), thetaskis invokedassoonasanobjectis
insertedin classT throughthe triggeringof therule in the
relationshipfrom classT to classO. An additionalrule in
therelationshipfrom classl to classT of theform

insertinto T() instance()

capturesan implicit invocationof the task. As soonasan
objectis insertedin I, the above rule insertsan objectin
T, which in turn fires off the task. On the otherhand,the
absencef such(i.e.,if therelationshigs not derived)cap-
turesan explicit invocationof the task. Taskexecutionbe-
ginsonly whena human(or someapplicationprogram)ex-
plicitly insertsan objectin T andconnectst to the appro-
priatel object.

Clearly, the above can be generalizedto arbitrary
schemasand the decisionaboutimplicit or explicit invo-
cationcanbe madeindependentlyor eachtaskby defining
or not the appropriatederivation rules. Again, the easeof
capturingsuchbehaior throughpurely databaseneanss
clear

As an example of the entire methodologydescribed
above, Figure 6 shavs a schemafor the cranberrywork-
flow. For simplicity we do not shav ary of theactualrules
or theirinvocationmechanismyve simply indicatetheexis-
tenceof rulesby usingtheir namesaslabelsandagainthis
only for thosethat capturetask execution. Note that tasks
US Forecast Model andCranEB have beencapturedvith
explicit classeslueto their importance while the remain-
ing oneshave not, asthe workflow designerfrom the Soll
SciencePepartmenexpressedhointerestin incorporating
in herown schemaary informationon their execution.

5.2 Workflow Execution

Given a schemathat capturesa workflow as described
above, executingit becomesalmosttrivial, asit reducego
simple databasénsertions;the rulesdo the rest! As soon
asobjectsfor the initial workflow inputs areinsertedinto
theappropriateclassesexecutionstartsimmediately(if the
first tasksareassociateavith implicit invocation),or after
a humaninsertstask objectsin the appropriateclasseqif

they areassociate@ith explicit invocation).Thiscontinues
throughouta workflow executionwith explicit or implicit
insertionscausingfurthertaskfiring.

Workflow monitoring is also accomplishedby Fox
queries,featuringa novel path-epressionconnector In
particular the traditional connector'.” indicatesmoving
alongrelationshipsof a specifickind from a given (or re-
trieved) objectto thoserelatedto it. In the presencef de-
rivedrules,suchrelationshipsnaybe ‘underconstruction’.
Queryingaboutthe executionstatusof sucha construction
taskis essentiallyqueryingaboutthe statusof the corre-
spondingderived relationship. We take advantageof this
mappingbetweentasksand relationshipsand introducea
novel connectoy'?’, which canbeusedanywhereappropri-
atein pathexpressions.Informally, the new connectorin-
dicatesretrieval of the statusinformationgeneratedy the
(external) systemprocessinghe correspondindask. This
informationis storedasanobjectin a possiblyindependent
databasereatedby the individual systemfor that purpose,
whichneitheritself norits schemarenecessariljknown to
theworkflow user

The connectoralsoindicatesnormaltraversalof the ob-
jectrelationshipsf they have alreadybeenconstructedso
that'?’ connectorgurtherdown thepathexpressiormaybe
correctlyinterpretedaswell. If the‘?" connectoiis placed
onrelationshipghatarenotderivedor do notinvolve exter-
nal execution,it is equivalentto the‘.” connector

For example, considerthe cranberryworkflow schema
of Figure6. Assumethatoneis interestedn the statusof
theUS Forecast Model execution(rule Rg ) initiated by
the mostrecentweatherdata,i.e., the mostrecentlyadded
objectin ‘WeatherObsenations’. Assumethatthis object
hasbeennamednow’. Obtainingthe statusinformationof
interestis simply achievedby thequery

selectnow.UsForecastModel?Us¥fecast

Its resultis an objectof whatever the statusschemamain-
tainedfor executionsof the US Forecast Model taskhap-
pensto be. Likewise, if oneis interestedn the statusof
the entireworkflow initiatedby ‘now’ (excludingary visu-
alizationsor feedback)the appropriatequerywould be

