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A new programmingparadigmnamed“Vortex” is introducedfor
specifyinga wide rangeof decision-makingactivities including,in
particular, workflows. In Vortex workflows are specifieddeclar-
atively. A particularemphasisis on “object-focused”workflows,
i.e., workflows focusedon how individual input objectsshouldbe
processedwithin anorganization.Suchworkflowsarisecommonly
in practice,includinginsuranceclaimsprocessing,andmany elec-
tronic commerceapplications,and in the areaof CustomerCare,
e.g.,web-basedstorefronts.Vortex workflows are“attribute-cen-
tric”, becausethey arecenteredaroundhow theattributevaluesfor
aninputobjectaregatheredandcomputed.Initially, only a few at-
tributesof aninputobjecthave assignedvalues.Duringprocessing
of theobject,additionalattributevaluesmaybeassignedby exter-
nalmodules,or by internalmodules,including“decisionmodules”.
Decisionmodulesinclude “attribute rules” that specify contribu-
tions to specificattribute values;thesearecombinedwith oneof
a broadfamily of available semantics. In Vortex, enablingcon-
ditions areusedto determinewhat attributesshouldbe evaluated.
A novel choice-basedexecutionmodelprovidesa generalframe-
work for optimizationstrategies. The useof enablingconditions,
attribute rulesanddeclarative semanticsmakesVortex workflows
easierto modify andrefinethantraditional,procedurallyspecified
workflows. Vortex supportsmodularityandpermitsthenaturalin-
termixing of Vortex workflows with traditional,proceduralwork-
flows. Thepaperintroducesa novel spreadsheet-like interfacefor
dynamicbrowsingof Vortex executions.���������������
Workflow management,decision-making,declarative semantics,
choice-basedexecution,browsing
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The workflows usedin industryare becomingincreasinglycom-
plex. This resultsfrom new applications,suchaselectroniccom-
merce,theneedfor “masscustomization”in customercare,andthe
needthat somepartsof workflows operatewith near-realtimere-
sponsetimes.It is alsobecomingimperativethatnon-programmers
(e.g.,businessmanagers)beableto understandtheeffect of work-
flows,evencomplex ones,andin somecasesto suggestor evenper-
form modificationsto theseworkflows. This paperpresentsa new)
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programmingparadigmnamed“Vortex” whichcanbeusedto spec-
ify a wide rangeof decision-makingactivities including, in par-
ticular, workflows. In supportingworkflows, theVortex paradigm
meetsseveralof thechallengeslistedabove, in partbecauseit sup-
portsdeclarative specification.

TheVortex paradigmfocusesonworkflow applicationsthatare
“object-focused”,i.e., that focuson how individual objects(insur-
anceclaims,mortgageapplications,customersessionswith aweb-
basedcatalog)shouldbeprocessedusinga workflow. TheVortex
paradigmis saidto be“attribute-centric”becauseworkflows spec-
ified in Vortex arecenteredaroundhow theattributevaluesfor an
input objectaregatheredand/orcomputedduringexecutionof the
workflow. Initially, only a few attributesof an incoming object
have assignedvalues. During processingof the object,additional
attributevaluesmaybeassigned.Thedecisionwhetheranattribute
is to beevaluatedis controlledby the“enablingcondition” for the
attribute(or moreproperly, themoduledefiningit). Therearefour
fundamentalways of determiningattribute values: by “decision
modules”,by Vortex modules,by modulesbasedon a flowchart
language,andby “foreign” modules,i.e., modulesoutsideof the
Vortex paradigm(black boxes). A decisionmodulecan be used
to specifyhow a singleattribute is to becomputed.This includes
a setof “attribute rules”, anda programwritten in theCombining
SemanticsLanguage(CSL) introducedhere,thatspecifieshow the
contributionsof theserulesshouldbeaggregatedandsynthesized.
A widevarietycombiningsemanticscanbespecifiedin CSL.

The useof foreign modulesis commonin workflow specif-
cation languages.For the purposesof runtime optimization,we
carefully distinguishherebetweenmoduleswith externally rele-
vant sideeffectsand thosewithout. Foreignmodulesthat gather
attribute values(e.g.,a databasequery)may be viewed ashaving
no sideeffects,andmay be invoked in aneagerfashionto reduce
runtime. Invocationof otherforeign modules,eitherto gatherat-
tribute values(e.g.,have a humanagentfill in entriesin a form)
or to invoke actions(e.g.,issuea check)areviewedashaving side
effects,andarenot invokedin aneagerfashion.

In additionto thecoreaspectsof Vortex, thepaperalsopresents
tools for complex workflow applications. In particular, the Vor-
tex paradigmsupportsmodularizedspecificationof workflows. It
allows a workflow specificationto be packagedasa moduleand
subsequentlyusedin definingmorecomplicatedworkflows. The
conceptof a moduleis supportednot only in the syntaxbut also
in the semantics.It is notedthat Vortex further permitsthe nat-
ural intermixing of Vortex workflows with traditional,procedural
workflows. At theconceptuallevel, thepaperintroducesDecision-
Sheets,a novel spreadsheet-like interfacefor dynamicbrowsingof
Vortex workflows.

At the implementationlevel this papersketchesan implemen-
tationapproachwhich is generalandflexible. Theexecutionmodel
is “choice-based”andfacilitatesoptimizationof Vortex workflows.
In particular, theexecutionmodelis basedontwo things:anengine
thatcanexecutespecializedparallel,proceduralprogramsin near-
realtime,anda framework for mappingdeclarative Vortex work-
flows to thatengine.Theengineis fundamentallyinterpretive,and
a workflow canbemodifiedwithout recompilingtheengineor in-
terruptingthe processingon currentlyactive instancesof a work-
flow. The mappingframework supportsa variety of optimization
strategiesthatpermittrade-offs betweensystemloadandimproved
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Figure1: Vortex workflow for web-storefrontof grocerystore

responsetimes. At Bell Labswe have built a prototypeof theen-
gine thatworks on proceduralworkflows in nearrealtime;we are
currentlyextendingtheprototypeto supportmappingof declarative
workflows to theengine.
Organizationof the paper: / 2 introducesthrough intuitive ex-
amplesthe primitivesandsemanticsin the Vortex paradigm. / 3
presentstheCombiningSemanticsLanguage,whichisusedtospec-
ify alternative semanticsfor executionof rulesspecifyinghow at-
tributevaluesareto be computed. / 4 presentsan operationalse-
manticsfor Vortex, that supportsvariousoptimizations. / 5 intro-
ducestheDecisionSheetinterfacefor dynamicbrowsing. / 6 sum-
marizesrelevant work. Finally, / 7 briefly mentionssomeof the
futuredirectionswe planto pursue,includingprototypingwork on
anenginethatwill implementtheVortex paradigm.

A moredetailedpresentationof thematerialin this papermay
befoundatwww-db.research.bell-labs.com/projects/vortex/.
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This andthe following sectionintroducekey elementsof theVor-
tex workflow model. We presentan informal tutorial, alongwith
a handfulof formal definitions. This sectionis focusedat a high
level, on how Vortex programsspecifywhat tasksshouldbe per-
formedandunderwhatconditions.Thenext sectionis focusedata
moredetailedlevel, describinga novel approachto specifyingthe
computationof attributevalues.

We begin with thehigh-level syntaxfor Vortex programs,and
then presenta declarative semanticsfor them. In the discussion
we sometimesrefer informally to how Vortex workflows might be
executed;thedetailedoperationalsemanticsis presentedin / 4.

Attributesandmodules: Vortex is attribute-centric,in the sense
thatfor eachinput to aVortex workflow, theprimaryactivity of the
workflow instancefor this input is to obtainvaluesfor someor all
of theattributesassociatedwith that input. Externalactions,such
asinteractingwith anexternalcustomer, having ahumanagentper-
form a task,or issuinga check,usetheattributevaluesobtainedas
parameters.

Attribute valuesarecomputedby modules.Eachmodulecan
returnvaluesfor oneor moreattributes,andmay have associated
side-effects. Eachmodulehasanenablingcondition, which indi-
cateswhetheror not the moduleshouldbe executedfor a given

workflow instance.Theflow of control in Vortex programsis not
explicitly specified;rather, it is inferredfrom thedataflow require-
mentsandenablingconditionsof themodules.

