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Mass Customization
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Abstract— The effective integration of configuration sys- production processes [1], [3], [4], on the other hand,
tem development with industrial software development systems supporting the management of highly variant
is crucial for a successful implementation of a Mass products and services [5], [6], [7], [8]. Focusing on

Customization strategy. On the one hand, configuration e second aspect, configuration systems (configurators)
knowledge bases must be easy to develop and maintain . . .

_ _ support the design of customizable products following
due to continuously changing product assortments. On the

other hand, flexible integrations into existing enterprise a building blocks principle where basic parts can be
applications, e-marketplaces and different facets of sugp configured into different sets of assemblies. Essential
chain settings must be supported. This paper shows how 9ains [9], [10], [11], [12] provided by configurators are,

the Model Driven Architecture (MDA) as an industrial ~for example, an increased level of sales force knowledge,
framework for model development and interchange can pre-informed customers (Web-based configurators), a re-
serve as a foundation for standardized configuration know- duction of sales force training costs, explicit knowledge

ledge representation, thus enabling knowledge sharing in ahoyt products formalized in an organizational memory,
heterogengous _environments. Using UML_/OCL as stan- ass routine work, reduced response times through au-
dard configuration knowledge representation languages, tomated check of customer requirements and reduced

the representation of configuration domain-specific mode- geli ) b i in th . q
ling concepts within MDA is shown and a formal semantics elivery times by avoiding errors in the quotation an

for these concepts is provided which allows a common order processing phase. Although configurators have
understanding and interpretation of configuration task Shown their applicability in various real-world applica-

descriptions. tions [9], [11], [12], [13], [14], [15] there exist additi@th
Keywords: Mass Customization, Knowledge-based Con- requirements related to the integration of configuration
figuration, Standardized Knowledge Representations. technologies into industrial software processes which
must be fulfilled in order to improve the applicability
l. INTRODUCTION and increase the acceptance of configurators.

In today's rapidly changing and globalizing mar- Standardized Interface€ach configuration environ-
kets the traditional Mass Production paradigm appean@nt has its own (proprietary) knowledge representation
anachronistic. Highly competitive markets are redefiningnguage. This makes the application and integration of
the way companies do business. In this context, Massch technologies demanding for software development
Customization [1], [2] appeared as a new paradigdepartments. Efforts are triggered by the development
representing the trend towards the production of hightnd maintenance of specific interfaces to the confi-
variant products under Mass Production time and pguration system [10], for example, for the export of
cing conditions. Key enablers for implementing a Massonfiguration results to an underlying ERP system or the
Customization strategy are, on the one hand, intelligantport of user profiles from a CRM system with the goal
manufacturing systems which allow the provision db support personalized configuration processes for the
customer-individual products on the basis of flexibleustomer [16]. As reported in [10], integration tasks can
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become too difficult with the result that purchased confsupporting the representation of non-configurable pro-
guration software has to be exchanged for an alternatiects exist, for example, RosettaNet, cXML or BizTalk
configurator. [18], [19]. These standards do not provide mechanisms

Reduced Development and Maintenance Effoftse for the representation of configurable products and ser-
development of configuration knowledge bases is covices [20]. STEP applications [21], [22] as industrial
ducted in cooperation between technical experts asthndards for the representation of configurable products
domain experts. The development of such knowledgee restricted to specific types of products (e.g., products
bases can be very expensive [10]. In this context, tie the automotive industry). They are very large and
application of industrial standard representations caardly provide real examples for product models which
ease knowledge base development and maintenance pmnetimes make the meaning of STEP concepts unclear
cesses since those representations are known by techri). Other standards for the representation of configur-
experts and in many cases also known by domain expeatse products are restricted in their expressiveness w.r.t
without a technical background. In this context, a majdhe underlying constraint representation, e.g., BMEcat
requirement for the applicability of standard representg20]. Therefore, standard representations are required
tions is a graphical modeling environment which makesghich provide easy to use modeling concepts and the
those representations accessible to domain expertseggressivity for designing configurable products as well
well [17]. as product catalogs.

Increased Customer Acceptand#ith the goal to re-  This paper shows how UML/OCL [24], [25], [26]
duce software development and maintenance costs, infag- Software Engineering modeling languages can be
mation system departments focus on standardization @mplied to configuration knowledge design and thus,
interoperability. In this context, configuration systems acontribute to an improved applicability of configuration
required to provide standard knowledge representatiehnologies. The major contributions of this paper are
formats. Such formats contribute to an improved flexhe following:
ibility of a company’s software infrastructure. For our « The representation of configurable products and
customers in the financial services domain, standardized services is shown using UML/OCL as standard
interfaces are a major decision criterion for incorpomgtin knowledge representation languages.

a configurator into the existing software environment. « The paper provides a formal basis for UML/OCL

