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ABSTRACT

A new programmingparadigmnamed“Vortex” is introducedfor
specifyingawide rangeof decision-makingctwities including,in
particular workflows. In Vortex workflows are specifieddeclar
atively. A particularemphasidss on “object-focused”workflows,
i.e., workflows focusedon how individual input objectsshouldbe
processedvithin anorganization.Suchworkflows arisecommonly
in practice,includinginsuranceclaimsprocessingandmary elec-
tronic commerceapplications,andin the areaof CustomerCare,
e.g.,web-basedstorefronts. Vortex workflows are “attribute-cen-
tric”, becausehey arecenteredaroundhow theattribute valuesfor
aninputobjectaregatherecandcomputed lnitially, only afew at-
tributesof aninput objecthave assignedalues.During processing
of the object,additionalattribute valuesmay be assignedy exter-
nalmodulespr by internalmodulesjncluding“decisionmodules”.
Decisionmodulesinclude “attribute rules” that specify contritu-
tions to specificattribute values;theseare combinedwith one of
a broadfamily of available semantics.In Vortex, enablingcon-
ditions are usedto determinewhat attributesshouldbe evaluated.
A novel choice-base@xecutionmodel provides a generalframe-
work for optimizationstratgies. The useof enablingconditions,
attribute rulesand declaratve semanticanakes Vortex workflows
easierto modify andrefinethantraditional,procedurallyspecified
workflows. Vortex supportsnodularityandpermitsthe naturalin-
termixing of Vortex workflows with traditional, proceduralwork-
flows. The paperintroducesa novel spreadsheet-lkinterfacefor
dynamicbrowsing of Vortex executions.
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1 INTRODUCTION

The workflows usedin industry are becomingincreasinglycom-
plex. This resultsfrom new applications suchaselectroniccom-
merce theneedfor “masscustomization’in customercare,andthe
needthat somepartsof workflows operatewith nearrealtimere-
sponsdimes. It is alsobecomingmperatve thatnon-programmers
(e.g.,businessnanagerspe ableto understandhe effect of work-
flows, evencomplex onesandin somecaseso suggesbr evenper
form modificationsto theseworkflows. This paperpresentsa new
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programmingparadigrmamedVortex” whichcanbeusedo spec-
ify a wide rangeof decision-makingactvities including, in par
ticular, workflows. In supportingworkflows, the Vortex paradigm
meetsseveral of thechallengedistedabove, in partbecausét sup-
portsdeclaratve specification.

TheVortex paradignfocuseson workflow applicationghatare
“object-focused”j.e., thatfocuson how individual objects(insur
anceclaims,mortgageapplicationscustomersessionsvith aweb-
basedcatalog)shouldbe processedisinga workflow. The Vortex
paradigmis saidto be “attribute-centric’becauseavorkflows spec-
ified in Vortex are centerecaroundhow the attribute valuesfor an
input objectaregatheredand/orcomputedduring executionof the
workflow. Initially, only a few attributes of an incoming object
have assignedralues. During processingf the object, additional
attributevaluesmaybeassignedThedecisiorwhetheranattribute
is to be evaluatedis controlledby the “enablingcondition” for the
attribute (or moreproperly the moduledefiningit). Therearefour
fundamentalays 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 decisionmodule canbe used
to specifyhow asingleattribute is to be computed.This includes
a setof “attributerules”, anda programwritten in the Combining
Semanticd anguaggCSL) introducechere thatspecifieshow the
contributionsof theserulesshouldbe aggrgatedandsynthesized.
A wide variety combiningsemanticzanbe specifiedn CSL.

The use of foreign modulesis commonin workflow specif-
cation languages. For the purposesof runtime optimization, we
carefully distinguishhere betweenmoduleswith externally rele-
vant side effects and thosewithout. Foreignmodulesthat gather
attribute values(e.qg., a databasejuery) may be viewed as having
no side effects,andmay beinvoked in an eagerfashionto 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)areviewed ashaving side
effects,andarenotinvokedin aneageifashion.

In additionto thecoreaspect®f Vortex, thepaperalsopresents
tools for complex workflow applications. In particular the Vor-
tex paradigmsupportsmodularizedspecificationof workflows. It
allows a workflow specificationto be packagedcasa moduleand
subsequentlysedin definingmore complicatedworkflows. The
conceptof a moduleis supportechot only in the syntaxbut also
in the semantics.lt is notedthat Vortex further permitsthe nat-
ural intermixing of Vortex workflows with traditional, procedural
workflows. At the conceptualevel, the paperintroduceDecision-
Sheetsa novel spreadsheet-likinterfacefor dynamicbrowsing of
Vortex workflows.

At theimplementatiorievel this papersketchesanimplemen-
tationapproactwhichis generabndflexible. Theexecutionmodel
is “choice-basedandfacilitatesoptimizationof Vortex workflows.
In particular theexecutionmodelis basedntwo things:anengine
thatcanexecutespecializedparallel,proceduraprogramsn near
realtime,and a framework for mappingdeclaratve Vortex work-
flows to thatengine.The engineis fundamentallyinterpretve, and
aworkflow canbe modifiedwithout recompilingthe engineor in-
terruptingthe processingon currently active instancesof a work-
flow. The mappingframewnork supportsa variety of optimization
stratgiesthatpermittrade-ofs betweersystemloadandimproved
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Figurel: Vortex workflow for web-storefronbf grocerystore

responsdimes. At Bell Labswe have built a prototypeof the en-
gine thatworks on proceduraworkflows in nearrealtime;we are
currentlyextendingtheprototypeto supportmappingof declarate
workflows to theengine.
Organizationof the paper: § 2 introducesthroughintuitive ex-
amplesthe primitivesand semanticsn the Vortex paradigm. § 3
presentsheCombiningSemanticd anguagewhichis usedo spec-
ify alternatve semanticdor executionof rulesspecifyinghow at-
tribute valuesareto be computed.§ 4 presentsan operationake-
manticsfor Vortex, that supportsvariousoptimizations.§ 5 intro-
ducesthe DecisionSheeinterfacefor dynamicbrowsing. § 6 sum-
marizesrelevant work. Finally, § 7 briefly mentionssomeof the
futuredirectionswe planto pursue jncluding prototypingwork on
anenginethatwill implementthe Vortex paradigm.

A moredetailedpresentatiorof the materialin this papermay
be foundatwww-db.research.bell-labs.com/projectariex/.

2 VORTEX MODULES

This andthe following sectionintroducekey elementf the Vor-
tex workflow model. We presentan informal tutorial, along with
a handful of formal definitions. This sectionis focusedat a high
level, on how Vortex programsspecify what tasksshouldbe per
formedandunderwhatconditions.Thenext sectionis focusedata
moredetailedlevel, describinga novel approactto specifyingthe
computatiorof attributevalues.

We begin with the high-level syntaxfor Vortex programsand
then presenta declamative semanticdor them. In the discussion
we sometimeseferinformally to how Vortex workflows might be
executedthedetailedoperationakemanticss presentedn § 4.

Attributesandmodules: Vortex is attribute-centric,in the sense
thatfor eachinputto a Vortex workflow, the primaryactiity of the
workflow instancefor this inputis to obtainvaluesfor someor all
of the attributesassociatedvith thatinput. Externalactions,such
asinteractingwith anexternalcustomerhaving ahumanagentper
form atask,or issuinga check,usethe attribute valuesobtainedas
parameters.