Therearefour kindsof modulesin Vortex programs:

Vortex (depictedusing a rounded-cornerrectangle): Thesehave
a declarative semantics,and containmodulesalong with en-
ablingconditions.

Decision (depictedusinga hexegon): Theseproducea singleat-
tributevalue,usinganovel framework for aggregatingandsyn-
thesizinginformationbasedonCSL (describedin / 3).

Flowchart (depictedusingrectanglewith cut corner): Theseare
specifiedusinga flowchartlanguageusingmodules.

Foreign (depictedusinga rectangle):Theseareimplementedus-
ing functionsoutsideof the Vortex paradigm(e.g., database
queries,webserver routines).

Vortex anddecisionmodulesarethefocusof thecurrentpaper;
flowchartmodulesareincludedin theoverall framework to provide
addedflexibility to programmersandbusinessmanagers.

Example: We introduceandillustratesalientfeaturesof the Vor-
tex paradigmby describingaVortex programfor controllingavery
simplifiedweb-basedstorefrontfor a grocerystore.(A typical ap-
plicationwould involve severalVortex programs,for respondingto
differenttypesof eventsthatmightarise.)Wehaveincludedahigh-
level view of thatprogramin Fig. 1 for reference.(Thenumbering
indicatedin thesevisual representationsis includedfor exposition
purposesonly; they arenot partof theformal program.)Notethat
theprogramis itself aVortex module.

In theexample,foreignmodule1 presentsaninitial screento a
user, determineswhetherthis is anew or existingcustomer, andre-
trievesthecustomerrecord,if appropriate.For existing customers
dataisobtained(usingmodules2 and3),anddecisionmodule4 de-
termineswhetherthecustomerwill beallowedto order(flowchart
module11) or sentto a specialcollectionstreatment(module10).
Specialtreatmentis providedfor new customers(module5) andfor
existing customerswhosecustomerrecordwasnot foundbecause
of a databaseexception(module6). A “sessionpriority” (module
7) is determinedfor all sessions(e.g.,high priority sessionsmight
getfasterservice),andin somecasespromotionalmessages(mod-
ule 9) anda suggestedsubscriptionplan (module8) areselected.
(Thesemight be presentedto usersin module11). Someusers
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cust_choice = “ schedule delivery”
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view_modify_shopp ing_cart_subroutine

subscription_subroutine

delivery_time_subroutine

Figure2: Drill-down for shoppingcart

will receive bonuschecks(module12), andin all casessomedata
archiving is performed(Vortex module13).

Fig. 2 showsa“drill down” into flowchartmodule11. Thesim-
ple flowchartof this moduleinvolesa single loop, which repeat-
edly callsa Vortex module.(Wehave notshown theinput andout-
put attributesfor this Vortex module.)TheVortex modulepresents
a menupage(module11.2) to the user, allowing him to view or
modify his shoppingcartandhis subscriptionstatus(e.g.,to have
deliveriesweekly or bi-weekly), andto selecta delivery time for
his order. Vortex module11.1computesindividualizedcontentfor
themenupageeachtime that it is shown. (This might include,for
example,targetedpromotionalmessages.)

Moregenerally, module11 illustrateshow theVortex paradigm
canbeintermixedwith otherworkflow paradigms.As detailedbe-
low, Vortex modulessatisfya certainacyclicity condition,andso
flowchartmodulesareusefulwhencyclesareneeded.A specific
flowchartlanguagehasbeendesignedandimplementedaspartof
theVortex effort, but is not a focusof thecurrentpaper.

Vortex modules(e.g.,module13) consistof moduleswith en-
ablingconditions.WhenimplementingaVortex workflow, theVor-
tex modulescanbetreatedas“black boxes”, or canbe“flattened”
so thatoptimizationalgorithmscantake advantageof the internal
structureof thesemodules.

Text-basedspecification:Thereis anaturaltext-basedlanguagefor
specifyingmodules.For example,module7 is declaredasfollows.
(We deferspecificationof how to computethis moduleuntil / 3).

Module: session_priority
Enabling condition: true
Input attributes: cust_rec, cust_history,

cust_account_status, ordering_vs_collections,
wants_to_order?

Output attributes: session_priority: [1..5]
Type: decision
Computation: ...
Side-effect: no

This declaresthat moduleM session priority computesat-
tributesession priority whosetype is the integersbetween
1 and5. In practice,sessionswith highpriority mightbeplacedon
lightly loadedwebservers,andgivenotherpreferentialtreatment.
(By convention,thenameof a decisionmoduleis thesameasthe
nameof theattributeit produces.)

Attributeandmodulestates: A moduleis executedonly if its en-
abling condition is true. As a result, somemodulesmay be dis-
abled, and not be executed. More generally, both modulesand
attributesmay enterseveral different states. Attribute statesare

UNINITIALIZED, VALUE, EXC, DISABLED, and FAIL. The meaningof
thesestatesis asfollows: VALUE: a valuewasobtainedfor this at-
tribute; EXC: the evaluationof this attribute wasattemptedbut an
exceptionoccurred;DISABLED: theenablingconditionof themod-
ule defining this attribute wasfalse(or that moduleexecutedbut
returnedthe stateDISABLED for this attribute); FAIL: the module
defining this attribute wasenabled,but it abortedbeforeproduc-
ing one of the other 3 statesfor the attribute; UNINITIALIZED: es-
sentiallyno information is availableaboutthis attribute. Module
statesareUNINITIALIZED, SUCCESS, EXC, andDISABLED. Themean-
ing of theseis asfollows: SUCCESS: theenablingconditionfor the
modulewastrue, andthe moduleexecutedsuccessfully;EXC: the
modulewasenabled,but anexceptionoccurred;DISABLED: theen-
abling conditionwasfalse;UNINITIALIZED: essentiallyno informa-
tion is availableaboutthismodule.In general,only thoseattributes
andmodulesperformedexternally from the workflow enginewill
returnexceptionvalues.

An attribute(module)is stableif its stateis in VALUE, EXC, DIS-
ABLED, FAIL (SUCCESS, EXC, DISABLED). (For both attributesand
modules,thestateUNINITIALIZED is primarily usefulin connection
with theoperationalsemantics.)

Enablingconditionscanrefer to attribute values(e.g.,the en-
abling condition for module11), to the “state” of attributes,e.g.,
whetherit hasavalue(module2) or whetheranexceptionoccurred
whenattemptingto evaluateit (module6). (Wepresentthedetailed
syntaxandsemanticsof conditionsbelow.) Theability to explicitly
useexceptioninformationis especiallyusefulin workflowsthatare
intendedto producea resultin near-realtime,evenif somesubsys-
temsareinaccessible.
Side-effect modules: Somemodulesaredesignedto produceside
effects.This is thecasefor module12 of Fig. 1, declaredbelow.

Module: issue_bonus_check
Enabling condition:cust_history.recent_purchases

> $500 and ordering_vs_collections="O"
Input attributes: cust_record
Output attributes: check_issued?: boolean(target)
Computation: issue_and_mail_check($50,

cust_record.name, cust_record.address)
Side-effect: yes

This modulecomputesattribute check issued? and issuesa
bonuscheckto valuablecustomers.This modulehasan external
andsemanticallyimportantsideeffect,namelyto make a payment
to someone.Thiscontrastswith session priority, whichex-
ecutesa functionona localprocessor. In thefigurewedepictside-
effect modulesby usingshapeswith a wideborder.

During execution,in order to reduceresponsetime it may be
usefulto computenon-side-effect modulesin aneagerfashion,be-
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fore it is known whetherits enablingconditionis true. This would
notbe< appropriatefor side-effect modules.

AttributeRoles: In a Vortex workflow attributescanhave oneof
threeroles: source, target, or internal. Sourceattributesserve as
“input” andtargetattributesserveas“output”. Therearetwo source
attributesin our example:promos of the day anddb load.
Attributepromos of the day is usedduring selectionof pos-
siblepromotionalmessagesto bepresentedto specificcustomers,
anddb load is representative of informationaboutsystemload
that a workflow might use. The attributesof nodes10 to 13 are
target attributes. Attributesthat areneithersourcenor target are
internal.