Reusable Configuration Knowledg&esources re- modeling concepts. This formalization supports a
quired to develop and maintain configuration knowledge clear and common understanding of configuration
bases are substantial, see, e.g., [10], [11]. The implemen- task definitions.
tation of configuration knowledge bases is an iterativee The paper shows the integration of UML/OCL
development, maintenance and validation process. In based configuration models into the Model Driven
most cases the resulting knowledge base is encoded in Architecture (MDA) [27], [28], [29] which supports
the proprietary language of the underlying configura- model-based system interoperability.
tion system. This makes related investments extremelys Finally, experiences from applying UML/OCL in
vulnerable due to the fact that, for example, changing industrial projects are reported.
requirements on the configurator application could ledthe remainder of the paper is organized as follows:
to the need of having to change the whole configurati@ection Il gives an introduction to knowledge-based con-
environment [10]. In this case no support is available féiguration, the Model-Driven Architecture (MDA) and
transforming a knowledge base into the representationdfIL/OCL as MDA-related knowledge representation
the new environment. languages. Section Ill provides a formal semantics for

Standardized Knowledge Representatiddsezens of the modeling concepts of UML/OCL and shows the
competing (and partially incompatible) B2B frameworksepresentation of typical configuration domain-specific
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types of constraints, using UML/OCL. Section IV showsf-materials are major tasks to be supported by a configu-
the integration of UML/OCL into MDA. Section V rator [33]. Configuration knowledge bases are generally
presents our configuration knowledge base developmentlt using proprietary languages (see, e.g., [14], [34],
environment. Finally, Section VI presents experiencg35]). In most cases knowledge bases are developed
related to the application of standard configuration knowy technical experts who elicit product, marketing and

ledge representations in industrial settings. sales knowledge from domain experts. Configuration
knowledge bases consist of a formal description of the
Il. BACKGROUND product structure and additional constraints restricting

Knowledge-based ConfigurationkKnowledge-based the possible combinations of different components of
configuration has a long history as an application aréze product structure. Configurators are considered as
of Artificial Intelligence, see, for example, [9], [11],toolkits for open innovation, i.e., tools supporting cus-
[12], [13], [14], [15]. Informally, configuration can betomers in the product identification phase [33], where
seen as a special case of design activity [30], where ttigstomers are innovators articulating their (potentjally
artifact being configured is assembled from instancesgw requirements leading to new innovative product
a fixed set of well-defined component types which cawlutions [33], [36]. Mass Confusion [37] which denotes
be composed conforming to a set of constraints. Suttte overwhelming of customers by a large number of
constraints represent technical restrictions, resbnsti possible solution alternatives (choices), is a phenomenon
related to economic factors and restrictions accordingwdich often comes with the application of configurators.
production processes (see, e.g., Fig. 3). The result offlais motivated the development of personalized confi-
configuration process is a concrete product configuratiguration applications taking into account a customer’s
i.e.,, a list of instances and (if needed) connectiok®iowledge, wishes and needs [16].
between those instances. Examples for product config-
urations are descriptions of concrete computers to be

dell d Fiq. 4 folio off i Model Driven ArchitectureThe Model Driven Archi-
elivered (see, e.g., Fig. 4) or portfolio offers consigtin .
, _( .g .g- yorp ) _ 9 tecture (MDA) [27], [28], [29] is the result of standard-
of financial services fitting to the wishes and financial . .
o _ization efforts of the Object Management Group (OMG -
restrictions of a customer (e.g., a concrete combina- : .
www.omg.org). The focus of MDA is the provision of an

tion of loan and corresponding risk insurance). Industrx . . . o
_ _ _ integrated architecture supporting system interopetgabil

demonstrates high demand for configuration systems. L .
on the application level based on the sharing of metadata.

Examples of applications are, e.g., the automotive indus- . .
P PP g 'Ishe overall strategy for sharing and understanding meta-

try [13], the telecommunication industry [11], the com- . -
) _ data consists of the automated development, publishing,

puter industry [9], [31] or power electric transformers -
, _ and management of models [29]. The long-term vision

[12]. Starting with rule-based systems such as R1/XCON . o .
for MDA includes applications capable of automatic

9], model-based knowledge representations (in con- ) . L
[9] g _ P ( QISCOVGI‘Ing capabilities/properties of other applicasio
trast to rule-based representations) have been develok)/IeDd

] ] ] A can be defined as the implementation of model en-
which strictly separate domain knowledge from problem- . o .
i i o ineering principles around a set of OMG standards like
solving knowledge. Such a clear separation significan

_ _ _ _ ._.the Unified Modeling Language (UML) [24], [25] and
increases the effectiveness of configuration appllcatlor? . .
_ . the Object Constraint Language (OCL) [26]. UML/OCL
development and maintenance [11], [13], [14], [32] since _ .
are the most frequently applied modeling languages

changes in the domain knowledge do not effect search, .
within the context of the MDA.