Attribute valuesare computedby modules. Eachmodulecan
returnvaluesfor oneor more attributes,and may have associated
side-efects. Eachmodulehasan enablingcondition which indi-
cateswhetheror not the module should be executedfor a given

workflow instance.The flow of controlin Vortex programss not
explicitly specifiedyrather it is inferredfrom the dataflow require-
mentsandenablingconditionsof themodules.

Therearefour kindsof modulesin Vortex programs:

\ortex (depictedusing a rounded-cornerectangle): Thesehave
a declaratve semanticsand containmodulesalong with en-
abling conditions.

Decision (depictedusing a hexegon): Theseproducea single at-
tributevalue,usinganovel framevork for aggrgatingandsyn-
thesizinginformationbasedn CSL (describedn § 3).

Flowchart (depictedusingrectanglewith cut corner): Theseare
specifiedusinga flowchartlanguagaisingmodules.

Foreign (depictedusinga rectangle): Theseareimplementedus-
ing functions outsideof the Vortex paradigm(e.g., database
querieswebsenerroutines).

Vortex anddecisionmodulesarethefocusof thecurrentpaper;
flowchartmodulesareincludedin the overall framevork to provide
addedflexibility to programmersndbusinessnanagers.

Example: We introduceandillustrate salientfeaturesof the Vor-
tex paradigmby describinga Vortex programfor controllingavery
simplified web-basedtorefrontfor a grocerystore. (A typical ap-
plicationwouldinvolve several Vortex programsfor respondingo
differenttypesof eventsthatmightarise.)We have includeda high-
level view of thatprogramin Fig. 1 for reference(Thenumbering
indicatedin thesevisual representations includedfor exposition
purpose®nly; they arenot partof the formal program.)Note that
the programis itself a Vortex module.

In the example,foreignmodulel presentaninitial screerto a
user determinesvhetherthis is anew or existing customerandre-
trievesthe customerrecord,if appropriate For existing customers
datais obtainedlusingmodule? and3), anddecisionmodule4 de-
termineswhetherthe customemvill be allowedto order(flowchart
modulel1l) or sentto a specialcollectionstreatmentmodule10).
Specialtreatments providedfor new customergmodule5) andfor
existing customeravhosecustomerrecordwasnot found because
of a databasexception(module6). A “sessionpriority” (module
7) is determinedor all sessionge.qg.,high priority sessionsnight
getfasterservice),andin somecasegpromotionalmessageémod-
ule 9) and a suggestedubscriptionplan (module8) are selected.
(Thesemight be presentedo usersin module11). Someusers
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Figure2: Drill-down for shoppingcart

will receive bonuschecks(modulel2), andin all casessomedata
archving is performed(Vortex modulel3).

Fig. 2 shavsa“drill down” into flowchartmodulell. Thesim-
ple flowchartof this moduleinvoles a single loop, which repeat-
edly callsa Vortex module.(We have not shavn theinput andout-
put attributesfor this Vortex module.) The Vortex modulepresents
a menupage(module11.2)to the user allowing him to view or
modify his shoppingcartandhis subscriptiorstatus(e.g.,to have
deliveriesweekly or bi-weekly), andto selecta delivery time for
his order Vortex module11.1computesndividualizedcontentfor
the menupageeachtime thatit is shavn. (This mightinclude,for
example targetedpromotionalmessages.)

More generallymodulellillustrateshow theVortex paradigm
canbeintermixedwith otherworkflow paradigmsAs detailedbe-
low, Vortex modulessatisfya certainagyclicity condition,andso
flowchartmodulesare usefulwhencyclesareneeded.A specific
flowchartlanguagehasbeendesignecandimplementedaspart of
the Vortex effort, but is notafocusof the currentpaper

Vortex modules(e.g.,module13) consistof moduleswith en-
ablingconditions.Whenimplementinga Vortex workflow, the Vor-
tex modulescanbetreatedas“black boxes”, or canbe “flattened”
sothat optimizationalgorithmscantake advantageof the internal
structureof thesemodules.

Text-basedspecification: Thereis anaturaltext-basedanguagédor
specifyingmodules.For example,module? is declarecasfollows.
(We deferspecificatiorof how to computethis moduleuntil § 3).

Mbdul e: session_priority
Enabl i ng condition: true
I nput attributes: cust

cust _account _st at us,
wants_t o_order?

_rec, cust_history,
ordering_vs_col |l ections,

Qutput attributes: session_priority: [1..5]
Type: deci si on

Conput ati on: L

Si de-effect: no

This declareghatmoduleMsessi on_pri ori ty computesat-

tributesessi on_pri ori t y whosetypeis theintegersbetween
1 and5. In practice,sessionsvith high priority mightbeplacedon

lightly loadedweb seners,andgiven otherpreferentialtreatment.
(By convention,the nameof a decisionmoduleis the sameasthe

nameof theattributeit produces.)

Attributeandmodulestates A moduleis executedonly if its en-
abling conditionis true. As a result, somemodulesmay be dis-
abled, and not be executed. More generally both modulesand
attributes may enter several different states. Attribute statesare
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UNINITIALIZED, VALUE, EXC, DISABLED, and FAIL. The meaningof
thesestateds asfollows: VALUE: a valuewasobtainedfor this at-
tribute; Exc: the evaluationof this attribute was attemptedbut an
exceptionoccurred;,pISABLED: the enablingconditionof the mod-
ule definingthis attribute wasfalse (or that module executedbut
returnedthe stateDiSABLED for this attribute); FaiL: the module
defining this attribute was enabled but it abortedbeforeproduc-
ing one of the other 3 statesfor the attribute; UNINITIALIZED: es-
sentially no informationis available aboutthis attribute. Module
statesareuUNINITIALIZED, SUCCESS, EXC, andDISABLED. Themean-
ing of theseis asfollows: success: theenablingconditionfor the
modulewastrue, andthe moduleexecutedsuccessfullygxc: the
modulewasenabledbut anexceptionoccurred DISABLED: theen-
abling conditionwasfalse;UNINITIALIZED: essentiallyno informa-
tion is availableaboutthis module.In general pnly 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 the stateuNINITIALIZED is primarily usefulin connection
with the operationakemantics.)

Enablingconditionscanreferto attribute values(e.g.,the en-
abling conditionfor module11), to the “state” of attributes,e.qg.,
whetheiit hasavalue(module2) or whetheranexceptionoccurred
whenattemptingo evaluateit (module6). (We presenthedetailed
syntaxandsemantic®f conditionsbelan.) Theability to explicitly
useexceptioninformationis especiallyusefulin workflows thatare
intendedto producearesultin nearrealtime,evenif somesubsys-
temsareinaccessible.

Side-efect modules: Somemodulesare designedo produceside
effects. Thisis the casefor module12 of Fig. 1, declaredbelow.

Modul e; i ssue_bonus_check
Enabl i ng condltlon cust _hi story. recent _purchases
$500 and ordering_vs_col | ections="0'

cust record
checK_i ssued?;

ut attrlbutes
put attributes:

I n
bool eangt arget)

Oonputa i on: i ssue_and_mai | _check
cust _record. name, cust record address)
Si de-ef f ect yes

This module computesattribute check_i ssued? andissuesa
bonuscheckto valuablecustomers.This modulehasan external
andsemanticallymportantsideeffect, namelyto make a payment
to someoneThis contrastsvith sessi on_pri ori ty, whichex-
ecutesafunctiononalocal processorln thefigurewe depictside-
effect modulesby usingshapesvith awide border

During execution,in orderto reduceresponsdime it may be
usefulto computenon-side-gect modulesin aneagerfashion pe-



fore it is known whetherits enablingconditionis true. This would
notbe appropriatdor side-efect modules.

