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Abstract
Thetrendtowardshighly specializedsolutionproviderscooperatively offeringcon-

figurableproductsand servicesto their customersrequiresthe extensionof current
(standalone)configurationtechnologywith capabilitiesof knowledgesharinganddis-
tributedconfigurationproblemsolving.On theonehand,a standardizedrepresentation
languageis neededin order to tackle the challengesimposedby heterogeneousrep-
resentationformalismsof state-of-the-artconfigurationenvironments(e.g.description
logic or predicatelogic basedconfigurators),on theotherhandit is importantto inte-
gratethe developmentandmaintenanceof configurationsystemsinto industrialsoft-
waredevelopmentprocesses.Weshow how to supportbothgoalsby demonstratingthe
applicability of the Unified Modeling Language(UML) for configurationknowledge
acquisitionandby providing a setof rulesfor transformingUML modelsinto config-
uration knowledgebasesspecifiedby languagessuchas OIL or DAML+OIL which
representthefoundationfor thedescriptionof configurationWebservices.

1 Intr oduction

Thereis an increasingdemandfor applicationsproviding solutionsfor configuration
tasksin variousdomains(e.g. telecommunicationsindustry, automotive industry, or
financialservices)resultingin asetof correspondingconfiguratorimplementations(e.g.
[3,12,17,28]). Informally, configurationcanbeseenasa specialkind of designactivity
[22], wheretheconfiguredproductis built of a predefinedsetof componenttypesand
attributes,which canbecomposedconformto a setof correspondingconstraints.

Triggeredby thetrendtowardshighly specializedsolutionproviderscooperatively
offering configurableproductsand services,joint configurationby a set of business
partnersis becomingakey applicationof knowledge-basedconfigurationsystems.The
configurationof virtual privatenetworks(VPNs)or theconfigurationof enterprisenet-
work solutionsareapplicationexamplesfor distributedconfigurationprocesses.In the
EC-fundedresearchprojectCAWICOMS1 theparadigmof Webservicesis adoptedto

1 CAWICOMS is the acronym for Customer-Adaptive Web Interfacefor the Configurationof
productsandserviceswith Multiple Suppliers(EU-fundedprojectIST-1999-10688).



accomplishthis form of businessapplicationintegration.In orderto realizea dynamic
matchmakingbetweenservicerequestersandserviceproviders,configurationservices
arerepresentedasWeb servicesdescribingthe capabilitiesof potentiallycooperating
configurationsystems.In thefollowing we show how theconceptsneededfor describ-
ing configurationknowledgecanberepresentedusingsemanticmarkuplanguagessuch
asOIL [11] or DAML+OIL [26].

Fromtheviewpointof industrialsoftwaredevelopment,theintegrationof construc-
tion andmaintenanceof knowledge-basedsystemsis an importantprerequisitefor a
broaderapplicationof AI technologies.Whenconsideringconfigurationsystems,for-
mal knowledgerepresentationlanguagesare difficult to communicateto domainex-
perts.The so-calledknowledgeacquisitionbottleneckis obvious,sinceconfiguration
knowledgeacquisitionandmaintenanceareonly feasiblewith thesupportof a knowl-
edgeengineerwho can handlethe formal representationlanguageof the underlying
configurationsystem.

The Unified Modeling Language(UML) [21] is a widely adoptedmodelinglan-
guagein industrialsoftwaredevelopment.Basedonourexperiencesin building config-
urationknowledgebasesusingUML [9], we show how to effectively supportthecon-
structionof SemanticWeb configurationknowledgebasesusingUML asknowledge
acquisitionfrontend.TheprovidedUML conceptsconstituteanontologyconsistingof
conceptscontainedin de facto standardconfigurationontologies[9,24]. Basedon a
descriptionlogic baseddefinition of a configurationtaskwe provide a setof rulesfor
automaticallytranslatingUML configurationmodelsinto a correspondingOIL repre-
sentation2.

The approachpresentedin this paperenhancesthe applicationof SoftwareEngi-
neeringtechniquesto knowledge-basedsystemsby providing aUML-basedknowledge
acquisitionfrontendfor configurationsystems.Vice versa,reasoningsupportfor Se-
manticWebontologylanguagescanbeexploitedfor checkingtheconsistency of UML
configurationmodels.The resultingconfigurationknowledgebasesenableknowledge
interchangebetweenheterogenousconfigurationenvironmentsas well as distributed
configurationproblemsolving in differentsupplychainsettings.The presentedcon-
ceptsareimplementedin a knowledgeacquisitionworkbenchwhich is a majorpartof
theCAWICOMSconfigurationenvironment.

The paperis organizedas follows. In Section2 we give an exampleof a UML
configurationknowledgebasewhich is usedfor demonstrationpurposesthroughoutthe
paper. In Section3 we give a descriptionlogic baseddefinitionof a configurationtask
- this definitionservesasbasisfor thetranslationof UML configurationmodelsinto a
correspondingOIL-basedrepresentation(Section4). Section5 discussesrelatedwork.