strategies and vice versa. Core configuration, i.e., ggidin
the user and checking the consistency of user require-
ments with the knowledge base, solution presentationAn MDA-based process is related to the develop-

and translation of configuration results into detailed-bilment of models on different abstraction layers [38] (see
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Platform Platform different facets of distributed problem-solving scensrio
Independent ) Specific Source . . . )
e exctension el samslabion Code [16], [40]. In this case configuration models are pub
@uML/och)| (B |@UML/OCL) [ =) |Representation lished (exchanged) in order to provide external applica-
PIM PSM : : : '
(PIM) (@®SM) tions with an access to the provided set of configurable

products [16].
Fig. 1. Different abstraction levels of the Model Driven Aitecture UML Configuration ModelsUML is widely applied
(MDA). as modeling approach in industrial software development

projects. For presentation purposes a simplified UML
Fig. 1). First, a Platform Independent Model (PfM)configuration model (class diagram) of a personal com-
is designed on an implementation-independent abstrpg-[er Computeyj is introduced as a working example
tion level (specification of the functionality). UML/OCL (see Fig. 3). This model represents the generic product
models on this level are the basis for knowledge intestructure, i.e., all possible variants ofGomputer The
change between different platforms. Second, a PIM dgt of possible products is restricted by a set of OCL
extended with platform-specific properties which resulisonstraints which are related to technical restrictions,
in a Platform Specific Model (PSM). PSMs specify howconomic factors and restrictions according to the pro-
a particular functionality is implemented. Finally, a PSMjuction process. The modeling concepts provided in
is translated into the source code representation of th®IL are a basis for the design of a configuration
underlying platform. knowledge base. Such a knowledge base is modeled

Fig. 2 sketches the model-driven (MDA-based) inusing classes/attributes (e.BlDUnit/capacity, associa-

tegration of configuration environments based on thens (e.g., a motherboard) is part of aCompute},
exchange of product catalogs and configuration modefgiltiplicities which refine the definition of associations

(on the PIM level). (e.g., aComputerconsists of at least one motherboard
(MB) and at most two motherboards), and generalization
Configurator Configurator 1;‘;‘;‘;; hierarchies (e.g., @PU can be &CPUlor aCPU2). The
Supplier 1 Supplier 2 Supplier 3 set of possible configurations is restricted by additional
U, ol i constraints (e.g., atDEUnit requires a motherboard of
) imowledge sharing based on type MB1) which are represented as OCL invariafts.
. interchange of UML/OCL models . OCL Constraints Constraints are defined using OCL
o T ﬁ invariants which are expressed in the context of a certain
Enterprise . class (Fig. 3 includes three technical constraints defined
0o Configurator Marketplace .
“;E[I’)l;iﬁol“ Supglice 5 St in the context of the clas€ompute). Note that OCL

itself does not provide language elements which support
_ o ) the definition of classes, attributes, and relationships,
Fig. 2.  MDA-based application integration of product cats, | . .
configurators and electronic marketplaces. i.e., the structural model must be defined within a UML
class diagram. The relationship between a UML class
Such an architecture supports different applicatigiagram and OCL constraints is specified by assigning
scenarios ranging from the interchange of product caenstraints to a certain context class (in the simple
alogs [20] (e.g., suppliers publish their products in @onfiguration model of Fig. 3 all OCL constraints are
marketplace environment) and knowledge sharing [38§signed to the context cla€®mputej. Class attributes

to the interchange of knowledge bases as the basis iforthe UML configuration model can be accessed in

1A platform is defined as a set of technologies that provide aZ2Constraints are based on OCL 2.0 [26], the t&@L constraint
coherent set of functionality through interfaces and djetiusage is used synonymously with the tef®CL invariant(OCL expression
patterns [28]. of type Boolean).
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(self. HDUnit ->select(oclisTypeOf(IDEUNIt))-=size=0) implies
(self.MB -=select(ocllsTypeOf(MB1))-=size>0)
~

(self HDUnit -=select(oclisTypeOf(SCSIUnit))-=size>=0) and

c1: context Computer inv: c2: context Computer inv:
(self MB -=select(oclisTypeOf(MB1))-=size=0) implies false

1.12

Software HDUnit

capacity : 50..100 capacity : 10000..20000

M

DTPSoftware IDEUNit
capacity : 50.50 capacity : 10000..10000

Textedit SCSIUnit

capacity: 100..100

capacity : 20000..20000

Fig. 3.
constraints.

an OCL expression using the '’
OCL constraint imposed on a configurablBomputer

could state that anDEUnIt requires the inclusion of
a motherboard of typ&B1 (see constraint c1 in Fig.
3). OCL constraints are typically built of the following
language elements

operator. A typical

« Context: a context describes for which classes the
constraint has to hold, e.g., the constraint c1 has to

— —{(self. Software.capacity)->sum <=

¢3: context Computer inv: j

(self HD Unit.capacity)-=sum

Screen

12

CPU
clockrate : 300..500

=] 4 I

CPU1 CPU2
clockrate : 300..300| |clockrate : 500..500

Example model of a configurable computer defined as W\ks diagram (product structure) with a set of correspand@CL

voking set consisting of elements fulfilling the sub-
expression. In constraint c1 of Fig. BDUnits of
type IDEUNIt are selected, wherselfHDUnit is
the invoking set andelectoclisTypeOfIDEUniIt))

is the select expressidn.