AttributeRoles: In a Vortex workflow attributescanhave one of
threeroles: source, target, or internal. Sourceattributessene as
“input” andtargetattributessene as“output”. Therearetwo source
attributesin our example: pr onos _of _t he_day anddb_|l oad.
Attribute pr onos _of _t he_day is usedduring selectionof pos-
sible promotionalmessageto be presentedo specificcustomers,
anddb_| oad is representate of informationaboutsystemload
that a workflow might use. The attributesof nodes10to 13 are
target attributes. Attributesthat are neithersourcenor target are
internal.

Notationfor modules: In our formalism,a Vortex programidenti-
fiesasetAtt of (typed)attributesalongwith asetMod of modules
to obtainthe valuesof theseattributes. A moduleis anexpression
of form“M(Ax, ..., Ay; B1, ..., Br)", whereM isamodulename,
{4, ..., A} and{Bu, ..., By, } aredisjoint setsof input andout-
put(resp.)attributes.A moduledefinesachof its outputattributes.
Thesemantic®f moduless definedsothattheattributeshaving no
value or exceptionvalueareproperly handled.For decisionmod-
ules,additionalrequirementsvill bediscussedn § 3.

Vortex workflow schemas: We now presentthe formal notion of
Vortex workflow “schema”,which providesan abstracformalism
for representing/ortex programs.The formalismmalesit easyto
describeanagyclicity conditionthatVortex workflows mustsatisfy

We startwith thenotionof “pre-schema”whichincludesall of
thecomponentsf aschemabut mayviolatetheagyclicity require-
ment. A pre-stiemais atuple S = (Att, Sre, Tgt, Mod, Cnd,
Eff) where

(a) Att is asetof attributes.

(b) Src and Tgt aredisjoint subsetof Att (the source andtarget
attributes,respectiely).

(c) Mod is a setof modulessuch(i) eachinput attribute of each
moduleis in A#t and (i) eachA € (Att — Src) is defined
by exactly onemodule. The function namesusedin different
modulesaredistinct.

(d) Cnd = {ym | M € Mod} is a setof conditionsusingat-
tributesfrom Att. (Weuseys to denoteheenablingcondition
for moduleM .)

(e) Eff is asubsebf Mod (theside-efectmodules).

To definethe agyclicity condition, we associatea graphGs
to eachpre-schemaS = (Att, Sre, Tgt, Mod, Cnd, Eff). The
nodesof Gs are Mod U Cnd; andthe edgesare E. U E; where
E. = {(M,yu) | M, M’ € Mod andsomeoutputattribute of
M occursin yar} U {(yar, M) | M’ € Mod} is the setof
contol edges andE; = {(M,M') | M, M’ € Mod andsome
outputattributeof M is aninputattributefor M’} is thesetof data
edges

Definition 2.1 A (Vortex) workflowschemais apre-schem& such
thatGs is agyclic.

We male the following assumptiorwith regardsto side-efect
modules:If attributesM andM’ areincomparablén Gs thenex-
ecutionsof M and M’ commute(evenif oneor both of themin-
volvesside-efects).

For the remainderof this sectionwe assumethat a workflow
schemaS = (Att, Src, Tgt, Mod, Cnd, Eff) is fixed.
Operationabemanticginformal): The Vortex paradigmis funda-
mentally declaratve. Programmerspecify a collection of mod-
ulesthat may potentially be executedduring workflow instances,
along with enablingconditionsthat govern whetherthe modules
shouldbe executed.The semanticof Vortex workflows is defined

72

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

Speakindoosely aVortex programexecutesasfollows: An in-
put objectis presentedwherethe sourceattributesareeithergiven
valuesor the DISABLED state.Moduleswill be executedincremen-
tally, producingvaluesfor someattributes,and making enabling
conditionstrue or false. A modulecanbe executedwhenits en-
abling conditionbecomegrue andwhenit is knawn thatits input
attributesarestable(i.e.,theirstateswill notchange) A modulecan
producevaluesfor its outputattributesoneatatime, or all atonce.
Executioncanendafterall relevanttargetattributeshave beenexe-
cuted.If amoduleis bisABLED, thenall of its outputattributeswill
bebisaBLED andwill nottake values.

Theagyclicity conditiononVortex workflows guaranteeaform

of monotonicityfor attribute values.In particular onceanattribute
A hasvalue assignediuring executionof the workflow, the value
associatedo A will notchange. Thisimpliesthatif anenabling
conditionfor somemodulebecomesrue, it will not subsequently
becomefalse. (The restrictionmentionedabore concerningcom-
mutatvity of side-efectmoduless alsoneededo ensurghismono-
tonicity.)
Snapshots:A key notion is that of “snapshot”,which is usedto
describehe statusof thesystemat differentstageof anexecution.
We introducenow a simplenotion of snapshothatwill be usedto
presenthe declaratie semantics.(A richer notion of snapshots
presentedn § 4.)

Definition 2.2 A snapshofor workflow schemaS is a3-tuples =
(o, 1, §) where

(a) Thestatefunctione is atotal functionfrom Mod U Att, which
mapsmodulesto {UNINITIALIZED, SUCCESS, EXC, DISABLED}
andattributesto {UNINITIALIZED, VALUE, EXC, DISABLED, FAIL}.

(b) Theexceptionfunction{ is a partialfunctionfrom Mod U Att
to exceptionvalues,whereé(X) hasavalueiff o(X) = ExC.
In this case £ (X)) is anexceptionvaluefor X.

(c) The attribute value mappingy is a partial function from Att
intoUu{r(A) | A € Att}, suchthatfor eachA, u(A) is defined
iff o(A) = VALUE. In thiscaseu(A) € 7(A).

(d) The statefunction o satisfiesthe following conditionfor each
module M andattribute A definedby M: (i) If M isin suc-
CESS or EXC, then A mustbe stable;(ii) if M is in Success,
thenno attributedefinedby M canbein stateraiL; and (iii) if
M is in DISABLED [UNINITIALIZED], theneachattribute defined
by M is in stateDISABLED [UNINITIALIZED].

A snapshots initial if eachsourceattribute hasstatevaLue or
DISABLED, and all modules(and non-sourceattributes) have state
UNINITIALIZED. A snapshois completaf eachattributeandmodule
is in stablestate. In the declaratve semanticsa Vortex workflow
is viewed asan input-outputdevice which essentiallymapsinitial
shapshotito completesnapshots.

Syntaxandsemantic®f conditions: The syntaxfor enablingcon-
ditions permitsaccesgo the statesyaluesandexceptionvaluesof
attributesandmodules.

Conditionsare built from atoms. Atoms suchas VALUE(A),
exc(M), bisABLED(M) canbeusedto testthe stateof attributesand
modules. (Conditionscannottestfor stateuNINITIALIZED.) Predi-
cateatomsarebooleanfunctionsof form pred(t1, ..., t,), where
eacht; is aterm. Termsarebuilt up from constantsandexpres-
sionsof form A[vALUE] (abbreviatedasA), whichdenoteshevalue

1We assumehatsourceattributes,including attributessuchasdb_| oad, areread
only onceduring a workflow instance. The attribute value may be readwhen the
workflow instancebegins, or at simetime during executionof theworkflow instance.



of attribute A (if defined);A[Exc], the exceptionvalueof A; and
M{[exc], the exceptionvaluefor module M. Termscanalsouse
arithmeticoperatorsetc.; the developmenthereis independenof
the particularoperatorsised,sowe leave thatunspecified.