Notationfor modules: In our formalism,a Vortex programidenti-
fiesaset =?>!> of (typed)attributesalongwith aset @BADC of modules
to obtainthevaluesof theseattributes.A moduleis anexpression
of form “ E7FHGJIDKMLNLNLNKOG'P
QSRJIDKMLNLNLNKOR�TVU ”, whereE is amodulename,W GJIDKMLNLNLNKOG'PYX and

W RZIDKMLNLNL[KOR'T\X aredisjoint setsof input andout-
put(resp.)attributes.A moduledefineseachof its outputattributes.
Thesemanticsof modulesis definedsothattheattributeshaving no
valueor exceptionvalueareproperlyhandled.For decisionmod-
ules,additionalrequirementswill bediscussedin / 3.

Vortex workflow schemas:We now presentthe formal notion of
Vortex workflow “schema”,which providesanabstractformalism
for representingVortex programs.Theformalismmakesit easyto
describeanacyclicity conditionthatVortex workflowsmustsatisfy.

Westartwith thenotionof “pre-schema”,which includesall of
thecomponentsof aschema,but mayviolatetheacyclicity require-
ment. A pre-schemais a tuple ]_^`Fa=?>!>OKDbYcedVK�fhgV>OKi@BADCjK�k#l
C ,mjn U where

(a) =?>!> is a setof attributes.
(b) bYced and fhgV> aredisjoint subsetsof =?>!> (thesourceandtarget

attributes,respectively).
(c) @BADC is a setof modulessuch(i) eachinput attribute of each

moduleis in =?>!> and (ii) each GpoqFa=?>!>?rsbYcedtU is defined
by exactly onemodule. The functionnamesusedin different
modulesaredistinct.

(d) k#l
Cu^ WMv;wyx Ezo7@BADC5X is a setof conditionsusingat-
tributesfrom =?>!> . (Weuse

v;w
to denotetheenablingcondition

for module E .)
(e)
mhn

is asubsetof @BADC (theside-effectmodules).

To define the acyclicity condition, we associatea graph {
|
to eachpre-schema]}^~Fa=?>!>OKDbYc�d�K�fhgV>�Ki@BADC
K�k#l5CjK mjn U . The
nodesof {
| are @BADC���k#l5C ; andthe edgesare �������?� where� � ^ W F�E�K v wJ� U x E�KSE��?o�@BADC andsomeoutputattribute ofE occursin

v w � X�� W F v w � KOE��!U x E���o�@BADC5X is the setof
control edges, and � � ^ W F�E�KOE � U x E�KSE � o�@BADC andsome
outputattributeof E is aninputattributefor E � X is thesetof data
edges.

Definition 2.1 A (Vortex) workflowschemais apre-schema] such
that { | is acyclic.

We make the following assumptionwith regardsto side-effect
modules:If attributes E and E � areincomparablein {
| thenex-
ecutionsof E and E�� commute(even if oneor both of themin-
volvesside-effects).

For the remainderof this sectionwe assumethat a workflow
schema]�^7Fa=?>!>�KDb;c�dVK�fhgV>OKi@BADC
K�k#l
C
K mjn U is fixed.

Operationalsemantics(informal): TheVortex paradigmis funda-
mentally declarative. Programmersspecify a collection of mod-
ules that may potentiallybe executedduring workflow instances,
along with enablingconditionsthat govern whetherthe modules
shouldbeexecuted.Thesemanticsof Vortex workflows is defined

in a declarative manner. We shall provide this declarative seman-
tics shortly; but to provide someof the underlyingintuition, we
first give a brief descriptionof anoperationalsemanticsfor Vortex
workflows.

Speakingloosely, aVortex programexecutesasfollows: An in-
put objectis presented,wherethesourceattributesareeithergiven
valuesor theDISABLED state.Moduleswill beexecutedincremen-
tally, producingvaluesfor someattributes,and makingenabling
conditionstrue or false. A modulecanbe executedwhenits en-
ablingconditionbecomestrueandwhenit is known that its input
attributesarestable(i.e.,theirstateswill notchange).A modulecan
producevaluesfor its outputattributesoneat a time,or all at once.
Executioncanendafterall relevanttargetattributeshavebeenexe-
cuted.If a moduleis DISABLED, thenall of its outputattributeswill
beDISABLED andwill not take values.

Theacyclicity conditiononVortex workflowsguaranteesaform
of monotonicityfor attributevalues.In particular, onceanattributeG hasvalueassignedduringexecutionof theworkflow, the value
associatedto G will not change.I This implies that if anenabling
conditionfor somemodulebecomestrue, it will not subsequently
becomefalse. (The restrictionmentionedabove concerningcom-
mutativity of side-effectmodulesisalsoneededtoensurethismono-
tonicity.)

Snapshots:A key notion is that of “snapshot”,which is usedto
describethestatusof thesystematdifferentstagesof anexecution.
We introducenow a simplenotionof snapshotthatwill beusedto
presentthe declarative semantics.(A richer notion of snapshotis
presentedin / 4.)

Definition 2.2 A snapshotfor workflow schema] is a � -tuple �:^F!�jKe�(K��\U where

(a) Thestatefunction � is a total functionfrom @BADC���=?>!> , which
mapsmodulesto

W
UNINITIALIZED, SUCCESS, EXC, DISABLED X

andattributesto
W

UNINITIALIZED, VALUE, EXC, DISABLED, FAIL X .
(b) Theexceptionfunction � is a partialfunctionfrom @BADCZ�8=?>!>

to exceptionvalues,where �;F!��U hasa valueiff ��F!��U�^ EXC.
In this case,�YF!��U is anexceptionvaluefor � .

(c) The attribute valuemapping � is a partial function from =?>!>
into � Wt� FHG�U x G�o�=?>!>OX , suchthatfor eachG , ��FHG'U is defined
iff ��FHG'U#^ VALUE. In this case,��FHG�U�o � FHG�U .

(d) Thestatefunction � satisfiesthe following conditionfor each
module E andattribute G definedby E : (i) If E is in SUC-
CESS or EXC, then G mustbestable;(ii) if E is in SUCCESS,
thenno attributedefinedby E canbein stateFAIL; and(iii) ifE is in DISABLED [UNINITIALIZED], theneachattributedefined
by E is in stateDISABLED [UNINITIALIZED].

A snapshotis initial if eachsourceattributehasstateVALUE or
DISABLED, andall modules(andnon-sourceattributes)have state
UNINITIALIZED. A snapshotis completeif eachattributeandmodule
is in stablestate. In the declarative semantics,a Vortex workflow
is viewedasan input-outputdevice which essentiallymapsinitial
snapshotsinto completesnapshots.

Syntaxandsemanticsof conditions: Thesyntaxfor enablingcon-
ditionspermitsaccessto thestates,valuesandexceptionvaluesof
attributesandmodules.

Conditionsare built from atoms. Atoms suchas VALUE(A),
EXC(M), DISABLED(M) canbeusedto testthestateof attributesand
modules. (Conditionscannottest for stateUNINITIALIZED.) Predi-
cateatomsarebooleanfunctionsof form �5���D�
F�� I KMLMLiLMKe� P U , where
each��  is a term. Termsarebuilt up from constants,andexpres-
sionsof form G%¡ VALUE ¢ (abbreviatedas G ), whichdenotesthevalue£

We assumethatsourceattributes,includingattributessuchasdb load, areread
only onceduring a workflow instance. The attribute value may be readwhen the
workflow instancebegins,or at simetime duringexecutionof theworkflow instance.
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of attribute G (if defined); G%¡ EXC ¢ , the exceptionvalueof G ; andE7¡ EXC¤¥¢ , the exceptionvaluefor module E . Termscanalsouse
arithmeticoperators,etc.; thedevelopmenthereis independentof
theparticularoperatorsused,sowe leave thatunspecified.

The truth valueof conditions,whenthe involvedattributesare
stable,is givenby thestandardtwo-valuedlogic with thefollowing
exception: �5�V�D�
F�� I KiL[LNLNK��STVU is true if (a) eachattribute G andmod-
ule E referredto by �5�V�D�
F��iIiKiL[LNLNK��STVU hasa correctstate(i.e. the
stateVALUE if GJ¡ VALUE ¢ occurs,and the stateEXC if GJ¡ EXC ¢ orE7¡ EXC ¢ occurs),and (b) �5�V�D�
F�� I KiL[LNLNK��STVU is true in the standard
sense;thepredicateis falseotherwise.(This logic doesnot always
behave in the standardway, e.g., G§¦¨�J©ªG¬«­� is not a tau-
tology.) The truth valueof condition

v
in a snapshot� is denoted

TRUTHVAL F v K��tU .
Consistency of completesnapshotsWenow presenttwo notionsof
consistency. (A third notion,involving decisionmodules,is defined
in / 3.) A completesnapshot�?^®F!�hK¯��K���U is enabling-consistentif
for eachmodule E , (a) TRUTHVAL F v;w KO�tU = trueiff ��F�E�U�o W VALUE K
EXC X , andTRUTHVAL F v;w KO�tU = falseiff ��FHG�U(^ DISABLED.

