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ABSTRACT
Attemptsto extendprocessenactment to support dynamic,
knowledgeintensive activities have not beenas success-
ful as workflow for routine businessprocesses. In part
this is due to the dynamic natureof knowledge-intensive
work: the tasksperformedchange continually in response
to the knowledgedevelopedby thosetasks. Also, knowl-
edgework involvessignificantinformal communications,
whicharedifficult to capture.

This paper proposes an approach to supporting
knowledge-intensive processesthat embracesthesediffi-
culties; ratherthanattempting to capture every nuance of
individual activities, we seekto facilitatecommunication
andcoordinationamongknowledgeworkerstodisseminate
knowledgeandprocessexpertisethroughout theorganiza-
tion.
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1 Introduction

The conventional workflow approachemploys a server or
execution enginethatexecutesworkflow specificationsand
storesdocuments produced by the workflows. Process
participants (actors)interactwith the engine through web
browsers, environments, or task-specifictools, receiving
guidanceonwhatactivitiesto perform,andhow to perform
them.

This approach has beensuccessfulfor automating
repetitive, routine processes,but attemptsto extend it to
support dynamic, knowledge intensive activities have not
beenassuccessful[1].

In part,thisis dueto thedynamicnatureof suchactiv-
ities: actorsin knowledge-intensive environments continu-
ally adapt theiractivitiesto reflectincreasingunderstanding
of theproblem at hand, which resultsfrom performing the
knowledge-intensive activities. Thus, the performanceor
enactment of knowledge-intensivework processesinvolves
a cycle of planning, action,review, andrefinement. This
presentsseveralproblemsfor processmanagement:

1. The activities performedin any cycle aredifficult to
describein sufficient detail to be useful for conven-
tionalworkflow enactment;
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Figure1. Edit-compile-debugprocess.

2. Experts perform theseactivities in a fluid, almostun-
conscious manner, ratherthanasdiscretesteps;

3. Thecycle is repeatedrapidlyandcontinuously, sothe
set of activities evolves rapidly; therefore, any de-
scriptionof theprocessis immediatelyoutof date.

Therefore, we proposean approach targeted to en-
couragingdevelopmentof processexpertiseamongknowl-
edgeworkers.In this approach,actorsaregivenhigh-level
guidanceabout whatactivities to perform, andhow to per-
form them,through theuseof low-fidelityprocessmodels.
Thesemodelsspecifya nominal order of tasks,but leave
actorsfreeto carryout theiractivitiesastheirexpertiseand
thesituationdictates.

Theapproachcomprisesthreekey components:

1. Processspecificationsbasedon the notion of low fi-
delityprocessmodels;

2. A distributed process deployment and execution
mechanism for enacting low fidelity processmodels;

3. A Virtual Repository of artifactsproviding accessto
distributedcollections, repositories, anddatabasesof
information objects related to the work to be per-
formed;

The following sectionsdiscuss,in turn, the model-
ing approach basedon low-fidelity models;coordination
among concurrent processes;enactment basedon low-
fidelity models;relatedwork; and,someconclusions.

2 Process Modeling

Our previous work with processmodeling demonstrates
the valueof low-fidelity models for documentingandan-
alyzing knowledge-intensive work [2, 3]. A low-fidelity
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Figure2. Edit-compile-debug process,augmented.

model doesnot seekto capture every detail and nuance
of a knowledge-intensive process;rather, it documentsthe
major activities of a processandthe primary sequencein
which they areperformed.

An example of a model depictingsoftwaredevelop-
ment is shown in Figure1. This model shows the nomi-
nal sequenceof activities involvedin turning a designinto
working code:theprogrammerenterssource codetext us-
ing an editor, thencompiles the code, iteratingover these
stepsuntil the codecompilessuccessfully. Then, he or
sheproceeds to test and debug, iterating over the whole
sequence to fix thefailuresuncoveredduring testing.

This model capturesboth the important activities in
codedevelopment, andthemainsequence,andis thususe-
ful for discussingtheprogramming process.But it doesnot
begin to captureall of thepossibletransitions betweenac-
tivities. Many experiencedprogrammers switchfrequently
betweendebuggingandediting, delayingthe compilation
stepuntil several faultshave beenfixed. Occasionally, it
is necessaryto iterateover the compile-test-debug cycle;
sometimes,aprogrammer will skipdebuggingandproceed
directly backto editing. Figure2 shows theseadditional
transitions,representedby dashededges.

