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Abstract

Today’s economy exhibits a growing trend toward highly specialized solution providers cooperatively offering con-
figurable products and services to their customers. This paradigm shift requires the extension of current standalone
configuration technology with capabilities of knowledge sharing and distributed problem solving. In this context a
standardized configuration knowledge representation language with formal semantics is needed in order to support
knowledge interchange between different configuration environments. Languages such as Ontology Inference Layer
(OIL) and DARPA Agent Markup Languag®AML +OIL) are based on such formal semantigsscription logi¢and

are very popular for knowledge representation in the Semantic Web. In this paper we analyze the applicability of those
languages with respect to configuration knowledge representation and discuss additional demands on expressivity. For
joint configuration problem solving it is necessary to agree on a common problem definition. Therefore, we give a
description logic based definition of a configuration problem and show its equivalence with existing consistency-based
definitions, thus joining the two major streams in knowledge-based configuréd&sctription logics and predicate
logic/constraint based configuratipn

Keywords: Configuration; Knowledge Representation; Ontologies

1. INTRODUCTION in E-commerce environments. The trend toward highly spe-
cialized solution providers results in a situation where dif-

Knowledge-based configuration has a long history as a suderent configurators of complex products and services must
cessful Al application are@.g., Barker et al., 1989; Mittal be integrated in order to transparently support distributed
& Frayman, 1989; Heinrich & Jlngst, 1991; Wright et al., configuration problem solving. In such integration scenar-
1993; Fleischanderl et al., 1998; Mailharro, 199Btarting  ios, configurators must share a clear and common under-
with rule-based systems such as/RCON (Barker et al.,  standing of the problem definition and the semantics of the
1989, various higher level representation formalisms haveexchanged knowledge. Consequently, it is necessary to agree
been developed since the late 1980s to exploit the advarpn the definition of a configuration problem and its solu-
tages of more concise representation, faster applicatiotion. Of the two current main streams in representing and
development, higher maintainability, and more flexible solving configuration problems, the first approach is based
reasoning. Although these representations have proven thaih predicate logic or various simplified variants thereof,
applicability in various real-world applications, the hetero-specifically constraint-based systeriscluding their dy-
geneity of configuration knowledge representation is thenamic and generative variants, e.g., Mittal & Falkenhainer,
major obstacle to incorporating configuration technology1990; Fleischanderl et al., 1998; Mailharro, 19@®d re-
source balancing methods.g., Heinrich & Jungst, 1991
The second approach uses description logics as knowledge
representation and reasoning mecharism., Wright et al.,

R_eprint requests to: Alexander Felfer_nig,_lnstitut fUrWi_rtsch_aftsinfor- 1993; McGuinness &Wright, 1998CIearIy, an integration
matik und Anwendungssysteme, Produktionsinformatik, Universitatsstrasse . . . : .
65-67, A-9020 Klagenfurt, Austria. E-mail: alexander.felfernig@ Of these approaches is a major milestone for the integration
uni-klu.ac.at of configuration systems.
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In order to map the predicate logic based representationesnowledge between state of the art configurators via OIL
into description logic based representations and vice versand DAML+OIL.
the definition of a common view of a configuration task is  The rest of the paper is organized as follows. In Sec-
needed. A solution for the exchange of knowledge is thdion 2 we introduce an example that provides an overview
provision of a standardized configuration knowledge repre-of representative modeling concepts required for building
sentation language, which is based on state of the art wetonfiguration knowledge bases. In Section 3 we give a
technologies that allow easy integration of existing propri-description logic based definition of a configuration task
etary configuration environments if this common view canand show its equivalence to the consistency-based defini-
be obtained. Languages such as Ontology Inference Laydion given in Felfernig et al(200(). In Section 4 we
(OIL; Fensel et al., 200 or DARPA Agent Markup Lan- describe an OlL-based as well as a corresponding predi-
guage DAML +OIL; VanHarmelen et al., 20Qlwhichwere  cate logic based formalization of the modeling concepts
developed in the context of the Semantic Wé&®rners— presented in Section 2. In Section 5 we summarize the
Lee, 2000, are intended for designing and sharing ontolo-results and analyze the expressiveness of available Seman-
gies. These languages are strongly influenced by descriptiaic Web ontology representation languages with respect to
logics and therefore possess clear declarative semantics, #reir capability for configuration knowledge representa-
important precondition for the exchange of knowledge. Ation. In Section 6 the CAWICOMS (Ardissono et al.,
commonly accepted problem definition with formal seman-2001) environment is presented, which supports personal-
tics on this basis will offer a well-defined interface betweenized distributed configuration problem solving based on
configurator implementations and allow a joint provision- the knowledge representation concepts discussed in this
ing of configuration services, a major step toward the intepaper. Section 7 discusses related work.
gration goal identified above. Proprietary configuration
systems can then be independently implemented following
different approaches and still be able to interoperate. We&. EXAMPLE CONFIGURATION
only require that cooperating configurators deliver valid KNOWLEDGE BASE
solutions with respect to the common definition of the prob-

lem and its solution. The Unified Modeling LanguagéUML; Rumbaugh et al.,

In this paper we give a description logics based defini-1998 is the result of an integration of the object-oriented
tion of a configuration task and show the equivalence of2PProaches of Rumbaugh et@991), Jacobson et al1992,
this definition with a consistency-based definition given in @nd Booch(1994), which is well established in industrial
Felfernig et al.(200(b). The major result of this equiva- software development. UML is applicable throughout t_he
lence is that configuration tasks defined in terms ofWhole software development process from the require-
description logics and predicate logic can be easily transMeNts analysis phase to the implementation phase. In order
formed into each other and can consequently be repretp allow the extension of the basic metamodel with domain-
sented in ontology representation languages such as OfgPecific modeling concepts, UML provides the concept of
or DAML +OIL. Using concepts of OIL, we present the profiles the configuration domain—specific modeling con-

constituting elements of a configuration knowledge repreC€PtS presented in the following are the constituting ele-
sentation language by formalizing modeling concepts ofments of a UMLconfiguration profile UML profiles can be

de factostandard configuration ontologiéSoininen et al. compared with ontologies discussed in the artificial intelli-
1998; Felfernig et al., 20@0 employed in industrial ap- 9€NCe literaturée.g., Chandrasekaran et al., 1999, defines

plications? In addition, we point out extensions that the &1 ontology as a theory about the sorts of objects, proper-
ontology representation languages need for full fledged€s Of objects, and relationships between objects that are
configuration knowledge representation. Note that the god?@SSiPle in a specified domain of knowledge .

is not simply the representation of configuration knowl- FOr the following discussions, the simple UML configu-

edge in description logics—this is a subject that has beef@tion model shown in Figure 1 will serve as a working
covered elsewhere as welKlein et al., 1994: Schroder ©€Xample. This model represents the generic product struc-
et al., 1996; Weida, 1996: McGuinness & Wright, 1998 ture, that is, all possible variants of a configuralem
Instead our goal is to compare the requirements of a gerRUter. The basic structure of the product is modeled using
eral configuration ontology with the the logics chosen for c/asses, generalization, and aggregation. The set of possible
the Semantic Web and to describe the specific extensioproducts is restricted through a set of constraints that are

required for the purpose of communicating configurationrelated to technical restrictions, economic factors, and re-
strictions according to the production process. The con-

cepts used stem from connection-bagdittal & Frayman,

IFor presentation purposes we employ OIL text throughout the paper?'989)’ resource-basedHeinrich & Jungst, 1991 and

but this representation can be easily transformed into a corresponding
DAML +OIL representation.

2Note that these differ from the configuration ontology that was de- 2CAWICOMS is the acronym for Customer-Adaptive Web Interface
scribed for demonstration purposes in Gruber e{1996). for the Configuration of Products and Services with Multiple Suppliers.
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Fig. 1. An example of a configuration model.

structure-baseStumptner, 199)configuration approaches.

These configuration domain-specific concepts represent a
basic set useful for building configuration knowledge bases

and mainly correspond to those definedlmfactostandard
configuration ontologiegSoininen et al., 1998; Felfernig
et al., 200@):

« Component typesComponent types represent the ba-

sic building blocks of which a final product can be
built and they are characterized by attributesy., in

Fig. 1 the component type CPU is characterized by the

attributeclockrate.
Generalization hierarchiesComponent types with a

similar structure are arranged in a generalization hier-

archy (e.g., in Fig. 1 the component type CPUL is a

special kind of CPU.
Part—whole relationship$art—whole relationships be-

tween component types state a range of how many

subparts an aggregate can consigteod., a Computer

contains at least one and at most two motherboards

(MB)].
Incompatibilities and requirementSome types of com-

ponents must not be used together within the same

configuration because they are incompatibdeg., a

SCSIUnit is incompatible with a MB1In other cases,
the existence of one component of a specific type re-
quires the existence of another special component within
the configuration(e.g., an IDEUnit requires a MB1
Resource constraint®arts of a configuration task can
be seen as a resource balancing task, where some of
the component types produce some resources and oth-
ers are consumer®.g., theconsumed hard-disk ca-
pacitymust not exceed theovided hard-disk capaciy
Dependencies are introduced for representing the
produceyconsumer relationships between different
component types.