Thesecondnotionof consistency is abouttherelationshipbe-
tweenthevaluesof theattributesandthemodulesthatdefinethem.
To provide aninterpretationfor thebehavior of moduleswe define
an environmentfor workflow schema] to be a mapping ° such
that, for eachmodule E¥FHGZIMKDLNL[LNKOG:PjQSRZIDKMLNLNL[KOR'T�U in ] , °�F�E�U is a
total mappingwith thesamesignatureas E . As we shall see,we
do not needto specify explicitly the side effects associatedwith
side-effectmodules.Theuseof astaticenvironmentin this formal-
ism is a convenience;in practiceVortex workflows will operatein
thecontext of a dynamicworld.

A completesnapshot��^¥F!�hK¯��K¯�\U is ° -consistentfor environ-
ment ° if for eachattribute G suchthat ��FHG�U = VALUE, ��FHG�U is
equalto the G -valuecomputedby °�F�E±UiF���FHG I U�KMLNLNL[K���FHG P U�U .

Thenotionof environmentpresentedhereis “blind” to thecon-
tentsof modules. After defininghow computationsarespecified
for decisionmodulesin / 3, thenotionof environmentwill be re-
fined to reflect the intendedsemanticsof suchmodules. Further
refinementin connectionwith flowchart modulesis madein the
full model.

Declarative semantics,ignoringside-effects: Wepresenttheseman-
tics of workflow schemasin two phases,first ignoringside-effects
andthenincorporatingthem.To this end,supposefor now thatno
modulesin ] have side-effect.

As notedabove, workflow schemasareviewedasinput-output
devices.Theinputwill beanenvironment° andaninitial snapshot� . Theoutputwill bestatesandvaluesfor thetargetattributes.

We saythat a completesnapshot�M� extendsinitial snapshot�
if thestateandvaluefunctionsof � � agreerespectively with those
functionsof � oneveryattributewhich is stablein � . Thefollowing
result(proof omitted)is demonstratedby a straightforward induc-
tion, usingtheacyclicity of { | .

Proposition2.3 Let ° be an environment for ] . For eachini-
tial snapshot� thereexists a uniquecompleteenabling-and ° -
consistentsnapshot� � thatextends � . In this case,� � is calledthe
completionof � for ] under ° .

We arenot interestedin all of thecompletionof � , only in the
statesandvaluesof targetattributes.Let � bea completesnapshot
for ] . Theprojectionof �:^®F!�jK���K¯�\U ontoaset �³²´G?�a� , denoted� x µ , is the � -tuple F!� x µ Ke� x µ Ke� x µ U consistingof therestrictionsof
thefunctionsin � to domain� .

Definition 2.4 Supposeworkflow schema] hasnoside-effectmod-
ules. The declarative semanticsof ] underenvironment ° is de-
finedasthefunctionthatmapseachinitial snapshot� to � = � � x ¶Y·i¸ ,
where �M� is thecompletionof � for ] under ° .

1. if cust.class ¹ "platinum" and
cust.subscriber ¹ "true"

then session priority ºq»
2. if cust.class ¹ "green"

then session priority º}¼
3. if cust account status ¹ "credit"

then session priority º_½
4. if match(cust rec, promos of the day)

then session priority º_¾
Figure3: Attributerulesfor session priority

Declarative semantics,with side-effects: What aboutside-effects
of moduleexecutions?Supposenow that ] hasoneor moreside-
effect modules.Let ° be an environmentand � a completesnap-
shot that is enabling-and ° -consistent.SupposeE7FHGJIMKMLNLNLNKOG'P
QFHR I KiL[LNLNKOR�TVU is a side-effect modulewhere ��F�E±U8o W SUCCESS,
EXC X . Intuitively, thismeansthat E wasexecutedduringthework-
flow instancerepresentedby � . Note that the side-effect caused
by E in � is completelydeterminedby the string E7F!¿ I KMLNL[LNKS¿ P U ,
where ¿MÀ is the value of ��FHG�ÀVU (or Á ) for Â7o}¡ÄÃ�KSÅ
¢ . We de-
notethis stringassideeff F�E�KO�tU . More generally, if ÆÈÇ Eff, the
side-effectscausedby Æ in � aregivenby thesetside eff F!Æ�KS��U�^W
side eff F�E�KO�tU x EÉoÊÆ and ��F�E±U�o W SUCCESS,EXC XVX .

Supposenow that � is an initial snapshotand �D�#^qF!�h�HKe�h��K��V��U
is thecompletionof � for ] under ° . Thequestionis: whatside-
effectsfrom � � shouldbe includedin thedeclarative semanticsas
partof theoutputof � ? ForeachmoduleEÉo thesetEff

¶Y·i¸
of side-

effect modulesthatdefinetargetattributes,if ��F�E±U?o W SUCCESS,
EXC X thentheworkflow executionshouldproduce�MË���� eff F�E�KO� � U .
This is becausetheworkflow instancemustproducesomethingfor
the targetattributesdefinedby E , andso E musthave beenex-
ecuted. What about the side-effects of a module E that do not
producetarget attributes? We argue that thereis no fundamental
reasonthat �MËH��� eff F�E�KO� � U be produced.In particular, a “clever”
executionof theworkflow might beableto producecorrectvalues
for thetargetattributeswithoutexecutingmodule E .

Definition 2.5 The declarative semanticsof workflow schema]
with side-effects underenvironment ° is definedas the relation
containingall pairsof form F���KDF��iKS��U�U where

(a) � is aninitial snapshot,
(b) � = �M� xÍÌtÎ¯Ï , where �M� is thecompletionof � for ] under ° , and
(c) � is a setof sideeffectexpressionssuchthat

sideeff F mjn ¶Y·�¸ KS�D�ÐU�ÇÑ�'Ç sideeff F Eff KO�M��U .
Ò $'3j
 � � � "  6Ó"%$�&?9Y3
�
This sectiondescribesdecisionmodules,oneof thenovel aspects
of theVortex workflows. Decisionmodulesderive thevalueof an
attribute from the valuesof other attributes. A decisionmodule
consistsof a setof “attributerules”, alongwith a combiningfunc-
tion specifiedusingtheCombiningSemanticsLanguage(CSL) in-
troducedhere. Eachattribute rule whoseassociatedcondition is
true suggestsa possiblecontribution to the attribute value. The
“combiningfunction” thensynthesizesthecontributionsto provide
thefinal valuefor theattribute. Decisionmodulessupporta broad
varietyof approachesto aggregatingandsynthesizinginformation.

Example3.1 Module 7 of Fig. 1 is a decisionmodulewhich de-
terminesthevalueof session priority. This attributetakes
an integer value between1 and5. Somerepresentative attribute
rulesfor this attributeareshown in Fig. 3. Thecombiningseman-
tics to be usedfor session priority is “high value wins”.
Informally, for agivenworkflow instance,asetof integersarepro-
ducedby thoseruleswhoseconditionsaretrue;thenthemaximum
value in that set is assignedto session priority. For rules
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1. if "cust ordered every week for past month"
thenÔ suggested subscription plan ºÖÕ weekly ×a½DØtÙ

2. if "cust ordered 2 times per month
for last 2 months"

then suggested subscription plan ºÖÕ bi weekly ×O¼OÚtÙ
3. if cust.class Û%Ü "platinum", "gold" Ý

then suggested subscription plan ºÖÕ weekly ×S¼OØtÙ
Figure4: Attributerulesfor suggested subscription plan

thatproducenumericvaluesit is easyto developothercombining
semantics(e.g.,min, sum,average).

In Vortex, all therulesfor anattributemustreturnvaluesof the
sametype.Thetypeneednotbeatomic.

