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ABSTRACT:
In developmentprocessesmultiple tools areusedto de-

scribedifferentaspectsof the developedproduct. The re-
sulting information is storedin heterogeneousdocuments
that are technically independentbut whosecontentsare
closely relatedon the semanticlevel. Thus, if one doc-
ument is changed,thesechangeshave to be propagated
to dependentdocumentsin orderto restoremutualconsis-
tency. Therefore,thereis aneedfor incrementalintegration
tools which assistdevelopersin consistency maintenance.
Drivenby this need,we realizeda framework for building
incrementalintegrationtoolswhich is currentlybeingused
in the chemicalengineeringdomain. Integrationtools are
basedon modelsof the relateddocumentsand their mu-
tual relationships.Thesemodelsaredefinedin theUnified
ModelingLanguage(UML).

I . INTRODUCTION

Developmentprocessesin different engineeringdisci-
plinessuchase.g.mechanical,chemical,or softwareen-
gineeringare highly complex. The product to be devel-
opedis describedfrom multiple inter-dependentperspec-
tives. The resultsof developmentactivities are storedin
documentssuchase.g. requirementsdefinitions,software
architectures,or moduleimplementationsin softwareengi-
neeringor variouskinds of flow diagramsandsimulation
modelsin chemicalengineering.Thesedocumentsarecon-
nectedby mutual dependenciesandhave to be kept con-
sistentwith eachother. Thus,if onedocumentis changed,
thesechangeshave to be propagatedto dependentdocu-
mentsin orderto restoremutualconsistency.

Tool supportfor maintaininginter-documentconsistency
is urgentlyneeded.However, conventionalapproachessuf-
fer from severelimitations. For example,batchconverters
arefrequentlyusedto transformonedesignrepresentation
into another. Unfortunately, sucha transformationcannot
proceedautomaticallyif humandesigndecisionsare re-
quired. Moreover, batchconverterscannotbe appliedto
propagatechangesincrementally. Furthermore,hypertext-
like tools provide basemechanismsfor establishinginter-
documentlinks which provide for traceabilityof thedevel-
opmentprocess. However, usually suchtools do not in-
corporatesemanticknowledgeontherelationshipsbetween
inter-dependentdocuments.Therefore,supportfor consis-
tency controlandchangepropagationis severelylimited.

In [5], wepresentedaframework for building integration
tools thatoffer moresophisticatedsupportfor maintaining
inter-documentconsistency. Our approachis characterized
by thefollowing features:

1. Relationshipsbetweeninter-dependentdocumentsare
storedin separatedatastructures,which arecalledintegra-
tion documents. An integrationdocumentconsistsof a set
of links connectingpatternsof therelateddocuments.
2. Integrationtools aredriven by rules which specify the
relationshipsbetweensourceandtarget patterns.Whena
rule is applied,a correspondinglink is insertedinto thein-
tegrationdocument.
3. Integrationtoolsoperateincrementallyinasmuchasthey
maybeusedto propagatechangesbetweeninter-dependent
documents.That is, whenonedocumentis changed,only
theeffectsof thischangearepropagatedto therelateddoc-
ument;unaffectedpartsof thedocumentareretained.
4. In general,integrationtools arebidirectional, i.e., they
can be usedto propagatechangesfrom the sourceto the
targetdocumentandviceversa.
5. In general,it cannotbe assumedthat changescan be
propagatedautomatically. Rather, integrationtoolsoperate
interactively, i.e., they rely on humandecisionsconcerning
theselectionof whichruleto applyin ambiguoussituations.
6. Changepropagationis only oneof multiple functionsof
integrationtools. In addition,they canbe usedfor consis-
tencyanalysisandbrowsing(traversingof links).
7. Finally, integrationtoolsaremodel-based, i.e., they are
basedon modelsof therelateddocumentsandtheirmutual
relationships.

In this paper, we focus on the last featurementioned
above.Wewill demonstratehow theUnifiedModelingLan-
guage (UML [7]) can be usedto definethe relationships
betweendifferent documenttypes. First classdiagrams
areusedto defineassociationsbetweenrelatedclassescon-
tainedin thedocuments’models.Next, in collaborationdi-
agramscorrespondingpatternsareidentifiedandrelatedto
eachother. Finally, executablerulesbasedon graphtrans-
formationsarederivedfrom thecorrespondingpatterns.