selectnow.UsForecastModel?Us¥fecast?
25mBogforecast.CranEB?CranEBfecast

Note that the query containsa ‘?’ connectorfor relation-
shipsderived throughworkflow tasks,and the regular ‘.’
connectoffor all others.Its resultincludesanywherefrom
zeroto threeobjects,dependingon how mary of the cor-
respondingaskshave beeninitiated. For example,if the
gueryis posedwhile the Bog Forecast Extraction is run-
ning (rule Rprg), two objectswill be retrieved: thefinal
statusobjectfor theexecutionof US Forecast Model (rule
Rrr) andthe currentstatusobjectfor Bog Forecast Ex-
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Figure 6. A schemdor the cranberryworkflow

traction.

Finally, any form of VCR functionality correspondso
simple databasemanipulation. A st op or a pause on
an executioncorrespondso deactvating a set of deriva-
tion rules. A resume correspondgo activating these
rulesback. A r ewi nd up to a certaintaskfollowed by a
r esune correspond$o aninsertionof a new objectin the
relevanttaskclassthathasthe sameinput objectasbefore.

Overwritingtheold datais simplyasetof deletecommands.

5.3 Workflow Evolution

By representingvorkflows as schemasall flavors of
workflow evolutionreduceao schemavolutionandarethus
obtainedfor free. Workflow modificationandextensionre-
duceto changingheschemawhile workflow versioninge-
ducesto obtainingversionsof the schemapoth operations
beingwell studiedand understoodn the databasevorld.
Moreover, schemavolution doesnot requireisolationof a
databasdrom its users(exceptmaybefor the portion that
is beingevolved),soworkflow executioncanbe doneboth
staticallyanddynamically

5.4. Workflow Auditing
All informationrelevantto aworkflow andits executions

are storedin a databaseopulatingthe workflow schema,
andcanthusbeaccessebly queries A workflow execution

A
A

Time vs temperature graphs

D Cranberry Workflow ~ |—
N~

Weather observations

Figure 7. Cranberryworkflow abstraction

canbeviewedasa ‘web’ thatholdsall theinformationpro-
ducedontheway from theinputto the output. For example,
assumehattheentirecranberryworkflow is abstracted a
singletaskthat acceptsa setof weatherobsenationsfiles
asinput andproducesa setof graphsasoutput(Figure 7).
Thesegraphsarenaturallyconnectedo all the objectscon-
taining executioninformationfor the individual tasksthat
male this happenWith asinglequeryabouta specificout-
putgraph,all theinformationthatis connectedo thecorre-
spondingobjectis broughtalongto theuser In addition,as
schemasreobjectspopulatinga meta-schemgof aschema
database)ry informationaboutthe workflowsthemseles
is obtainedthroughqueriesaswell. Clearly our schema
representatiof a workflow makes auditingfall squarely
into databaséechnology

6. SystemStatusand CustomizedInstallations

Overthe pastfew yearswe have beenimplementinghe
Zoo system8] , which hasseveralfeatureghataregeared
towards supportingthe WFMS functionality discussedn
Section3. Currently all aspectsof specification,execu-
tion, and auditing are operational,including invoking ex-
ternal applicationsand statusmonitoring. Workflow evo-
lution hasbeendesignedbut implementatiorhasonly just
begun. In additionto the cranberryworkflow, we currently
have two experimentalnstallationsof thesystempneatthe
Soil SciencePepartmenandoneatthe NationalMagnetic
Resonancé&acility At Madison(NMRFAM), hostedby the
BiochemistryDepartmenbf the University of Wisconsin-
Madison.