Example3.2 Considerattribute suggested subscription
plan, whoserangeisanenumeratedset

W
weekly,bi weekly,LiLDLÄX . Therulesof Fig.4 eachreturnanorderedpair, with first coor-

dinateasubscriptionplanandsecondcoordinateanintegerserving
asa weight.Underthe“weighted-sum-semantics”,thecontributed
valuesof ruleswith true conditionsaregroupedaccordingto the
first coordinate.The weightswithin eachgrouparesummed,and
thesubscriptionplanwith maximumsumis chosen.(A mechanism
for breakingties mustalsobespecified.)Again, aggregatesother
thansumcanbeused.

Combiningfunctionsare expressedusing the CombiningSe-
manticsLanguage (CSL). CSL is basedon an algebraof simple
operatorsthat permit us to manipulatecollectionsof values. The
choiceof thebasicoperatorsfor our languagewasmotivatedby the
examplesof combiningsemanticswehaveencounteredin practice.
CSL is very close to databaseprogramminglanguages[BTS91,
OBBT89, BBKV88, PSV92],andcontainssomeadditionaloper-
atorsfor list manipulationthatappearedto bevery usefulin prac-
tice. CSLpermitsusto definefamiliesof combiningfunctions,and
it can even be usedby a naive userto constructnew combining
functions.

CSL values: Thedataproducedby the attribute rulesandmanip-
ulatedby thecombiningfunctionsarebasedon a typesystemthat
definesthe following valuetypes(calledCSLvaluetypes). Each
CSL value type is extendedwith the value Á (standingfor “No
value”) asa specificoccurrence.Þ atom. Examplesof atomtypesareinteger, char or string.Þuß!à Iâá � I KiL[LNLNK à P�á � P;ã is a tupletype, if each

�   is a CSL value
typeandeachà   is thenameof theattribute.Þ ¡ � ¢ is a homogeneouslist type,if

�
is a CSL valuetype.Þ W¯x ��x X is a homogeneousbagtype,if
�

is a CSL valuetype.
In the following, we assumethat all the workflow attributeshave
CSL valuetypes.

Attributerules: Let =?>!> bea setof attributesand G anattributein=?>!> . An attribute rule � for G hasthe form “ if cond then Gåä a-
term”, wherecondis aconditionasdefinedin theprevioussection,
a-term(attributeterm)is anexpressionthatspecifiesa CSL value.
More precisely, a-term is either(i) a constantvalue,(ii) thename
of an attribute R in =?>!> , different from G or, (iii) the call of a
userdefinedfunction that applieson the extendedvaluesof some
attributesin =?>!> andproducesaCSLvalue.In this lastcase,a-term
hastheform æ�FH��IDKMLNL[LNKO��T�U where æ is thenameof theuserdefined
function andeach �t  ( Ë%os¡ÄÃ�LNL ç�¢ ) is eithera constantvalueor the
nameof anattribute R differentfrom G .

Definition 3.3 Let =?>!> bea setof attributesand �è^ “ if cond thenG¨ä a-term” an attribute rule. Let �Ó^éF!�jKe�(K��\U be a snapshot.
Let �'^êF!�hK¯��K¯�\U bea completesnapshot.Theresultof theexecu-
tion of � is a CSL value,denotedEXEC F!�VKS��U , obtainedasfollows:
EXEC F!��KO�tUë^âÁ if the conditionof � is evaluatedto false. If the
condition of � is true, EXEC F!��KO�tU is the result of the evaluation

of theexpressiona-termon � whereeachreferenceto anattributeR³ouG��¯� is replacedby its value ��FHR%U if ��FHR%U is definedand Á
otherwise.

Combiningfunctions: A combiningfunction applieson homoge-
neouscollectionsof CSL valuesand producesa new collection
of CSL values. The body of thesefunctionsareexpressedusing
the following operators:(i) Constructors(like tupling (denotedß ã ),
bagging (denoted

W¯xÍx X ) or listing (denoted ¡ ¢ ) that respectively al-
lows to constructtuples, bagsor lists; (ii) De-constructorslike
the proj ¡ à  �¢ operatorthat takes as input a tuple (or list) and re-
turnsthevalueof theattributeof nameà   . (iii) Operatorsparame-
terizedby combiningfunctionssuchasmap ¡ æ;¢ andcollect ¡ ËH�5K�æ;¢ .
The map ¡ æ;¢ operatortakes as input a collection of CSL values
andappliesthecombiningfunction æ on eachvalueof thecollec-
tion. The collect ¡ Ë��5KSæ;¢ operator(analogousto thecollectoperator
in [PSV92], and the “fold” or “reduce” of many functional lan-
guages)is parameterizedby aCSLvalue ËH� andabinarycombining
functionof type ì7íÓì®îïì ( ì meansany CStype). This oper-
ator permitscomputationof aggregatesover collections. It takes
as input a collection of CSL valuesand returnsa CSL value of
the sametype that is obtainedby recursively applying the func-
tion æ over the elementsof the collection. If the collection is
emptyit returnsthevalue Ë�� . If thecollectioncontainsa singleel-
ement,it returnsthatelement.For example,collect ¡ ð�K�ñ:¢ computes
the sum of a collection of integers: collect ¡ ð�K�ñ:¢aF�¡ÄÃVKO��KSò�K�ót¢ÐU´^ñëF�ñëF�ñëFeÃ�Ke��U�KOò�U�KOó�UJ^­F�FeÃ:ñ���U�ñ�ò�U�ñ�ó8^}Ãtó . Finally, factor
anddot arebinaryoperatorsthatallow to combinecollectionswith
otherCSLvalues.factor takesasinputa list (or abag)andany CSL
value. It associatesa valueto eachelementof the list asfollows:
factor F�¡ ô�ItKMLNLNLNKSô
P\¢�KeõYUè^`¡ ß ô�IMK�õ ã KMLNLNLNK ß ô
PjKeõ ã ¢ . dot operatortakes
as input two lists andassociateselementswith the sameposition
asfollows: dot F�¡ ô I KiL[LNLNKSô P ¢ , ¡ õ I KMLNLNL[KSõ P ¢ÐU = ¡ ß ô I K�õ I�ã KiL[LNLNK ß ô T KSõ T�ã Kß ôjTMö I KOÁ ã KOLNL[LNK ß ô
P5K�Á ã ¢ . The CS operatorscanbe combinedin a
CSL expressionsusingsequencesandconditionnals.CSL canalso
useany arbitraryuser-definedfunctionover atomicvalues.Wecall
suchfunctionsatomicmappings. Thesignaturesof thesefunctions
areof theform

� I íÓ÷M÷i÷\í � P î �
where

� I KMLNLNL[K � P and
�

areatom
types.

A CSLfunction æ�F!ô�IMKMLNLNLNKSôjT�U is an expressionin CSL whose
freevariablesare

W ô I KiL[LNLNKSô T X .
Example3.4 The “high valuewins” combiningsemantics,infor-
mally presentedin Example3.1,canbeexpressedby thefollowing
CSL function(HVW) thattakesasinput a list of integers:ø�ù(ú F!ôjU#^ collect ¡ ÁëK sup  [P ¸ ¢�F!ôjU
Heresup  [P ¸ F!ô�Keõ;U is anatomicmappingthatreturnsô if õë^âÁ or ô
is greaterthanõ , andreturnsõ otherwise.By replacingthefunction
sup  ÍP ¸ with otherfunctions,we canspecifymany variationssuch
as“low valuewins”, “non null valueswins”.

In CSL, by using the CSL operators,we can define“macro”
functionsthatareparameterizedby othercombiningfunctions.An
exampleof sucha macrois group ¡ æYKeû\¢ ; it is parameterizedby two
combiningfunctions æ and û . group ¡ æYK�û\¢ subsumesthegroupop-
eratorin the nestedrelationalalgebra: It takes as input a collec-
tion ü of CSL valuesandreturnsa collectionof tuplesof theformßHýYà � ý á ¿5K�¿ à�þ � á üÿ� ã where¿ is anatomvalueand üÿ� is abagthat
containsall thevaluesûjF!ô
U where ô belongsto ü andis suchthatæ�F!ôjU(^ ¿ .

Combinedwith theCSL operators,macrosallow easyspecifi-
cationof a largevarietyof combiningsemantics.