Operationsize operates on sets resulting in the
number of elements in the set. In constraint c1 of
Fig. 3 the number ofDEUnNIt instances part of a

hold for all instances of the clasdomputer Computerinstance is returned.

Navigation expression: evaluating the expressione Logical operatoimplies operates on logical expres-
selfHDUnit results in a set oHDUnit instances sions. In constraint c1 the existence of I&EUnit
associated with an instance of the cl&smputer instance in the final configuration requires (implies)
If there exists an association between two classes the existence of a corresponding motherboard of
in a class diagram, a navigation step between those type MBL

classes can be defined in OCL. The result of such g, ncesAfter having defined the model of a configur-
expression is a set of instances (objects) or a singlfje product, the configuration system can start to cal-
object. Navigations can be defined over a sequengiate concrete configurations (configuration solutions).
of classes, e.gseliMB.CPU is a legal navigation e cystomer can articulate his/her requirements on a
expression resulting in a set6PU instances which o) ion. Assuming that the requirements in the example
are connected to @omputerinstance. Finally, nav- reinciude a text-editotTextedij and two IDEUnits the
igation expressions can be defined on attributes, {9 siguration system calculates a solution represented by
example, the result oseltMB.CPU.clockrateis @ 5 nymber of instances (objects) and their connections.

set of correspondingPU clockrate values. Such a configuration result is depicted in Fig. 4 where,
Collection operation: theelectoperation (a specific e.g.,ideunit-1is an instance of the cla$BEUnit.
collection operation) calculates a subset of the in-

3An overview of the supported modeling concepts can be foand i *Note thatself is the starting instance of an OCL constraint, i.e.,

in our example an instance of the cla8smputer
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TABLE |
computer-1
DoMAIN DESCRIPTION(DD).
: Grou Values
textgdl.t—1 mb-1 screen-1 | p |
capacity: 100 {conputer, software, dtpsoftware,
ideunit-1 ideunit-2 cpui-1 CLASSES textedit, hdunit, ideunit,
capacity: 10000) kapacity: 10000 clockrate: 300 scsiunit, nb, mbi, mb2, cpu,
cpul, cpu2, screen}.
Fig. 4. Configuration result as UML instance diagram. attributes(sof tware)={capacity}.
attributes(hdunit)={capacity}.
ATTRI BUTES attributes(cpu) = {clockrate}.
”I FORMAL SEMANT|CS FORUML/OCL'BASED /+ further attribute definitions
CONFIGURATION MODELS for subtypes «/
. i i i rol es(software) =
Configuration knowledge interchange requires a clear
{ sof t war e- of - conputer}.
and common understanding of the problem definition and rol es(hdunit) =
its solution. Therefore it is necessary to agree on the {hduni t- of - conput er }.
definition of a configuration task and its solution. This roles(m) =
. . .. . . {nb- of - conput er, nb-of-cpu}.
section provides a formal definition of a configuration
. . . Lo ) . rol es(cpu) = {cpu-of-nb}.
task which is the basis for many existing configuration ol es(screen) =
. . el RCOLES
systems, e.g., [11], [14], [35]. The following definition {screen-of - conput er}
is based on a consistency-based approach [42] where roles(conputer) =
a configuration task can be seen as a logical theory {oomputer-of-softvare,
) . ) ; conput er - of - hduni t,
which describes a class libr&ya set of constraints,
conput er - of - nb,
and customer requirements. Classes are described by comput er - of - scr een] .
attributes and relationships to other classes. The rekult o I+ further role definitions
a configuration task is a set of instances, their attribute for subtypes +/
values, and connections that all together satisfy the don(softvare. capacity) = {50.. 100}
) ) don{hdunit, capacity) = {10000..20000}.
logical theory. The form of the logical sentences used O S don( opu. ol ookr ate) = {300, . 500},
to represent the logical theory is restricted to a subset I+ further domain definitions
of range-restricted first-order-logic with set extension. for subtypes +/
Following this approach, a configuration task is defined
as follows.