2 Configuration knowledgebasein UML

TheUnified ModelingLanguage(UML) [21] is the resultof an integrationof object-
orientedapproachesof [4,16,20] which is well establishedin industrial softwarede-
velopment.UML is applicablethroughoutthe whole software developmentprocess

2 NotethatOIL text is usedfor presentationpurposes- theusedconceptscansimply betrans-
formedinto a DAML+OIL representation.



from the requirementsanalysisphaseto the implementationphase.In order to allow
therefinementof thebasicmeta-modelwith domain-specificmodelingconcepts,UML
providestheconceptof profiles- theconfigurationdomainspecificmodelingconcepts
presentedin thefollowing aretheconstitutingelementsof aUML configurationprofile
which canbeusedfor building configurationmodels.UML profilescanbe compared
with ontologiesdiscussedin the AI literature,e.g. [6] definesan ontology as a the-
ory aboutthesortsof objects,propertiesof objects,andrelationshipsbetweenobjects
that are possiblein a specificdomain.UML stereotypesare usedto further classify
UML meta-modelelements(e.g.classes,associations,dependencies).Stereotypesare
the basicmeansto definedomain-specificmodelingconceptsfor profiles(e.g.for the
configurationprofile). In thefollowing wepresentasetof rulesallowing theautomatic
translationof UML configurationmodelsinto a correspondingOIL representation.

For thefollowingdiscussionsthesimpleUML configurationmodelshown in Figure
1 will serveasaworkingexample.Thismodelrepresentsthegenericproductstructure,
i.e.all possiblevariantsof aconfigurable

�������
	�����
. Thebasicstructureof theproduct

is modeledusingclasses,generalization,andaggregation.Thesetof possibleproducts
is restrictedthrougha setof constraintswhich arerelatedto technicalrestrictions,eco-
nomicfactors,andrestrictionsaccordingto theproductionprocess.Theusedconcepts
stemfrom connection-based[19], resource-based[17], andstructure-based[25] con-
figurationapproaches.Theseconfigurationdomain-specificconceptsrepresenta basic
setusefulfor building configurationknowledgebasesandmainly correspondto those
definedin thedefactostandardconfigurationontologies[9,24]:

Componenttypes. Componenttypesrepresentthebasicbuilding blocksafinal product
canbebuilt of. Componenttypesarecharacterizedby attributes.A stereotypeCompo-
nent is introduced,sincesomelimitationson this specialform of classmusthold (e.g.
thereareno methods).

Generalizationhierarchies. Componenttypeswith a similar structurearearrangedin
a generalizationhierarchy(e.g.in Figure1 a CPU1 is a specialkind of CPU).

Part-wholerelationships. Part-wholerelationshipsbetweencomponenttypesstatea
rangeof how many subpartsan aggregatecanconsistof (e.g.a Computercontainsat
leastoneandat mosttwo motherboards- MBs).

Compatibilitiesand requirements. Sometypesof componentsmustnot be usedto-
getherwithin the sameconfiguration- they areincompatible(e.g.an SCSIUnitis in-
compatiblewith anMB1). In othercases,theexistenceof onecomponentof a specific
typerequirestheexistenceof anotherspecialcomponentwithin theconfiguration(e.g
an IDEUnit requiresan MB1). The compatibility betweendifferentcomponenttypes
is expressedusingthe stereotypedassociationincompatible. Requirementconstraints
betweencomponenttypesareexpressedusingthestereotyperequires.

Resourceconstraints. Partsof aconfigurationtaskcanbeseenasaresourcebalancing
task,wheresomeof thecomponenttypesproducesomeresourcesandothersarecon-
sumers(e.g.,theconsumedhard-diskcapacitymustnot exceedtheprovidedhard-disk



capacity).Resourcesaredescribedby a stereotypeResource, furthermorestereotyped
dependenciesareintroducedfor representingtheproducer/consumerrelationshipsbe-
tweendifferentcomponenttypes.Producingcomponenttypesarerelatedto resources
usingthe producesdependency, furthermoreconsumingcomponenttypesarerelated
to resourcesusingthe consumesdependency. Thesedependenciesareannotatedwith
valuesrepresentingtheamountof productionandconsumption.
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Fig.1. Exampleconfigurationmodel

Port connections.In somecasestheproducttopology- i.e.,exactlyhow thecompo-
nentsareinterconnected- is of interestin thefinal configuration.Theconceptof a port
(stereotypePort) is usedfor this purpose(e.g.seethe connectionbetweenVideocard
andScreenrepresentedby thestereotypeconnandtheports����� ���������� and ��� ������������� ).

3 Description logic baseddefinition of a configuration task

Thefollowing descriptionlogic baseddefinitionof aconfigurationtask[10] servesasa
foundationfor theformulationof rulesfor translatingUML configurationmodelsinto a
correspondingOIL representation3. Thedefinitionis basedon a schemaS=(� � , !"� ,# � ) of disjoint setsof namesfor concepts,roles,andindividuals[5], where !"� is a
disjunctiveunionof rolesandfeatures.

3 A detaileddiscussionon the equivalenceof configurationproblemsdefinedin description
logicsandthosedefinedin predicatelogic canbefoundin [10].



Definition 1 (Configuration task): In generalwe assumea configurationtaskis de-
scribedbyatriple ( $%$ , &('�& ,

��)+*-,/.
). $%$ representsthedomaindescriptionof the

configurableproductand &0'1& specifiestheparticularsystemrequirementsdefiningan
individual configurationtaskinstance.