The rest of this paperis structuredas follows: In Sec-
tion II, wepresentamotivatingexamplefrom thechemical
engineeringdomain. In SectionIII, we give an overview
of our modelingapproach. After thesepreparations,the
corepartof thepaperfollows. SectionIV presentsthemeta
model,which is usedin SectionV to defineactualintegra-
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Fig. 1. Integrationbetweenflow sheetandsimulationmodel

tion models. SectionVI discussesrelatedwork, andSec-
tion VII concludesthepaper.

I I . MOTIVATING EXAMPLE

While the conceptsunderlying incrementalintegration
tools are fairly generalanddomain-independent,we have
focusedin particularon the chemicalengineeringdomain.
Therefore,we take the motivating examplefrom this do-
main. More specifically, we are interestedin the relation-
shipsbetweenflow sheetsandsimulationmodels. A flow
sheetdescribesthechemicalprocessto bedesigned,while
a simulationmodelservesasinput to a tool for performing
steady-stateor dynamicsimulations.Heterogeneoustools
may beusedfor creatingflow sheetsandsimulationmod-
els,respectively. In thefollowing, we assumethattheflow
sheetis maintainedby COMOS PT [22] and simulations
areperformedin AspenPlus[23], bothof which arecom-
mercialtoolsfor chemicalengineering.

In chemicalengineering,theflow sheetactsasa central
documentfor describingthe chemicalprocess. The flow
sheetis refinediteratively sothatit eventuallydescribesthe
chemicalplantto bebuilt. Simulationsareperformedin or-
der to evaluatedesignalternatives. Simulationresultsare
fed backto theflow sheetdesigner, who annotatestheflow
sheetwith flow rates,temperatures,pressures,etc.Thus,in-
formationis propagatedbackandforth betweenflow sheets
andsimulationmodels.Unfortunately, therelationshipsbe-
tweenthemarenot alwaysstraightforward. To usea sim-
ulator suchasAspenPlus,the simulationmodelhasto be
composedfrom pre-definedblocks.Therefore,thecompo-
sition of the simulationmodel is specificto the respective
simulatorandmaydeviatestructurallyfrom theflow sheet.

Figure1 illustrateshow an incrementalintegrationtool
assistsin maintainingconsistency betweenflow sheetsand
simulationmodels. The chemicalprocesstaken asexam-
ple producesethanolfrom ethenandwater. Flow sheetand
simulationmodel areshown above andbelow the dashed

line, respectively. Theintegrationdocumentfor connecting
themcontainslinks which aredrawn on the dashedline1.
The figure illustratesa designprocessconsistingof four
steps:
1. An initial flow sheetis createdin COMOSPT. Thisflow
sheetis still incomplete,i.e., it describesonly a partof the
chemicalprocess(heatingof substancesandreactionin a
plugflow reactor, PFR).
2. Theintegrationtool is usedto transformthe initial flow
sheetintoasimulationmodelfor AspenPlus.Here,theuser
hasto performtwo decisions.While theheatingstepcanbe
mappedstructurally1:1 into thesimulationmodel,theuser
hasto selectthemostappropriateblock for thesimulation
to beperformed.Second,therearemultiple alternativesto
mapthePFR.Sincethemoststraightforward1:1 mapping
is notconsideredsufficient,theuserdecidesto mapthePFR
into a cascadeof two blocks.Thesedecisionsaremadeby
selectingamongthe differentpossibilitiesof rule applica-
tionsthetool presentsto theuser.
3. Thesimulationis performedin AspenPlus,resultingin
asimulationmodelwhich is augmentedwith simulationre-
sults.In parallel,theflow sheetis extendedwith thechem-
ical processstepsthathavenot beenspecifiedsofar (flash-
ing andsplitting).
4. Finally, the integration tool is usedto synchronizethe
parallelwork performedin thepreviousstep.This involves
informationflow in both directions. First, the simulation
resultsarepropagatedfrom the simulationmodelback to
theflow sheet.Second,theextensionsarepropagatedfrom
the flow sheetto the simulationmodel. After theseprop-
agationshave beenperformed,mutual consistency is re-
established.