Thetruth valueof conditions,whenthe involved attributesare
stablejis givenby the standardwo-valuedlogic with thefollowing
exception:pred(ti, ..., tx) is trueif (a) eachattribute A andmod-
ule M referredto by pred(ti,...,tx) hasa correctstate(i.e. the
statevaLUE if A[VALUE] occurs,and the stateexc if A[ExcC] or
M|exc] occurs),and (b) pred(ti,...,tx) is true in the standard
sensethepredicatds falseotherwise.(This logic doesnot always
behae in the standardway, e.g.,A > 3V A < 3 is notatau-
tology.) Thetruth valueof condition+y in a snapshos is denoted
TRUTH\AL(’)/, s).

Consisteng of completesnapshot$Ve now presentwo notionsof
consisteng (A third notion,involving decisionrmodulesjs defined
in § 3.) A completesnapshot = (o, u, £) is enabling-consisterit
for eachmoduleM, (a) TrutiaL(yar, s) = trueiff o(M) € {VALUE,
EXC}, andTrumiMa(7yar, s) = falseiff o(A) = DISABLED.

The secondnotion of consisteng is aboutthe relationshipbe-
tweenthevaluesof theattributesandthemoduleshatdefinethem.
To provide aninterpretatiorfor the behaior of moduleswe define
an ervironmentfor workflow schemaS to be a mapping€ such
that, for eachmoduleM (A4, ..., An; B, ..., B) in S, E(M) is a
total mappingwith the samesignatureas M. As we shallsee,we
do not needto specify explicitly the side effects associatedvith
side-efectmodules.Theuseof a staticenvironmentin thisformal-
ismis a convenience;n practiceVortex workflows will operatein
the contet of a dynamicworld.

A completesnapshot = (o, i, £) is £-consistenfor ernviron-
ment£ if for eachattribute A suchthato(A) = VALUE, u(A) is
equalto the A-valuecomputedoy (M) (p(A1), ..., u(An)).

Thenotionof ervironmentpresentedhereis “blind” to thecon-
tentsof modules. After defininghowv computationsare specified
for decisionmodulesin § 3, the notion of environmentwill bere-
fined to reflectthe intendedsemanticsof suchmodules. Further
refinementin connectionwith flowchart modulesis madein the
full model.

Declaratve semanticsignoring side-efects: We presentheseman-
tics of workflow schemasn two phasesfirst ignoring side-efects
andthenincorporatingthem. To this end,supposdor now thatno
modulesin S have side-efect.

As notedabore, workflow schemasreviewed asinput-output
devices. Theinputwill beanervironment€ andaninitial snapshot
s. Theoutputwill be statesandvaluesfor thetametattributes.

We saythata completesnapshot’ extendsinitial snapshos
if the stateandvaluefunctionsof s’ agreerespectiely with those
functionsof s onevery attributewhichis stablein s. Thefollowing
result(proof omitted)is demonstratetyy a straightforvardinduc-
tion, usingthe agyclicity of Gs.

Proposition2.3 Let £ be an ernvironmentfor S. For eachini-
tial snapshots there exists a unique completeenabling-and £-
consistensnapshos’ thatextendss. In this case,s’ is calledthe
completionof s for S under€.

We arenotinterestedn all of the completionof s, only in the
statesandvaluesof targetattributes.Let s be a completesnapshot
for §. Theprojectionof s = (o, u, £) ontoasetX C Att, denoted
s|x, isthe3-tuple (o|x, | x, €| x ) consistingof therestrictionsof
thefunctionsin s to domainX.

Definition 2.4 Supposevorkflow schemas hasnoside-efectmod-
ules. The declamtive semanticof S underervironment€ is de-
fined asthefunctionthatmapseachinitial snapshot to ¢ = s'| g+,
wheres’ is thecompletionof s for S under€.

1. ifcust. class ="pl ati nun' and
cust . subscriber ="true"
thensession_priority < 4

2. ifcust.class ="green"
thensessionpriority < 1

3. ifcust _account status ="credit"
thensessionpriority < 2

4. if matd(cust _r ec, pr onos _of _t he_day)
thensession_priority < 3

Figure3: Attributerulesfor sessi on_priority

Declaratve semanticswith side-efects: What aboutside-efects
of moduleexecutions?Supposenow thatS hasoneor moreside-
effect modules. Let £ be anernvironmentand s a completesnap-
shotthat is enabling-and £-consistent. SupposeM (Ay, ..., Ap;
(Bi,..., B) is a side-efect modulewherea (M) € {Success,
Exc}. Intuitively, thismeanghat M wasexecutedduringthework-
flow instancerepresentedyy s. Note that the side-efect caused
by M in s is completelydeterminedby the string M (v1, ..., v»n),
wherew; is the value of u(A4;) (or L) for j € [1,n]. We de-
notethis string assideeff(M, s). More generallyif Y C Eff, the
side-efectscausedby Y in s aregivenby the setsideeff(Y, s) =
{sideefi(M,s) | M € Y ando(M) € {SUCCESS,EXC}}.

Supposenow that s is aninitial snapshoands’ = (o', i/, ¢')
is the completionof s for § under€. The questionis: whatside-
effectsfrom s’ shouldbe includedin the declaratve semanticsas
partof theoutputof s? ForeachmoduleM € thesetEff , of side-
effect modulesthatdefinetamgetattributes,if o(M) € {success,
exc} thentheworkflow executionshouldproduceside_eff(M, s').
Thisis becauseheworkflow instancemustproducesomethingor
the target attributesdefinedby M, andso M musthave beenex-
ecuted. What aboutthe side-efects of a module M that do not
producetarget attributes? We argue that thereis no fundamental
reasonthat side_eff(M, s') be produced.In particular a “clever”
executionof the workflow might be ableto producecorrectvalues
for thetargetattributeswithout executingmodule M .

Definition 2.5 The declamtive semanticof workflow schemaS
with side-efects underenvironment€ is definedas the relation
containingall pairsof form (s, (t,e)) where

(a) sisaninitial snapshot,
(b) t =s'| 7y, wheres' is the completionof s for S under€, and
(c) e is asetof sideeffect expressionsuchthat

sideeff(Eff 1, s') C e C sideeff(Eff, s").

3 DECISION MODULES

This sectiondescribeslecisionmodules,one of the novel aspects
of the Vortex workflows. Decisionmodulesderive the valueof an
attribute from the valuesof other attributes. A decisionmodule
consistsof a setof “attributerules”, alongwith a combiningfunc-
tion specifiedusingthe CombiningSemanticd anguaggCSL) in-
troducedhere. Eachattribute rule whoseassociatedondition is
true suggestsa possiblecontribution to the attribute value. The
“combiningfunction” thensynthesizethecontritutionsto provide
thefinal valuefor the attribute. Decisionmodulessupporta broad
variety of approacheto aggr@atingandsynthesizingnformation.

Example 3.1 Module 7 of Fig. 1 is a decisionmodulewhich de-
terminesthevalueof sessi on _pri ori ty. Thisattributetakes
an integer value betweenl and5. Somerepresentatie attribute
rulesfor this attribute areshavn in Fig. 3. The combiningseman-
tics to be usedfor sessi on _priority is “high valuewins”.

Informally, for agivenworkflow instancea setof integersarepro-

ducedby thoseruleswhoseconditionsaretrue;thenthe maximum
valuein that setis assignedo sessi on_priority. For rules



1. if"cust ordered every week for past npnth"
then suggest ed_subscri pti on_pl an + (weekl y, 20)

2. if"cust ordered 2 tines per nonth
for last 2 nonths" . )
then suggest ed_subscri pti on_pl an < (bi .weekl y, 15)

3. ifcust.cl ass S {" BI atinum', "gold"}
then suggest ed_subscri pti on_pl'an «+ (weekl y, 10)

Figure4: Attributerulesfor suggest ed_subscri pti on_pl an

that producenumericvaluesit is easyto develop othercombining
semanticge.g.,min, sum,average). |

In Vortex, all therulesfor anattribute mustreturnvaluesof the
sametype. Thetypeneednotbeatomic.

