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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
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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.