Port connectionsin addition to the amount of com-
ponents and their type specifications, the product
topology (i.e., exactly how the components are inter-
connected is often of interest as well in the final
configuration. The concept of a port is used for this
purpose(e.g., see the connection betwedideocard
andScreenwhich is based on the portédeoportand
screenporj. Note that in our example we do not ap-
ply generalization hierarchies for ports and resources.
Such a generalization hierarchy could be defined de-
pending on the application domain and the capabili-
ties of the underlying reasoning system. Our definitions
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are general enough to allow these generalization ExampLE 1: In this example we use a part of our com-

hierarchie$.

In the following we give a description logics based defini

tion of a configuration problem and show its equivalence
with the consistency-based definition given in Felfernig et al

(200(). Furthermore, we describe Ollbased and corre-

sponding predicate logic based representations of the mo

eling concepts presented in this section.

3. DEFINING CONFIGURATION TASKS IN
DESCRIPTION LOGIC AND PREDICATE
LOGIC

3.1. Description logic based configuration task

For the description of a configuration task we employ
description logic language.g., OID starting from a schema
S= (CN,RN,IN) of disjoint sets of names for concepts
roles, and individualgBorgida, 1996. Concepts can be
seen as unary predicates defining clagsemponent types

Roles are used to express relationships between different

puter ontology(see Fig. 1that comprises CPUs and MBs

as component types. On each MB at least one, but at most
“two, CPUs are mounteftonstraintc, in DD, ). A CPU
must always be mounted on a MBonstraintc, in DDy, ).

‘A CPU of type CPU2 must be mounted on a MB of type
MB2 (constraintc; in DD, ).

" The domain description D) is defined as follows. Note
that subclass-ofinddisjoint are used to express the com-
pleteness and disjointness of the generalization hierarchy
where each individual must be instantiated to exactly one of
the leaf nodes. Note also that to avoid introducing a separate
operator we use subclass-of in reverse in one case, when
writing CPU subclass-ofCPU1 or CPU2 to specify that
the coverage of the subclasses is complete. These require-
ments together with the assumption that there is a fixed set
of component types corresponds to assumptions in other de-
scription logic based papers such as Klein e{#94 and
" Weida(1996. We will discuss the implications in Section 5.

{

a

elements of a domain. Finally, individuals are specific named Class-def MB subclass-¢MB1 or MB2)

elements of the domain.

DEFINITION 1 (configuration problem in description logic
In general we assume a configuration problem is describ
by a triple(DDp, , SRS, , CLANG, ), where DL is de-

scription logic, D}y, represents the domain description of
the configurable product, and SRSspecifies the particu-
lar system requirements defining an individual configura-
tion problem instance. CLANG comprises a set of concepts

slot-constraint cpu-of-mb min-cardinality 1 CPU
slot-constraint cpu-of-mb max-cardinality 2 CPU.
ed [c]
class-def MB1 subclass-of MB.
class-def MB2 subclass-of MB.
disjoint MB1 MB2.

class-def CPU subclass-GEPU1 or CPU2

Ceonfig € CN and a set of roleR.,,rq C RN that serve as

a configuration language for the description of actual con-

figurations(solutions. n

One can think of additional restrictions on SRSDDp, ,
for example, that SR§ may only contain concepts and
roles that also occur in DF) . However, we leave this de-
cision to designers of domain-specific solutions.

In the following we will describe solutions to configura-
tion problems based on the interpretation of concepts a
roles. In order to make sure that roles in CLANGde-
scribe relationships only between concepts of CLANG
we require that roles in CLANfg are defined over
the domains given irCe,.q4; that is, we add for each
Ri € Rgoniig the role descriptions rangR;) = CDom and
dom(R;) = CDom for CDom = Uc.ecy,Ci 10 DDpy,

if such descriptions are not subsumed by other descrip‘?
tions already contained in the knowledge base. Note thalt
DDy, may contain auxiliary concepts or roles that are not

actually in CLANG,, .

“Note that UML interfaces can be used as an alternative representat

slot-constraint mb-of-cpu cardinality 1 MB.[c,]
class-def CPUL1 subclass-of CPU.
class-def CPU2 subclass-of CPU

slot-constraint mb-of-cpu cardinality 1 MB2[c;]
disjoint CPU1 CPU2.
disjoint CPU MB.
slot-def mb-of-cpu

inverse cpu-of-mb domain CPU range MB.
slot-def cpu-of-mb

inverse mb-of-cpu domain MB range CRU.

nd

The customer requirement that there must(aeleast
“two CPUs of type CPU1 and one CPU of type CPU2" is
xpressed by SRS = {(instance-ot1 CPUJ), (instance-of
2 CPUJ), (instance-ott3 CPU2}.

The configuration language CLANG is defined
by Ceonig = {CPUL, CPU2, MB1, MB2 and R.gyq =
{mb-of-cpy.
In our example we do not include the concepts CPU and
ioMB and the role cpu-of-mb in CLANG; because we are

for ports, although in our configuration profile we decided to use special-0n|y interested in the leaf concepts of a generalization hi-

ized classes for this purpose.

5In the following we assume that the reader is familiar with the con-

cepts of OIL. See Fensel et #2001b) for an introductory text.

erarchy and specific relationshigs.g., to manufacture the
final system we only need to know the most specific type
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for each component and its connectiprihe semantics of We call CONF,, = COMPSU ROLES a valid configu-

description terms are usually given denotationally using amation for C. [
interpretationZ = (A%, (-)?), whereA? is a domain(non- _ _ _
empty universgof values and.-)? is a mapping from con- ExamMpPLE 2. A valid configuration for our example con-

cept descriptions to subsets of the domain and from roldiguration problem is CONp, = {(CPUL, {cl, c2}),
descriptions to sets of 2-tuples over the domain. The mapiCPU2, {c3}), (MB1, {ml}), (MB2, {m2}), (mb-of-cpu,

ping also associates with every individual nam@nisome (M1, c1), {ml, ¢2) (m2, c3)})}. u

dis_tinct value inA”. Thg reason for this dis_tinctness is the We also have to describe component parameter settings
unique name _assumptlcﬁt]JNA) we employ in our formal- in addition to components and their connections. Using de-
ISm. We require the U.NA for concepts and roles that de'scription logics, such parameter settings of components are
tnodeled by special functional roléalso calledfeatures
expressing the relation between the component and the data
value assigned to a particular attribute. Therefore, compo-
fient structure and parameter settings can be treated in a

scribe configurations. In the following we give a description uniform manner except that the parameter values come from
logic based definition of a valid configuration and show its some data value domain dém) (Sattler, 2000, which is
equivalence with consistency-based definitions given in th%isjunct from the individuals in COMPS'

literature(Felfernig et al., 2000). This definition serves as

a joint foundation of configuration knowledge rer)rGS(:‘W[""'above, we can provide an equivalent characterization based

tion in the Semantic Web. on checking the consistency of a set of axioms.
We use the extensions of concepts and roles that corre-

spond to a logical model to specify valid configurations. Remark 1. Let DDp, , SRS, , CLANGp, = Ceonfig U
Note that, depending on the domain, only specific CONR_,.rg bE @ configuration problem, and CONF =
cepts and roles are considered relevant for describin@OMPSU ROLES be a description of a configuration.
configurations(i.e., those roles and concepts defined in  The concept&, are defined by the component axioms
CLANG,, ).

Our definition of a valid configuration does not make use
of extraneous requirements such as minimality. Following AXcomps = {
our definitions, the domain description joined with the sys-
tem requirements specificatiédescribing the expectations € COMPS  where INDIVE, = {ciy,... Ciy }}.
of a customer must enforce configuration solutioride-
scribed by the configuration languagauch that these so- ~ The rolesR, are defined by the role axioms
lutions deliver services which match the expectations of the
customer. In practicéFleischanderl et al., 1998ve have —[Rr = L

. . ROLES j

to allow solutions that may even include components that {
are unnecessary with respect to the current system require-

identifiers for individualg(e.g., modules of a systgmefer
to different individuals. The UNA can be lifted, if neces-
sary, for those concepts and roles that are not used to d

In addition to the definition of a valid configuration given

C; = one-ofciy,...,Ciy J{Ci, INDIVS(,)

producfone-ofrj ],
(1, s)ETUPLES;

ments because some of these components might be needed one-of sj]](R;, TUPLES; ) € ROLES

. . . . . . )

in later extensiongreconfigurations Accepting solutions

that are satisfactory Wlth respect to co_sts or to the number where  TUPLES, = {(fj1,Si),. . {Tim  Sim >}}_
of components used is common practice in real-world ap-

plications. Although the optimality of such solutions is not
shown, these solutions are appreciated because they are @ONF,, is a valid configuration iff
good as or even better than good quality solutions provided

by human experts. DDpL U SRS U AXcompsU AXroLes

DEFINITION 2 (valid configuration in description logic s satisfiable. -
Given a configuration problenC = (DDp, , SRS,
CLANGp, ), letZ= (A% (-)*) be amodel of DB, U SRS, . Note that we use the above notation for defining the com-