The Zoo installationat the Soil SciencesDepartment
runsanexperimenthatpredictswatershedesponseo rain-
fall, runoff, and sedimentdelivery at an areaof interest,
givena specificatiorof vegetationandsoil properties.The
Zoo installationat the NMRFAM runsan experimentthat
usesa powerful spectrometerndthroughfurtherprocess-
ing of theresultingNMR databy severalsoftwarepackages,



elucidateshethree-dimensionadtructureof abiomolecule.
Theoverall experienceof the scientistsof bothgroupswith
varioustestsof the systemhasbeenvery encouraging.

7. Relatedwork

Over the pastfew years,workflows have beena favorite
topicin boththecommerciahndtheresearchvorlds. Since
workflow managemeritivolvesavery broadareaof issues,
the systemghat have resultedfrom all this activity present
aconsiderable@liversityin theirgoalsandapproachesnak-
ing it often difficult to compareour work with the entire
field. Themain,essentiallyuniversal,differenceof our ap-
proachwith existingworkflow systemgs in thearchitecture
(Figure3). Independendf theirgoals primaryapplications,
and workflow type, the commondenominatorf all these
systemsappeardo be the useof a DBMS (or other stor
agemanageor file system)asa datarepository on top of
whichoneor moresoftwaremodulesmplementhedesired
workflow functionality. To the contrary we usethe DBMS
itself for all workflow actiities, reapingthe benefitsof the
databaséechnologymaturityandobtainingmuchof thede-
siredfunctionalityfor free.

A similar approachis taken by HiPAC [11], an active
DBMS that usesdatabaseulesto trigger databasepera-
tionsaswell asexternalapplications HiPAC offersa more
completerule systemthanZOO, which includesonly rules
thatseento be neededo runworkflow tasks(asis thecase
with almostall of theactive DBMSs). We usethis technol-
ogy to designworkflows andotherworkflow necessitiesis
well, suchasmonitoring,VCR functionality, anddynamic
evolution.

The state-of-the-arin the workflow areais determined
by commerciaproductq6], whosegoals however, arevery
differentfrom oursandincludecooperatie work, taskrout-
ing, anddatasharingin businesservironments. Probably
reactingto thepredominantack of commerciahttentionto
issuedik e scalability reliability, concurreng control,and
recovery [7], mostresearctefforts have focusedon inter-
operability transactionrmanagemenand high availability
for businesawvorkflows, noneof which is againamongour
interests. Characteristids the fact that interoperabilityis
the main goal of the Workflow Managemen€oalition[7],
a standardizatiofureauthat provides a genericreference
modelfor workflows.

In generalgxistingcommerciabndresearclsystemsf-
fer mostof the functionality outlinedin Section3. There
aretwo critical capabilitieshowever, thataremissingfrom
thesesystemgqwith few exceptions):invocationof ad-hoc
external software and dynamic execution monitoring and
reporting. Theredo exist somesystemghat offer interac-
tion with specificoffice applications(specificvendor op-
eratingsystem,and platform), but the ability to dealwith

ad-hocsystemss largely not offered. Likewise, existing
systemslo permittheretrieval of statisticsaboutthe work-
flow execution, but theseare of a fixed, predefinedform
whosecollectionis intertwinedwith the workflow execu-
tion in a predeterminedashion. The ability that we offer
to usersto askat any pointfor statusinformationthatmay
be definedindependenthby arbitrary external systemsor
for theworkflow resultsandary informationrelatedto their
creationis notthere.

Scientific workflows have been explicitly addressed
mainly by two projects: WASA [12] and LabFlow-
1/LabBasq?]. But again,the goalsandapproactof these
efforts have beendifferentfrom ours. WASAusesa com-
mercial WFMS on top of a DBMS extendedby advanced
features,and several userinterface, decisionsupport,and
analysigoolsthatoffer ausefulfront-endto scientificwork-
flow management. WASA offers most of the functional-
ity describedn Section3, althoughpossiblyrestrictedby
the capabilitiesof the underlyingWFMS [13]. LabBases
a DBMS specializedfor useby genomelaboratoriesand
LabFlow-1is a databas®enchmarkhatteststhe usability
of storagemanagerso sene as a basisfor WFMS devel-
opmenton top of them. Both of thesesystemdall beyond
the scopeof our work, andin generalwe are aware of no
other systemusesa DBMS to provide run-time workflow
management.