Example 3.2 Considerattribute suggest ed_subscri ption

_pl an, whoserangeis anenumeratedet{ weekl y, bi _weekl y,
...}. Therulesof Fig. 4 eachreturnanorderedpair, with first coor

dinatea subscriptiorplanandsecondcoordinateanintegerserving
asaweight. Underthe “weighted-sum-semanticsthe contrituted
valuesof ruleswith true conditionsare groupedaccordingto the
first coordinate.The weightswithin eachgrouparesummedand
thesubscriptiorplanwith maximumsumis chosen(A mechanism
for breakingties mustalsobe specified.) Again, aggrejatesother
thansumcanbe used. |

Combiningfunctions are expressedusing the CombiningSe-
manticsLanguaje (CSL). CSL is basedon an algebraof simple
operatorghat permit us to manipulatecollectionsof values. The
choiceof thebasicoperatordor ourlanguagevasmotivatedby the
examplesof combiningsemanticsve have encountereth practice.
CSL is very closeto databaseprogramminglanguagegdBTS91,
OBBT89, BBKV88, PSV92],and containssomeadditionaloper
atorsfor list manipulationthatappearedo be very usefulin prac-
tice. CSL permitsusto definefamiliesof combiningfunctions,and
it caneven be usedby a nave userto constructnen combining
functions.

CSL values: The dataproducedby the attribute rulesand manip-
ulatedby the combiningfunctionsarebasedon a type systemthat
definesthe following valuetypes(called CSL valuetypeg. Each
CSL value type is extendedwith the value L (standingfor “No
value”) asa specificoccurrence.

e atom. Examplesof atomtypesareinteger, char or string.

e {(a1:71,...,an : T) iSatupletype,if eachr; is a CSLvalue

typeandeacha; is the nameof theattribute.

e [r] isahomogeneoubst type,if is a CSL valuetype.

¢ {|7[} isahomogeneoubagtype,if 7 is a CSL valuetype.
In the following, we assumethat all the workflow attributeshave
CSL valuetypes.

Attributerules: Let Att bea setof attributesand A anattributein
Att. An attributerule » for A hasthe form “it condthen A + a-
tern?, wherecondis a conditionasdefinedin the previoussection,
a-term(attributeterm)is an expressiorthatspecifiesa CSL value.
More precisely a-termis either(i) a constantvalue, (ii) the name
of an attribute B in Att, differentfrom A or, (iii) the call of a
userdefinedfunction that applieson the extendedvaluesof some
attributesin Att andproduces CSLvalue.In thislastcasea-term
hastheform f(eu, ..., ex) wheref is the nameof the userdefined
functionandeache; (¢ € [1..k]) is eithera constantvalue or the
nameof anattribute B differentfrom A.

Definition 3.3 Let Att bea setof attributesandr = “if condthen
A « a-terni anattributerule. Let s = (o, u, £) be a snapshot.
Let s = (o, u, &) beacompletesnapshotTheresultof the execu-
tion of r is a CSL value,denotedeXEC(r, s), obtainedasfollows:
EXEC(r, s) =L if the conditionof r is evaluatedto false. If the
condition of r is true, EXEC(r, s) is the resultof the evaluation
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of the expressiona-termon s whereeachreferenceo an attribute
B € Att is replacedy its value u(B) if u(B) is definedand L
otherwise.

Combiningfunctions: A combiningfunction applieson homoge-
neouscollectionsof CSL valuesand producesa new collection
of CSL values. The body of thesefunctionsare expressedising
the following operators:(i) Constructorglike tupling (denoted)),
bagging (denoted{[}) or listing (denoted[]) that respectiely al-
lows to constructtuples, bagsor lists; (ii) De-constructordike
the projla;] operatorthat takes as input a tuple (or list) and re-
turnsthe valueof the attribute of namea;. (iii) Operatorgparame-
terizedby combiningfunctionssuchasmap|f] andcollect[id, f].
The map[f] operatortakes as input a collection of CSL values
andappliesthe combiningfunction f on eachvalueof the collec-
tion. The collect[id, f] operator(analogougo the collect operator
in [PSV92], and the “fold” or “reduce” of mary functional lan-
guagesj)s parameterizetly aCSL valueid andabinarycombining
functionof typeT x T — T (T meansary CStype). This oper
ator permitscomputationof aggreatesover collections. It takes
asinput a collection of CSL valuesand returnsa CSL value of
the sametype that is obtainedby recursvely applying the func-
tion f over the elementsof the collection. If the collection is
emptyit returnsthevalueid. If the collectioncontainsa singleel-
ement,t returnsthatelement.For example,collect[0, +] computes
the sum of a collection of integers: collect[0, +]([1, 3, 6, 7])
+(+(+(1,3),6),7) = ((1 +3) + 6) + 7 = 17. Finally, factor
anddot arebinaryoperatorghatallow to combinecollectionswith
otherCSL values factor takesasinputalist (or abag)andany CSL
value. It associates valueto eachelementof the list asfollows:
factor([z1, ..., Zn),y) = [{z1,¥), -, (Tn,y)]. dot operatortakes
asinput two lists and associateglementswith the sameposition
asfollows: dot([z1, ..., Zn], [Yy1, ..y Un]) = [{(Z1, Y1), .oy (Tk, Yk,
(Tk+1,1), ..., (xn, L)]. The CS operatorscanbe combinedin a
CSL expressionaisingsequenceandconditionnals CSL canalso
useary arbitraryuserdefinedfunctionover atomicvalues.We call
suchfunctionsatomicmappings The signature®f thesefunctions
areof theformr; x --- x 7, = 7 wherer, ..., 7, andr areatom
types.

A CSLfunction f(z1, ..., zx) is an expressionin CSL whose
freevariablesare{z1, ..., zx}.

Example 3.4 The “high valuewins” combiningsemanticsinfor-
mally presentedh Example3.1,canbeexpressedy thefollowing
CSL function (HVW) thattakesasinputalist of integers:
HVW(z) = collect[L, sup,,,;](x)

Heresupin:(z, y) is anatomicmappingthatreturnse if y =L orz
is greatetthany, andreturnsy otherwise By replacingthefunction
supin¢ With otherfunctions,we canspecifymary variationssuch
as“low valuewins”, “non null valueswins”. [ |

In CSL, by usingthe CSL operatorswe candefine“macro”
functionsthatareparameterizetdy othercombiningfunctions.An
exampleof sucha macrois group[f, g]; it is parameterizey two
combiningfunctionsf andg. group[f, g] subsumeshe groupop-
eratorin the nestedrelationalalgebra: It takes asinput a collec-
tion S of CSL valuesandreturnsa collectionof tuplesof theform
{hash : v,vals : §") wherev is anatomvalueands’ is abagthat
containsall thevaluesg(z) wherex belongsto S andis suchthat
flz) =w.

Combinedwith the CSL operatorsmacrosallow easyspecifi-
cationof alargevariety of combiningsemantics.