CLANGp, = Ceonfig U Reonsig IS the configuration lan-  plete extension of roles in order to apply the translation
guage of the problem. Let COMPS be a set of tugl@és  function from description logics to predicate logic defined
INDIVS ) for everyC; € Ceoniig, Where INDIVS, = {ci;,  in Borgida(1996. An alternative to th@roductconstructor
...,Cin, } = Cf is the set of individuals of concef, in Z. would be a constructor thé&similar to theone-ofconstruc-
These individuals identify components in an actual con+or for concepts permits the enumeration of permissible
figuration. Let TUPLER = {(rj1, Sjy),.-..{lim, Sin)} =  entries for a role. However, computation of the product
R’ be the set of tuples of rolg;, then we define ROLES requires only constant effort because we only apgphd-
{(Rj, TUPLES)IRj € Reonfigh- uct to singleton arguments.
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ExaMpLE 3. In order to verify that a given configura-  DEFINITION 4 (consistent configuration in predicate
tion is valid with respect to our example configuration logic). Given a configuration probleDD, og, SRS oc.
problem (defined by Dy, and SR$,), we need to CLANG, og), a configuration CONF,g is consistent iff
add the axioms CPUI1= one-offcl,c2], CPU2 = DD, o U SRS o U CONF o is satisfiable. [

one-of 3] " MBL = one-ofmi], MB2 = one-ofm2], This definition allows determining the consistency of
mb-of-cpu= producfone-ofml], one-ofc1]] LI product 4 rtia| configurations but does not guarantee the complete-
[one-ofml1], one-ofc2]] LI producfone-ofm2], one- ness of configurationéFelfernig et al., 2000). It is nec-
of[c3]]. ®m  essary that a configuration explicitly includes all needed
components(and their connections and attribute values

. . : : i in order to assemble a correctly functioning system. We
uration problem using predicate logi¢corresponding to need to introduce an explicit formula for each predicate

the Qefinition given in Felfgrn_ig et a!., 20bpand _sh_o_w th? symbol in CLANG o to enforce its completeness prop-

equivalence with the description logic based definition g'venerty. In order to stay within first order logic, we model

before. the property by first order formulae. For our example we
ve to add the completeness axioviX: CPULX) =

) ) ) ) I(EZECONFLOGCPU](X) = Z) for the predicate CPU1 and

3.2. Predicate logic based configuration task imilar axioms for CPU2 and mb-of-cpu. Note that

TEECONFLOGCPU](X) = Z serves as a macro, which is

expanded into a set of formulas by substituting the ele-

ments of CONEgg for Z. Also note that if there are no

d parts of a particular type, the consequent of this rule de-
generates to the empty claugereventing spurious
parts of that type from appearing in the configurajioie

We now give a consistency-based definition of a config-

DerINITION 3 (configuration problem in predicate
logic). In general we assume a configuration problem
is described by a tripl€DD, o, SRS g, CLANG, o6)
where DI o and SR$ are sets of logical sentences an
CLANG, o is a set of predicate symbols. DB repre-

s_ents the domain dgscrlptlon and §B§spguf|es the Par- refer to CONFEog extended by completeness axioms as
ticular system requirements. A configuration CQINE is CONE
LOG"

gstseczb;%gé ereeitnotfhre)zossgtlvoi grfxacétlslterals whose predi- Note that the empty configuration can be a valid config-
y ' uration. This is in keeping with the standard approach to

ExampLE 4. For our example, DRy can be expressed SPecifying configuration problems, where it is a problem-

by using monadic and dyadic predicates and numerical quarqj_ependent explicit specification expressed through key com-
tifiers, that is: ponentg Mittal & Frayman, 1989; Heinrich & Jiingst, 1991;

Fleischanderl et al., 1998r some sort of functionality
(which can only be satisfied by including components in

DD = . . h

Lo = { the configuration, e.g., because of the existence of resource
VX:MB(X) & MB1(X) OMB2(X). constraintsthat prevents empty configurations from being
VX:=MBL(X) 0~MB2(X). consistent.

CPU2(c3). MB1(ml1). MB2(m2). mb-of-cpuml,cl).
VX:CPU(X) & CPUIX) OCPUZX). mb-of-cpuml,c2). mb-of-cpum2,c3).}
VX:~CPULX) 0~CPUXX). The completeness axiom for CPU1 is
VX:CPU(X) — 31Y:mb-of-cpuY, X). [c2] VX:CPUIX) =
VX: CPUZX) — 31Y: mb-of-cpuY, X) OMB2(Y). [c3] CPUILX) = CPUX(cL) DCPUL(X) = CPUIc2),
VX:~MB(X) 0=CPU(X). where unsatisfiable literals are deleted. [
VX, Y: mb-of-cpu X,Y) < cpu-of-mi(Y, X). DEerINITION 5 (valid configuration in predicate logic

Let (DD, og: SRS oc, CLANG, o) be a configuration prob-
lem. A configuration CONEqg is valid iff DD, o U
SRS o U CONF, o is satisfiable. ]

VX, Y: mb-of-cpu X,Y) — MB(X) OCPU(Y)}.

SRS oc = {CPUI(cl). CPUILc2). CPU2C3).}.
Note that CONEog in Example 5 is a valid configuration.
CLANG, o = {CPU1, CPU2, MB1, MB2, mb-of-cju ~ m

3.3. Equivalence

SWe employ a notation where variables are all quantified if not explic- I Order to show the equivalence of valid configurations for
ity mentioned. description logic and predicate logic, we apply a translation
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function7<-) that maps description logics to predicate logic, applying the translation function proposed in Borg(iia96.
that is, axioms to formulas with no free variables, conceptg-or example, by employing the translation functiot;an
to formulas with one free variable, and roles to formulasAX coupsiS translated t&;(X) <> X=ci, - - - OX = ciy
with two free variables. for INDIVS¢, = ciy,...,Ciy, which is equivalent to our
Borgida (1996, Theorem 1 and subsequent corollaries completeness axiom@redicate logi¢for C;. Note that in
provides such a translation functidf-) such that con- the formulation of the completeness axioms only one direc-
cepts, roles, terms, and axioms of a description languagon of the implication needs to be expressed because the
(DL) without transitive closureare translated into equiv- C;(c;) facts about the individuals are asserted by defini-
alent formulas in the first-order predicate lodi€yr. This  tion (they are contained in CONE). The = corresponds
languagel gyt allows only monadic and dyadic predicates, to identity and|_| corresponds to a disjunction. The equiv-
counting quantifiers and subformulas with at most three fre@lence for AX%o esfollows immediately by using the trans-
variables. The UNA is assumed from the outset. For a conkation rules for the termsne-ofandproduct
ceptCin CN TX(C) = C(X), for aroler in RN T*Y(r) Note that there is a one to one relationship between
produces a predicaté X, Y). Following this approacht =~ CONF o and CONF, . Applying Remarks 1 and 2, every
D can be translated agX: 7 *(C) — 7*(D), and[C, D]  valid configuration in the corresponding restricted predi-
can be translated a&*(C) 0 7X(D), or [C, D] can be cate logic (i.e., £&y7) corresponds to a valid config-
translated ag *(C) 07 *(D), one-of[by,b,,...,b,] can  uration in description logic. In addition, every valid

be translated aX = b, DX =b, 0 ... OX = b, and configuration in description logic corresponds to a valid
producfC, D] can be translated &*(C) 07 Y(D). configuration in predicate logic. It follows that no config-

Similar to the above-mentioned translation functiBor- uration is missed using either of the two representations.
gida, 1996, Theorem 2 and subsequent corolladeines From the equivalence of configuration problems follow

atranslation function that maps sentencedgfr into DL.  two important consequences. First, the two main streams in
Given functionZ(-), DD, oc U SRSog = 7(DDp. U  solving configuration problems based on description logics
SRS,,) holds for all DO, and SR§,, and DQ s U  onthe one hand, and predicate or propositional logic on the
SRS ¢ is satisfiable iff DO,, U SRS, is satisfiable. other hand can be easily transformed to each other. Second,
because description logics without transitive closure are
REmARk 2 (equivalence of configuration problems equally expressive to dyadic predicate logic with counting
Let CLANG, oc = CLANG,_ where each concept is quantifiers and at most three free variables in each subfor-
interpreted as monadic and each role is interpretednula (Borgida, 1996, it follows that the predicate logic
as dyadic predicate. Df) and SR§, are sets of sen- based approach is strictly more expressive than the descrip-
tences in the description logic languag®l without tion logics based approach, implying that some logic con-
transitive closure. DR, and SR$oc are sets of sen-  structions have to be simulated by more complex description
tences inL2yr. CONF ¢ describes the actual config- logic constructions, and also that certain complex structural
uration by two sets of facts CONEg = COMP-factsU restrictions(Immerman, 1982; Cai et al., 1989; Schréder
ROLE-facts. The construction of CONFg is based on etal., 1996 are not expressible in the language directly but
CONF,. = COMPS U ROLES where COMP-factss  have to be incorporated using a more expressive assertional
{Ci(ci)|ci € INDIVS(,,C; € Cioniigt @and ROLE-facts= language.
{TJ(VJ-SJ;K"JHSD S TUPL|<ESR,~:R1 >€ Reonfigt- PDLos =
7(DDp, ) and SR$5g = 7(SRS. )-
CONF, o is a valid configuration fofDD, o5,SRS og» 4. STANDARDIZED KNOWLEDGE
CLANG, o) iff CONFp, is a valid configuration for REPRESENTATION
(DDp, , SRS, ,CLANGp, ). ®  UML (Rumbaugh et al., 1998s a well-established model-
) ing language in industrial software development processes.
Remark 2 follows from Remark 1 and the equivalencergiternig et al.(2000) demonstrated the applicability of
property of the translation function. Note that CLANG L for configuration knowledge representation. In order

is restricted to exactly the monadic and dyadic predicateg, bridge the gap between research and development orga-
that correspond to the concept and role definitions of