Example3.5 Wecannow expressin CSLthe“weighted-sum”com-
biningsemantics,informallypresentedin Example3.2.The(WSS)
functiontakesasinputabagof 2-tuplesß ¿ á à � ��� K�� á ËHÅ
� ã where
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¿ is thecontributingvalueand � is theweightvalueassociatedwith¿ . It is
�

definedasfollows:ú��	� F!ôjU#^ let ������^ group ¡ proj ¡ ¿�¢HK proj ¡ �?¢N¢�F!ôjU in
collect ¡ ÁëK wsup ¢aF map ¡ valssum ¢�F!�����tU�U

In the specificationof WSS,we first group the valuesaccording
to their contributing value ( �V�V� ). Then we computethe sum of
the weightsfor eachcontributing value (valssum) andfinally we
take the value with the maximal weight (wsup). The CSL func-
tion valssum takes as input a set of tuplesof the form ßHý;à � ý áà � �
� K�¿ à�þ � á ËHÅj� ã and returnsa set of tuple of the form ß ¿ áà � �
� K�� á ËHÅ
� ã . The CSL function wsup takes as input two tu-
plesof the form ß ¿ á à � ��� K�� á ËHÅj� ã andreturnstheonewith the
highervaluefor � .

valssum F!ôjU#^ ß ¿ á ^ proj ¡ ý;à � ý ¢�F!ôjU�K
� á ^ collect ¡ ð�K�ñ:¢�F map ¡ proj ¡ ¿ à�þ �i¢N¢�F!ôjU�U ã

wsup F!ô Keõ;U(^ if proj ¡ �?¢�F!ôjU
� proj ¡ �?¢�F!õ;U then ô else õ
L
Hereagain,wecanspecifymany variationsof “Weighted-SumSe-
mantics”by replacingthefunctionsvalssum andwsup.

Dueto spacelimitations,wedonotincludemoreintricatekinds
of combiningsemanticswhichwehaveencounteredin practiceand
which canbeexpressedusingCSL.

Decision-consistentenvironments: A decisionmodule E for an
attribute G isasetof attributerulesfor G togetherwith acombining
function specifiedin CSL. The combiningfunction takesasinput
thesetof valuesproducedby theexecutionof therulesandreturns
a value for G . We cannow definethe notion of an environment
beingconsistentwith decisionmodules.

Definition 3.6 An environment° isdecision-consistentfor ] if the
semanticsassignedby ° to eachdecisionmodule E in ] agrees
with thespecificationof E .

In thesequelweconsideronlydecision-consistentenvironments.

� "���3 �ÿ��	 � "  ��9 �ÿ3�6Ó�  	 � 
��
In this sectionwe describea framework for specifyingan opera-
tional semanticsfor Vortex workflows. Theframework is basedon
theuseof “choice” functions,asfound in active databasesystems
(Starburst,Chimera[WC95]), expertsystems(OPS5[For81]),and
elsewhere. By usingproperchoicefunctionswe canobtaina va-
riety of dynamicoptimizations(e.g., to minimize responsetime)
duringtheexecution.

In the framework developedhere,executionof a Vortex work-
flow consistsin producinga sequenceof “operationalsnapshots”
(thesearegeneralizationsof the notion of snapshotdevelopedin/ 2). New snapshotsareproducedin two possibleways,namely,
choice:basedoncurrentinformationthechoicefunctionmayselect
new modulesthatshouldbe“launched”,andinference:new infor-
mationaboutmoduleandattributestatesandvaluesis incorporated
into thecurrentsnapshot.Theprimarycontribution of this section
is to developconditionson thechoiceandinferencestepsthatare
sufficient to guaranteethat executionsagreewith the declarative
semanticsfor Vortex.

In [HLS ö 99] we have usedthe framework presentedhereto
developcorrectchoiceandinferencefunctionsthatidentify, during
execution,moduleswhich are “useless”or “necessary”for com-
pletionof theexecution.Theframework alsoprovidesthebasisfor
thedevelopmentof additionaloptimizations.The framework pre-
sentedhereis usingchoiceon modulesin a Vortex workflow. It
may be useful to supportthe useof choicefor otheraspectsof a
Vortex workflow, e.g.,to permiteagerevaluationof attributerules
within decisionmodules.This is briefly exploredin / 5 below.

For this discussionwe assumethat a Vortex schema] = (Att,
Src, Tgt,Mod,Cnd,Eff) is fixed.

LAUNCHED

UNINITIALIZED

READY

EXECUTED

SUCCESS EXC DISABLED

Figure5: Thestatesandtransitionsof a unit of processing

Operationalsnapshots:In theframework presentedhere,thechoice
functionusesinformationaboutthecurrentexecution.To represent
suchdynamicinformation,we usean extendedform of snapshot
called“operationalsnapshot”.Suchsnapshotsreflecttheexecution
statesof all the modulesin the workflow schema,the valuesand
the statesof all attributesat a given stepof the execution,andall
theside-effectsthatwereproducedsincethebeginningof theexe-
cution. It mayalsocontainsomeauxiliary informationthatcanbe
usedby thechoiceandinferencefunctions.

Definition 4.1 Let ] beaworkflow schema.An operational snap-
shotover ] is a tuple � = F!�hK¯��K���K SideKOG��5ôëU where� and � areas
definedin / 2. Thestatefunction � mapsE � � to thesetof execu-
tion statesshown in thefsa in Fig. 5 andmapsG?�a� to theattribute
statesdescribedin / 2. Sideis a setof side-effect expressions(as
definedin / 2), and G��Yô canbeany auxiliary information.

Intuitively, themeaningof thestatesdescribedin Fig. 5 is the
following. (A doublecircle representsa possibleterminalstate.)
StatesUNINITIALIZED, DISABLED, SUCCESS andEXC have thesame
meaningasin / 2. StateREADY indicatesthatall theinputattributes
of themodulearestable.StateLAUNCHED indicatesthatthemodule
hasbeenselectedby the choicefunction andhasstartedits exe-
cution. We assumethatall side-effectsof a moduleoccurassoon
as it is launched. StateEXECUTED indicatesthe modulehaster-
minatedits execution(succesfullyor with anexception),in which
casesomeattributevaluesmayhavebeenreturned.At thebegining
of theexecutionall themodulesarein stateUNINITIALIZED. Also, in
anoperationalsnapshot� , thesetSidecorrespondsintuitively to the
setof side-effectsthatoccurredbeforeor when � wasproduced.

Choice-basedoperationalframework: An instanceof theworkflow
] is modeledasa sequenceof operationalsnapshots.Importantly,
we do not allow back-tracking(or rollback) in the executionse-
quences.This impliesthatexecutionsalwaysmake“progress”.We
formalizethis notionof progressby thenotionof “extends”:

Definition 4.2 Let �Ó^§F!�jKe�(K���K SideKSG��5ôëU and �M� = F!� �HKe�h�aK¯���HK
Side� KSG��Yô � U beoperationalsnapshotsover ] . Then � � extends� if

(a) For eachE in E � � , ��F�E�U�«�� � F�E�U in theorderingof states
givenby thefsain Fig. 5.

(b) For eachG in G��¯� , ��FHG�U = UNINITIALIZED or ��FHG�U = �h��FHG�U .
(c) Thepartialmapping� (resp. � ) agreeswith �h� (resp. ��� ) when

it is defined.
(d) Side Ç Side� .
A (non-operational)completesnapshot� � (asdefinedin / 2) ex-
tends� if conditions(a), (b), and(c) hold.

Sinceexecutionsequencescannotbe rolled-back,we have to
avoid intermediateexecutionstepsthatcouldleadto a “dead-end”
or a final result inconsistentwith the declarative semantics.One
kind of problemarisesif anincorrectoutputfor a decisionmodule
is used.(This is preventedby condition(i) in thedefinitionbelow.)
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Anotherkind of problemarisesif thevalueof anenablingcondition
is determined� incorrectly. A final kind of problemarisesif some
undesirableside-effects are produced. This can occur if a side-
effect moduleis launchedprematurely. (The latter two kinds of
problemsarepreventedby condition(ii) in the definition below.)
We say that a (decision-consistent)environment ° is compatible
with operationalsnapshot� if it agreeswith all definedvaluesof �
and � in � .
Definition 4.3 An operationalsnapshot� = F!�hK��(Ke��K SideK�G��5ôëU
over ] is permissibleif (i) thereexists an environment ° that is
compatiblewith � , and(ii) for eachenvironment° compatiblewith� , if � � is thecompletionof � x ��� � for ] under ° , then � � extends�
andSide Ç �MË���� � n F mjn KS�D�ÐU .