Example 3.5 Wecannow expresdn CSL the“weighted-sumcom-
biningsemanticsinformally presenteéh Example3.2. The(WSS)
functiontakesasinputabagof 2-tuples(v : atom, w : int) where



v isthecontrituting valueandw is theweightvalueassociategvith
v. It is definedasfollows:
WSS(z) = let res = group[proj[v], projlw]](x) in
collect[_L, wsup](map[valssum](res))

In the specificationof WSS, we first group the valuesaccording
to their contrikuting value (res). Thenwe computethe sum of
the weightsfor eachcontrituting value (valssum) and finally we
take the value with the maximal weight (wsup). The CSL func-
tion valssum takes asinput a setof tuplesof the form (hash :
atom,vals : nt) andreturnsa setof tuple of the form (v :
atom,w : int). The CSL function wsup takes asinput two tu-
plesof theform (v : atom, w : int) andreturnsthe onewith the
highervaluefor w.

valssum(z) = (v := projlhash](z),

w := collect[0, +](map][proj[vals]](z)))

wsup(z,y) = if projlw](z) = projlw](y) then z else y.
Hereagain,we canspecifymary variationsof “Weighted-Sunse-
mantics”by replacingthe functionsvalssum andwsup. |

Dueto spacdimitations,we donotincludemoreintricatekinds
of combiningsemanticsvhichwe have encountereéh practiceand
which canbe expressedisingCSL.

Decision-consistergnvironments: A decisionmodule M for an
attribute A is asetof attributerulesfor A togethemvith acombining
function specifiedin CSL. The combiningfunctiontakesasinput
the setof valuesproduceddy the executionof therulesandreturns
avaluefor A. We cannow definethe notion of an ervironment
beingconsistentvith decisionmodules.

Definition 3.6 An environment€ is decision-consisterior S if the
semanticassignediy £ to eachdecisionmodule M in S agrees
with the specificatiorof M.

In thesequelve consideionly decision-consisternvironments.

4 OPERATIONAL SEMANTICS

In this sectionwe describea framevork for specifyingan opera-
tional semanticgor Vortex workflows. Theframework is basedn
the useof “choice” functions,asfoundin active databaseystems
(Starturst, Chimera]WC95]), expertsystemgOPS5[For81]),and
elsavhere. By usingproperchoicefunctionswe canobtaina va-
riety of dynamicoptimizations(e.g.,to minimize responsdime)
duringthe execution.

In the framework developedhere,executionof a Vortex work-
flow consistsin producinga sequencef “operationalsnapshots”
(theseare generalization®f the notion of snapshotievelopedin
§ 2). New snapshotare producedn two possibleways, namely
choice:basedncurrentinformationthechoicefunctionmayselect
new modulesthatshouldbe “launched”,andinferencenew infor-
mationaboutmoduleandattribute statesandvaluesis incorporated
into the currentsnapshotThe primary contrikution of this section
is to develop conditionson the choiceandinferencestepsthat are
sufficient to guaranteehat executionsagreewith the declaratie
semanticgor Vortex.

In [HLS*99] we have usedthe framevork presentechereto
developcorrectchoiceandinferencefunctionsthatidentify, during
execution, moduleswhich are “useless”or “necessary"for com-
pletionof theexecution.Theframewvork alsoprovidesthe basisfor
the developmentof additionaloptimizations. The framework pre-
sentedhereis using choiceon modulesin a Vortex workflow. It
may be usefulto supportthe useof choicefor otheraspectof a
Vortex workflow, e.g.,to permiteagerevaluationof attributerules
within decisionmodules.Thisis briefly exploredin § 5 below.

For this discussiornwe assumehat a Vortex schemaS = (Att,
Src, Tgt, Mod, Cnd, Eff) is fixed.
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Figure5: Thestatesandtransitionsof a unit of processing

Operationaknapshotsin theframevork presentethere thechoice
functionusesnformationaboutthecurrentexecution.To represent
suchdynamicinformation, we usean extendedform of snapshot
called“operationalsnapshot” Suchsnapshotseflecttheexecution
statesof all the modulesin the workflow schemathe valuesand
the statesof all attributesat a given stepof the execution,andall
the side-efectsthatwere producedsincethe beginning of the exe-
cution. It may alsocontainsomeauxiliary informationthatcanbe
usedby the choiceandinferencefunctions.

Definition 4.1 LetS beaworkflow schemaAn opelational snap-
shotover S is atuples = (o, p, €, Side Aux ) wherep and¢ areas
definedin § 2. Thestatefunctiono mapsM od to the setof execu-
tion statesshavn in thefsain Fig. 5 andmapsAtt to the attribute
statesdescribedn § 2. Sideis a setof side-efect expressiongas
definedin § 2), and Auxz canbeary auxiliary information.

Intuitively, the meaningof the statesdescribedn Fig. 5 is the
following. (A doublecircle represents possibleterminal state.)
StatesuNINITIALIZED, DISABLED, SUCCESS andExc have the same
meaningasin § 2. StateReADY indicateghatall theinputattributes
of themodulearestable.StateL AUNCHED indicateshatthemodule
hasbeenselectedby the choicefunction and hasstartedits exe-
cution. We assumehatall side-efectsof a moduleoccurassoon
asit is launched. StateexecuTeD indicatesthe module haster
minatedits execution(succesfullyor with an exception),in which
casesomeattributevaluesmayhave beerreturned At thebegining
of theexecutionall the modulesarein stateuNINITIALIZED. Also, in
anoperationaknapshos, thesetSidecorrespondituitively to the
setof side-efectsthatoccurredbeforeor whens wasproduced.

Choice-basedperationaframevork: An instanceof theworkflow
S is modeledasa sequencef operationaknapshotsimportantly
we do not allow back-tracking(or rollback) in the executionse-
qguencesThisimpliesthatexecutionsalwaysmake “progress”.We
formalizethis notion of progresy the notionof “extends”:

Definition 4.2 Let s = (o, u, ¢, Side Auz ) ands’ = (o', 1/, &',
Sidé, Auz’) beoperationaknapshotsver S. Thens’ extendss if

(a) ForeachM in Mod, o(M) < o' (M) in theorderingof states
givenby thefsain Fig. 5.

(b) ForeachA in Att, o(A) = UNINITIALIZED or o(A) = o’ (A).

(c) Thepartialmappingy (resp.£) agreeswith ' (resp.¢’) when
it is defined.

(d) SideC Sidé.

A (non-operationalgompletesnapshots’ (asdefinedin § 2) ex-
tendss if conditions(a), (b), and(c) hold.

Sinceexecutionsequencesannotbe rolled-back,we have to
avoid intermediateexecutionstepsthat couldleadto a “dead-end”
or a final resultinconsistentwith the declarate semantics.One
kind of problemarisesf anincorrectoutputfor a decisionmodule
is used.(Thisis preventedby condition(i) in thedefinitionbelow.)




Anotherkind of problemarisesf thevalueof anenablingcondition
is daterminedncorrectly A final kind of problemarisesif some
undesirableside-efects are produced. This can occurif a side-
effect moduleis launchedprematurely (The latter two kinds of

problemsare preventedby condition (i) in the definition below.)

We say that a (decision-consisten@rvironment& is compatible
with operationaknapshot if it agreeswith all definedvaluesof i

and¢ in s.

Definition 4.3 An operationalsnapshots = (o, p, £, Sidg Auz )
over S is permissibleif (i) thereexists an ervironment& thatis
compatiblewith s, and(ii) for eachervironment& compatiblewith
s, if s is the completionof s|s,. for § under€, thens’ extendss
andSideC side_eff (Eff, s').