Definition 1 (Configuration Task)ln general, a con- o _ ,
. . : . . description of the classes, roles of classes in relations
figuration task is described by two sets of logical sen-

: ._and attributes with their domains (dom).
tences (DD, SRS). DD represents the domain description outes wi I Ins ( )
of the configurable product, i.e., the product structure In Table | the structural part of the domain description
and additional constraints on the allowed combinatiof8D) of the Computerconfiguration model is depicted

of instances and attribute settings. SRS (system (&LASSES, ATTRIBUTES, DOMAINS and ROLES).
quirements specification) specifies the particular systemadditional logical sentences are added to DD repre-
requirements (e.g., customer requirements) defining gnting constraints on the product structure (e.g., con-
individual configuration task instance. DD includes thetraints on the type of generalization hierarchy, on the
°Note that the ternclassis used synonymously with the termmumphcr{IeS of roles, or on the compatibility of diffene
component typevhich is also frequently used in the configuratiorinstance types in the configuration result). The derivation
domain [15]. of such constraints from a UML/OCL configuration

®Every variable of the consequence part of the clause is alSo ] ) ] )
contained in the antecedent part. model is sketched in the following subsections.
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TABLE I TABLE 1l
SYSTEM REQUIREMENTSSPECIFICATION (SRS). CONFIGURATION RESULT.
[ Group | Values | | Group | Values
{type(conputer-1, conputer). {type(conputer-1, conputer).
| NSTANCES type(ideunit-1, ideunit). type(textedit-1, textedit).
type(ideunit-2, ideunit).} type(ideunit-1, ideunit).

{conn(conputer-1, conput er-of - hduni t, | NSTANCES type(ideunit-2, ideunit).

i deuni t-1, hdunit-of-conputer). type(nbl-1, nbl).

CONNS
conn(conputer-1, conputer-of-hdunit, type(cpul-1, cpul).
i deuni t-2, hdunit-of-conputer).} type(screen-1, screen).}
{val (ideunit-1, capacity, 10000). {conn(conputer-1, conputer-of-software,
ATTRS i
val (i deunit-2, capacity, 10000).} textedit-1, software-of-conputer).
conn(conputer-1, conputer-of-hdunit,
CONNS
ideunit-1, hdunit-of-conputer).
conn(conputer-1, conputer-of-hdunit,
The second input for a configuration task is SRS i deuni t-2, hdunit-of -computer). ...},
which represents additional requirements related to a {val (textedit-1, capacity, 100).
i 1 i ifi I(id it-1, ity, 10000).
configuration result. SRS is specified by a number of key | val (i deuni capaci ty )

val (i deunit-2, capacity, 10000).

instances which must be part of the result. The require-
menttwo IDEUnits must be included in the configuration
is shown in Table Il. Additional requirements as well
as configuration results are described using the literals

_ _ _ . INSTANCESU CONNSU ATTRS is satisfiable.
type2, connl4, val/3 which are included in the following _ _
sets: Table | sketches the logical representation (DD) of

UML product structures. In the following subsections the

« INSTANCES: is a set of literals of the form;,. qion of further constraints into the domain descrip-

type(c,t), where the constant ¢ represents an Instangs, (DD) is shown. The corresponding logical sentences

of a class t and tis included in the set CI‘ASSESadditionaIIy restrict the set of possible configurations,

« CONNS: is a set of literals of the formi.e.,thesetofpossible instance models which correspond

conr(cl,rl,c2,r2), where cl, c2 are connected iqé a UML/OCL configuration model
stances and r1, r2 are the connecting ROLES.

« ATTRS: is a set of literals of the formal(c,a,v),
where c is an instance, a is an attribute of ¢ and
is the attribute value.

val (cpul-1, clockrate, 300). ...}

Formalizing OCL ConstraintsSince UML is a wide-
spread modeling language, OCL itself has established
ah important role in the field of formal specification
languages. However, the definition of the OCL semantics
Using the sets INSTANCES, CONNS and ATTRS, thg pased on a proposed syntax and additional textual des-
configuration result depicted in Fig. 4 can be representggptions and examples. Although this is a quite intuitive
as follows (see Table II). approach for demonstration purposes, a corresponding

Note that this result is consistent with the domaifbrmal definition is needed. In the following it is shown
description (DD) of Table | and the customer requirenow OCL constraints (OCL invariants, i.e., expressions
ments (SRS) of Table Il. Based on the above definitiasf type Boolean) can be translated into the logic-based
of a configuration task, a configuration result (consistefpresentation of a domain description (DtBach OCL
configuration) can be defined as follows. constraint is translated into a corresponding logical sen-

Definition 2 (Consistent Configuration)f (DD, tence S following an implication schema where the left-
SRS) is a configuration task and INSTANCES,

CONNS, ATTRS represent a configuration result, then7F0r reasons of space limitations the translation is disligs the

) ) ] ] ) context of examples. The complete set of translation rubes lme
the configuration result is consistent iff DD SRSU found in [41].
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TABLE IV
TRANSLATION OF OCL CONSTRAINT cl1 (FIGURE 3).