¢ “'nizations, we think it is indispensable to relate the knowl-
CLANGp, and no others. The equivalence result stated inyyqe representation concepts to UML. In the following, we

the last sentence of the remark is made specifically for Ia”émploy UML as a basis for showing the representation of
guages rest.(l?c’:ted in this manriee., DL without transitive o, higuration knowledge in OIL and in predicate logic. For
closure and’gyr), and in this case the equivalence holds.ihe modeling concepts discussed in Section 2, we present a

Note also that the completeness axioms correspond exactl of ryles for translating those concepts into an OIL based
to the translation of the axioms A%mpsand AXroLesPY  representation, as well as into an equivalent predicate logic

based representation. The equivalence of the description
"This description language contains a comprehensive list of operator?L,OgIC and the pred'cate_log'c based reprgsentau_ons is founded
based on an analysis of a set of corresponding survey papers. in the translation functio(-) proposed in Borgid&1996.
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UML is based on a graphical notation; therefore, our trans- Subtyping in the configuration domain means that
lation starts from such a graphical description of a con-attributes and roles of a given component type are inherited
figuration domain. In the following, GREP denotes the by its subtypes. In most configuration environments, a dis-
graphical representationf the UML configuration model. junctive and complete semantics is assumed for generaliza-
For the model elements of GREPe., component types, tion hierarchies, where the disjunctive semantics can be
generalization hierarchies, part—-whole relationships, requireexpressed using theisjoint axiom and the completeness

ment constraints, incompatibility constraiptsve propose

can be expressed by forcing the superclass to conform to

rules for translating those concepts into a description logione of the given subclasses as follows.

based and into a predicate logic based representation. Note
that we do not discuss the translation of resource con-

straints in this section because resource constraints cann
be represented using standard predicate logic or standa

description logic(i.e., OIL, DAML+OIL). Semantics for
resource constraints are presented in Section 5.

RULE la(component types Letc be a component type
in GREP, then

e DD, is extended by class-def

For all attributesa of ¢ in GREP, andl the domain ofa in
GREP,

e DD, is extended by

slot-defa.

c: slot-constrainta cardinality 1d.
e DD, o is extended by

VX:c(X) = 3tY:aXy).

VX, Y:c(X) Oa(X,Y) — d(Y). [ |

RULE 1b(component types For those component types
G, G €{Cy,....Cn} (¢ # ), which do not have any super-
types in GREP,

e DDy, is extended bylisjoint G, ;.
e DD, o is extended by X: ~¢;(X) O-¢(X). ]

ExaMPLE 6a(component type CPU

class-def CPU.
slot-def clockrate.

CPU: slot-constraint clockrate cardinality(min 300
and(max 500).

disjoint CPU MB.
disjoint MB Screen.

ExamPLE 6b (component type CPUJ
VX:CPU(X) — 31Y:clockratg X,Y).
VX,Y:CPU(X) Oclockratd X,Y) — min(Y,300 O max(Y,500.
VX:=CPU(X) O-MB(X).

VX:-MB(X) O-ScreeriX).

RULE 2 (generalization hierarchigsLetu andd,,...,d,
Be classescomponent typesin GREP, whereu is the su-
pderclass ofl,,...,d,, then

e DDy, is extended by
d4,...,d,: subclass-ofi.
u: subclass-ofd, or --- ord,).
Vd;, d € {dy,...,dy} (d # d) : disjointd; d;.

e DD, o is extended by
VX:u(X) & di(X) O--- Ody(X).

VX:=di(X) O-d(X) ford,d €{d,...,dn}
(di # dj). [ ]

ExaMmpPLE 7a(CPU1, CPU2 subclasses of CRU

CPUL: subclass-of CPU.

CPU2: subclass-of CPU.

CPU: subclass-ofCPU1 or CPU2

disjoint CPU1 CPU2. |

ExampPLE 7b (CPU1, CPU2 subclasses of CPU

VX:CPU(X) & CPUIX) OCPUZX).

VX:=CPULX) 0-CPUXX).
|

Part—whole relationships are important model properties
in the configuration domain. Artale et dl1996), Soininen
et al.(1998, and Sattlef2000 pointed out that part—whole
relationships have quite variable semantics depending on
the application domain. In most configuration environ-
ments, a part-whole relationship is described by the two
basic rolegartof andhaspart Depending on the intended
semantics, different additional restrictions can be placed on
the usage of those roles. Note that we do not require acy-
clicity because particular domains such as software config-
uration allow cycles on the type level. In the following we
discuss two facets of part—whole relationships that are widely
used for configuration knowledge representatiSnininen
et al., 1998 and are also provided by UML, nametpm-
posite and shared part—whole relationships. In UML the
composite part—whole relationships are denoted by a black
diamond and shared part—whole relationships are denoted
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<<Component>>

p-of-w

k)
cpu-of-mb

w-of-p.,
A
mb-of-cpu | 1g2 4" ub,

<<Component>>"=+J, _
CPU ...

clockrate : 300..500

Tp

Fig. 2. The part-whole relationship, part; w, wholg.

sh
by a white diamond.If a component is aompositional
part of another component, then strong ownership is re-
quired, that is, it must be part of exactly one component. If
a component is amoncompositionalshared part of an-
other component, it can be shared between different com-
ponents. Multiplicities used to describe a part—whole
relationship denote how many parts the aggregate can con-

sist of and among how many aggregates a part can be shared

if the aggregation imoncompositeThe basic structure of a
part—whole relationship is shown in Figure 2.

RuULE 3 (part—whole relationships Letw andp be com-
ponent types in GREP, whegeis a part ofw, uh, is the
upper bound and [pis the lower bound of the multiplicity
of the part, and upis the upper bound and s the lower
bound of the multiplicity of the whole. Furthermore, let
w-of-p and p-of-w denote the names of the roles of the
part—whole relationship betweem and p, where w-of-p
denotes the role connecting the part with the whole and
p-of-w denotes the role connecting the whole with the part,
that is, p-of-w C haspart,w-of-p C Partof, 4 Where
Partof,oqe € {PartofompositeP@rtofnared- A partp can be
either a shared pattoncept parg,,..d OF 2 composite part
(concept parg,mpositd- Given a part-whole relationship be-
tweenp andw in GREP, then

e DDy, is extended by
slot-def w-of-p subslot-of Partof,, 4. inverse p-of-w
domainp rangew.
slot-def p-of-w subslot-of haspart inverse w-of-p
domainw rangep.
p: subclass-of partspareqOr Partsompositd-
p: slot-constrainiv-of-p min-cardinality 1k, w.
p: slot-constrainiv-of-p max-cardinality ul w.
w: slot-constrainp-of-w min-cardinality I, p.
w: slot-constrainp-of-w max-cardinality up p.

8Note that in our Computer configuration example we only use com-
posite part-whole relationships. As mentioned in Soininen et1l808,
composite part-whole relationships are often used when modeling physi-
cal products, whereas shared part-whole relationships are used to describe
abstract entities such as services.
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e DD, o is extended by

VX, Y:w-0f-p(X,Y) — Partof,oqd X, Y).

VX, Y:p-of-w(X,Y) — haspartX,Y).

VX, Y:w-of-p(X,Y) = w(X) Op(Y).

VX, Y: p-of-w(X,Y) < w-of-p(Y, X).
VX:p(X) = parthared X) 0 partomposid X)-
VX:p(X) = Y w-of-p(Y, X).

VX w(X) > EI}LZDY: p-of-w(Y, X). ]

REMARK 3. The following properties have to hold for
ared and composite part—whole relationships.

e Each shared part is connected to at least one whole,
that is,

(DDp,)  partshared Slot-constrainpartofy,areq
min-cardinality 1 top.
(DDLOG) vX: pa”sharerix) — 3Y: partOfshare((Yv X)

e Each composite partis connected to exactly one whole,
that is,

(DDpL)  parteomposite Slot-constrainpartof.omposite
min-cardinality 1 top.
slot-constrainpartof,omposite
max-cardinality 1 top.

(DDLOG) vX: part:ompositegx) - H%Y:

partot:ompositE(Yy X ) .

e A shared part cannot be a composite part at the same
time, that is,

(DDpy )
(DDyog)

diSjOint pansharedpartcomposite
VX:i= partsharec(X) 0= pa”compositéx)- u

ExampLE 8a(MB partof Computer.

slot-def computer-of-mb subslot-of partgf,,osite

inverse mb-of-computer domain MB range Computer.
slot-def mb-of-computer subslot-of haspart

inverse computer-of-mb domain Computer range MB.
MB: subclass-of party,areqOr Partompositd

MB: slot-constraint computer-of-mb min-cardinality 1
Computer.

MB: slot-constraint computer-of-mb max-cardinality 1
Computer.

Computer: slot-constraint mb-of-computer min-cardinality
1 MB.