To illustrateitem (ii) above, supposehatin s side-efect mod-
ule M is in stateLAUNCHED, but someattributesusedin yas are
not stable.Since M hasbeenlaunchedthe side-efect expression
associateavith M isin Side Let £ beanernvironmentcompatible
with s ands’ the associate¢ompletionof s|s,.. Supposehatun-
der&, v is false. Thenthe side-efect expressiorfor M is notin
side_eff (Eff, s'), ands violates(ii).

In general,it is undecidablevhetheran operationalsnapshot
is permissiblefHLS™99]. However, asdiscussedelaw tractable
sufficient conditionscanbe developed.

We now developconditionsthatensureghatasequencef snap-
shotsprovides a correctexecutionof a Vortex workflow. An ex-
ecutionsequencés a sequence’ of operationalsnapshots, =
(0-07 éoi Mo, SldQ], AU.’L‘()), oy Sn = (Una fna 122 Sldeba A’LL.’En)
Part (d) of the following definition requiresthat if a module M
is launchedduring s, thenthereis a pair s;_1, s; suchthat M is
READY in s;—1 and M is LAUNCHED in s;. In this case; is called
thelaundh-pointof M in §, denotedaunch_point(M, 3).

Definition 4.4 Executionsequencé’is properif

(a) so is aninitial snapshot.

(b) Eachtargetattributeis stablein s, .

(c) Eachs; is permissible.

(d) Foreachi € [1..n] andmodule M, if o;(M) € {LAUNCHED,
EXECUTED, SUCCESS, EXC} ando;—1(M) € {UNINITIALIZED,
READY }, theno; (M) = LAUNCHED ando;—1 (M) = READY.

We recall that the declaratve semanticof a Vortex workflow
is definedusingervironments.Condition(d) abore helpsusiden-
tify theervironmentcorrespondindo a properexecutionsequence.
Specifically supposéahattime stampsareassociateavith eachop-
erationalsnapshotn s, andlet EXEc(S) be the sequencef mod-
ule invocationscorrespondingo the launch-pointsoccurringin §.
If M is launchedn s;, we assumehe input attributesfor M are
populatedfrom s;—1. We assumefurther that if a value for at-
tribute A first occursin s;, thenthe moduledefining A produced
this value sometimebetweerthetime stampsof s;_1 ands;. The
ervironmentof EXEC(5), denoteduyz(s), is definedso that for
eachmoduleM (A, ..., An; Bi, ..., Bt), Eexc(s) (M) is thefunc-
tion definedby moduleM attimestampgaunch_point(M, §) (and
is irrelevantfor thoseM notlaunchedn 3).

The following result(proof omitted) shavs that properexecu-
tion sequenceproduceoutputsthatarecompatiblewith thedeclar
ative semanticdor Vortex. (The notion of s|ry: for operational
snapshos is definedin the naturalmanner)

Proposition4.5 Let § = sg,---, s, be a properexecution se-
quenceor S. Lett = s,|Tg:. Then(so, (¢, Side,)) is anelement
of the declaratve semanticgor S underervironmentEeype(s)-

Whatrestrictionsdoesthisimply onchoiceandinferencefunc-
tions?We focuson executionsequences whereeachstepis either
a launchstepor aninferencestep. For an operationaknapshot
andsetX of modulesn stateuNINITIALIZED, launch(X, s) denotes
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the snapshots’ constructedrom s by changingthe stateof each

modulein X to LAUNCHED. An executionsequencg = sg, ", S,

is choice-basedusing functions Choiceand inferenceif for each

i € [1..n], either

(@) si = launch(Choice(S, si—1),si—1), Of

(b) si = inference(si—1, info) andq is not the launch-pointof
ary module,

whereinfo canbe anything, but intuitively correspondso new in-

formationaboutmoduleandattribute statesandvalues.

We now presentsufiicient conditionson choiceandinference
functionsthatwill ensurecompliancewith the declaratie seman-
tics. A choicefunction Choiceis proper if for eachpermissible
snapshos:

(a) If no modulehasstateLAUNCHED andat leastonemodulehas
stateREADY, thenChoice(S, s) # .

(b) All modulesin Choice(S, s) have the stateREADY.

(c) Let SE be the setof side-efect expressionsassociatedvith
modulesin Choice(S, s) in s. Thenfor eachervironment&
compatiblewith s, SE C side_eff (Eff, s') wheres' is the
completionof s|s,. for § under€.

Condition (a) helpsto prevent stanation, by requiringthatif no
moduleis executingbut somemoduleis READY, thenthe choice
functionselectsat leastonemodulefor launching.Functioninfer-
enceis properif for eachpermissibleoperationalsnapshot and
valueof info, inference(s, info) is permissible.

Becausehe notionsof properchoiceandinferencefunctions
rely onthenotionpermissibletestingproperis undecidableHow-
ever, it is relatively easyto develop tractablesuficient conditions
for proper For example,in algorithmsof [HLS*99] a side-efect
moduleM is launcheddy a choicefunctiononly if aneagerevalu-
ationof theenablingconditionfor M yieldstrue.

Thefollowing (proof omitted) shavs that executionsbasedon
properchoiceandinferenceunctionsarecompatiblewith thedeclar
ative semantics.

Proposition4.6 Let Choiceandinferencebe proper Let so bean
initial snapshotandlet 3 = so,-- -, s, be asequencef opera-
tional statescorrespondingo anexecutionusingChoiceandinfer-
encethatcannotbe extended.Thens is a propersequenceandso
sn, is compatiblewith the declaratve semantics.

5 DYNAMIC BROWSING USING DECISIONSHEETS

This sectionpresentsa brief introductionto the DecisionSheein-

terfacefor Vortex workflows. This interfaceuseselementsof the
SpreadSheetsaradigmto supporta form of dynamicbrowsing of

the operationof a Vortex workflow on hypotheticainputs. Thein-

terfaceis usefulfor understandingnddehuggingboththe seman-
tics of a workflow, andfor understandindgnow optimizationstrate-
giesaffecttheprocessingf differentkindsof inputs.We introduce
the DecisionSheeinterfacewith anexample,andthenmake some
generaremarks.

Fig. 6 shaws aninstanceof the DecisionSheeinterfacefor the
workflow describedn Section2.

The DecisionSheeinterfacecanbe usedto shav information
aboutsnapshotsf aworkflow instance Figure6 shavs a snapshot
that might arisein a workflow instanceinvolving an existing cus-
tomer whenusinganoperationasemanticshatis very eager (In-
deed,the exampleshavs executionof somemodulesbeforetheir
enablingconditionsare known, and shavs executionof someat-
tribute rulesin decisionmodulesbeforeall of the input attributes
for thosemodulesareknown.)

Eachcolumnof the DecisionSheetorrespondso an attribute
of 8. The attribute namesarelistedin Row —1, andthe attribute
statesand valuesare indicatedin Row 0. The attributesmustbe
listed in an order that is compatiblewith the edgesof Gs. As
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Figure6: Exampleof DecisionSheenterface

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

Rows —3 to —1 of theDecisionShegbrovideinformationabout
how theattributesarecomputed Row —3 indicatesghenameof the
modulecomputingthe attribute. We generalizethe typical notion
of cell foundin SpreadSheety permitting the cells of the first
row to spana numberof columnsequalingthe numberof output
attributesof the node. The secondrow indicatesthe kind of mod-
ule, andin the caseof decisionmodules,it indicatesthe nameof
thecombiningsemanticg§unctionused.

In Row 0, which holdsthe statesandvaluesof attributes,light
gray indicatesthat the attribute value hasbeenestablisheddark
gray that the attribute has state DISABLED; striped gray that the
attribute is known to be enabledbut the value is not yet known;
andwhite meanghatnoinformationaboutenablingor disablingis
known yet. (Althoughnotillustratedhere,a distinctcolor mightbe
usedfor attributeswhosestateis Exc.)