��)+*-,/.
comprisesa setof concepts

�32547698�:<;
= � � anda setof roles ' 2>4?698�:@; = !"� which serve asa configurationlanguagefor
thedescriptionof actualconfigurations.A configurationknowledgebaseACB = $D$FE
&0'1& is constitutedof sentencesin a descriptionlanguage.G

In additionwe requirethat roles in
��)H*I,/.

aredefinedover the domainsgiven
in
� 2547698�:@;

, i.e.
�KJ��MLNNO ' :QP =

� $ ���
and � ���RO ' :QP =

� $ ���
musthold for eachrole

' :HS ' 2547698�:<; , where
� $ ��� TUWV 2�XQY92MZ\[^]�_ X@` � : . We imposethis restrictionin order

to assurethata configurationresultonly containsindividualsandrelationswith corre-
spondingdefinitionsin

� 2547698�:<;
and ' 2547698�:@; . Thederivationof $%$ will bediscussed

Section4, anexamplefor &('�& couldbe”two
��a"b � of type

��a"b�c
andone

��a"b
of

type
��a"bed

”, i.e. &('�& ={(instance-of� c , ��a"b�c ), (instance-of� d , ��a"b�c ), (instance-
of �gf , ��a"bed )}, where

��)H*I,/.
={
��a"b�c

,
��a"bed

, ...}.
Basedonthisdefinition,acorrespondingconfigurationresult(solution)is definedas

follows[10], wherethesemanticsof descriptiontermsaregivenusinganinterpretation# Uih^jek5l O?m P kMn , where jek is a domainof valuesand
O�m P k is a mappingfrom concept

descriptionsto subsetsof j k andfrom role descriptionsto setsof 2-tuplesover j k .

Definition 2 (Valid configuration): Let
# Uoh^j1k>l O?m P kMn be a model of a config-

uration knowledgebase ACB ,
��)+*I,C. U �qp�47698�:<; Er' p�47698�:<; a configurationlan-

guage,and
�1s�,/t UWuqvHwyxHz E|{ v(}5~Hz a descriptionof a configuration.uqvHwyxHz

is a set of tuples h � : l��?�I������z3�N�\n for every
� :�S � p�4?698�:@;

, where �?�I������zH�N��U� ���?� l T�T�T l ��� 6�X�� U � k: is thesetof individualsof concept
� :

. Theseindividualsidentify
componentsin anactualconfiguration.{ v+}�~Hz is asetof tuples h '�� lN����x+}�~Hz3�N�7n for
every '�� S ' p�47698�:<; where ����x(}5~Hz3�N�(U � h �g� � l � � � ngl T�T�T l�h �g���3� l � ���H� n � U ' k� is the
setof tuplesof role '�� definingtherelationof componentsin anactualconfiguration.
G

A valid configurationfor ourexampledomainis
�1s�,Ct

={ h ��a"b�c l � � c l � d �n�l�h ��a"b1d l � �gf � ngl�h�� B c l � �Rc � ngl�h^� B d l � �|d � n�l�h mb-of-cpul � h ��c l � c n�l�h ��c l � d n�lh �|d l � d n � n�l T@T�T }.
Theautomaticderivationof anOIL-basedconfigurationknowledgebaserequiresa

cleardefinitionof thesemanticsof theusedUML modelingconcepts.In thefollowing
wedefinethesemanticsof UML configurationmodelsby giving asetof corresponding
translationrules into OIL. The resultingknowledgebaserestrictsthe setof possible
configurations,i.e. enumeratesthepossibleinstancemodelswhich strictly correspond
to theUML classdiagramdefiningtheproductstructure.

4 Translation of UML configuration model into OIL

For the modelingconceptsdiscussedin Section2 we now presenta set of rules for
translatingthoseconceptsinto an OIL-basedrepresentation.This mappingis a basis
for therepresentationof configuratorcapabilitiesasconfigurationWebservice.

In thefollowing
. '�  a denotesthegraphicalrepresentationof theUML configu-

rationmodel.



Rule 1 (Component types): Let � bea componenttype,
J

anattributeof � , and � be
thedomainof

J
in
. '�  a , then $%$ is extendedwith

class-def� .
slot-def

J
.

� : slot-constraint
J

cardinality1 � .
For thosecomponenttypes � : l � � S � � � l T@T�T l � � � ( � :I¡U � � ), which do not have any

supertypesin
. '�  a , $%$ is extendedwith

disjoint � : l ��� . G
Example1 (Componenttype

��a"b
): class-def

��a"b
.

slot-def ��¢ � ��£ �KJ��� .��a"b
: slot-constraint�g¢ � ��£ ��J���

cardinality1 ((min 300)and(max500)).
disjoint

��a"b � B . disjoint � B¤&0� �K��� . ... G
Subtypingin the configurationdomainmeansthat attributesandrolesof a given

componenttype are inheritedby its subtypes.In most configurationenvironmentsa
disjunctiveandcompletesemanticsis assumedfor generalizationhierarchies,wherethe
disjunctivesemanticscanbeexpressedusingthe ����� ��� � ��� axiomandthecompleteness
canbeexpressedby forcing thesuperclassto conformto oneof thegivensubclassesas
follows.

Rule 2 (Generalization hierarchies): Let
	

and ��� l T�T@T l � 6 be classes(component
types)in

. '�  a , where
	

is thesuperclassof ��� l T@T�T l � 6 , then $%$ is extendedwith
� � l T�T@T l � 6 : subclass-of

	
.	

: subclass-of( ��� or ... or � 6 ).¥ � : , ��� S { ��� l T@T�T l � 6 } ( � : ¡U �K� ) : disjoint � : ��� . G
Remark 1: Attribute and role inheritancemust not be addressedin the translation
rulesfor OIL sincethey aredefinedin OIL. G
Example2 (

��a"b�c
,
��a"b1d

subclassesof
��a"b

):
��a"b�c

: subclass-of
��a"b

.��a"b1d
: subclass-of

��a"b
.��a"b

: subclass-of(
��a"b�c

or
��a"bed

).
disjoint

��a"b�cq��a"b1d
. G

Part-wholerelationshipsare importantmodel propertiesin the configurationdo-
main. In [1,23] it is pointedout that part-wholerelationshipshave quite variablese-
manticsdependingon theregardedapplicationdomain.In mostconfigurationenviron-
ments,apart-wholerelationshipis describedby thetwo basicrolespartof andhaspart.
Dependingon theintendedsemantics,differentadditionalrestrictionscanbeplacedon
theusageof thoseroles.