OCL expression Logical representation
(a) context Conputer inv: type(l1 Dy, Conputer) A ResultSet;={ID;}
(b) (self.HDUnit connect ed_set ( [Resul t Set 1, HDUnit, TResultSetg)
(c) ->select(ocl!|sTypeOf (I DEUNit)) sel ected_set 1( |Resul t Set 5, TResul t Set 3)
(d) ->size > 0) inplies | Resul t Set 3| =Val
(e) (self.MB connected_set ( |[Resul t Set 1, MB, TResultSet4)
(f) ->select(ocl|sTypeOf (MB1)) sel ected_set o( |[Resul t Set 4, TResul t Set 5)
(g) ->size > 0) | Resul t Set 5| =Val 5 = —Val{ > 0 Vv Val 3 > 0.

connected_set( |Set;,, C <TResult,,:> < ID € Set,,, A type(Result,yut, CO A

conn(ID, _, Resul t out, _) -
sel ected_set 1( |Set ;,,, <TResult,ut>) < Result,u: € Set;, A type(Result e, IDEUNiIL).

sel ected_set o( [Set ;,,, <TResult ,yut>) < Result,ut € Set;, A type(Result ¢, MB1).

hand side (LHS) contains variables which correspond ¢éxpression is one object if the multiplicities of the rethte
the result of evaluations of navigation expressions aothsses along the path of the navigation expression are
the right-hand side (RHS) contains the correspondif@.1] or [1..1]. The result of a navigation expression
logical consequence. In order to assure a consistent nasna set of objects in all other cases. In the example
ing of variables in S, each variable has a correspondiof Table 1V (b), the result of the navigation expression
index which is unique inside S. The following variableselfHDUnit is a set of objects since the multiplicity of
types are generated into S. HDUnits associated t€omputerss specified with [2..6].

« ID: variables used for representing instances within In the logical theory (DD), the result of a navigation
S, e.g., IO in Table IV (a) represents @omputer €xpression is represented by a set identifier (Result-
instance. Set). Navigations are expressed by the predicate-

« ResultSet: variables used for representing a setgfcted set3 which implements one step to another class
instances or basic values inside S, e.g., ResultSapdconnectedset a/3 which implements the navigation
in Table IV (b) represents the set ¢iDUnits tO a class attribute. Selection operations such as in Table

connected to IR. IV (c) are calculating subsets of instances of a given

. Val: variables used for representing a basic val§€t. For the representation of selection operations on
(e.g., integer) within S, e.g., Valin Table IV (d) the logical level a predicatselectedset2 is introduced

stores the number oHDUnit instances of type Which implements the criteria defined as parameter of
IDEUnit. the selectoperator (the index of selected_set/2 is unique

Each OCL constraint is defined within the context O\yithin the given domain description DB)Finally, the

a class. Starting from this reference point, attributes gi‘Ze operation is translated into a cardinality and the
the class can be accessed and navigation expressrc?ll%tional operator is directly translated into DD, see
over associations can be defined. The translation of Ogﬁble IV (d). (9)- The entries (e) and (f) are handled

context specifications is shown in Table IV (a), wher%n"JlIOgOUSIy to the entries (b) and (c) in Table IV.

ID; as an instance of the cla€omputeris the starting - _
. L . . . For the definition of the predicatesonnectedse(_a)/3 and
point for navigations in the configuration model. selectedset2 an LDL-like [43] syntax is applied. After calling, e.g.,

OCL navigation expressions can be formulated usiffif Predicate connected_sdilesultSet,, HDUNIL | ResulSets),
esultSets (output) contains alHDUnits which are connected

the access operator '’. The result of such a navigati@ith Computerinstances of ResultSet, (input).
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A. Multiplicities and Generalization Hierarchies C. Incompatibility constraints

The formalization of multiplicities and generalization Certain types of instances must not be part of the same
hierarchies is shown in Table V, where additional logicdinal configuration, they are incompatible. The pattern
sentences are introduced to DD representing the pgﬂt OCL incompatibility constraints on the class level
of relationship betwee€omputerand HDUnit and the (both an instance of class A and an instance of class
generalization between the motherboasB, MB1 and B must not be part of the same configuration result)
MB2. as well as on the attribute level (both an instance of

There exists a set of constraint types which are fr§lass A with attribute value v=a and an instance of
quently used when building configuration models. TheS§¥2SS B with attribute value v=b must not be part of the

constraint types and their representation in OCL ap@Me configuration result) is shown in Table IX (b). An
discussed in the following subsections. example for an OCL incompatibility constraint is shown

in Table VII expressing that aBCSIUnitinstance and
anMB1 instance must not occur in a configuration result
B. Requirement constraints together.