Computer: slot-constraint
cardinality 2 MB.

max-
n

mb-of-computer
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ExampLE 8b (MB partof Computer. slot-constrainname,

has-valug¢slot-constrainname, - - -
VX, Y: computer-of-migX,Y) — partofompositd X, Y). has-valuéslot-constraint name,,_, has-value
VX, Y: mb-of-compute(X,Y) — haspartX,Y). Ch) )
VX, Y: computer-of-mipX,Y) — computetX) O mb(Y). For the translation into DR, the macro navpatie,, c,,)
VX,Y: mb-of-computetX,Y) « computer-of-migy, X). is defined as

vX: MB(X) - pa”sharec(X) 0 parrcompositéx)-
VX:MB(X) — 31Y:computer-of-migY, X).

EIY11Y2| xYn—len :

namey(Yy, X) Onamey(Yz,Yy) O- - - Onamen_1(Ys, Yo-1) O

VX:ComputefX) — 32Y: mb-of-computefY, X). [
Cn(Yn),
4.1. Necessary part-of structure properties whereX is a free variable quantified outside the scope of
this expression and represents an instance of corgdept

In the following we show how the constraints contained in

a product configuration mod€k.g., an IDEUnit requires

an MB1) can be translated into a corresponding OIL repre- ExampLE 9a (navpattiComputer,CPUD.
sentation. For a consistent application of the translation rules, slot-constraintmb-of-computer

it must be ensured that the components involved are parts has-valudslot-constraintpu-of-mbhas-value CPUL
of the same subconfiguration, that is, the involved compo-

nents must be connected to the same instance of the com- "
ponent type that represents the common tdor these ExampLE 9b (navpatiiComputer,CPUD.
components, meaning that they are within the same mere-

ological contex{Soininen et al., 1998 This can be simply 3Y,Y,: mbof-computerY;, X) Ocpu-of-mb(Y,,Y;) O
expressed by the notion that component types in such a CPULY,). [

hierarchy must each have a unique superior component type .
in GREP. If this uniqueness property is not satisfied, the 1h€ concept of aearest common rods based on the
meaning of the imposedgraphically representeccon-  definition of navpath as follows.

straints becomes ambiguous, because one component caneriniTiON 7 (Nearest common ropt A component type
be part of more than one substructure. Consequently, thejs denoted as the nearest common root of the component
scope of the constraint becomes ambiguous. typesc, andc, in GREP, iff there exist paths pathc,),

For the derivation of constraints on the product mOde',patf(r,Cz) and there does not exist a component typ,e

we introduce the macraavpath as an abbreviation for a wherer ' is a part® of r with paths pattr’,c,), pathr’,c,).m
navigation expression over roles. For the definition of nav-

path the UML configuration model can be interpreted as a When regarding the example configuration model of Fig-
directed graph, where component types are represented bye 1, MB is the nearest common root of CPU and Video-

vertices and part-whole relationships are represented bgard. Note that the component type Computer is not a nearest
edges. common root of CPU and Videocard but it is the nearest

common root of CPU1 and IDEUn(see Fig. 3.

DEFINITION 6 (navigation expression Let pathc,,c,)
be a path from a component typgto a component type,
in GREP represented through a sequence of expressions%
the form haspafC;,C;, Name;) denoting a direct partof A requiresconstraint between two component typesand
relationship between the component ty@@sandC;. Fur- ¢, in GREP denotes the fact that the existence of an in-
thermore, Namg, represents the name of the correspond-stance of component typg requires an instance of com-
ing haspart role. Such a path in GREP is represented as ponent typec, in the Same{subconﬁguration_

£2. Requirement constraints

path(cy, ¢,) = (haspartcy, c2,namey), RULE 4 (requirement constraints Given the relationship
h t name,) ¢, requires ¢ between the component typesandc, in
aspancz, G, Nameg), ..., GREP withr as the nearest common root@fandc,, then

haspartc,_1,C,,name,_1)).
partcn-. &n-)) e DDy, is extended byr: ((not(navpattir,c,))) or

Based on the definition of path,,c,) we can define the (navpattir, c,))).
macro navpatfc,,c,) as e DD, ogisextended by X:r(X) — ((navpatlr,c,)) —
(navpathir,c,))). ]

°In Figure 3 the component type Computer is the unique common root
of IDEUnit and CPU1. 1%n this context partof is assumed to be transitive.
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<<Component>>
~. Computer o

1 1 navpath(Computer, CPU1)
navpath(Computer, IDEUnit)y  1..6 1.2

<<Component>> <<Component>>
HDUnit MB
1 \
1.2
v
<<Component>> <<Component>> <<Component>>
IDEUnit SCSIUnit CPU
clockrate : 300..500

T

<<Component>> <<Component>>
CPU2 CPU1
clockrate : 500 clockrate : 300

Fig. 3. The navigation paths from Computer to CPU1 and IDEUnit.

The condition part of the inner implication is a path from  ExampLE 11a(SCSIUnit incompatible with MBJL
the nearest common root to the componeptthe conse-

quent is a path to the required component Computer:(not ((slot-constraint

hdunit-of-computer has-value SCSIUnénd
ExampLE 10a(IDEUnNiIt requires MBJ. (slot-constraint mb-of-computer has-value MB1 m

Computer{((not (slot-constrainhdunit-of-computehas- ExampLE 11b (SCSIUnit incompatible with MBL

valuelDEUnit)) or

i VX: ComputefX) — ((3Y; : hdunit-of-computefYy, X) O
(slot-constraintmb-of-computerhas-

value MBD). . SCSIUNitY,)) O
3Y, : mb-of-compute(Y,, X) OMBL1(Y,)) — false. [
ExampLE 10b (IDEUnIt requires MBJ. (3Y2 pute(¥z. X) (¥2) ®
VX: ComputefX) — ((3Y; : hdunit-of-computefY;, X) O 4.4. Resource constraints
IDEUNIt(Y;)) — In order to introduce resource constraints, additional expres-
(3Y,: mb-of-computefY,, X) TMB1(Y,))). m  Sivity requirements must be fulfilled. This issue will be

discussed in Section 5.

4.3. Incompatibility constraints

: I . 4.5. Port connections
An incompatibility constraint between a set of component

typesc = {c,, C,,...,C,} in GREP denotes the fact that the Ports in the UML configuration moddkee Fig. 4 repre-
existence of a tuple of instances corresponding to the typesent physical connection points between compon@nts,
in cis not allowed in a final configuratiofresuld. a Videocard can be connected to a Screen using the port
combinationvideoport, andscreenpors). In UML we in-
troduce ports using classes with stereotippet; these ports
are connected to component types using relationships.
In order to represent port connections in OIL, we intro-
duce them via a separate concept Pbithe rolecompnt
e DD, is extended by indicates the component concept that the port belongs to,
r:(not((navpatfir, c,)) and(navpatfir,c,)) and- - - and  the roleportnamedetermines its name, and the raenn
(navpatfir, c,)))).

DD is extended b
* XITOGX Y 0 0 11Note that in OIL there are only predicates with arity 1 or 2 available.
VX:r(X) — ((navpatlr,c,)) O(navpatlr,c,)) O - - - Therefore, the representation of port connections must be realized by the

O (navpattir,c,)) — false. n definition of additional concepts.

RULE 5 (incompatibility constraints Given an incom-
patibility constraint between a set of component types
{c1,C5,...,C,} INn GREP withr as the nearest common root
of {c;,c,,...,Cy}, then




42 A. Felfernig et al.

<<Component>> <<Components> ExampLE 12a(Videocardconnected tdcreen.
q---1 " Videocard Screen ..
b class-debideoportsubclass-oPort.
]
1 class-defscreenportsubclass-oPort.
-.-Ma . . . .
2 4 2 4---e- mb videoport slot-constrainportnamecardinality 1 one-of
<<Port>> | <<Port>> (videoport, videoport,).
videoport screenport . . . T
pa---¥ P 1.1 0‘.1 P *--pb videoport slot-constraintonnmin-cardinality Oscreen
ol S port.
Ibg, ubj, P UPpa videoport slot-constraintonnmax-cardinality lscreen

Fig. 4. The ports in the configuration model. port.

videoport slot-constraintonnvalue-typescreenport

describes the relation to the counterpart port concept of the vid€0port slot-constraintcompntcardinality 1Video
connected component. card.
screenportslot-constrainportnamecardinality 1(one-of

RULE 6 (port connections Let {a, b} be component
screenport screenpory).

types in GREP{ pa, pb} be the corresponding connected
port types{m,, m,} be the multiplicities of the port types  screenport slot-constraintconn min-cardinality 1

with respect tofa, b},** and{{lb,,, ub,.}, {Ib,p, Ib,,}} be videoport
the lower and upper bounds of the multiplicities of the port screenport slot-constraintconn max-cardinality 1
types with respect topa, pb}, then videoport

e DDy, is extended by screenportslot-constraintonnvalue-typevideoport

class-defpa subclass-oPort.

screenport slot-constraintompntcardinality 1Screen
class-defpb subclass-oPort.

