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Abstract. Triple graphgrammars,an extensionof pair graphgrammars,were
introducedfor thespeci�cationof graphtranslaters.We developeda framework
which constitutesan industrial applicationof triple graphgrammars.It solves
integrationproblemsin a speci�c domain,namelydesignprocessesin chemical
engineering.Here,differentdesignrepresentationsof achemicalplanthave to be
keptconsistentwith eachother. Incrementalintegrationtoolsassistin propagating
changesandperformingconsistency analysis.Theintegrationtoolsaredrivenby
triple ruleswhichde�ne relationshipsbetweendesigndocuments.

1 Intr oduction

Triple graph grammars, an extensionof pair graphgrammars[1], wereintroducedat
the WG `94 workshop[2]. Originally, they were motivatedby integration problems
in softwareengineering;later, they wereappliedto otherdomainsaswell. In general,
triple graphgrammarsmaybeusedfor thespeci�cationof graphtranslations,coupling
of graphstructures,andconsistency maintenance.

This paperreportson anindustrial applicationof triple graphgrammars.TheCol-
laborativeResearchCentreIMPROVE [3] is concernedwith thedevelopmentof models
andtoolsfor chemicalengineeringdesign.In IMPROVE, we realizeda framework for
building incrementaland interactive integration tools [4, 5]. The framework was de-
velopedin closecooperationwith an industrialpartner(innotec,a Germany software
company, whichoffersanengineeringdatabasesystemcalledCOMOSPT).

In chemicalengineeringdesign,a chemicalplant is describedfrom differentper-
spectives by a set of interrelateddesigndocuments, including variouskinds of �o w
sheetsfor describingthechemicalprocessandthecomponentsof thechemicalplant,
simulationmodelsfor steady-stateanddynamicsimulations,etc.Designproceedsin-
crementally, i.e.,thedesigndocumentsaregraduallyre�ned andimproved.Throughout
thewholedesignprocess,interrelateddesigndocumentshaveto bekeptconsistentwith
eachother. Designdocumentsmay be representedasgraphsin a naturalway. Triple
graphgrammarsare usedto de�ne correspondencesbetweengraphstructures.They
serveasspeci�cationsfor rule-basedintegrationtools.

Section2 brie�y recallstriple graphgrammars.Section3 introducesa motivating
examplefrom thechemicalengineeringdomain.Section4 derivesgeneralrequirements
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from themotivatingexample.Section5 presentsour framework for building incremen-
tal andinteractive integrationtools.Section6 explainshow triple rulesarede�ned in
this framework. Section7 is devotedto implementationissues.Section8 discussesthe
way we appliedtriple graphgrammarsandtheexperienceswe made.Section9 com-
paresrelatedwork. Section10presentsa shortconclusion.

2 Triple Graph Grammars

Pair graph grammars wereintroducedasearly as1971by Pratt to specifygraph-to-
graphtranslations[1]. A pair grammarde�nes a setof pair productionswhich mod-
ify the participatinggraphsandupdatecorrespondencesbetweennodes.Triple graph
grammars [2] arean extensionof pair graphgrammars.They weremotivatedby the
studyof integrationproblemsin softwareengineeringenvironments[6]. Thesestudies
showedtheneedfor a separatecorrespondencegraph to beplacedin betweensource
andtargetgraph. Theterms“source”and“target” denotedistinctends,but donotimply
adirection.A triple productionconsistsof productionsoperatingonsource,correspon-
dence,andtargetgraph,respectively, aswell inter-graphmappingswhich areusedto
relateelementsof the correspondencegraphto elementsof the sourceandthe target
graph,respectively.

Let usbrie�y recallsomede�nitions from [2]:
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& denotesource,correspondenceandtargetproductions,respectively. ��DCE and
�NIKE arepairsof graphmorphismswhich mapthe left-handandright-handsides,
respectively.

– A triple production& is applicableto a triple graph
�

if its componentproduc-
tionsareapplicableto thecomponentgraphsandtheproductionmappingsmaybe
mappedontothegraphmappings.Applicationof & resultsin a triple graph
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such
thatthecomponentproductionsareappliedto thecomponentgraphsandthegraph
mappingsareupdatedaccordingto theproductionmappings.