Theexamplepresentedabovedemonstratesthefunction-
ality of theintegrationtool, but it doesnotshow how this is
achieved. As mentioned,integrationtools aremodel-and

£
This is a simplifiednotation. Somedetailsof the documentandinte-

grationmodelintroducedlaterareomitted.
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Fig. 2. Levelsof modeling

rule-based.In thenext sections,wewill explain themodel-
ing framework underlyingincrementalintegrationtools.

I I I . OVERVIEW

A. Levelsof Modeling

In orderto definethedocumentsthatareto beintegrated,
their relations,andthe rulesthat control the integrationin
a structuredway, a multi-layeredmodelingapproachbased
on UML is used. It follows the paradigmof metamodel-
ing, i.e.,eachlayerdefinestheconstructsto beusedon the
next lower layer. To expressthis paradigmin UML, we ap-
pliedtheapproachintroducedin [18], whichis basedonthe
extensionof theUML metamodel.

Figure2 shows thedifferentlayersandtheir interdepen-
dencies.On themetamodellevel, theUML metamodelis
enrichedwith modelingconstructsthatcanbeusedon the
model level to defineprocessflow diagram-like document
typesandto build modelsrelatedto theintegrationof such
documents.Theprocessflow diagram(PFD)specificmeta
model is a specializationof an even more abstractmeta
model for the integrationof arbitrarydocumentswhich is
omittedhere.

Like in standardUML, the model level consistsof the
type level andthe instancelevel. On the type level docu-
mentmodelsfor specifictypesof documentsare defined.
They areexpressedasclasshierarchiesdescribingthedoc-
uments’ underlying type systems. In our example, doc-
umentscontainingsimulationmodelsfor AspenPlusand
flow sheetsfor ComosPT aredefined. To be ableto per-

form an integrationof thesedocuments,associations2 be-
tweentheclassescontainedin thedocuments’classhierar-
chiesaredrawn.

On the instancelevel, we distinguishbetweenconcrete
instancesand abstractinstances. Correspondencesand
rules are abstractinstances. A correspondencerelatesa
patternout of onedocumentto a patternof anotherdocu-
ment.A patterndescribesatemplatewhichcanbematched
againstanactualdocument.Here,AspenPluspatternsare
relatedto ComosPT patterns.Correspondencescanbeen-
richedto becomeexecutableintegrationrules. Theserules
areusedto performtheintegrationof two documents.

Concreteinstancesareusedto describeactualdocument
instanceslike AspenPlus simulationmodels,ComosPT
flow sheets,and integration documents. An integration
documentis createdfor eachintegrationof two documents.
It containslinks betweenrelatedpartsof thedocuments.

The differentlayersof modelingareexplainedin detail
in SectionsIV andV.

B. ModelingProcess

Figure 3 shows the interrelationsbetweenthe different
partsof themodelfrom amorepracticalpointof view. The
metamodelservesasbasisboth for the implementationof
integrationtoolsandtherulemodelingprocess.It is defined
accordingto domainspecificknowledgelike, in our case,
the informationmodelCLiP [4] for chemicalengineering
andtherequirementsconcerningintegrationfunctionality.

Basically, therearetwo waysto defineintegrationrules:
top down, beforethe integrationtool is applied,or bottom
up, basedon situationsoccuringduring the usageof the
tool. It is most likely that in practicefirst a basicset of
rulesis definedtopdown by amodelingexpertandthenthe
rule baseis extendedbottomup by the engineerusingthe
integrationtool. Beforeany rulescanbe defined,thedoc-
umentsto be integratedhave to be modeledon type level,
which is not shown in the figure. Next, associationshave
to be definedon type level that declaretypesfor possible
correspondenceson the abstractinstancelevel. Again, for
bothtasksdomainspecificknowledgehasto beused.