]
pa: slot-constrainportnamecardinality 1(one-ofpa;

T ExampPLE 12b (Videocard connected to Screen

pa: slot-constraintonnmin-cardinality 1, pb. _

pa: slot-constraintonnmax-cardinality up, pb. VX:videopor{X) — (3Y: portnameX,Y) O

pa: slot-constraintonnvalue-typepb. (Y = videoport OY = videoport)).
pa slot-constra!nt:ompntcardlnf_;lllty_ la. Vv X:videopor{ X) — (33 Y:conn(X,Y) OscreenportY)).
pb: slot-constrainportnamecardinality 1(one-ofpb;

o+ pByy). VX,Y:videoport X) Oconn(X,Y) — screenportY).

pb: slot-constraintonnmin-cardinality 1, pa. Vv X:videoportX) — (31Y : compntX,Y) OVideocardY)).

pb: slot-constraintonnmax-cardinality u, pa.
ph: slot-constraintonnvalue-typepa.
ph: slot-constraintompntcardinality 1b.

VX:screenportX) — (3Y: portnaméX,Y) O
(Y = screenportdY = screenpor)).

e DD, ¢ is extended by Vv X:screenpoitX) — (31Y:conn(X,Y) Ovideopor(Y)).
VX: pa(X) = (3Y: portnaméX,y) O VX,Y:screenportX) Oconn(X,Y) — videopor{Y).
(Y=pay,0--- 0Y=pam). VX:screenportX) — (31Y:compntX,Y) OScreertY)). m
VX:pa(X) — (Figk=Y:conn(X,Y) Oph(Y)). Using the port connection structure defined above, the
VX, Y:pa(X) Oconn(X,Y) = pb(Y). constraint “a Videocard must be connected via videoport
VX:pa(X) = (31Y: compntX,Y) da(Y)). with a Screen via screenpgttcan be written as follows.
VX:pb(X) — (3Y: portnaméX,Y) O ExampLE 13a.

(Y=rpb, 0...0Y = pbyp)).
VX:pb(X) = (Y :conn(X,Y) Dpa(Y)).

VX, Y:pb(X) Oconn(X,Y) — pa(Y).
VX:pb(X) = (31Y:compntX,Y) Ob(Y)). [

Videocard (slot-constraint videoportof-videocard
has-value

((slot-constrainportnamehas-valugone-ofvideoport,))
and

(slot-constraintconn has-valug((slot-constraintcompnt

2| this context no differentiation between lower and upper bound is has-valueScreen and

needed because the number of ports of a component is exactly known .
beforehand. (slot-constraint portname has-value (one-of

13| this contexipa, denotes onga port. screenport)))))). [ ]
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ExampLE 13b. tions is based on the formalism presented in Baader and
Sattler(1998, where a set of predicatésassociated with

VX: Videocard X) — (3Y; : videoport-of-videocargly, X) 0 binary relations(e.g., =, =, <, >) over a value domain

(3Y,: portnaméY,, Y,) (Y, = videoport)) 0 dom(D) _and a set of aggrggation functions &g (e.g.,

v, v O count,min,max,supare defined. Let) be the path leading
(3¥5:c0nn(Yy, ¥s) from the nearest common root to the concept whose fea-
(3Y,:compntYs,Y,) O ScreertY,)) O tures are aggregated. Then the definitions of Baader and
(3Ys: portnameéYs, Ys) Sattler(1998 require that all but the last one of the roles in
¢ must be features, that is, functional relatiqsse Sec-

(Ys = screenpor)))). "  tion 3). Note that for our navpath expressions functional
restrictions are also required.
5. ANALYSIS RULE 7 (resource constraintsLet p = {p;, Ps,...,Pn}

e producing component types aad- {c;,C,,...,Cy,} be
nsuming component types of resouresin GREP. Fur-
ermore, let resbe a feature common to all component

es inp, and reg be a feature common to the typesdan

Although the basic frame structure and formal basis ogg
description logics based languages makes them one Q
the natural choices for configuration representation, cer;

tain demands on expressiveness must be met. This secti%ﬁere the values of rgand res are defined by the tagged

deals with the functions that are not currently expressible{,alues of the consumes and produces dependencies in GREP.
in OIL and therefore require extensions to the language: Using the notation of Baader and Sattld998, a re-

aggregation functions and built-in predicates, representas ..« constraint for D can be expressed as
tion of resources, structural properties amdry relation-

ships, and the possible incorporation of specific assertional
languages. These will be considered in the following r:P(rir} - ri D (rtores),réré .. r2_; > (r3ores)),
subsections.

wherer represents the nearest common root of the elements
5.1. Aggregation functions and built-in predicates in candp, Pis a binary relation, anet r{,rz,...,r3 >, <

_ rZ,r2,...,r2 > represent navigation paths fromto the
The current versions of Oll(Fensel et al., 2004 and  glements ob andc.

DAML +OIL (VanHarmelen et al., 2001do not support A yesource constraint for DRy can be expressed as

aggregation functionge.g., sum or avgwhich are funda-

mental representation concepts frequently used in the con-

figuration domain. Baader and Sattlet998 provided ' (R) allconsumeréR, Consumer[]

concrete domains and aggregation functions over them as

extensions to the basic description logiC. In addition

to aggregation functions, built-in predicates must be al- > V= > ,

lowed in order to support comparisons on the results of sSconsumeires(sV) - teproducerres,(t W)W

aggregation functions as well as on local features. In con-

figuration knowledge representation aggregation functionsvhereP is set to= in this case.

are used for designing resource constraints enforcing the The predicateallconsumersndallproducersdefine sets

balance between produced and consumed resources.  of all objects that appear as role fillers at the end of a nav-
Resource constraints can be modeled in UML using steigation path and ar@espectively either consumers or pro-

reotyped classes representing types of resources and sterehtcers. We use normal set notatigtella et al., 2001 to

typed dependencies with a corresponding tagged valuexpress the grouping.

indicating resource production and consumpfee Fig. L

allproducer$R, Producer —

Resource balancing tasksleinrich & Jingst, 1991are e allconsumersR, {Consume}) <« navpath(R,

defined within a(subtree (contex} of the configuration Consumer;, c,) O - - - Onavpath(R,Consumer;, c,,,).

model. To map a resource balancing task into DD, addi- e allproducer$R, {Produce}) < navpath(R, Producer,
tional attributegres, and regin the following) have to be r,p,) O--- Onavpath(R, Producen;, p,,).

defined for the component types acting as producers and

consumers. In addition, we have to introduce aggregatiofn the context of resources we define the macro navpath
functions as representation concepts, which are currentlgX,, X,,,c;,c,) as

supported neither in OIL nor DAMiOIL. However, pro- cl(X;) O name,(X,, X;) O name,(X5, X,) O ... O
posals existBaader & Sattler, 19980 extend description name,,_,(X,, X,_1) 0c,(X,), where namg represents a
logics by concepts that allow the modeling of such resourcdaspart role in the path from the component tgpt com-
constructs. The following representation of aggregation funcponent typec,,. [
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ExaMpLE 14a(capacity needed bgoftware= capacity
provided byHDUnit).

DTPSoftwareslot-constrain€apacitycardinality 1(equal
50).

Textedit slot-constrain€apacitycardinality 1(equal 100.

SCSIUnit slot-constraintCapacity cardinality 1 (equal
20000.

IDEUnNIt: slot-constraintCapacity cardinality 1 (equal
10000.

Computer : lessedsum(swof-computere Capacity),

sum(hdunitof-computer Capacity). [ ]
ExampLE 14b (needed Software capacitg HDUnit
CapaCII)). Fig. 5. The cable connections of a Siemens EWSD telecommunication
system.

ComputefR) Oallconsumer&R, Consumer [

allproducers$R, Producer —
s€ConsumerCapacitys,V) domains where structural knowledge must be expressed,
V= D _ knowledge representation must support the formulation of
tEProducerCapacityt, W)W these properties.
allconsumeréR, {Consume}) «-ComputefR) [
sw-of-computefConsumerR) O Textedi{Consumer [ 5.3. Decidability

ComputefR) 0 sw-of-computefConsumerR) [ ) . .
Happily, most of the required means of expression are al-

DTPSoftwar¢Consumey. ready available in the description logic designer’s toolbox;
allproducer¢R, {Produce}) <~ Compute(R) [ however, the degree of expressivity required also leads to
hdunit-of-computeProducerR) 0 SCSIUnitProducey [ problems with respect to decidability of basic properties
ComputefR) O hdunit-of-compute(ProducerR) O such as satisfiability or subsumptidBaader & Sattler,

IDEUnit(Producer.m  1998. State of the art configurators achieve decidability by
putting a predefined limit on the number of individuals and
allowing only finite domains of values for featuréson-
straint variables Furthermore, only fixed concept hierar-

Because trivial structural conditions lead to definitional over-chies are allowedas part catalogs are typically considered

head in DAML+OIL (e.g., when defining restrictions on unchangeab)ewhich reduces the importance of subsump-

port connections additional concepts must be provided tion versus that of A-Boxassertion box, i.e., instance leyel
allowing the definition of roles with arity greater than 2. In reasoning.

effect, this would result in the definition of a separate con- From a practical point of view, the systems occurring in

straint language or a relational language permitting arbi€onfiguration domaingsuch as telecom systems, railway

trary n-ary relations and disjuncts of positive literals,g.,  safety systems, efcare designed to be understo@ahd,

to express alternative poitlso, the description of more theoretically, configuredby human experts. The language

complex structural properties would be supported by perthese human experts use to describe the configuration con-

mitting the usage of variabléédmmerman, 1982; Cai et al., straints and to exchange knowledge is far more expressive

1989; Schroder et al., 1996 than decidability considerations would allow. In the config-