Basedon thesede�nitions, thefollowing propositionswereprovedin [2]:
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maybesplit into source-localproduction
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Triple graphgrammarsare usedfor the speci�cation of graph-basedintegration
toolswhichmaybeclassi�edasfollows:

Synchronouscoupling Source,correspondence,and target graphare modi�ed syn-
chronouslyby applyingtriple productions.

Source-to-targettranslation Givenasourcegraph
34�

andasequenceof source-local
productions,apply source-to-targetproductions,yielding a correspondencegraph
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Incr ementalchangepropagation Startingfrom a triple graph
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by applyingcorrespondingsource-to-targetproductions.

In thecontext of thispaper, wewill focusonincrementalchangepropagation,which
in generalmaybeperformedbidirectionally.

3 Moti vating Example

Incrementalchangepropagationis essentialin chemicalengineeringdesign,where
chemicalplantsaredescribedin designdocumentsfrom differentperspectives.Below,
we focuson a problemwhich we have beenstudyingin cooperationwith anindustrial
partner. innotec,a Germany softwarecompany, offersanengineeringdatabasesystem
calledCOMOSPT [7]. In particular, COMOSPT maintains�ow sheetsdescribingthe
chemicalprocessandthecompositionof thechemicalplant to bedesigned.Theprob-
lem wasto integrateCOMOSPT with AspenPlus[8], a simulationenvironmentpro-
videdby anothervendor. In AspenPlus,simulationmodelsarecreated(andexecuted)
whichhaveto bekeptconsistentwith thecorresponding�o w sheets.

In chemicalengineering,the �o w sheetactsasa centraldocumentfor describing
thechemicalprocess.The�o w sheetis re�ned iteratively sothatit eventuallydescribes
the chemicalplant to be built. Simulationsareperformedin order to evaluatedesign
alternatives.Simulationresultsarefed backto the �o w sheetdesigner, who annotates
the�o w sheetwith �o w rates,temperatures,pressures,etc.Thus,informationis prop-
agatedbackandforth between�o w sheetsandsimulationmodels.Unfortunately, the
relationshipsbetweenthemarenot alwaysstraightforward.To usea simulatorsuchas
AspenPlus,thesimulationmodelhasto becomposedfrom pre-de�nedblocks.There-
fore,thecompositionof thesimulationmodelis speci�c to therespectivesimulatorand
maydeviatestructurallyfrom the�o w sheet.
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Fig.1. Integrationbetween�o w sheetandsimulationmodel

Figure1 illustrateshow anincrementalintegrationtool assistsin maintainingcon-
sistency between�o w sheetsandsimulationmodels.The chemicalprocesstaken as
exampleproducesethanolfrom ethenandwater. Flow sheetandsimulationmodelare
shownaboveandbelow thedashedline, respectively. Theintegrationdocumentfor con-
nectingthemcontainslinks whicharedrawn on thedashedline. The�gure illustratesa
designprocessconsistingof four steps:

1. An initial �o w sheetis createdin COMOSPT. This �o w sheetis still incomplete,
i.e., it describesonly a part of the chemicalprocess(heatingof substancesand
reactionin aplug �o w reactor, PFR).

2. The integration tool is usedto transformthe initial �o w sheetinto a simulation
modelfor AspenPlus.Here,theuserhasto performtwo decisions.While theheat-
ing stepcanbemappedstructurally1:1 into thesimulationmodel,theuserhasto
selectthemostappropriateblock for thesimulationto beperformed.Second,there
aremultiple alternativesto mapthe PFR.Sincea straightforward1:1 mappingis
not suf�cient, theusermapsthePFRinto a cascadeof two blocks.

3. Thesimulationis performedin AspenPlus,resultingin a simulationmodelwhich
is augmentedwith simulationresults.In parallel,the�o w sheetis extendedwith the
chemicalprocessstepsthathavenotbeenspeci�edsofar (�ashing andsplitting).

4. Finally, the integrationtool is usedto synchronizetheparallelwork performedin
thepreviousstep.This involvesinformation�o w in bothdirections.First,thesimu-
lationresultsarepropagatedfrom thesimulationmodelbackto the�o w sheet.Sec-
ond,theextensionsarepropagatedfrom the�o w sheetto thesimulationmodel.Af-
ter thesepropagationshavebeenperformed,mutualconsistency is re-established.