While thisdepiction is morecomplete,in thatit repre-
sentsall of theplausibletransitionsbetweentasks,it is not
entirelyaccurate. For example, although the graph shows
a transitionfrom “Edit” to “Debug”, it is not possibleto
take this transitionuntil the“Compile” stephasbeensuc-
cessfullycompletedatleastonce:“Debug” requiresanexe-
cutableprogram,whichis theoutput of the“Compile” step.
Figure3 shows theseconditions aslabelson theedges.

However, it’snotclearthatthemodeldepictedin Fig-
ure 3 is moreuseful thanthat in Figure1; asa guidance
tool, a novice programmermight find thenumeroustransi-
tions confusing,while an expert would alreadyknow that
theseadditional transitionsarepossible.

Ourmodeling approachis basedonthenotionof low-
fidelityprocessmodels.A low-fidelity model seeksto cap-
ture the essenceof a process,while abstracting away as
many detailsaspossible. The modeling languageallows
the modeler to capture both the nominal control flow (the
solid edgesin Figure1), andtheconditions that constrain
transitionsoutsidethe nominal flow (the dashedlines in
Figures2 and3).
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Figure3. Edit-compile-debug process,augmented.

Figure4 shows a specificationof theprocessof Fig-
ure1, written in thePML processmodeling language.The
nominal control flow is representedexplicitly by the itera-
tion constructs andtheordering of actionsin thespecifica-
tions.Theconstraintsonothertransitionsareexpressedby
theprovidesandrequiresstatements.Thesearepredicates
thatexpresstheinputs andoutputsof eachstep(action) in
theprocess,andthusthepre-andpost-conditionsthatexist
at eachstepin theprocess.Notethatthis simplespecifica-
tion capturestheconstraintthattestinganddebuggingcan-
not proceeduntil compilationis successful:the“Test” and
“Debug” actionsrequirearesourcecalled“exec”, which is
produced(provided) by the “Compile” action. Thus,until
this actionsucceeds,“Test” and“Debug” arenotpossible.

Modeling processesusinglow-fidelity modelsyields
severalbenefits:

� Low-fidelity models areeasyto specify, andcanbe
generatedrapidly.

� A low-fidelity modelstill captures theessentialfacets
of a process,especiallythe resourcesconsumedand
artifactsproducedby agivensetof activities.

� Becausethey seekto representonly high-level detail,
low-fidelity models arerelatively stable;that is, they
continue to beaccuratedescriptionsof thehigh-level
process,evenasthedetailsof processactivitiesevolve
in responseto knowledgeandexperiencegainedwith
theproblem.

2.1 Modeling Coordinated Activities

Thedevelopment processof Figure1 doesnot exist in iso-
lation.Theinput to theprocessis asetof requirements,and
theoutput is debuggedsourcecode. Otherprocessespro-
duceandconsumetheseresources,asdepictedin Figure5.
This figureshows two cooperatingprocesses:thedevelop-
mentprocessof Figure1, anda paralleltestdevelopment
processthatultimatelyappliesa testsuiteto thedebugged
code.

Theseprocessescooperateto producea testedprod-
uct: bothstartwith requirementsto developtheirrespective



process edit-code {
iteration {

iteration {
action Edit {

requires { design }
provides { code }

}
action Compile {

requires { code }
provides { exec }

}
}
action Test {

requires { exec }
provides {

code.status == "unit tested"
}

}
action Debug {

requires { exec }
}

}
}

Figure4. SoftwareDevelopment ProcessFragment.
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Figure6. Resourceflow betweenprocesses.

artifacts. In addition, the testprocessneedsthe output of
thedevelopment process(theexecutableobject)to run the
tests.This dependency couldberepresentedby anexplicit
link betweenthe“Debug” and“Run Tests”actions(repre-
sentedby thesolidedgein Figure5). But thisapproachhas
severaldifficulties.

First, it createsan explicit connection betweenthe
specificdevelopment processandthetestprocessthatdoes
notalwaysexist: developerscould employ any of anumber
of differentdevelopment processes(clean-room, test-first,
even“chaotic” development) thatcouldprovide theobject
for testing.

Second, it requires both processesto be maintained
as a singlemodel, which is often not the case: different
organizations areresponsiblefor their respective processes
which they develop andmaintainindependently.

Finally, it doesn’t capture the true relationship be-
tweenthe processes:typically, testersrequire a compiled
product to test, so that the actualrelationship is between
“Compile” and “Run Tests” as opposedto “Debug” and
“Run Tests.” But thecompiled productmustalsohavebeen
debuggedand tested. The essentialrelationshipbetween
thetwo processesis thatthedevelopment processproduces
anexecutableproductfor thetestprocessto test(Figure6).
It’s not important to the testprocesshow this product was
developed,only thatit existsin a statesuitablefor testing.