Figure6 depictsasnapshothatmightariseafteracustomehas
identified himself. The two input attributeshave values,asdo the
attributesfrom modulel. Module 2 is enabledandexecuting,and
module3 is disabledbecausehe databaséoadis over 95%.

For decisionmodulessuchasmodules4, 7, 8, and9, the cells
in positively numberedrows correspondo the attribute rulesin
the modules. To illustrate, module4 is enabled andbasedon in-
formationalreadyknown the conditionsof the first andthird rules
couldbeevaulated andwerefalse.No informationcanbeinferred
aboutthe secondrule. With module? (thatcorrespondso the de-
cision moduledescribedn Example3.1), the first rule hasfalse
condition, the secondandfourth ruleshave true conditionandre-
turnedvaluesl and3. Althoughwe have no informationaboutthe
value of the condition of the third rule, we do know that if true
then the rule would contritute the value 2. Basedon the com-
bining semanticghe systemhasinferred that the final value for
sessionpriorityis3.

We have madea prototypeimplementationof the Decision-
Sheetinterface on top of ThinkSheet[PYLS96. The prototype
is currentlybeingusedto experimentwith differentfunctionalities
andpresentatiorschemes.
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6 RELATED WORK

Recenbverviews on workflows andrelatedwork include[GHS95,
MAGK95, CHRW98, KR96, BT98]. Several commercialwork-
flow productsare available,including Flowmark [LR97] which is
general-purposeand InConcerts TEOSSsystem[InC] which is
focusedon telecommunicatiompplications.Traditionalworkflow
managemensystemgWFMS) emphasizeon the control and co-
ordinationof tasksthatmay be performedby software systemsor
humans. To this end, workflows are typically representedising
someform of directedgraph[GHS95,EII79], oftenbasednvaria-
tionsof Petrinets. In contrastrecentwork in the areaof scientific
workflows emphasiz¢he needto promotea dataflow view of the
workflow at the specificationlevel. In [AIL98], the authorsadwo-
catefor an”object view” of workflow wherethe focal pointis the
datausedandgeneratediuring workflow execution. There,work-
flows are consideredas graphsof objectswith the processeshat
createdthembeingexpressedhroughthe links betweernthem. A
mixed view is proposedn [MVW95], whereinboth dataandcon-
trol flow areexpressibleandthe usercannavigatefrom anactity
to its input datastructure.

Vortex offersa complementaryiew throughits object-focused
approach.In Vortex, the focusis on determiningattribute values,
andthe meandy which thesevaluesareobtainedaremodeledes-
sentially asside-efects of this. However, attributesin Vortex can
eithermodelthe executionstatusof sometaskor the outputdataof
atask.This approactoffersalot of flexibility, which enabledo al-
ternatizely focusontasksor dataasneededy the decisionprocess
incarnatedby the workflow.

Vortex enablesa declaratve specificationof workflows, which
matchegheneedfor high-level specificatiodanguages$or design-
ing and prototyping workflows usableby non computertrained
users(e.g., a natural scientist)emphasizedy existing work on
scientificworkflows. Suchhigh-level specificationlanguagesre
currentlylackingin existing systems Referencd DKRR98] intro-
ducesadeclaratve paradignfor specifyingworkflows thatis based
onConcurrenfTransactionogic, andstudythecompleity of deci-
sionproblemsinvolving consisteny, verificationandscheduling.

Theuseof enablingconditionsin Vortex is reminiscenof their
usein the ThinkSheetmodel[PYLS96. A key differencebetween
themodelsis thatVortex permitsside-efects.

Another contritution of Vortex at the specificationlevel is to



introducerulesto specifythe computatiorof anattributein anode
of the workflow. In traditionalworkflows, codeblocks (that may
invoke externalcomponentspare associatedvith the nodesof the
graph,i.e., the tasks. However, the if-then rules usedin Vortex
aredifferentfrom theexisting threebroadcateyoriesof rules-based
specificationparadigms,.e., (a) logic programming[Llo87] and
datalog(see[AHV95]), (b) expert systems(e.g., OPS5[For81]),
and(c) active databasefNC95], primarily becausdhe execution
semanticdor rulesin Vortex is very different.

Last, Vortex givesthe ability to specifypartialworkflows, i.e.,
workflows whosecompletespecificationdependon the result of
the currentexecutionof the workflow. This is not possiblewith
existing systemswhich cannotdynamicallylaunchthe excution of
a workflow asa resultof the executionof anotherone and share
their states.As explainedin [MVW95], thereis a substantiaheed
for this capabilityin scientificworkflow applications.

From the perspectie of fundamentalghe areaof workflow is
still in its infang. Thereis little consensu®n modelsand lan-
guagesappropriatefor specifyingworkflows, andonly a little re-
searchon theoreticalproperties. The Mentor model [WWWD96]
is basedon a variantof statechart§Har8§. In [MWW 98] tech-
niquesfrom model-checkingare usedto develop static analysis
algorithmsfor verifying variouspropertiesof Mentor workflows.
Referenc§WW297] developsanapproacHor convertingalogically
centralizedvorkflow into aworkflow thatcanbedistributedacross
multiple processingengines.

7 FUTURE DIRECTIONS

A key directionis to develop an enginethat can processvortex
workflows for nearrealtime workflow applications,and support
modificationsof workflows In work relatedto this goal we re-
cently implementeda prototype execution enginefor flowdart-
basedsequentialvorkflows even asaninterpreterof the workflow
schema More specifically aworkflow schemds representedsa
collection of objects(correspondingdo the differentnodesof the
flowchart), and the engineinterpretstheseobjectsas it executes
oneor moreinstance®f theworkflow. Multiple workflow schemas
(i.e., flowcharts)canbe maintainedsimultaneouslyAdding a new
workflow schemanvolvesonly the additionof new setof objects,
and canbe performedat ary time without bringing down the en-
gine nor interruptingthe executionof workflow instance/ghatare
alreadyundervay. Secondlyto provide nearrealtimeprocessing,
theengineusesa multi-threadingapproachallocatingoneor more
threadgo eachworkflow instance/ An eventhandleris usedto re-
actto thedifferentkindsof eventsthatmayarise eitherasmodules
returnvalues,or asamodifiedversionof theworkflow scheméas
beenintroduced.

Theenginewill becenteredaroundthe useof choicefunctions
asdiscussedh § 4. Somefurtherwork in this directionis described
in [HLS*99], wherewe develop algorithmsfor identifying at run-
time moduleghatare“useless’for completingaworkflow instance
and modulesthat are “necessary"for completinga workflow in-
stance.

Thereare mary interestingissuesthat desere further investi-
gation. Oneis the developmentof a GUI to supportthe specifica-
tion and browsing of Vortex workflows. Anotheris to develop a
way to respondautomaticallyto violations of logical constraints.
Thethird is to develop supportfor differentgranularitiesof Vortex
workflows. Thefourthis to explore theincorporationof hardtime
constraintsinto enablingconditions. The fifth concernsexploita-
tion of themathematicapropertieof Vortex schemasPreliminary
resultsreportedn [HLS*99] shav thatmostdecisionproblemsfor
Vortex workflows areintractableor undecidableNeverthelessbe-
causeVortex workflows aredeclarative, the developmentof suffi-
cientconditionsfor checkingpropertiesof Vortex schemasnaybe
easierthanfor proceduralvorkflow paradigmsThefinal direction
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concernsthe possibility of developing an algebrafor combining
Vortex workflow schemas.
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