4 Requirements

Fromthemotivatingexamplepresentedin theprevioussection,wederivethefollowing
requirements:
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Functionality An integrationtoolmustmanagelinks betweenobjectsof inter-dependent
documents.In general,links may be m:n relationships,i.e., a link connects�

sourceobjectswith � target objects.They may be usedfor multiple purposes:
browsing, consistencyanalysis, andtransformation.

Mode of operation An integrationtool mustoperateincrementallyratherthanbatch-
wise. It is usedto propagatechangesbetweeninter-dependentdocuments.This is
donein suchawaythatonlyactuallyaffectedpartsaremodi�ed. As aconsequence,
manualwork doesnotgetlost,asit happensin thecaseof batchconverters.

Dir ection In general,anintegrationtool mayhave to work in bothdirections.That is,
if

�

	 is changed,thechangesarepropagatedinto
���

andviceversa.
Mode of interaction While an integration tool may operateautomaticallyin simple

scenarios,it is very likely thatuserinteractionsarerequiredto resolve non-deter-
ministic choices.

Time of activation In singleuserapplications,it maybedesirableto propagatechanges
eagerly. This way, the useris informed promptly aboutthe consequencesof the
changesperformedin therespective documents.In multi userscenarios,however,
deferred propagation is usuallyrequired.In this case,eachuserkeepscontrol of
theexportandimportof changesfrom/tohis local workspace.

Integration rules An integrationtool is drivenby rulesde�ning whichobjectpatterns
may be relatedto eachother. It must provide supportfor de�ning andapplying
theserules.

Traceability An integrationtool mustrecorda traceof theruleswhich have beenap-
plied. This way, theusermayreconstructlateron which decisionshave beenper-
formedduringtheintegrationprocess.

Adaptability An integrationtool mustbe adaptableto a speci�c applicationdomain.
Adaptabilityis achievedby de�ning suitableintegrationrulesandcontrollingtheir
application(e.g.,throughpriorities).It mustbepossibleto modify therulebaseon
the�y .

A posteriori integration An integrationtool mustwork with heterogeneoustoolssup-
pliedby differentvendors.To thisend,it hasto accessthesetoolsvia corresponding
wrapperswhichprovideabstractanduni�ed interfaces.

5 Framework for Building Integration Tools

Figure2 providesan overview of the framework for tool integration which we have
developedwith our industrial partner. At the heartof this framework, the integrator
coreoffersbasicfunctionality. In particular, it includesthebasiccontrol logic, i.e., the
algorithmsfor documentintegration.The integratorcoreaccessesthe integrationdoc-
umentwhich stores�ne-grainedlinks andrecordstheapplicationof integrationrules.
Furthermore,it is connectedto thetoolsanddocumentsto beintegratedvia respective
wrappers, which are usedto abstractfrom tool-speci�c details(a posteriori integra-
tion). The integratoruserinterfaceis usedto control the integrator interactively. The
ruleswhich drive the integratorarespeci�ed in a rule de�nition tool. Rulesareinter-
pretedby the integratorcore;alternatively, they may be hard-codedandcompiledfor
moreef�cient execution1.

1 Currently, thelatterrequiresmanualprogramming.
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Fig.2. Framework for tool integration

Let usillustratetheoperationof this framework by theexampleof Section3:

1. The�o w sheetdesignercreatesaninitial �o w sheetin COMOSPT. Here,COMOS
PT is usedasit stands.

2. The simulationexpert usesthe integrator to createa simulationmodel.The in-
tegratoraccessesthe �o w sheetthroughthe COMOS wrapperwhich providesa
graph-basedview onthesourcegraph.Similarly, theASPENwrapperoffersanup-
datableview on the targetgraph.The simulationexpertactivatessource-to-target
productionsthroughthe interactive interfaceof the integrator. Source-to-targetre-
lationshipsarestoredin theintegrationdocument,which playstherole of thecor-
respondencegraph.

3. The �o w sheetdesignerand the simulationexpert operatein parallel locally on
their respectivedocuments.

4. The changesaresynchronizedwith the help of the integrator. To synchronizethe
changes,bothsource-to-targetandtarget-to-sourceproductionsareapplied.