UML providestwo differentfacetsof part-wholerelationshipswhicharealsowidely
usedfor configurationproblemrepresentation,namelycompositeandsharedpart-whole
relationships.If a componentis a compositionalpartof anothercomponentthenstrong
ownershipis required,i.e., it cannot be part of anothercomponentat the sametime.
If a componentis a non-compositional(shared)part of anothercomponent,it canbe



sharedbetweendifferentcomponents.Multiplicities usedto describea part-wholere-
lationshipdenotehow many partstheaggregatecanconsistof andbetweenhow many
aggregatesa partcanbesharedif theaggregationis non-composite.In our

�����¦��	�����
configurationexamplewe only usecompositepart-wholerelationships.

Rule 3 (Compositepart-whole relationships): Let § and
�

be componenttypesin. '�  a , where
�

is acompositionalpartof § and
	�¨7©

is theupperbound,¢ ¨7© thelower
boundof themultiplicity of thepart,and

	�¨�ª
is theupperbound,¢ ¨�ª thelower bound

of themultiplicity of thewhole.Furthermorelet w-of-pandp-of-wdenotethenamesof
therolesof thepart-wholerelationshipbetween§ and

�
, wherew-of-pdenotestherole

connectingthe part with the whole andp-of-w denotesthe role connectingthe whole
with thepart, i.e., p-of-w «¬ J � ��J���� , w-of-p « ��J�������®�p�4 �+© 4�¯�:@°\±

, and
��J�������®�p�4 �+© 4�¯�:@°\±

« ��J�������®
.

$%$ is extendedwith
slot-defw-of-psubslot-of

��J�������®9p�4 �+© 47¯�:<°\±
inversep-of-wdomain

�
range§ T

slot-defp-of-wsubslot-ofhaspartinversew-of-p
domain§ range

� T�
: slot-constraintw-of-pmin-cardinality ¢ ¨�ª § .�
: slot-constraintw-of-pmax-cardinality

	M¨�ª § .�
: slot-constraint

��J�������®
cardinality1 § .

§ : slot-constraintp-of-wmin-cardinality ¢ ¨7©0� .
§ : slot-constraintp-of-wmax-cardinality

	M¨7©0�
. G

Remark 2: Thesemanticsof sharedpart-wholerelationships(
��J�������® ¯�²�³�´�±�µ « ��J�������®

)
aredefinedby simply restrictingthe upperboundand the lower boundof the corre-
spondingroles,i.e., the constrainton the

��J�������®
role cardinality(seeRule 3) canbe

omitted - this constraintexpressesthe fact that when introducingan exclusive part-
wholerelationship,thepartcomponentmustbeconnectedto exactlyonewholeandno
additionalpart-wholerelationshipsof thepartareallowed. G
Example3 ( � B partof

�������
	�����
): slot-defcomputer-of-mb

subslot-of
��J�������® p�4 �+© 4�¯�:<°\±

inversemb-of-computer
domain � B range

�����¦��	����� T
slot-defmb-of-computersubslot-of¬ J � ��J����

inversecomputer-of-mb
domain

�������
	�����
range� B T� B : slot-constraintcomputer-of-mb

min-cardinality
cq�������
	�����

.� B : slot-constraintcomputer-of-mb
max-cardinality

cq�����¦��	�����
.� B : slot-constraint

��J�������®
cardinality1

�����¦��	�����
.�����¦��	�����

: slot-constraintmb-of-computer
min-cardinality1 � B .



�����¦��	�����
: slot-constraintmb-of-computer

max-cardinality2 � B . G
Assumptionsconcerningpartof structures. In the following we show how the con-
straintscontainedin aUML productconfigurationmodel(e.g.,an ¶�$D  b�� � �M���·�	 � �� �
an � B c

) canbe translatedinto a correspondingOIL representation.For a consistent
applicationof thetranslationrulesit mustbeensuredthattheinvolvedcomponentsare
within thesamesub-configurationw.r.t. thepart-ofhierarchy, i.e., theinvolvedcompo-
nentsmustbeconnectedto thesameinstanceof thecomponenttypethatrepresentsthe
commonrootfor thesecomponents.In orderto allow acorrectderivationof constraints,
the involvedcomponenttypesmusthave a uniquecommoncomponenttypeasprede-
cessorandauniquepathto thecommonrootin

. '�  a (in Figure2 thecomponenttype
Computeris theuniquecommonroot of thecomponenttypesIDEUnit andCPU1). If
thisuniquenesspropertyis notsatisfied,themeaningof theimposed(graphicallyrepre-
sented)constraintsbecomesambiguous,sinceonecomponentcanbepartof morethan
onesubstructureandconsequentlythescopeof theconstraintbecomesambiguous.

For thederivationof constraintsontheproductmodelweintroducetheabbreviation�¸J � ��J�� ¬ representinganavigationexpressionoverroles.For thedefinitionof
�¸J � ��J�� ¬

theUML configurationmodelcanbeinterpretedasadirectedgraph,wherecomponent
typesarerepresentedby verticesandpart-wholerelationshipsarerepresentedby edges.
Becauseof theinheritancepropertiesof roles,

��J�������®
( ¬ J � ��J���� ) rolesareinheritedby

the leaf nodesof generalizationhierarchies.Consequently, generalizationhierarchies
do not influencetheconstructionof navigationpaths.