Finally, therearea few efforts in the scientificdatabase
areathat have similaritieswith someaspectf our work,
althoughthey have not beendirectly addressingvorkflow
issues. The OPM effort at LBNL is probablythe clos-
estto this effort [3]. OPM is prominentin the genome
databaseommunityandis usedto implementsomeof the
mostimportantinternationalgenomedatabaseslt hasthe
samephilosophyasoursin thatworkflows arerepresented
asschemasdn the OPM datamodel,which offerstwo kinds
of classespnefor dataandonefor protocols,to facilitate
thedefinitionof experimentaprocessed-dowever, protocol
classeslo not captureary active aspect®f thecorrespond-
ing workflow tasks,but are simply datacontainersijndica-
torsof executionf thecorrespondingasks.Theworkflow
executionis notdrivenby OPM schemasgut externally, and
theresultingdataarethenstoredunderOPM. Thisis thekey
differencebetweenOPM andZoo. In essencethe current
OPM-centeretbolsapproactworkflowsbasednthetradi-
tional architectureof Figure3a,wheready usingthearchi-
tectureof Figure3b,weareableto providerun-timesupport
to workflowsthroughthe DBMS itself. With respecto data
models the ExtendedEntity-RelationshifEER)modelhas
alsobeenenhancedvith seseralfeaturesandusedto model
processe$10], againwith no active featurescapturedby
the schemaFinally, with respecto invocationsof external
systemscomputationaproxies[5] have beenproposedor
interactionbetweena scientificDBMS andexternalchem-



ical models.This is very similar to how the corresponding
Zoo moduleoperatedo achieve the samegoal. Oneof the
differenceds our useof a generictranslationtool in read-
ing declaratve specificationso translatedetweerdatabase
objectstructuresandexternalformats.

8. Summary and Future Work

In this paper we have introducedthe object view of
workflows andhave demonstratethat muchof the needed
workflow functionality canbe supportedwithin a DBMS,
throughregulardatabaseperationswith noneedfor devel-
opingspecializedvorkflow software.Thekey enablingele-
mentof ourdatabase-centrapproachs theuseof aDBMS
whosedatamodel can expressthe active aspectof work-
flowsaswell (like Moose). Thisallowsthe DBMS to have
controlover workflow executionsandthereforeto provide
completerun-timesupporto workflow managemeninter-
actingwith externalsystemsmplementingworkflow tasks,
obtainingtheir statusduring their execution, modifying a
workflow during its execution,optimizing workflow tasks
asglobally aspossible etc. Moreover, the object-oriented
schemaepresentationf aworkflow providesanintegrated
view of all workflow-relatedinformationthat capturesn a
naturalway the connectionbetweenthe workflow process
andthe datait manipulatesthuspermittingseveralimpor-
tant typesof queriesand analysisof workflow execution.
Ourimplementatiorof mostof the desiredfunctionalityin
theHor se DBMS andour experimentalnstallationsn two
scientificlaboratoriesndicatethatthe object-viev of work-
flows hasmary benefitsandcansene the needsf several
ervironmentswell.

The maingoal of our futurework is to demonstrat¢hat
the objectview for workflows andtheresultingDBMS-as-
a-WFMSarchitecturecanprovide the remainingworkflow
functionalitythatwe have not addresseth this papere.g.,
transactiormanagementyorkflow recovery, andworkflow
interaction. We believe this is indeedthe case,anda pos-
sible successn this ende&or will be very importantand
beneficialto several businesservironments. Other future
tasksincludecompletionof the implementatiorof Hor se
with respecto the featuresecessarjor workflows, inves-
tigationof additionafformsof derivationrules(triggers)and
their potentialbenefitsfor workflow managementndde-
velopingavisualuserinterfacesuitablefor designingvork-
flows atalevel higherthantheschema.
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