Followingatopdownapproach,now correspondenceson
theabstractinstancelevel aremodeledbasedon theassoci-
ationson typelevel. Thesearetheninteractively refinedto
integrationrules.Theresultingsetof rulesis usedby thein-
tegrationtool to find correspondingpartsof sourceandtar-
getdocumentandto propagatechangesbetweenthesetwo
documents.The correpondingdocumentpartsarerelated
by links storedin the integrationdocument. If no appro-
priaterule canbe found in a given situation,the chemical
engineerperformingthe integrationcanmanuallymodify
sourceandtargetdocumentandaddlinks to theintegration
document.
÷
Theseassociationsaredifferentfrom theassociationsusedin theUML

standard.In thefollowing, alwaystheprefix ‘UML ’ is usedif it is referred
to UML associations.
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Fig. 4. Metamodel

To extendtherulebasebottomup,thelinks enteredman-
ually in the integrationdocumentcanbeautomaticallyab-
stractedto correspondencesbetweenpatterns.Next, a con-
sistency checkagainsttheassociationson typelevel is per-
formed. If the correspondencesarevalid, the engineeris
now guidedthroughthe interactive refinementof the cor-
respondenceto integrationrulesby a simplified modeling
tool. The rulesareaddedto the rule baseandcanbe used
for thefollowing integrations.

IV. META MODEL

ThemetamodelextendstheUML metamodelwith con-
structsthatcanbeusedto definePFDdocumenttypesand

associationsbetweenthem. Figure4 shows a UML class
diagramwhich depictsthe metamodel3. The document
relatedpart of the meta model is marked grey, the rest
is integrationspecific. The documentmetamodeldefines
metaclassesthatareinstantiatedon thetypelevel to define
thedocuments’typehierarchies.TheclassPFD Increment
is the root of the type hierarchy. Only instancesof this
classcan be relatedby an associationon type level. A
PFD Increment canbeeitheraComponent or aConnection.

}
This is an informal presentationof the metamodel. The new classes

and UML associationshave to be definedas in [18]. The cardinalities
definedin the metamodeldo not refer to the next lower level, the type
level, but to theinstancelevel. In a formal notationthey would have to be
definedasadditionalconstraintson themetalevel.
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Fig. 5. Documentmodelsof AspenPlus(a)andComosPT(b) (excerpt)

A Component is achemicalDevice thatprocesseschemical
substancesor a Stream that transportsthem.EachCompo-
nent canaggregatezeroto many objectsof classPort. An
additionalconstraintwhichis notdepictedhereassuresthat
streamscanhave only two ports. A Connection connects
two ports,which servesto representthe topologicalstruc-
tureof theflow sheet.

Instancesof theintegrationspecificmetaclassPFD Link
areusedon type level to expressassociationsbetweenin-
crementtypes.Eachincrementtypecanbereferencedby at
mostonelink astarget increment(toPFDTarget) or source
increment(toPFDSource). This is ensuredby therelations’
cardinalitiesandan additionalconstraintwhich is omitted
here.An incrementtypecanbereferencedby anarbitrary
numberof links ascontext increment(toPFDTargetContext,
toPFDSourceContext). Oneof the two documentsthatare
to be integratedis chosento be the sourcedocumentcon-
taining sourceincrementsand the other to be the target
documentcontainingtarget increments.This hasno influ-
enceon the direction in which information is propagated
betweenbothdocuments.Incrementsreferencedby a link
ascontext incrementscannotbe modifiedby the resulting
rule. Eachlink can be extendedby relating ports of the
sourcedocumentto correspondingportsin the target doc-
umentvia instancesof the metaclassPortMapping. The
knowledgeof correspondingportsis neededby integration
rulesthatautomaticallyreconnectcomponentsthatarecre-
atedin onedocumentby otherrulesaccordingto thetopo-
logical structurein theotherdocument.

V. MODEL

A. TypeLevel

On the type level the typehierarchiesof the sourceand
thetargetdocumentsaremodeledandassociationsbetween
classesof thetwo hierarchiesaredefined.The instance-of
relationshipbetweenclassesonthetypelevelandtheirmeta

classeson the metalevel is expressedwith stereotypes.A
classwith thestereotype��� mclass ��� is aninstanceof the
metaclassmclass.