This relationshipis easy to represent in PML, as
shown in Figure7. Thisspecificationshowsthatthebegin-
ning of the testprocessdepends on the availability of the
designdocument(“DESIGN”). More important, the “Run
Tests” action cannot begin until the threeconditions are
met: the “Write Tests”actionmustcomplete,theremust
beanexecutableto run,andthecodemustbeunit tested.

Note that becausethe processesare indirectly cou-
pled, it is not necessaryfor all activity to be modeled, or
enacted;enactedprocessescanbe coordinatedthrough a
sharedresourcewith ad-hoc work or activities in another
organization. Thus, the “Run Tests” task can begin as
soonasthe“exec” and“code” resourcesareavailable;but
theseresourcescanbeproducedby any process,including
a completelyspontaneousad-hocprocess.

3 Flexible Enactment

Enactment is drivenbyevents,whichareclassifiedaseither
processeventsor resource events. Thesearesummarized
in Table1. A predicate in the processdescription speci-
fiesthestatethattherequiredresourcesmustsatisfybefore
theactivity canproceed(themechanismis described fully
in [4]).

Processevents signal action initiation and comple-
tion, andaregenerateddirectlyby actorsasa consequence
of performingtasks.Resourceeventsreflectchangesin the
environment, suchascreation,deletion, andmodification
of resources,andtimeevents suchasdeadlinesor alarms.

Theenactment mechanismenablesflexibleenactment
through the way it handles processand resource events.



process test-code {
action WriteTestPlan {

requires { design }
provides { test_plan }

}
action WriteTests {

requires { test_plan }
provides { test_suite }

}
action RunTests {

requires { test_suite && exec
&& code.status == "unit tested" }
provides { code.status == "tested" }

}
}

Figure7. CoordinatedTestProcess.

ProcessEvents
Createprocess An actorrequestsinstantiation

of a new processinstance.
TaskStart An actorhasbegun a task.
TaskSuspend The actor has suspended an

active task.
TaskComplete The actor has completed a

task.
TaskAbort The actor aborts a task that

can’t becompleted.
ResourceEvents
ObjectCreation A new resource hasbeencre-

ated(or detected).
ObjectModification An existing resourcehasbeen

changed.
ObjectDeletion An existing resourcehasbeen

destroyed or removed.
Deadline A time event (deadline, mile-

stone,alarm)haspassed.

Table1. ProcessandResourceEvents

Events affectprocessstatein severalways:

1. Activationof thenext taskin thenominal controlflow.
The processdescriptionspecifiesthe order in which
tasksshould beperformed. A processeventcantrig-
gerthetransitionfrom onetaskto thenext; for exam-
ple, thecompletionof theEdit taskin Figure1 causes
transitionto theCompiletask.

2. Activationof otheractionsin theprocess.In Figure4,
completion of the “Compile” taskmaycause“Test”
and“Debug” to become ready, if the“exec” objectis
successfullycreated.

3. Activation of actionsin otherprocesses.For exam-
ple,whenboththe“Compile” and“Test” tasksof Fig-
ure4 aresuccessfullycompleted,resultingin products
in the correct state,the “Run Tests” taskin Figure7
becomesready.

The completion of an actioncanmake a number of
additional actionsavailablefor theactorto perform: a pro-
cesseventsignalsthecompletionof anaction,whichmakes
thenext actionin thenominalcontrol flow available.In ad-
dition, the completion of an action may include the cre-
ation or modification of one or more resourcesas side-
effects,generating resourceevents thatmakeadditionalac-
tionsavailable.Theenactment enginecanthenrecommend
that the next availableaction in the nominal control flow
shouldbeperformed,andalsoshow other actionsavailable
astheresultof resourceevents.

As an example, supposean actorhasjust completed
the“Compile” actionin Figure6. Thisprocessevent causes
the “Test” action,which is the next actionin the nominal
control flow, to becomeavailable. The “Compile” action
alsocreatesanexecutable object(“EXEC” in Figure6), a
resource event that satisfiesthe “Debug” action’s requires
predicate(Figure 4). As a consequence,the “Debug” ac-
tion also becomesavailable. Finally, the creationof the
executableobject satisfiespartof the“Run Tests”action’s
requirespredicate.Thismaycause“Run Tests”to become
availableas well. The result is several actionsreadyfor
theactorto perform, representingdifferent processperfor-
mancepaths.