The utility of knowledge-based configurators in someuration process, simple heuristics are used to guide the con-
domains crucially depends on the ability to configure struc-struction process of a configuration. It is interesting that the
tural (topologica) properties such as the connecting of configuration knowledge allows a quick conclusion as to
components by cablgsee Fig. 5 for an exampleln fact,  whether a customer request can be fulfilled. In the rare
the configuration of the cable connections is one of thecases where it is not easily decidable, organizations tend
most difficult parts in a configuration proceés.g., when toward default decision®.g., if we are not sure that a valid
configuring telecommunication switches; Fleischanderlconfiguration is possible, we just refuse the customer re-
et al.,, 1998. It is exactly at this stage that successful quesj. COCOS(Fleischanderl et al., 199&nd almost any
knowledge-based configuration has to show its advantagpractical applications of configurators crucially depend on
over traditional procedural configuration systems. In orderthe application of search heuristics. Relating this to our
to truly gain advantage over conventional approaches imoncepts, it must be possible to guide the model search

5.2. Complex structural properties
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Fig. 6. The overall CAWICOMS architecture.

process and even to stop this process if certain thresholdhange. The knowledge acquisition component has been
are exceeded. Such heuristics include orderings about theiccessfully tested using the scenario of distributed virtual
types of individuals(e.g., which type a newly generated private network VPN) configuration(see Section 6)3
individual should takgor about assignments of values to

features and filling of roles. These types of heuristics have i

proved quite sufficient and highly effective in the configu- 8-1- Architecture

ration of such large-scale systems as the EW8Migital g gyerall architecture of the CAWICOM@\rdissono
switching system, Siemepsvhich can comprise more than ¢ 5 2003 environment is shown in Figure 6. The central

100 racks, 1,000 frames, 30,000 modules, and 10,000 cablegymponent of this architecture is the CAWICOMS Config-

uration Server, which is responsible for the integration of
6. THE CAWICOMS ENVIRONMENT remote configuration system{also product catalogsthe
coordination of a distributed configuration process, and the
When selling complex products and services over the welpersonalized presentation of the configuration results to the
the shortcomings of current configuration technology be-customer. In this context the CAWICOMS Frontend pro-
come obvious. Web-based commerce places additional reddes personalization functionality and the CAWICOMS
quirements on the interaction with configuration systemsBackend provides distributed problem solving functional-
customers with different needs, skill levels, or organiza-ity. The configuration server has an interface to underlying
tional backgrounds interact with the system. Therefore, inB2B/ERP Platforms, which allows it to forward the result
terfaces must be provided that dynamically adapt to thef a configuration session to subsequent proce$ses,
needs of the custome(se., apersonalizegresentation of procurement transactions
the configurable product is needednother shortcoming
of current configuration technology concerns the coopera-
tion between separate configurators. There is no central poif:2- Knowledge acquisition

of knowledge, andthereforeasingle—configuratorapproaclq.he concepts presented in this paper are implemented in

is not appropriate(see the application scenario in Sec- o - AWICOMS Knowledge Acquisition Component. This

;[(lon 6|33 Indgtzqglotndto tht?l dlstrlblu'non of conflghuratlc?[n workbench enables distributed configuration processes by
bnowe get, ';.” u% prto e”m sc{{%/|n@rc:ce;sstgs afve ? supporting standardized configuration knowledge base de-
€ supported in order to allow the calcuiation of So u'velopment and interchange between different configuration

tions for distributed configuration tasks. In order to addressenvironmentS' knowledge interchange is supported in YML

Ejhe srortc(jomiqg? of::urrtent cfonfiﬁuratiorl_systefms,t\)/vs hav xtensible Markup Languag@JML /XML; OMG, 1999
eveloped an inrastructure for the creation of web-baseq, OIL (Fensel et al., 2001 using the OIIEd ontology

user-adaptive configuration systems that can perform d'séditor presented in Bechhofer et 42007). Constraints

tributed configuration of products and services by interact—On the product structure can be modeled by directly anno-
ing with remote suppliers. This infrastructure is a resulttating the UML configuration model; this functionality is
of the IST research project CAWICOMS. The concepts rovided by a Configuration Add-ir; for the CASE tool
presented in this paper are the basis for the CAWICOMSs ii0na) Rosé? Based on the interchange of functional
Knowledge Acquisition Componeiisee Section 6)20IL

representations can be generated from a UML configura-
tion model and be used for configuration knowledge inter- *4See www.rational.com.




46 A. Felfernig et al.

architectures(Mittal & Frayman, 1989 of configurable tion corresponds to a deductive closure starting from object
products, a distributed configuration process can be starteidstances and reaching a fix point. These deductions com-
where distributed problem solving is based on standargute facts about objects such as concept membership or
distributed constraint satisfaction algorithrfesg., Yokoo role fillers. The configuration result does not describe a
et al., 1998; Silaghi et al., 2000The core reasoning mech- complete configuration in case of disjunctions or existen-
anism is implemented by extending a commercial domaintial quantification. As pointed out by Schroder et(@996),
independent configuration engifk.OG JConfiguratot®). unlike other description logic approaches, this required
These extensions were done without changing the cordefining concepts in terms of both necessary and suffi-
mechanisms of the configurator engine but only by usingcient terms. No new objects could be created. Compared
the built-in extensibility features. Note that the architec-to our definitions the approach of Owsnicki—KleWE988
ture of the knowledge acquisition component allows con-computes consistent configurations, Hdepending on
figuration knowledge base design for different configurationthe formulation of the knowledge baseis not guaranteed
environments. The precondition for this is the provision ofthat these configurations are valid because they may be
the corresponding translation routines. incomplete.
The best known description logic based configuration

o _ system is the PROSE system used by AT&@McGuinness

6.3. Application scenario & Wright, 1998. PROSE used a knowledge management

One of the guiding application scenarios for the CAw|-and reasoning system based on the tractable description
COMS project is the distributed configuration of VPNs. A 09i¢ CLASSIC for checking the consistency of configura-
VPN is an extension of an enterprise’s private network thafion solutions and to perform deductions. Configurations
provides network services based on a public network infraVere computedexpandedl using a forward chaining pro-
structure such as the Internet. A secure communication erfuction rule interpreter as also described by Weit96.
vironment can be provided for defined communities of oM the view of our definitional framework, PROSE
interest. The major advantage of such networks is that n§earches for consistent solutions where a completeness check
expensive maintenance for company-wide area networks i§&" be achieved by closing roles. Note that CLASSIC does
necessary. The infrastructure for VPNs is provided by spel©t apply the closed world assumption. _
cialized solution providers who offer different subcompo- When configuring, many deductions are drawn which
nents(services for the VPN(e.g., telephony services, leased &€ not_ relevant for qlescrlbm_g conﬂg_urahons. This was
lines, firewalls, or computefs These subcomponents are solved in PROSE by filters which restrict the output of the
integrated by reselleréntegrated solution providerswho configuration process to the relevant deductions. This filter
subsequently offer complete VPN solutions to their customMechanism is achieved in our approach by defining the
ers. In many cases the subcomponents from specialized skelevant concepts and roles needed to describe solutions to
lutions providers are configurablée., the integration of & configuration problem. An approach similar to PROSE

such a set of components into a complete VPN solution calt@S followed in the system developed by Weid#96),
be interpreted as a distributed configuration jagksing which directly incorporated the so-calletbsed terminol-

the CAWICOMS Knowledge Acquisition Component, re- ©9Y @ssumptiofCTA). As in PROSE, the description logic
sellers can integrate functional product descriptiiogc- ~ '€@soner was used for consistency checking, with problem
tional architectures, Mittal & Frayman, 198%nto an speqﬂc reasoning components producmg the actual config-
integrated configuration model. This integrated model isuration. The CTAmeans that, as in C&8e belowor most

the basis for the CAWICOMS Configuration Server, which Non-description logic configuration systems, the set of con-
starts a distributed configuration process and tries to calc£€PtS and the subsumption hierarchy were assumed to be

late a solution for the given distributed configuration task./*€d; the parts in a final solution have to belong to the
leaves in the concept hierarchy, which represent concrete

types. The CTA limits the concepts an individual can in-

7. RELATED WORK stantiate. Roughly speaking, an individdelg., a particu-
o _ lar component of a configuratigns only accepted to be
7.1. Description logic based approaches part of a configuration if it can be monotonically extended

49 match an explicitly definedconcrete concept. For ex-
ample, if we learn from a component that its color is red but
our domain knowledge base is ignorant about colors, then
this component cannot be part of any configuration. The
closed terminology assumption adds implicit additional con-
straints to a knowledge base. In order to achieve the same
effect, we need additional constraints in our framework to
exclude such components from valid configurations. We
15See www.ilog.com. argue that both approachémpen vs. closed terminologies