In Figure 5 a) an excerpt of the type hierarchyof As-
penPlusis depicted.TheclassAspenComponent which is
an instanceof the metaclassComponent is the common
superclassfor AspenDevice (instanceof Device) andAs-
penStream (instanceof Stream). Beneaththeseclassesthe
simulationcomponentsavailablein AspenPlusfor thesim-
ulationof devicesandstreamsaremodeledasfurthersub-
classes.For instance,the classHeatExchanger is a super-
classfor all classesof heatexchangerslike HEATER and
HEATX. The documentmodel of ComosPT is structured
similarly. Figure 5 b) shows an excerpt containingsome
of the heatexchangersavailablefor the definition of flow
sheetsin ComosPT. They are groupedby the superclass
EnthalpyChange.

Besidethedocuments’typehierarchiesassociationsbe-
tweentheir typesaremodeledon type level. For the top
down modelingapproachtheseassociationsareusedto ex-
plicitly expressdomainknowledge.For thebottomupmod-
eling approachthey areusedto checkthevalidity of corre-
spondingpatternson the abstractinstancelevel. Associa-
tions areexpressedwith link classesthat arerelatedto the
associatedclassesvia UML associations.

Typelevel associationscanbedefinedondifferentlevels
of abstraction.This canbe illustratedwith the helpof the
examplesin Figure6. Parta)showsanassociationbetween
the classesHEATER of the AspenPlustype hierarchyand
HE of theComosPT typehierarchy. TheclassHeaterLink
is aninstanceof themetaclassPFD Link andexpressesthe
association.A classHeaterPortMapping is definedthatcan
beusedontheabstractinstancelevel to specifywhichports
correspondto eachother. Thecardinalitiesof the toHeater
and toHE UML associationsare one-to-oneand the con-
nectedheaterclassesbothareleavesof thetypehierarchies
(seeFigure5).
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Fig. 6. Typelevel correspondencesondifferentlevelsof abstraction

The associationin Figure6 b) is similar to the oneex-
plainedbefore,but in this casethe relatedclassesarenot
leavesof thetypehierarchies.Theport mappingis omitted
in thisfigure.

Associationslike the two explained so far can be di-
rectly derivedfrom domainspecificknowledge.For exam-
ple, in ourscenariothey aregainedfrom UML associations
betweenpartial modelsof the chemicalengineeringdata
modelCLiP [4].

The mostgenericassociationis depictedin Figure6 c).
This associationallows the definition of arbitrary corre-
spondingpatternson the abstractinstancelevel. Thus,all
correspondingpatternsthataresyntacticallycorrectarean
instanceof thisassociation.Of course,therearemoreasso-
ciationsdefinedfor our runningexamplewhichareomitted
here.

B. Abstract InstanceLevel

On the abstractinstancelevel correspondencesare de-
fined as instancesof the associationson the type level.
Then, the correspondencescanbe refinedto becomeexe-
cutableintegrationrules.

B.1 Correspondences

Eachcorrespondencerelatesone patternof the source
documentto onepatternof thetargetdocument.A pattern
describesa templateconsistingof components,ports,con-
nectionsandtheir relationswhich canbe matchedagainst
thecontentsof concretedocumentinstances.

The (static) UML collaborationdiagram in Figure 7
shows thecorrespondenceof anAspenPlusheatercompo-
nent (S1) anda ComosPT heatercomponent(T1). This
correspondenceis an instanceof the associationin Fig-
ure6 a). Becausetheassociationrelatesonly oneincrement
typewith cardinalityone-to-oneto anotherincrementtype
andbothtypesareleavesof their typehierarchies,themain
part of the correspondencecanbe unambiguouslyderived
from theassociation.This is doneby instantiatingthelink
classandbothheatercomponentsof theassociation.Only
the portsandtheir mappingshave to be definedmanually.
In this example,the AspenPlusheaterhasonly oneinput
(S1.P1) andoneoutputport (S1.P2) for thesubstancesthat
haveto beheated.They arerelatedvia portmappings(L.M1,
L.M2) to the correspondingportsof the ComosPT heater
(T1.P1, T1.P2). Theadditionalports(T1.P3, T1.P4) of the
ComosPTheaterthatareusedfor thecooling/heatingfluid
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Fig. 7. Correspondencebetweenheatersbasedon theassociationin Figure6 a

have no counterpartin AspenPlus. The meaningof this
correspondenceis thata HEATER componentin an Aspen
Plussimulationmodelcanberelatedto aHE componentin
aComosPTflow sheetthroughalink in anintegrationdoc-
ument.This is thecasein theexamplein SectionII. Thein-
tegrationrulesthatcanbegainedfrom this correspondence
throughrefinementwill bepresentedlater.