The enactmentmechanismis depictedin Figure 8.
The User Interface allows actors to generate process
events, and invoke Tools to perform tasks. The Process
Engine handles ProcessandResourceevents, responding
asdescribedabove. It includesa virtual machineto inter-
pretPML processspecificationsto compute thestateof ac-
tionsin responseto aprocessor resourceevent. TheVirtual
Repositoryis responsiblefor detectingresourceevents,and
translatingthem into a representation-independent form
suitablefor interpretationby theProcessEngine.

The Virtual Repositoryprovidesa logically central-
ized view of a setof distributed, heterogeneous informa-
tion repositories.Thisenablestheenactmentmechanismto
treata varietyof resources,suchasemail messages,Web
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Figure8. ProcessEnactmentArchitecture

pages,documents,etc. asinformationobjectswith a uni-
form format andaccessinterface.

4 Related Work

Therearethreemainapproachesto enacting dynamic pro-
cessesin aflexible manner.

The first treatsdeviations from the specifiedprocess
asexceptions. This view supposesthat thereis a usualor
“right” wayto dothings,from whichdeviation is occasion-
ally required. For example, Milano augmentsenactment
of Petri-netbasedmodelswith theability to jump forward
or backward acrossseveral transitionsin order to handle
exceptions to the specifiedflow of control [5]. The phi-
losophy of Milano is similar to the PML approach: use
simplemodelsto specifyprocesses,andhandle variationat
runtime. However, Milano treatsdeviationsasexceptions,
ratherthanviewing themasalternatebut normal variations
asPML does.

The secondapproachmodels the processasa setof
constraints; as long as the constraints aremet, actorsare
freeto performtasksasthey seefit, in theorderthatseems
mostappropriate.Forexample,Glanceandcolleaguespro-
poseaconstraint specificationlanguagethatcanbeusedto
specify the goalsof a process,without specifying the or-
der[6].

This approachprovidesa greatdegreeof flexibility:
as long as the goals are met, the actor is free to do any
task in any order. However, the flexibility comes at the
costof guidance:it becomes difficult to advisethenovice
actoras to what stepto perform at a given point in time.
Dourish addressesthis issueby addingconstraints about
theorderin whichtasksmustbeperformed,if suchanorder
is necessary[7].

Relatedto this approach are process-centered pro-

gramming environmentsthat employ rulesto specifypro-
cesses;examplesincludeMerlin [8], whichisbasedonPro-
log, andMarvel [9].

The SPELL modelinglanguageincludes constraints
on task pre- and post-conditions that are interpreted by
the EPOSexecution environment’s planning mechanism
to develop a sequence of activities to suit a specificsitu-
ation[10]. While SPELL’sconstraintsaresimilar to PML’s
requiresandprovidespredicates,they areusedto develop
a specificsequenceof tasksat runtime. In contrast,PML’s
predicatesallow theactorto deviate from thenominal se-
quencewhennecessary.

Thethird approachattemptsto model theprocessus-
ing specificationsthat inherently allow greatflexibility in
how tasksareperformed.

For example, Bernsteinproposesa hybrid modelthat
combinesconstraints whenprocessesarenot well under-
stood,with strongercontrol flow basedspecificationswhen
theprocessmatures[11]. Thisapproachassumesthatvari-
ation from the specificationis a matterof processimma-
turity thatwill decreaseover time astheprocessbecomes
betterunderstood.

Jorgensenargues for enactmentbasedon a dialog
with the actor at runtime [12]. In this approach, pro-
cessesareinitially specifiedat a high level, andenactment
takesplaceasadialogbetweentheactorandtheenactment
mechanism. Jorgensenalsoviewsvariationasa sideeffect
of processimmaturity, so the goal of this dialog is grad-
ual refinement of the processspecificationinto a detailed
model.

5 Conclusion

Theapproachdescribedhereinhasseveraldistinctive fea-
tures.

First, low-fidelity process models specified using
PML are both straightforward and enableflexible enact-
ment.

Second, because the coupling betweencoordinating
actorsis indirect, through a sharedresource,there is no
requirementfor trust (or evenawareness)betweencoordi-
nating peers. This enablesextremely fluid, dynamic or-
ganizationsin which participantscanjoin at will without
requiring administrative approval or action.

Finally, by relyingresourceevents,processenactment
canproceedin the background, out of the way of experi-
encedusersuntil they needexplicit advice.
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