In the past, a number of authors have suggested gene
description logic based frameworks for configuration. First
among these was the work by Owsnicki—KlewE988),

which used a KL-ONE like language for automatically de-
termining the most specific concept for each entity in a
(fixed) configuration structure. The result of a configura-
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have their advantages, depending on the application dawould be valid in our case. The reason why we are more
main. Note that this is closely related to the distinctionliberal is based on practical observations. For example, in
made in the diagnosis community between the consistencythe telecommunications domain it is common practice to
based and the abductive-based approaches; that is, one hakl components to a configuration that are not necessary in
to decide whether diagnoses that do not explain all obsetthe current situation but might be necessary in a next ex-
vations should be ruled out or not. A further aspect of suctpansion step. Such configurations would not be accepted
assumptions concerns the exchange of knowledge basamder stable model semantics because of the unjustified
The content of the knowledge base depends on the semacemponents, and explicit justifications would have to be
tics and assumptions of the underlying reasoning systenentered into the knowledge base.
Consequently, the exchange of knowledge bases eventually One of the most prominent methods to solve configura-
needs a transformation, if we submit a knowledge base writtion problems is to apply constraint-based reasoning and its
ten under the closed terminology assumption to a reasoningariants, such as dynamic and generative constraint satis-
system employing open terminologies. faction (e.g., Mittal & Frayman, 1989; Mittal & Falken-
Generally, the most formally refined of the description hainer, 1990; Heinrich & Jingst, 1991; Fleischanderl et al.,
logic approaches was the CPS approach that used a sort&@898; Mailharro, 199Bjust to name some examples of the
feature logic to provide a formal model for configuration vast number of applications. In constraint satisfaction we
tasks(Klein et al., 1994; Buchheit et al., 199%Configura-  are searching for an assignment to all variables in order to
tion is defined as an abductive task using a domain-specifisatisfy all constraints. This corresponds to our consistency-
implication operator that provides a mod&based orC F based definition of a configuration problem, where the con-
3.S,C Fp |, whereD is the definitional knowledgeC is  figuration result is described by the set of variables and
the configuration3.Sis the existential closure of the spec- their assignments. Completeness of the configuration is au-
ification S; | is a set of integrity constraints; ar&land | tomatically achieved in the case where the set of all vari-
hold in the extensior€ of C, which is defined byD. As  ables is known to be static because all variables receive a
most logic-based configuration approaciesy., systems value assignment. Note that dynamic CSPs can be trans-
based on constraint satisfaction formaligrmsd all config- formed to static ones. Generative constraint satisfaction is
uration solvers in industrial use known to the authors use different insofar that the number of variables is not known
consistency-based approach, we have taken that routaitially. However, the solution described in Stumptner et al.
instead. (1998 assures that the configuration is valid by checking
Finally, Schréder et al(1996 used a description logic that all attributes are assigned and no additional compo-
based approach for a theoretical analysis of the the wellnents and connections exist. Likewise, the resource-based
known PLAKON/KONWERK configurator(Cunis et al., (Heinrich & Jingst, 199lapproach fits our definitions nicely
1989; Ginther & Cunis, 1992; Glnther, 19%hd its ex- because in this paradigm we are searching for a set of re-
pressive means. The language defined for this study wasources such that all resource constraints are satisfied.
designed to possess as many properties as possible of theThe goal of Aldanondo et a{2000 is to propose a set of
original heterogeneous PLAKOMONWERK representa- modeling concepts enabling a noncomputer specialist to
tion (including explicit cover axioms that fixed the concept describe generic configuration models. Based on a set of
hierarchy and guaranteed disjunction between congeptsrequirements stemming from different classes of configu-
We found that a large amount of the expressiveness couldation problems a set of modeling concepts is presented
be captured, although not dPLAKON/KONWERK did,  which is based on the dynamic CSP approébtfittal &
for example, support arbitrarnyary constraints Our view  Falkenhainer, 1990This approach to configuration knowl-
of the configuration problem and its solution is compatibleedge representation has its advantages when modeling con-
with this approach. figuration problems for dynamic CSP solving. Compared to
the approach presented in this paper, the problem of repre-
senting configuration knowledge on a more abstract level is
solved by providing graphical representations for problem
In parallel to the description logic based work, a number ofvariables. In Ramachandran and GiP99 the EXPECT
other approaches were recently developed to provide broa@wartout & Gil, 1993 approach for knowledge acquisi-
coverage of configuration domains with different properties.tion is applied to the configuration domain. The EXPECT
The approach of Simons et 42002 is based on stable configuration knowledge acquisition approach is based on
model semantics. As a consequence, unjustified compaoa proprietary representation, whereas the approach pre-
nents in a configuration solution are excluded. More for-sented in this paper supports knowledge acquisition and
mally speaking, some of the logical models of a set ofknowledge interchange on the basis of a common founda-
sentences are not accepted if the stable model property t®n for configuration knowledge representation; the use of
not fulfilled. Compared to our approach, such an approactUML as the configuration knowledge representation lan-
of restricting the set of allowed modelsne can also think guage permits the integration of configuration technology
of minimal model semantigsrejects configurations that into industrial software development processes. Smith et al.

7.2. Other approaches
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(1988 present an approach based on the idea of configurasf component can occur repeatedly but the topology of the

tion knowledge representation using dependency diagramsonnections plays a role

These diagrams depict the dependencies between differentWithin the Semantic Web community there are ongoing

parameters of the configurable product. The graphical noefforts to increase the expressiveness of web ontology lan-

tation is used as the communication basis between the dguuages. DAML-L(Mcllraith et al., 2001 is a language that

main expert and the knowledge engineer but does not allowuilds on the basic concepts of DAML. XML Rulé€Srosof,

the automated derivation of configuration knowledge bases2001) and CIF(i.e., Constraint Interchange Format; Gray
The definition of a common representation language tcet al., 2001 are similar approaches with the goal to provide

support knowledge interchange between and integration aule languages for the Semantic Web.

different knowledge-based systems is an important issue in Solutions already exist for the integration of product

the configuration domain. In Soininen et &lL998 one catalogs within marketplace environmeriensel et al.,

approach to collect relevant concepts for modeling config2001a). The basic approach is to provide a standard repre-

uration knowledge bases is presented. The defined ontokentation language and to provide a set of transformation

ogy is based on Ontolingu&ruber, 1992and represents a concepts for integrating proprietary product representa-

synthesis of resource-based, function-based, connectiotions. However, standard representation languages for sim-

based, and structure-based configuration approaches. Thi¢e products do not consider the basic properties of

ontology is a kind of metaontology that is similar to the configurable products; exactly these properties were dis-

UML profile for configuration models presented in this pa- cussed in this paper and corresponding solutions for the

per. Conforming to the definition of Chandrasekaran et alintegration of configurable products and services have been

(1999, a UML configuration model is an ontology, that is, developed in the CAWICOMS projec¢iArdissono et al.,

it restricts the sort of objects relevant for the domain and2001).

defines the possible properties of objects and the relation-

ships between objects. Felfernig et @000a) present an g, CONCLUSION

approach to automatically translate UML configuration mod-In this paper we have shown how to apply Semantic Web

els into a corresponding consistency-based definition of %ntolo lanauaces for confiquration knowledae represen-
configuration problem. The work presented in this paper i gy languag 9 9 b

an extension of the work of Felfernig et &000a) in the Statlon. We have given a description logic based definition

sense that a joint foundation for the representation of CO”\(})\;ts ggr?gguéigfnn i:)onbsliz Enin?bzgg:jvge:;; iggﬁéviecngf_
figuration problems is established by giving a description ponding co y . o
sequence of this equivalence is that configuration prob-

logic based definition of a configuration problem and show- . o ;
. : L : . lems represented in standard description lodio$L or
ing the equivalence to existing consistency-based defini- ) ;
) : DAML +OIL or Borgida, 1996can be transformed into con-
tions (Felfernig et al., 2000).

The work of Cranefield2001) shows some similarities figuration problems represented in predicate lagigadic

to the work presented in this paper. Starting with a UMl_predicate logic with counting quantifiers and at most three

L . ._free variables in each subformuland vice versa. Conse-
ontology (which is basically represented as a class dia-

. ueuently, we provide a common foundation that enables joint
gram corresponding Java classes and RDF documents Alsearch activities and exploration of results. With respect to
generated. The work presented in this paper goes one st P ' b

e . )
further by providing a UML profile for the configuration o%gomg efforts to extend DAMEOIL, our paper contrib-

domain and a set of translation rules allowing the automaucl:ﬂes aset of criteria that must be_ fulﬂll«_ad inorder to use such
S . : a language for full-fledged configuration knowledge repre-
derivation of executable configuration knowledge bases. We .
. Sentation. It follows that DAMI+-OIL and OIL must be ex-

show the correspondence between Semantic Web ontolo

languages and UML on the object level, as well as on the nded in ordgr o cover requm_ements mposedjb)facto
Standard configuration ontologies. By using UML for con-

constraint level, where a set of domain-specific constraints. . . .
) . . ._Tiguration knowledge representation, we support effective
(e.g., requiresare introduced as stereotypes in the config- . X : . .
sharing and integration of configuration knowledge on a

uration profile. For these constraints we present the Corre-ra hical level which has become one of the maior issues
sponding representation in OIL. grap ’ !

Most of the required means for expressing configurationm the context of distributed configuration problem solving.

knowledge are already provided by current versions of se-

mantic web knowledge representation languages. Howeve’ﬁ‘cKNOW'-EDGME'\ITS

in order to provide full-fledged configuration knowledge We thank the reviewers for their suggestions that certainly im-
representation, certain additional means of expression mugtoved this paper.

be provided in terms of new operators or relaxed restric-

tions on the language, as discussed in Section 5. Final\REFERENCES
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