6 De�nition of Rules

For the de�nition of rules,we decidedto rely on the Uni�ed ModelingLanguage [9]
primarily for pragmaticreasons.TheUML is a wide-spreadmodelinglanguagewhich
is supportedby CASEtoolssuchasRationalRose,TogetherJ,etc.AlthoughtheUML
is basedonanobject-orientedratherthanonagraph-baseddatamodel,therearestrong
relationshipsto graphsandgraphrewriting systems.For example,an objectdiagram
showing a set of objectsconnectedby links may be viewed as a graph.Likewise,
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a collaboration diagram extendinga staticobjectdiagramwith operationsfor creat-
ing/deletingobjectsor links correspondsto agraphrewrite rule.

Figure3 illustrateshow graphrewrite rulesareexpressedascollaborationdiagrams.
All of theserules deal with simple 1:1 correspondencesbetweenheaterelementsin
�o w sheetsandheaterblocksin simulationmodels.Left- andright-handsideof agraph
rewrite rule are merged into a single diagram.Creationand deletionof objectsand
links are indicatedby annotationsnew anddelete, respectively. Rulesa) andb) are
constructivesincethey insertobjectsandlinks into the target (source)documentafter
thesource(target)documenthasbeenextended.In contrast,thedestructiverulesc) and
d) areappliedto propagatedeletions:If the source(target) object is not presentany
more,thetarget(source)objectaswell asthelink objecthaveto bedeleted.Pleasenote
thatin generalusersmayperformnotonly insertions,but alsochangesanddeletionsto
sourceandtargetdocuments.Thus,we have to dealwith generalgraph rewrite rules
ratherthanonly with generatingproductions.

So far, we have tacitly assumedthat the rule baseis given whenthe integrator is
applied.In fact,it is fairly dif�cult to de�ne anappropriateandcomprehensiverule set
beforehand.Rather, the ruleshave to be learnedthroughexperience.This is achieved
througha round-tripmodelingprocesswhich is illustratedin Figure4. Let usassume
aninitial rulebaseto startwith. Theusermayapplytheserulesto establishcorrespon-
dencesbetweensourceandtargetdocument.If theuserwishesto establishacertaincor-
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respondenceeventhoughaspeci�c ruleis notavailable,hemayresortto built-in ad-hoc
rulesby meansof which“untyped”correspondencesmaybecreated.Here,theuserhas
to specifycorrespondencesmanually. Concretecorrespondencesstoredin actualinte-
grationdocumentsmaybetransformedinto abstractcorrespondencesde�ning mutually
relatedgraphpatterns.Subsequently, thesestaticcorrespondencesmaybetransformed
into dynamicrules.After that,theintegratormaybeusedwith theimprovedruleset.

Figure5 givesan exampleof a complex correspondencewhich is representedby
an objectdiagram.This correspondenceis abstractedfrom the link betweenthe plug
�o w reactorin COMOSandthecascadeof reactorblocksin ASPEN,asillustratedin
Figure12. Fromanobjectdiagram,wemayderivecollaborationdiagramsby introduc-
ing new anddelete annotations.This maybeperformedin two steps.In the�rst step,
a synchronousrule is de�ned. In thesecondstep,source-to-targetandtarget-to-source
rulesmaybederivedfrom thesynchronousrule.

Sofar, only thestructuralaspectsof correspondencesandruleshavebeenaddressed.
In addition,attributeshave to be considered.In practice,elementsof �o w sheetsand
simulationmodelsmaycarrya largenumberof attributeswhich have to be keptcon-
sistentwith eachother. Therefore,rulesfor attributeassignmentshave to be provided
aswell. In theUML, the relationshipsbetweenattributevaluesmaybe de�ned in the
Object ConstraintLanguage(OCL). For further detailson attribute assignments,the
readeris referredto [5].