Definition 3 (Navigation expression): Let
��J�� ¬ O ��� l � 6 P be a path from a compo-

nent type ��� to a componenttype � 6 in
. '�  a representedthrougha sequenceof

expressionsof the form ¬ J � ��J����gO��3: l � � l ,/J��¹�2�: P
denotinga direct partof relation-

shipbetweenthecomponenttypes
�3:

and
� � , where

,/J��¹�25:
representsthenameof

thecorresponding¬ J � ��J���� role, i.e.,
��J�� ¬ O � � l � 6 P =º ¬ J � ��J����gO ��� l �g» l �¸J��¼ p � P l

¬ J � ��J����gO � » l �g½ l �¸J��¹�p » P l T�T�T l
¬ J � ��J����gO � 6�¾ � l � 6 l �¸J��¹ pQ6N¾ � P3¿

Basedon thedefinitionof
��J�� ¬ O � � l � 6 P wecandefine

�¸J � ��J�� ¬ O � � l � 6 P for $%$ as
��� : slot-constraint

�¸J��¼ p �
has-value(slot-constraint

�¸J��¼Kp » ...
has-value(slot-constraint

�¸J��¼ pQ6N¾ �
has-value � 6 )...). G

Example4 (
�¸J � ��J�� ¬ O��������
	����� l ��a"b�c P ): �������
	����� : slot-constraintmb-of-computer

has-value(slot-constraintcpu-of-mb
has-value

��a"b�c
). G

Theconceptof a commonroot is basedon thedefinitionof
�¸J � ��J�� ¬ asfollows.

Definition 4 (Common root): A componenttype
�

is denotedascommonroot of
thecomponenttypes ��� and �g» in

. '�  a , iff thereexist navigationpaths
��J�� ¬ OÀ� l ��� P ,
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��J�� ¬ O\� l �g» P andtheredoesnotexist acomponenttype
�KÓ

, where
�KÓ

is adirector indirect
partof

�
with navigationpaths

��J�� ¬ O\��Ó l � � P , ��J�� ¬ OÀ�KÓ l � » P . G
Whenregardingtheexampleconfigurationmodelof Figure1, � B is thecommon

rootof
��a"b

and Ô ��� �� � J�� � . Conformto Definition4 thecomponenttype
�����¦��	�����

is not a commonrootof
��a"b

and Ô ��� �� � J�� � .

Requiresconstraints. A requiresconstraintbetweentwo componenttypes� � and � » in. '�  a denotesthefactthattheexistenceof aninstanceof componenttype ��� requires
thataninstanceof componenttype �g» existsandis partof thesame(sub)configuration.

Rule 4 (Requiresconstraints): Given the relationship ��� requires ��» betweenthe
componenttypes��� and ��» in

. '�  a with
�

ascommonrootof ��� and �g» , then $D$ is
extendedwith�

: ((not(
�¸J � ��J�� ¬ OÀ� l ��� P )) or

�¸J � ��J�� ¬ OÀ� l �g» P7P . G
Theconditionpartof theimplicationdescribesapathfrom thecommonroot to the

component��� ; theconsequencecontainsa correspondingpathto the requiredcompo-
nent � » .

Example5 ( ¶�$%  b�� � � requires � B c
):

�������
	�����
: ((not (slot-constraint

hdunit-of-computerhas-value ¶�$D  b�� � � ))
or (slot-constraintmb-of-computer
has-value � B c

)) G

Compatibility constraints. A compatibility constraintbetweena set of component
types � ={ ��� l ��» l T�T�T l � 6 } in

. '�  a denotesthe fact that the existenceof a tuple of in-
stancescorrespondingto thetypesin � is not allowedin afinal configuration(result).



Rule 5 (Compatibility constraints): Givenacompatibilityconstraintbetweenasetof
componenttypes� ={ ��� l �g» l T@T�T l � 6 } in

. '�  a with
�

ascommonrootof { ��� l ��» l T�T�T l � 6 },
then $D$ is extendedwith�

: (not((
�¸J � ��J�� ¬ OÀ� l � � P ) and

(
�¸J � ��J�� ¬ OÀ� l � » P ) and... and

(
�¸J � ��J�� ¬ OÀ� l � 6 P )...). G

Example6 ( & � &0¶ b�� � � incompatible with � B c
):

�����¦��	�����
: (not ((slot-constraint

hdunit-of-computerhas-value & � &0¶ b�� � � ) and
(slot-constraintmb-of-computer
has-value � B c

))). G
Resource constraints. Resourceconstraintscan be modeledin UML using stereo-
typedclassesrepresentingtypesof resourcesandstereotypeddependencieswith a cor-
respondingtaggedvalue indicating resourceproductionand consumption.Resource
balancingtasks[17] aredefinedwithin a (sub)tree(context) of the productconfigu-
ration model.To mapa resourcebalancingtask into OIL, additionalattributes(

�K � ©
and

�K � p in the following) have to be definedfor the componenttypesactingaspro-
ducersandconsumers.Additionally we have to introduceaggregatefunctionsasrep-
resentationconcepts,which arecurrentlyneithersupportedin OIL nor DAML+OIL.
The following representationof aggregatefunctions is basedon the formalism pre-
sentedin [2], wherea setof predicates

a5:
associatedwith binaryrelations(e.g., Õ , Ö ,º ,

¿
) over a valuedomain � ���RO $ P

anda setof aggregationfunctions
J�L�LMO $ P

(e.g.,
� ��	���� l � � � l �¼J�× l � 	�� ) aredefined.Whenregardingthe pathleadingto the concept
whosefeaturevaluesareaggregated,[2] requirethat all but the last oneof the roles
in the pathmustbe features- this assumptionis taken into accountin the following
formalizationof resourceconstraints.