To illustrateitem (ii) above, supposethat in � side-effect mod-
ule E is in stateLAUNCHED, but someattributesusedin

v w
are

not stable.Since E hasbeenlaunched,theside-effect expression
associatedwith E is in Side. Let ° beanenvironmentcompatible
with � and �M� theassociatedcompletionof � x ��� � . Supposethatun-
der ° ,

v;w
is false.Thentheside-effect expressionfor E is not in�MËH��� � n F mhn KO� � U , and � violates(ii).

In general,it is undecidablewhetheran operationalsnapshot
is permissible[HLS ö 99]. However, asdiscussedbelow tractable
sufficient conditionscanbedeveloped.

Wenow developconditionsthatensurethatasequenceof snap-
shotsprovides a correctexecutionof a Vortex workflow. An ex-
ecutionsequenceis a sequence�� of operationalsnapshots���ª^F!� � Ke� � Ke� � K Side� KSG��5ô � U�Kâ÷M÷D÷MKO� P = F!� P Ke� P Ke� P K SideP KOG��Yô P U .
Part (d) of the following definition requiresthat if a module E
is launchedduring �� , thenthereis a pair �t ���IDKS�t  suchthat E is
READY in �  ���I and E is LAUNCHED in �   . In this case,Ë is called
the launch-pointof E in �� , denotedþÐà �5Å�� ý � � ËHÅj�iF�E�K ��DU .
Definition 4.4 Executionsequence�� is proper if

(a) �!� is aninitial snapshot.
(b) Eachtargetattributeis stablein �DP .
(c) Each �   is permissible.
(d) For eachË�o±¡ÄÃVL[L Å
¢ andmodule E , if �   F�E±UJo W LAUNCHED,

EXECUTED, SUCCESS, EXC X and �
 ���ItF�E�U o W UNINITIALIZED,
READY X , then �
 �F�E�U = LAUNCHED and �5 "� ItF�E±U = READY.

We recall that the declarative semanticsof a Vortex workflow
is definedusingenvironments.Condition(d) above helpsusiden-
tify theenvironmentcorrespondingto aproperexecutionsequence.
Specifically, supposethattimestampsareassociatedwith eachop-
erationalsnapshotin �� , andlet EXEC F#���U be thesequenceof mod-
ule invocationscorrespondingto the launch-pointsoccurringin �� .
If E is launchedin �   , we assumethe input attributesfor E are
populatedfrom �D ���I . We assumefurther that if a value for at-
tribute G first occursin �D  , thenthe moduledefining G produced
this valuesometimebetweenthetime stampsof �  "� I and �   . The
environmentof EXEC F#��MU , denoted°�$&%'$)('*&+,�- , is definedso that for
eachmodule E¥FHG I KMLNLNL[K�G P QSR I KDLNLNL[KOR'T�U , ° $&%'$)('*&+,.- F�E�U is thefunc-
tion definedby moduleE at timestampþÍà �YÅ/� ý � � ËHÅ
�MF�E�K0��tU (and
is irrelevantfor thoseE not launchedin �� ).

The following result(proof omitted)shows thatproperexecu-
tion sequencesproduceoutputsthatarecompatiblewith thedeclar-
ative semanticsfor Vortex. (The notion of � x ¶Y·i¸ for operational
snapshot� is definedin thenaturalmanner.)

Proposition4.5 Let ���^ ����KM÷D÷M÷MKO�DP be a proper execution se-
quencefor ] . Let ��^s� P x ¶Y·�¸ . Then F�� � KtF��iK SideP U�U is anelement
of thedeclarative semanticsfor ] underenvironment °�$&%'$)('*&+,�- .

Whatrestrictionsdoesthis imply onchoiceandinferencefunc-
tions?Wefocusonexecutionsequences�� whereeachstepis either
a launchstepor an inferencestep. For an operationalsnapshot�
andset � of modulesin stateUNINITIALIZED, þÐà �5Å�� ý F!�ÓK���U denotes

the snapshot� � constructedfrom � by changingthe stateof each
modulein � to LAUNCHED. An executionsequence��?^�� � KM÷i÷M÷MKO� P
is choice-basedusing functionsChoiceand inferenceif for eachË�oB¡ÄÃ�LNL Å
¢ , either

(a) �D �^ þÍà �YÅ/� ý FMk21;A
3!d4�\F�]'K��D "� IOU�KO�D "� I�U , or
(b) �D  ^53�l!67��c.��l
d'�\F��D "� IMK73�l76MA\U and Ë is not the launch-pointof

any module,
whereinfo canbeanything, but intuitively correspondsto new in-
formationaboutmoduleandattributestatesandvalues.

We now presentsufficient conditionson choiceandinference
functionsthatwill ensurecompliancewith thedeclarative seman-
tics. A choicefunction Choice is proper if for eachpermissible
snapshot� :
(a) If no modulehasstateLAUNCHED andat leastonemodulehas

stateREADY, then 8 ý � Ë"�M�\F�]'K��tU�9^;: .
(b) All modulesin 8 ý � Ë<�i�\F�]'KO�tU have thestateREADY.
(c) Let ü#� be the set of side-effect expressionsassociatedwith

modulesin 8 ý � Ë"�M�\F�]:KO�tU in � . Thenfor eachenvironment °
compatiblewith � , ü#� Ç³�MË���� � n F mjn KS�D��U where �M� is the
completionof � x ��� � for ] under ° .

Condition (a) helpsto prevent starvation, by requiring that if no
moduleis executingbut somemoduleis READY, then the choice
functionselectsat leastonemodulefor launching.Functioninfer-
enceis proper if for eachpermissibleoperationalsnapshot� and
valueof info, 3Ðl!6!��c���l
d'��F���K73Ðl!6MA�U is permissible.

Becausethe notionsof properchoiceandinferencefunctions
rely onthenotionpermissible,testingproperis undecidable.How-
ever, it is relatively easyto develop tractablesufficient conditions
for proper. For example,in algorithmsof [HLS ö 99] a side-effect
module E is launchedby achoicefunctiononly if aneagerevalu-
ationof theenablingconditionfor E yieldstrue.

The following (proof omitted)shows thatexecutionsbasedon
properchoiceandinferencefunctionsarecompatiblewith thedeclar-
ative semantics.

Proposition4.6 Let Choiceandinferencebeproper. Let �!� bean
initial snapshot,and let ���^³�!��KM÷M÷M÷MKS�tP be a sequenceof opera-
tional statescorrespondingto anexecutionusingChoiceandinfer-
encethatcannotbeextended.Then �� is a propersequence,andso� P is compatiblewith thedeclarative semantics.
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This sectionpresentsa brief introductionto theDecisionSheetin-
terfacefor Vortex workflows. This interfaceuseselementsof the
SpreadSheetsparadigmto supporta form of dynamicbrowsingof
theoperationof a Vortex workflow on hypotheticalinputs.Thein-
terfaceis usefulfor understandinganddebuggingboththeseman-
tics of a workflow, andfor understandinghow optimizationstrate-
giesaffect theprocessingof differentkindsof inputs.Weintroduce
theDecisionSheetinterfacewith anexample,andthenmake some
generalremarks.

Fig. 6 shows aninstanceof theDecisionSheetinterfacefor the
workflow describedin Section2.

The DecisionSheetinterfacecanbe usedto show information
aboutsnapshotsof aworkflow instance.Figure6 showsasnapshot
thatmight arisein a workflow instanceinvolving anexisting cus-
tomer, whenusinganoperationalsemanticsthat is very eager. (In-
deed,the exampleshows executionof somemodulesbeforetheir
enablingconditionsareknown, andshows executionof someat-
tribute rules in decisionmodulesbeforeall of the input attributes
for thosemodulesareknown.)

Eachcolumnof theDecisionSheetcorrespondsto an attribute
of ] . The attributenamesarelisted in Row râÃ , andtheattribute
statesandvaluesare indicatedin Row 0. The attributesmustbe
listed in an order that is compatiblewith the edgesof {
| . As
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Figure6: Exampleof DecisionSheetinterface

with SpreadSheetssomecolumnsmay be hidden;in our example
columnsH throughK (for the attributesgeneratedby modules5
and6) arehidden,aswell asall columnsbeyondcolumnN.

