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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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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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