2 Pleasenote that a simpli�ed notationwasemployed in Figure1, while Figure5 shows the
actualinternalgraphrepresentation.In particular, connectionsarerepresentedasobjects,as
well astheendpoints(ports)of bothconnectionsanddevices.
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7 Implementation

Theframework introducedin Section5 wasimplementedin cooperationwith ourindus-
trial partnerinnotec,theproviderof COMOS.Theimplementationwasperformedsuch
that theintegratorwould interactsmoothlywith COMOS(andASPEN).Furthermore,
it wasrequiredto keeptheimplementationasslim aspossibleandto avoid rucksacksof
infrastructuresoftware.For thesereasons,we did not usethePROGRESenvironment
[10], which is still heavily usedin otherprojectscarriedout in our group.Rather, a
light-weightimplementationwasrealizedwhichis tailoredtowardsthespeci�c require-
mentsof our applicationdomainanddoesnot provide a generalandpowerful graph
rewriting machinery.

For the points to be madein the next section,it is not important to go into the
detailsof theimplementation.However, wedohaveto convey anoverallunderstanding
of how the integratorworks.The integratoris providedwith thesourcedocument,the
targetdocument,andtheintegrationdocument.Boththesourcedocumentandthetarget
documentmayhave beenmodi�ed after the last run of the integrator(seee.g.the last
stepof our examplein Section3). To re-establishconsistency, the integratorsearches
sourceandtargetdocumentsfor elementswhichdonotparticipatein correspondences.
Theseelementsarescheduledfor source-to-targetor target-to-sourcetransformations.
In the next step,the set of candidaterules is identi�ed for eachscheduledelement.
If there is no suchrule, the usermay apply a built-in ad hoc rule. If thereis more
thanonerule, the userhasto selectthe appropriateone.If thereis exactly onerule,
therule is appliedautomatically. In addition,theintegratorperformsa run throughthe
integrationdocumentto checkthe consistency of the correspondencesalreadystored
in the integrationdocument.Eachcorrespondencestoresa referenceto the respective
rule.All correspondenceswhosesourceor targetpatternsweremodi�ed asmarkedas
inconsistent.If essentialelementsof thosepatternsweredeleted,the correspondence
is deletedaswell. If possible,repairactionsare initiated to re-establishconsistency.
In addition to structuralrules,the integratoralsohandlesattribute rules (throughthe
executionof scriptcode).

8 Discussion

After having recalledthetheoreticalfoundationsof triple graphgrammarsin Section2
andhaving presenteda practicalapplicationin the following sections,we now re�ect
on theexperienceswe havemadein thedescribedapplication.

By andlarge, triple graphgrammarsconstitutea powerful conceptualframework
for addressingintegrationproblemsfor thefollowing reasons:

– For complex m:n relationships,it paysoff to introducea correspondencegraphin
betweenthesourceandthetargetgraph.

– Triple productionsdeclaratively specifycouplingof graphstructuresandabstract
from the differentpossiblemodesof use:synchronouscoupling,source-to-target
(andtarget-to-source)translation,andincrementalchangepropagation.

Ontheotherhand,theactualde�nitions asgivenin [2] bearsomerestrictionswhich
preventedtheir usein ourcontext:
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– Graphsarenot typed,andnodesdo not carryattributes.Both typesandattributes
arevery importantin our applicationdomain.

– Inter-graphrelationshipsarerepresentedby graphmorphisms.Usually, morphisms
arede�ned betweengraphsof the sametype.Furthermore,they have to preserve
not only sourceandtargetnodesof edges,but alsotypes.This is not thecasefor
therelationshipsbetweenthecorrespondencegraphandsourceor targetgraph.In
addition,acorrespondencenodemayberelatedto only onesourceandtargetnode,
respectively. Thus,complex correspondencescannotbe modeledin the way we
havedoneit (seeFigure5); rather, they haveto spreadovermultiplecorrespondence
nodeswhicharegroupedonly implicitly 3. Altogether, it seemsmoreappropriateto
representinter-graphrelationshipsby inter-graphedgesinstead.

– Thede�nitions dealonly with graphgrammars. However, we areconcernedwith
graphrewriting systems: Theusermayalsoapplydeletingor modifying transfor-
mations.Grammarsareadequatefor batchtranslations:Givena sourcegraph

34�

,
constructa targetgraph

@*�

. However, we have to dealwith generaleditingrather
thanmerelywith constructingoperations.

Finally, we facedsomepracticalproblemsin ourapplicationdomain:

– The original proposaltacitly assumesthatwe maystartfrom givengrammarsfor
thesourceandtargetgraphs.In practice,thesegrammarsarenotavailable.Usually,
tools provide a proceduralinterface(e.g.,OLE) for readingandwriting the data
storedin native datastructures.Thereis no de�nition of theunderlyinggraphical
language.At best,the tool builder mayprovide a documentedtextual interchange
format(typically XML).