Rule6 (Resourceconstraints): Let
�

= {
� � l � » l T@T�T l ��6 } beproducingcomponenttypes

and � = { � � l � » l T@T�T l � � } be consumingcomponenttypesof resource
�K � in

. '�  a .
Furthermore,let

�� � © bea featurecommonto all componenttypesin
�
, and

�� � p bea
featurecommonto thetypesin � , wherethevaluesof

�K � © and
�K � p aredefinedby the

taggedvaluesof theconsumesandproducesdependenciesin
. '�  a .

A resourceconstraintfor $%$ canbeexpressedas
�%Ø�aÙOQÚ

(navpath(
� l � ) Û �K � © ),Ú

(navpath(
� l � ) Û �K � p ), where

�
representsthecommonroot of theelementsin � and�

.
Note,that

�¼Ø�aÙO^Ú
(navpath(

� l � ) Û �K � © ), Ú (navpath(
� l � ) Û �K � p ) representsthe

concept
aÙO\� �� � �» ...

� �6N¾ � Ú¼O\� �6 Û �K � © P l � »� � »» ...
� »� ¾ � Ú¼OÀ� »� Û �K � p�P?P . G

Example 7 (Capacity neededby & ��®�� § J��� Õ Capacity provided by Ü/$ b�� � � ):
$ÙÝ a & ��®�� § J��K : slot-constraint

��J���J ��� ��Þ
cardinality1 (equal50).

Ý �×
�� �9� � : slot-constraint
��J���J ��� ��Þ

cardinality1 (equal100).
& � &0¶ b�� � � : slot-constraint

��J���J ��� ��Þ
cardinality1 (equal20000).



¶�$%  b�� � � : slot-constraint
��J���J ��� ��Þ

cardinality1 (equal10000).�����¦��	�����"Ø
lesseq

sum(sw-of-computerÛ ��J���J ��� ��Þ ),
sum(hdunit-of-computerÛ ��J���J ��� ��Þ ). G

Port connections.Portsin theUML configurationmodelrepresentphysicalconnection
pointsbetweencomponents(e.g.,a Ô ��� �� � J�� � canbe connectedto a &0� �K��� using
theport combination����� ���������� � and ��� �K����������� » ). In UML we introduceportsusing
classeswith stereotype

a1�����
- theseportsareconnectedto componenttypesusingpart-

wholerelationships.
In orderto representport connectionsin OIL, we introducea concept

a1�����
which

is describedby a role indicatingthe relatedcomponentconcept(role � �����
��� ) anda
role

���������¸J��¼
which describestheportnameof theconnection.Finally, therole � �����

describestherelationto thesecondinvolvedport concept.Note,that theinverseof the
role � ����� is therole � ����� of theconnectedport.

Rule 7 (Port types): Let {
J
,
¨
} be componenttypes in

. '�  a , {
��J

,
�M¨

} be the
correspondingconnectedport types,{

� ³
,
�|ß

} themultiplicitiesof theport typesw.r.t.
{
J
,
¨
} 4, and {{ ¢ ¨�© ³ , 	M¨�© ³ }, { ¢ ¨7©�ß , ¢ ¨�©�ß � } the lower boundand upperboundof the

multiplicitiesof theport typesw.r.t. {
��J

,
��¨

}, then $%$ is extendedwith
class-def

��J
subclass-ofPort.

class-def
��¨

subclass-ofPort.��J
: slot-constraint

���������¸J��¼
cardinality1 (one-of

��J � ...
��JN� ³

).��J
: slot-constraint� ����� min-cardinality¢ ¨7© ³ ��¨ .��J
: slot-constraint� ����� max-cardinality

	�¨7© ³ ��¨
.��J

: slot-constraint� ����� value-type
��¨

.��J
: slot-constraint� ���¦����� cardinality1

J
.��¨

: slot-constraint
���������¸J��¹

cardinality1 (one-of
��¨ � ...

�M¨ ��ß
).��¨

: slot-constraint� ����� min-cardinality ¢ ¨ ©�ß ��J .��¨
: slot-constraint� ����� max-cardinality

	M¨ ©�ß ��J
.��¨

: slot-constraint� ����� value-type
��J

.��¨
: slot-constraint� �����
��� cardinality1

¨
. G

Example8 ( Ô ��� �� � J�� � connectedto &0� �K��� ): class-def����� ���������� subclass-ofPort.
class-def��� ������������� subclass-ofPort.
����� ���������� : slot-constraint

���������¸J��¼
cardinality1 one-of( ����� ���������� � ����� ���������� » ).

����� ���������� : slot-constraint� �����
min-cardinalityà���� �K����������� .

����� ���������� : slot-constraint� �����
max-cardinality

c ��� ������������� .
4 No differentlower boundsandupperboundsareallowedhere.



����� ���������� : slot-constraint� �����
value-type��� ������������� .

����� ���������� : slot-constraint� ���¦�����
cardinality1 Ô ��� �� � J�� � . ... G

Note,that theabove definitionsfor portsdo not guaranteethat theconnectionsare
establishedwithin asub-configuration.In orderto formulatesuchrestrictions,variables
areneededasplaceholdersfor thecorrespondingconnectionindividuals- theusageof
variablesis notsupportedin currentversionsof SemanticWebontologylanguagessuch
asOIL or DAML+OIL.