To ensurethevalidity of thecorrespondences,they have
to beinstancesof associations.If acorrespondenceis mod-
eledby handfollowing thetopdown approach,themodeler
shouldselectthe link type from the parentassociationhe
intendsto use. Then it can be ensuredby the modeling
environment(e.g. RationalRose)that the correspondence
is consistentto this association.In this example,the type
HeaterLink waschosenfrom theassociationin Figure6.a.

If thecorrespondenceis gainedfrom anexisting integra-
tion documentfollowing thebottomup approach,it hasto
be matchedagainstall availableassociations.The corre-
spondenceexplainedso far couldbe an instanceof all as-
sociationsin Figure6. All associationscanbeorderedfol-
lowing a heuristicmetric that is basedon the cardinalities
of theUML associationsandthedistanceof thetypesused
to the leavesof the documents’type hierarchies.The less
abstractan associationis, the higheris its valueaccording
to themetric.Following this metric,theassociationin Fig-
ure6 a) would beassigneda high valuewhile theassocia-
tion in Figure6 c) would get a low value. In general,the
higherthesumof thevaluesof all matchingassociationsis
for a correspondence,the strongerit is backed by the do-
mainknowledgecontainedin themodelon typelevel. The
correspondence’stypeshouldbesetto theassociationwith
thehighestvalue.

A more complex correspondencethat is an instanceof
the associationin Figure6 c) only is depictedin Figure8.
Here,acomplex patternin anAspenPlussimulationmodel
is relatedto a simple patternin ComosPT. The reaction
performedin thereactorin ComosPT (T1) is too complex

to be simulatedin only one reactorcomponentin Aspen
Plus.Therefore,two reactors(S1, S5) areconnectedwith a
stream(S3) via theappropriateportsandconnections.Only
the portsthatareusedto connectthe complex structureto
othercomponents(S1.P1, S5.P2) aremapped(PM1, PM2)
to thecorrespondingportsin theflow sheet(T1.P1, T1.P2).
One of the rules that can be gainedfrom this correspon-
denceis usedin theexamplein SectionII to createthesim-
ulationblocksin AspenPlusfor thePFRin ComosPT (cf.
Figure1).

B.2 Rules

Correspondencesratherpreciselyspecifywhich patterns
of sourceandtargetdocumentscanberelatedto eachother.
Nevertheless,information is still missing to obtain rules
thatcanbeexecutedby anintegrationtool. Therefore,each
correspondencecanbeenrichedto gainseveralexecutable
integrationrules. This is donewith thehelpof constraints
thatareaddedto theUML collaborationdiagramsdescrib-
ing thecorrespondences.Theconstraintsareusedto extend
thecorrespondingpatternsinto simplegraphrewriting rules
that areusedto find a given situationin the target, source
andintegrationdocumentandalterthethreedocumentsac-
cordingto the rule. For a moredetaileddescriptionof the
rule executionprocesspleasereferto [5].

Therearetwo classesof rules:Rulesthatestablishlinks
andrulesthatdealwith inconsistenciesof existinglinks that
occur after a modificationof previously integrateddocu-
ments.

Thefollowing constraintsaredefined:� Unmarked incrementshave to be presentin the docu-
ment.��� not � : Themarkedincrementmustnot exist.��� new � : Themarkedincrementmustnot exist andis cre-
atedif therestof thepatternwasmatched.��� delete � : Themarkedincrementmustexist andis deleted
if therestof thepatternwasmatched.
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Fig. 8. Complex correspondence

� Additionalconstraintscanbedefined,e.g. to restrictthe
searchto incrementsthathavespecificattributevalues.