In some cases, the existence of an instance of a
specific class requires the existence of another speclfic Résource constraints
instance in the configuration result. Using OCL, such Parts of a configuration task can be seen as a resource
requirement constraints can be expressed on the claakncing task where some of the classes produce some
level (an instance of class A part of the configuratioresources and others are consumers (e.g., the hard-
result requires an instance of class B to be part of thesk capacity needed by the installed software must not
configuration result) as well as on the attribute level (axceed the provided hard-disk capacity). Using OCL,
instance of class A with attribute value v=a requires aBsource constraints can be expressed as follows assum-
instance of class B with attribute value v=b to be part afig that {C;,...,C;} denotes a set of consumers and
the configuration result). The pattern for OCL requird-Cj, ..., C,,} denotes a set of producers anglf, ..., ax,},
ment constraints on the class level is shown in Table ¥4, ..., a,;} denote the resource attributes of those
(a), where the expressions;Adenote the'f class in the classes. The pattern for OCL resource constraints is
navigation path to class;CAlso the pattern for OCL shown in Table IX (c). An example for a resource
requirement constraints on the attribute level is shoveonstraint is the following (see Table VIRY.
in Table IX (a). In cases, where a subclass S of C within Resource constraints can be represented on the class
a generalization hierarchy is accessed via a navigatiewel as well. In this case the task is to balance the
path, the expressio@->selecfoclisTypeO{S)) must be number of instances of consumer and producer classes
added to the navigation path. This selection is used (gee Table IX (c)).
the following examples. An example for a requirement
constraint is shown in Table VI which expresses that, if IV. CONFIGURATION MODELS IN THE
an instance of anDEUNniIt is part of the configuration MODEL-DRIVEN ARCHITECTURE

result, anMB1 instance must be contained as well. Note MDA provides a framework developed by the Object
that the constraint types of Table IX refer to Situatiorﬁanagement Group (OMG) which defines how models
where 0..n associations are concerned (constraints O pe defined in certain languages (e.g., UML and OCL)
clas.s level) ar?d 0..1 associations are concemed (CQRy how models can be transformed into other languages
straints on attribute levef). [38]. For the interchange of UML/OCL configuration

°Hybrid variants are possible - for readability reasonsehasiants ONote that the OCLsumoperator calculates the sum of attribute
are omitted. values resulting from a navigation expression.
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TABLE V

LOGICAL REPRESENTATION OFMULTIPLICITIES AND GENERALIZATIONS.

Description

Logical representation

Conput er consists of [2..6] HDUnits

type(1 Dy, Computer) A ResultSeti={I1Dy} A

connected_set ( |[Resul tSet ;, HDUnit, TResultSets) A

| Resul tSet | =Val 1 A Val; >= 2 A Val <= 6.

Each MB1 and MB2 is an MB type(1 Dy, MB1l) = type(ID;, MB). type(IDy, MB2) = type(lD;, MB).

An MB is either an MBL or an MB2 type(1Dy, MB) = type(IDy, MBl) V type(ID;, MB2).

An MB cannot be both MB1 and MB2 type(I1Dy, X) A type(IDy, Y) A X € {MBl, MB2} = Y=MB VvV X=Y.
TABLE VI

IDEUNIT REQUIRESMBL1.

OCL expression

Logical representation

cont ext Conputer inv:
(sel f. HDUNi t
->sel ect (ocl | sTypeOf (I DEUni t)) - >si ze>0)
inplies
(self.MB

->sel ect (ocl | sTypeOf (MB1) ) - >si ze>0)

type(lDy,

A

A

A

A

Conputer) A ResultSet={1D;}

connected_set ( [Resul t Set;, HDUnit, TResultSetg)

sel ect ed_set 1(IDEUm»t)( |Resul tSet 5, TResultSets) A |ResultSetgs|=Val
connect ed_set ( [Resul t Set 1, MB, TResultSety4)
sel ect ed_set 2(MBI)( |Resul t Set 4, TResul t Set 5)

| Resul t Set 5| =Val 5 = —Val; > 0 Vv Val 5 > 0.

TABLE VII

SCSIWNIT INCOMPATIBLE WITH MB1.

OCL expression

Logical representation

context Conputer inv:
(sel f.HDUNi t
->sel ect (ocl | sTypeO (SCSI Unit) ) ->si ze>0)
and
(self.MB
->sel ect (ocl | sTypeOf (MB1) ) - >si ze>0)

inplies fal se

type(lDy,

A

A

A

Conputer) A ResultSet={1Dy}

connect ed_set ( [Resul t Set y, HDUnit, TResult Sets)

sel ect ed_set l(SCSIUnit)( |Resul t Set 5, TResultSet3) A |ResultSetg|=Val
connect ed_set ( [Resul t Set 1, MB, TResult Set4)
sel ect ed_set 2(M131)( |Resul t Set 4, TResult Set 5)

| ResultSets|=Valo A Val; >0 A Valg > 0 = false.

TABLE VI

CONSUMED SOFTWARE CAPACITY <= PROVIDEDHDUNIT CAPACITY.

OCL expression

Logical representation

type(! Dy,
context Conputer inv:

(sel f. Sof t war e. capaci ty) - >sum

(sel f.HDUni t.capacity)->sum

Conputer) A ResultSet={ID;}

A connect ed_set ( |[Resul t Set 1,

<= A connect ed_set ( [Resul t Set 1,

Sof tware, TResult Sets)

A connected_set _a( |[Resul t Set 5, capacity, TResultSetsz) A E(VQLIERGSHHSCM) = Val o

HDUni t, TResult Set 4)

A connected_set _a( |[Resul t Set 4, capacity, TResultSets) A Z (Valg€ResultSety) = Val 4

= Val o <= Val 4.
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TABLE IX

PATTERNS FOR CONFIGURATION DOMAINSPECIFICOCL CONSTRAINT TYPES

Constraint type

Class level constraint

Attribute level constraint

context R inv:

(a) Requi r ement
inplies

((self.A;1.Aj2. C; ->size > 0) and...

and (self.Ag;.Ags. Cp ->size > 0))

((self.A;1.A;2. C ->size > 0) and...

and (self.A,1.A,2. C, ->size > 0))

context R inv:

((self.A;1. A2 Ci. (a5, = vagp)->size> 0) and. ..
and (self.Ap;. Aga. Ci.(agg = vagg)->size> 0))
inplies

((self.A;;. A2, C.(ap,. = vay,.)->size> 0) and...

and (self.A,1.A,2. Ch.(ans = Vaps)->size > 0))

context R inv:

(b) I ncompatibility

inplies fal se

(self.A;1.Aj5. C; ->size > 0) and...

and (self.Ag1.Ags. Cp ->size > 0))

context R inv:
((self.A;1. A2 Ci. (a5, = vagp)->size> 0) and. ..
and (self.Ap;. Aga. Cp.(agg = vapy)->size> 0))

inplies false

context R inv:

(c) Resource

((self.A;1.Ajo. C; ->size) + ... +
(self.Agy.Ago. Cp ->size)) <=
((self.Aj1. Ajp. Cp->size) + ...

(self.A,1.Ano. Cp->size))

context R inv:

((self.A;1.Ajp. Ciagp ->sum + ...
+ (self.Ap1. Aga. Cp.agy ->sum)) <=
+ ((self.A;1. Ajo. Cpoag,. ->sum) + ...

+ (self.A,1.An2. Ch.apns->sun)

<rxml version = '1.0" encoding = 'UTF-8' »>

<UML:Association xmi.id =2

<XMI xmi.version = '1.2°/>
<XMI.header>...</XMI.header>
<XMTI.content>

OCL

constraint ‘c1’

<UML:Constraint xmi.id = 'smil' name = 'c1'>
<UML:BooleanExpression xmi.id = 'xmi2'
body = 'context Computer inv: self FIDUnit —
&gtiselect(ocls TypeOf IDEUnit))
-&egtisize&egt;0) implies
(selEMB -&egt;select(oclIsType Of(MB1))

-&gtisize&gt;0'/>
</UML:Constraint> class
... further constraints ‘C omputer’

<UML:Model xmi.id = 'smi3' >
<UML:Class xmi.id = 'xmi4' name = 'Computer'>

association between
<UMIL:Association.connectiof] ‘Computer’ and ‘HDUnit

<UML:AssociationEnd xmi.id = 'xmi9' aggregation = 'composite'™
<UML:AssociationEnd . multiplicity>
<UML:Multiplicity xmi.id = 'xmil0'>
<UML:MultiplicityRange xmi.id = 'xmill' lower = ' upper = '1'/>

. . . /’7
</UI\ILIMult‘lp1lClty> - v 1°C ter’
</UML:AssociationEnd.multiplicity: €xactly omputer
<UML:AssoctationEnd.participant> connected
<UML:Class xmi.idref = 'smid'/>

</UML:AssociationEnd.partr
< /UML:AssociationEnd>

referenced class

‘Computer’
<UMI:AssociationEnd xmi.id = 'xmil t=ggregamom—rrome
<UML:AssoctationEnd.multiplicity>

<UML:Multiplicity xmi.id = 'xmil3">

<UML:ModelElement.constraint>
<UML:Constraint xmi.idref = 'xmil’
... further constraints

</UML:ModelElement.constraint™>

reference to
constraint ‘cl’ /UML:AssociationEnd.multiplicity>

<UML:MultiplicityRange xmi.id = 'xmil4' lower = 2' upper = '6'/>
/UML:Muldiplicity>

2-6 HDunits

</UMI.:Class>

<UML:Class xmi.id = 'xmi5' name = '"HDUnit>
<UML:Attribute xmi.id = 'xmi6'

UML: AssociationEnd. participant>
<UML:Class xmi.idref = 'sxmi5'/>

connected

</UN IL:AssocinnonEnd.pﬂ N
</UML:AssociationEnd>

referenced class

name = 'capacity™> class
<UML:Attribute.initial Value>|

<UML:Expression xmi.id =

-|  ‘HDUnit

‘HDUnit’

UMIL: Association.connection>

I\ [I.:Association>
irther associations

body =" 20000'/>

< /UML:Attribute.initial V=

</UML:Attribute>
</UML:