Usingthedefinedstructurefor port connections,theconstraint”a Ô ��� �� � J�� � must
be connectedvia ���Q� ���������� � with a &0� �K��� via ��� �K����������� � ” canbe formulatedas
follows.

Example9: Ô ��� �� � J�� � : (slot-constraintvideoport-of-videocard has-value
((slot-constraint

���������¸J��¼
has-value

(one-of ���Q� ���������� � )) and
(slot-constraint� ����� has-value
((slot-constraint� �����
��� has-value &0� �K��� ) and
(slot-constraint

���������¸J��¼
has-value

(one-of ��� �K����������� � )))))). G
Theapplicationof themodelingconceptspresentedin thispaperhasits limits when

building configurationknowledgebases- in most domainsthereexist complex con-
straintsthatdo not have anintuitive graphicalrepresentation.Happily, (with somemi-
nor restrictionsdiscussedin [10]) we areableto representsuchconstraintsusinglan-
guagessuchasOIL or DAML+OIL. UML itself hasan integratedconstraintlanguage
(ObjectConstraintLanguage- OCL [27]) which allows theformulationof constraints
onobjectstructures.Thetranslationof OCL constraintsinto representationsof Seman-
tic Webontologylanguagesis thesubjectof futurework, a translationinto a predicate
logic basedrepresentationof aconfigurationproblemhasalreadybeendiscussedin [8].
Thecurrentversionof our prototypeworkbenchsupportsthegenerationof OIL-based
configurationknowledgebasesfrom UML modelswhich arebuilt usingthemodeling
conceptspresentedin this paper, i.e. conceptsfor designingthe productstructureand
conceptsfor definingbasicconstraints(e.g.requires) on theproductstructure.

5 RelatedWork

Thedefinitionof acommonrepresentationlanguageto supportknowledgeinterchange
betweenandintegrationof differentknowledge-basedsystemsareimportantissuesin
theconfigurationdomain.In [24] oneapproachto collectrelevantconceptsfor model-
ing configurationknowledgebasesis presented.Thedefinedontologyis basedon On-
tolingua[15] andrepresentsasynthesisof resource-based,function-based,connection-
based,andstructure-basedconfigurationapproaches.This ontologyis a kind of meta-
ontologywhich is similar to theUML profile for configurationmodelspresentedin this
paper. Conformingto thedefinitionof [6] a UML configurationmodelis anontology,
i.e. it restrictsthesortof objectsrelevantfor thedomain,definesthepossibleproperties



of objectsandtherelationshipsbetweenobjects.Comparedto theapproachpresentedin
this paper, [24] donot providea formal semanticsfor theproposedmodelingconcepts.

Thework of [7] showssomesimilaritiesto thework presentedin thispaper. Starting
with aUML ontology(whichis basicallyrepresentedasaclassdiagram)corresponding
JAVA classesandRDFdocumentsaregenerated.Thework presentedin thispapergoes
onestepfurtherby providing a UML profile for theconfigurationdomainanda setof
rulesallowing the automaticderivation of executableconfigurationknowledgebases.
The correspondencebetweenSemanticWeb ontology languagesandUML is shown
on the object level aswell ason the constraintlevel, wherea setof domainspecific
constraints(e.g.requires) areintroducedasstereotypesin theconfigurationprofile - for
theseconstraintsanrepresentationin OIL hasbeenshown.

Mostof therequiredmeansfor expressingconfigurationknowledgearealreadypro-
videdby currentversionsof SemanticWebknowledgerepresentationlanguages.How-
ever, in orderto providefull fledgedconfigurationknowledgerepresentation,certainad-
ditional expressivity propertiesmustbefulfilled - this issueis discussedin [10], where
aggregation functions,n-ary relationships,and the provision of variableshave been
identifiedasthe major requiredadd-onsfor ontologylanguagessuchasDAML+OIL.
Within theSemanticWebcommunitythereareongoingefforts to increasetheexpres-
sivenessof Webontologylanguages.DAML-L [18] is alanguagewhichbuildsuponthe
basicconceptsof DAML. XML Rules[14] andCIF (ConstraintInterchangeFormat)
[13] aresimilar approacheswith the goal to provide rule languagesfor the Semantic
Web.

6 Conclusions

In this paperwe presentedan approachto integratethe developmentof configuration
knowledgebasesfor theSemanticWeb into standardindustrialsoftwaredevelopment
processes.Foundedon a descriptionlogic baseddefinitionof a configurationtask,we
presentedasetof rulesfor translatingUML configurationmodelsinto a corresponding
OIL-basedrepresentationenablingmodelcheckingfor UML configurationmodelsand
knowledgesharingbetweendifferent configuratorsin Web-basedenvironments.Our
approachsupportseffective sharingand integrationof configurationknowledgeon a
graphicallevel which becomesone of the major issuesin the context of distributed
configurationproblemsolving.The conceptspresentedin this paperareimplemented
in a correspondingconfigurationknowledgeacquisitionworkbench.

References

1. A. Artale,E. Franconi,N. Guarino,andL. Pazzi. Part-WholeRelationsin Object-Centered
Systems:An Overview. Data& Knowledge Engineering, 20(3):347–383,1996.

2. F. BaaderandU. Sattler. DescriptionLogicswith ConcreteDomainsandAggregation. In
Proceedingsof the Ì�á�âÒã EuropeanConferenceon Artificial Intelligence(ECAI ’98), pages
336–340,Brighton,UK, 1998.

3. V.E.Barker, D.E.O’Connor, J.D.Bachant,andE.Soloway. Expertsystemsfor configuration
at Digital: XCON andbeyond. Communicationsof theACM, 32(3):298–318,1989.