Someof the rules that can be gainedby enrichingthe
correspondencein Figure7 areillustratedin Figure9. The
portsandtheir mappingareomittedfor brevity. The rules
a) andb) arelink establishingrules,c) andd) dealwith in-
consistencies.Rulea) is a forwardtransformation,i. e. in-
formationis propagatedfrom thesourceto thetargetdocu-
ment.Here,if anincrementof typeHEATER is foundin the
simulationmodel,acorrespondingincrementof typeHE is
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Fig. 9. Link establishing(a,b) andinconsistency resolving(c, d) rules

createdin the flow sheet,anda new link is createdin the
integrationdocumentthatreferencesbothincrements.Rule
b) performsthe sameoperationin the oppositedirection;
this rule wasappliedin the examplein SectionII. Please
note, that despitethe destinctionbetweensourceand tar-
get documentboth forward andbackward transformations
canbeperformedby oneintegrationtool in oneintegration
cycle. This is neededif bothdocumentsweremodifiedsi-
multaneouslyandareto bemadeconsistentby propagating
thechangesmadein eachdocumentinto theother.

Theinconsistenceresolvingrules(c,d) areexecutedsim-
ilarly. Here,rulesaredepictedthatdealwith restoringthe
consistency afterthedeletionof anincrementthatwasref-
erencedby a link previously. For instance,if a HeaterLink
wasestablishedby rule a) or b), andtheheatercomponent
in the simulationmodelwasdeletedby the user, rule c) is
executedwith the result that both the link and the heater
componentin AspenPlusaredeleted.

Of course,therecanbemorecomplex rulesthantheones
explainedso far. For instance,from thecorrespondencein
Figure6 c) several rulescanbe derived throughthe usage
of theconstraintsdefinedabove.

Anotherexamplefor a complex rule is the oneusedto
propagateconnectionsbetweenthedocuments(Figure10).
This rule is rather important becauseit is neededto re-
connectpatternsthatwerecreatedin a documentby other
rules, accordingto the topologicalstructureof the docu-
ment wherethey originated. It can be usedif port map-
pingsarerestrictedto cardinalityone-to-one.If two Aspen-
Ports (SP1, SP2) in the sourcedocummentareconnected
(S1), the portsin the targetdocument(TP1, TP2) mapped
to themareconnectedaswell (T1) anda link betweenthe
two connectionsis created(L1).
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Fig. 10. Forwardtransformationrule for connections(1:1-portmapping)

B.3 AttributeAssignment

Sofar, only thestructuralaspectsof correspondencesand
ruleswhereadressed.In practice,eachcomponentis fur-
therdefinedby alargenumberof attributesandtheirvalues.
To dealwith theconsistency of theseattributes,eachcorre-
spondencecanbeenrichedbydifferentattributeassignment
statements.Attribute assignmentscanbe expressedusing
the OCL language.In our prototypic implementationVi-
sual Basic Script is usedto sparethe translationof OCL
to an executablesecification.An attribute assignmentcan
accessall attributesof theincrementsreferencedby a link;
thoseof context incrementscan only be read, the others
canbewritten aswell. Therearedifferentsituationsin de-
velopmentprocessesin which an integrationis performed.
Dependingon thesituationanappropriateattributeassign-
mentis chosen.For instance,for eachcorrespondence(i.e.,
for the setof resultingrules)thereis oneattribute assign-
mentfor theinitial generationof thesimulationmodel,one
to propagatethesimulationresultsbackinto theflow sheet,
etc.

C. ConcreteInstanceLevel

Ontheconcreteinstancelevel instancesof source,target,
and integration documentscan be modeledmirroring the
structureof ‘real’ documents.Here, the constructsintro-
ducedontypelevel canbeusedlikeontheabstractinstance
level. Concreteinstancesof links found in actualintegra-
tion documentscaneasilybeabstractedto correspondences
onabstractinstancelevel. This is doneby simply replacing
theidentifiersof all objectsby placeholders.