Rows r?� to râÃ of theDecisionSheetprovideinformationabout
how theattributesarecomputed.Row r?� indicatesthenameof the
modulecomputingthe attribute. We generalizethe typical notion
of cell found in SpreadSheetsby permitting the cells of the first
row to spana numberof columnsequalingthe numberof output
attributesof thenode.Thesecondrow indicatesthekind of mod-
ule, andin the caseof decisionmodules,it indicatesthe nameof
thecombiningsemanticsfunctionused.

In Row 0, which holdsthestatesandvaluesof attributes,light
gray indicatesthat the attribute value hasbeenestablished;dark
gray that the attribute has stateDISABLED; striped gray that the
attribute is known to be enabledbut the value is not yet known;
andwhitemeansthatno informationaboutenablingor disablingis
known yet. (Althoughnot illustratedhere,adistinctcolormightbe
usedfor attributeswhosestateis EXC.)

Figure6 depictsasnapshotthatmightariseafteracustomerhas
identifiedhimself. The two input attributeshave values,asdo the
attributesfrom module1. Module2 is enabledandexecuting,and
module3 is disabledbecausethedatabaseloadis over 95%.

For decisionmodulessuchasmodules4, 7, 8, and9, thecells
in positively numberedrows correspondto the attribute rules in
the modules.To illustrate,module4 is enabled,andbasedon in-
formationalreadyknown theconditionsof thefirst andthird rules
couldbeevaulated,andwerefalse.No informationcanbeinferred
aboutthesecondrule. With module7 (thatcorrespondsto thede-
cision moduledescribedin Example3.1), the first rule hasfalse
condition,thesecondandfourth ruleshave trueconditionandre-
turnedvalues1 and3. Althoughwe have no informationaboutthe
value of the condition of the third rule, we do know that if true
then the rule would contribute the value 2. Basedon the com-
bining semanticsthe systemhasinferred that the final value for
session priority is 3.

We have madea prototypeimplementationof the Decision-
Sheetinterfaceon top of ThinkSheet[PYLS96]. The prototype
is currentlybeingusedto experimentwith differentfunctionalities
andpresentationschemes.

F ��3�9���	�3�$G@´"%���
Recentoverviews onworkflows andrelatedwork include[GHS95,
MAGK95, CHRW98, KR96, BT98]. Several commercialwork-
flow productsareavailable,including Flowmark [LR97] which is
general-purpose,and InConcert’s TEOSSsystem[InC] which is
focusedon telecommunicationapplications.Traditionalworkflow
managementsystems(WFMS) emphasizeon the control andco-
ordinationof tasksthatmaybeperformedby softwaresystemsor
humans. To this end, workflows are typically representedusing
someform of directedgraph[GHS95,Ell79], oftenbasedonvaria-
tionsof Petrinets. In contrast,recentwork in theareaof scientific
workflows emphasizetheneedto promotea dataflow view of the
workflow at thespecificationlevel. In [AIL98], theauthorsadvo-
catefor an”object view” of workflow wherethe focal point is the
datausedandgeneratedduringworkflow execution.There,work-
flows areconsideredasgraphsof objectswith the processesthat
createdthembeingexpressedthroughthe links betweenthem. A
mixedview is proposedin [MVW95], whereinbothdataandcon-
trol flow areexpressibleandtheusercannavigatefrom anactivity
to its input datastructure.

Vortex offersacomplementaryview throughits object-focused
approach.In Vortex, the focusis on determiningattributevalues,
andthemeansby which thesevaluesareobtainedaremodeledes-
sentiallyasside-effectsof this. However, attributesin Vortex can
eithermodeltheexecutionstatusof sometaskor theoutputdataof
a task.Thisapproachoffersa lot of flexibility , whichenablesto al-
ternatively focusontasksor dataasneededby thedecisionprocess
incarnatedby theworkflow.

Vortex enablesa declarative specificationof workflows, which
matchestheneedfor high-level specificationlanguagesfor design-
ing and prototyping workflows usableby non computertrained
users(e.g., a natural scientist)emphasizedby existing work on
scientificworkflows. Suchhigh-level specificationlanguagesare
currentlylacking in existing systems.Reference[DKRR98] intro-
ducesadeclarativeparadigmfor specifyingworkflowsthatis based
onConcurrentTransactionLogic,andstudythecomplexity of deci-
sionproblemsinvolving consistency, verificationandscheduling.

Theuseof enablingconditionsin Vortex is reminiscentof their
usein theThinkSheetmodel[PYLS96]. A key differencebetween
themodelsis thatVortex permitsside-effects.

Anothercontribution of Vortex at the specificationlevel is to
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introducerulesto specifythecomputationof anattributein a node
of the< workflow. In traditionalworkflows, codeblocks(that may
invoke externalcomponents)areassociatedwith the nodesof the
graph, i.e., the tasks. However, the if-then rules usedin Vortex
aredifferentfrom theexistingthreebroadcategoriesof rules-based
specificationparadigms,i.e., (a) logic programming[Llo87] and
datalog(see[AHV95]), (b) expert systems(e.g.,OPS5[For81]),
and(c) active databases[WC95], primarily becausetheexecution
semanticsfor rulesin Vortex is very different.

Last,Vortex givestheability to specifypartialworkflows, i.e.,
workflows whosecompletespecificationdependson the resultof
the currentexecutionof the workflow. This is not possiblewith
existingsystems,whichcannotdynamicallylaunchtheexcutionof
a workflow asa resultof the executionof anotheroneandshare
their states.As explainedin [MVW95], thereis a substantialneed
for this capabilityin scientificworkflow applications.

From the perspective of fundamentalsthe areaof workflow is
still in its infancy. Thereis little consensuson modelsand lan-
guagesappropriatefor specifyingworkflows, andonly a little re-
searchon theoreticalproperties.TheMentor model[WWWD96]
is basedon a variantof statecharts[Har88]. In [MWW ö 98] tech-
niquesfrom model-checkingare usedto develop static analysis
algorithmsfor verifying variouspropertiesof Mentor workflows.
Reference[WW97] developsanapproachfor convertingalogically
centralizedworkflow into aworkflow thatcanbedistributedacross
multiple processingengines.

H Ih&�	�&?��3Ñ$ � ��3j
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A key direction is to develop an enginethat can processVortex
workflows for near-realtime workflow applications,and support
modificationsof workflows In work relatedto this goal we re-
cently implementeda prototypeexecution enginefor flowchart-
basedsequentialworkflows evenasaninterpreterof theworkflow
schema.More specifically, a workflow schemais representedasa
collection of objects(correspondingto the differentnodesof the
flowchart), and the engineinterpretstheseobjectsas it executes
oneor moreinstancesof theworkflow. Multiple workflow schemas
(i.e., flowcharts)canbemaintainedsimultaneously. Adding a new
workflow schemainvolvesonly theadditionof new setof objects,
andcanbe performedat any time without bringing down the en-
ginenor interruptingtheexecutionof workflow instance/sthatare
alreadyunderway. Secondly, to provide near-realtimeprocessing,
theengineusesa multi-threadingapproach,allocatingoneor more
threadsto eachworkflow instance/.An eventhandleris usedto re-
actto thedifferentkindsof eventsthatmayarise,eitherasmodules
returnvalues,or asamodifiedversionof theworkflow schemahas
beenintroduced.

Theenginewill becenteredaroundtheuseof choicefunctions
asdiscussedin / 4. Somefurtherwork in thisdirectionis described
in [HLS ö 99], wherewe developalgorithmsfor identifying at run-
timemodulesthatare“useless”for completingaworkflow instance
and modulesthat are “necessary”for completinga workflow in-
stance.

Therearemany interestingissuesthat deserve further investi-
gation. Oneis thedevelopmentof a GUI to supportthespecifica-
tion andbrowsing of Vortex workflows. Another is to develop a
way to respondautomaticallyto violationsof logical constraints.
Thethird is to developsupportfor differentgranularitiesof Vortex
workflows. Thefourth is to exploretheincorporationof hardtime
constraintsinto enablingconditions. The fifth concernsexploita-
tion of themathematicalpropertiesof Vortex schemas.Preliminary
resultsreportedin [HLS ö 99] show thatmostdecisionproblemsfor
Vortex workflows areintractableor undecidable.Nevertheless,be-
causeVortex workflows aredeclarative, the developmentof suffi-
cientconditionsfor checkingpropertiesof Vortex schemasmaybe
easierthanfor proceduralworkflow paradigms.Thefinal direction

concernsthe possibility of developing an algebrafor combining
Vortex workflow schemas.
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