4. G. Booch.Object-OrientedAnalysisandDesignwith Applications. Addison-Wesley Object
TechnologySeries,1994.

5. A. Borgida. On the relative expressive power of descriptionlogics andpredicatecalculus.
Artificial Intelligence, 82:353–367,1996.

6. B. Chandrasekaran,J.Josephson,andR. Benjamins.WhatAre Ontologies,andWhy do we
NeedThem?IEEEIntelligentSystems, 14,1:20–26,1999.

7. S.Cranefield.UML andtheSemanticWeb.In SemanticWebWorkingSymposium, Stanford,
CA, USA, 2001.

8. A. Felfernig,G. Friedrich,andD. Jannach.Generatingproductconfigurationknowledge
basesfrom precisedomainextendedUML models.In Proceedingsof the Ìgä�âåã International
ConferenceonSoftwareEngineeringandKnowledgeEngineering(SEKE’2000), pages284–
293,Chicago,USA, 2000.

9. A. Felfernig,G. Friedrich,andD. Jannach.UML asdomainspecificlanguagefor thecon-
structionof knowledge-basedconfigurationsystems.InternationalJournal of Software En-
gineeringandKnowledge Engineering(IJSEKE), 10(4):449–469,2000.

10. A. Felfernig,G. Friedrich,D. Jannach,M. Stumptner, andM. Zanker. A Joint Foundation
for Configurationin theSemanticWeb. TechnicalReportKLU-IFI-02-05, 2001.

11. D. Fensel,F. vanHarmelen,I. Horrocks,D. McGuinness,andP.F. Patel-Schneider. OIL: An
OntologyInfrastructurefor theSemanticWeb.IEEEIntelligentSystems, 16(2):38–45,2001.

12. G. Fleischanderl,G. Friedrich, A. Haselböck,H. Schreiner, and M. Stumptner. Config-
uring Large SystemsUsing Generative ConstraintSatisfaction. IEEE Intelligent Systems,
13(4):59–68,1998.

13. P. Gray, K. Hui, and A. Preece. An Expressive ConstraintLanguagefor SemanticWeb
Applications.In Proceedingsof theIJCAI 2001WorkshoponE-BusinessandtheIntelligent
Web, pages46–53,Seattle,WA, 2001.

14. B.N. Grosof. StandardizingXML Rules. In Proceedingsof the IJCAI 2001Workshopon
E-BusinessandtheIntelligentWeb, pages2–3,Seattle,WA, 2001.

15. T. Gruber. Ontolingua:A mechanismto supportportableontologies.Technical ReportKSL
91-66, 1992.

16. I. Jacobson,M. Christerson,andG. Övergaard. Object-orientedSoftware Engineering- A
Use-CaseDrivenApproach. Addison-Wesley, 1992.

17. E.W. JüngstM. Heinrich. A resource-basedparadigmfor theconfiguringof technicalsys-
temsfrom modularcomponents.In Proceedingsof the æ âÒã IEEEConferenceon AI applcia-
tions(CAIA), pages257–264,Miami, FL, USA, 1991.

18. Sh.McIlraith, T.C. Son,andH. Zeng. Mobilizing theSemanticWebwith DAML-Enabled
WebServices.In Proceedingsof theIJCAI 2001WorkshoponE-BusinessandtheIntelligent
Web, pages29–39,Seattle,WA, 2001.

19. S.Mittal andF. Frayman.TowardsaGenericModelof ConfigurationTasks.In ProceedingsÌ�Ì�âÒã InternationalJointConf. onArtificial Intelligence, pages1395–1401,Detroit,MI, 1989.
20. J.Rumbaugh,M. Blaha,W. Premerlani,F. Eddy, andW. Lorensen.Object-OrientedModel-

ing andDesign. New Jersey, USA, 1991.
21. J.Rumbaugh,I. Jacobson,andG. Booch. TheUnifiedModelingLanguage ReferenceMan-

ual. Addison-Wesley, 1998.
22. D. SabinandR. Weigel. ProductConfigurationFrameworks- A Survey. In B. Faltingsand

E. Freuder, editors,IEEE Intelligent Systems,SpecialIssueon Configuration, volume13,
pages50–58.IEEE,1998.

23. U. Sattler. DescriptionLogicsfor theRepresentationof AggregatedObjects.In Proceedings
of the Ì�ç âÒã EuropeanConferenceon Artificial Intelligence(ECAI 2000), pages239–243,
Berlin, Germany, 2000.



24. T. Soininen,J. Tiihonen,T. Männistö,and R. Sulonen. Towardsa GeneralOntology of
Configuration.AI EngineeringDesignAnalysisandManufacturingJournal, SpecialIssue:
Configuration Design, 12(4):357–372,1998.

25. M. Stumptner. An overview of knowledge-basedconfiguration.AI Communications, 10(2),
June,1997.

26. F. vanHarmelen,P.F. Patel-Schneider, andI. Horrocks. A Model-TheoreticSemanticsfor
DAML+OIL. www.daml.org, March2001.

27. J.WarmerandA. Kleppe. TheObjectConstraint Language - PreciseModelingwith UML.
AddisonWesley ObjectTechnologySeries,1999.

28. J.R.Wright,E.Weixelbaum,G.T. Vesonder, K.E. Brown,S.R.Palmer, J.I.Berman,andH.H.
Moore. A Knowledge-BasedConfiguratorthatsupportsSales,Engineering,andManufac-
turingat AT&T Network Systems.AI Magazine, 14(3):69–80,1993.