– Likewise, it is by no meansstraightforward to de�ne the triple rules.In fact, the
correspondencesbetween�o w sheetsandsimulationmodelsmaybede�ned only
throughpracticalexperience.Therefore,we introducedour round-trip modeling
processillustratedin Figure4.

– In our applicationdomain,we only have a fairly weaknotionof consistency. The
rulesdescribingcorrespondencesbetween�o w sheetsandsimulationmodelsare
of heuristicnature.Similar observationsapply e.g. to the relationshipsbetween
requirementsde�nitions andsoftwarearchitecturesin softwareengineering[6].

– In [2], it is assumedthat the decouplingof transformationsis achieved with the
helpof graphparsers:Only whenwe know theproductionsequenceon thesource
graphcanwe applythecorrespondingproductionson thetargetgraph.Building of
graphparsersis complicatedanyway, but it completelybreaksdown whenthepars-
ing problemis undecidable4. For thesereasons,wehaveneverconsideredbuilding
graphparsers.Rather, thechangesperformedonsourceandtargetgrapharedeter-
mined in a completelydifferentway by traversingsource,target,andcorrespon-
dencegraph,asdescribedin Section7.

3 In theexamplegivenin [2], this groupingis introducedinformally by compositenodeidenti-
�ers.

4 Theoriginalproposalassumesmonotonicproductionsto guaranteedecidability.
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9 RelatedWork

Triple graphgrammarshave their roots in the IPSEN project [11] which dealt with
tightly integratedsoftwaredevelopmentenvironments.Originally, only apriori integra-
tion wasconsidered,i.e., toolsweredesignedfor integrationfrom thevery beginning.
Lefering[6] usedtriple graphgrammarsto developincrementalintegrationtoolsfor the
couplingof requirementsde�nitions andsoftwarearchitectures.Lateron, triple graph
grammarswereappliedin several softwareengineeringprojectsoutsidethe scopeof
theIPSENproject.In particular, they wereusedfor there-engineeringof softwaresys-
tems.In the Varlet project [12], incrementalintegrationtools werebuilt for mapping
relationalto object-orienteddatabaseschemas.In ReforDi [13], toolsweredeveloped
for migratingmainframeapplicationsto aclient-serverarchitecture.Here,thestructure
graphof the original Cobol applicationwas mappedto an object-basedarchitecture
with thehelp of triple rules.Both projectsrelied on the PROGRESenvironment[10]
astheunderlyingspeci�cationandimplementationmachinery. Finally, [14] reportson
anapplicationof triple graphgrammarsin chemicalengineering.To someextent,this
work servedasastartingpoint for theprojectdescribedin this paper.

Graphtransformationshave beenusedfor the speci�cationof integrationtools in
a coupleof otherprojectsaswell. Someof this work is devotedto modeltransforma-
tions, wherea givenmodelis transformedinto anothernotation[15,16]. Model trans-
formationtoolsusuallyoperatein batchmodewithout userinteraction,i.e., they work
like a compiler. In contrast,the applicationswe studydemandfor incremental,inter-
active integrationtools.Closelyrelatedproblemsarestudiedin theViewPointsproject
[17], which investigatesmethodsandtoolsfor maintainingconsistency betweenrelated
view points(documentsin our terminology)in softwareengineering.Enderset al. [18]
describehow consistency analysisandrepairactionsin the ViewPointsapproachare
speci�ed with thehelpof distributedgraphtransformations.Here,themorerestricted
pair graphgrammarapproachcoinedby Pratt[1] is applied.

10 Conclusion

We have presentedanindustrialapplicationof triple graphgrammars.Incrementalin-
tegrationtoolsareusedto maintainconsistency betweeninter-dependentdesigndocu-
mentsin chemicalengineering.We havealsodiscussedthestrengthsandlimitationsof
thetriple graphgrammarapproach.In our futurework,wewill evaluatethetoolswhich
we built in cooperationwith our industrialpartner. Furthermore,wewill generalizethe
framework suchthatit canbeappliedoutsidethechemicalengineeringdomain.
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