VI . RELATED WORK

At our departmentincrementalintegration tools were
built for differentareasof application,atfirst for thedomain
of softwareengineering[14]. Recently, in our projectbe-
ing apartof theCollaborativeResearchCouncilIMPROVE
(CRC 476) the domainof chemicalengineeringhasbeen
themainfocus[8], [5], [3]. Ourapproachis basedongraph
transformationsandcoupledgraphgrammars[20].

WeuseUML [7] to expressthemulti-layeredintegration
model.Therefore,extensionsto theUML metamodelhave
to bemade[18], [6], [1].

In anotherprojectof theCRC476thedatamodelCLiP
for chemicalengineeringis developedwhich consistsof
severalpartialmodels[4]. This datamodelis integratedin
our documentmodelsandtherelationsbetweenthepartial
modelsdefinedin CLiP areusedasabasisfor thetop-down
rule definition.

In currentpracticein chemicalengineering[21], thede-
pendenciesbetweendocumentsareoftenmanagedbyhand.
This task is error-proneand time consuming. Thereare
differentapproachesto improve tool support: The defini-
tion andusageof standardizeddatamodels,the usageof
centraldatabasesor documentmanagementsystemswhere
all productinformationis stored,andbatchconvertersthat
generateatargetdocumentfrom asourcedocument.While
batch transformatorslack user interactionand incremen-
tal operation,the other approachesonly deal with coarse
grainedintegrationor rely on one-to-onerelationsbetween
thedocuments’contents.

Therearedifferentresearchareasin computersciences
that deal with the problem of fine graineddependencies
betweendocuments,mainly with softwareengineeringas
domainof application:Traceability, modeltransformation,
andinconsistency management.

Traceabilityis appliedto tracktherequirementsof asoft-
waresystemin productsof laterphasesof thedevelopment
process[17]. Themaininterestis to providedocumentation
of dependenciesthatoftenhave to bedefinedmanuallybut
not to give tool supportfor keepingdependentdocuments
consistent.

Model transformationdealswith consistenttranslations
betweenheterogeneousmodels.For instance,thisis of high
importancefor softwaredevelopmentmethodslike model
drivenarchitecture[11]. Therearea lot of projectswhere
graphgrammarsareusedto specifythetranslation[12], [2].
In [13] UML is used.Most resultingtranslationsbetween
modelsoperatebatch-like without userinteractionanddo
not supportincrementality.

In theareaof inconsistency managementit is dealtwith
the detectionof inconsistenciesbetweenexisting docu-
ments[19], [16]. Methodsare developedto interactively
or automaticallyresolvesuchinconsistencies.

In [10] a framework is proposedthat identifiesdifferent
view pointsof a productthat is to be developedandpro-
vides the basisfor their integration. One applicationof
this framework with emphasison the integrationbetween
the different view points is presentedin [9]. It is based
on distributed graphgrammars. This approachis similar
to our work but it focuseson the consistency checkand
theresolvingof inconsistenciesof existingdocuments.Op-
erationalrules are definedas graphtransformationsfrom
scratch,thereis no prior definitionof domainknowledge.

Xlinkit [15] is anotherproject dealingwith dependent
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documents.XML technologyis usedto assurethe docu-
ments’ consistency. Becauseof the structureof the doc-
umentsin our domain, we believe that UML and graph
grammarsarebettersuitedto model andexecuteintegra-
tion functionality.

VI I . CONCLUSION

We have reportedon recentwork on a framework for
building incrementalintegrationtools. Theframework has
beendevelopedin closecooperationwith anindustrialpart-
ner(innotec,whichdevelopsandmarketsCOMOSPT)un-
der the umbrellaof a long-termGermanresearchproject
(the Collaborative ResearchCouncil IMPROVE) which is
concernedwith designprocessesin chemicalengineering.
Wehavedemonstratedhow theUML maybeusedto define
integration modelsfor incrementalintegration tools. For
creatingmodels,we make useof a commercialCASEtool
(RationalRose).Currentwork is concernedwith analyzing
UML modelsfor consistency andwith generatingcodefor
the integrationrules. Futurework will addressgeneraliza-
tion of theframework suchthatit canhandleotherdomains
aswell (sofar, therearesomedomain-specificpartswhich
assumePFDdocuments).
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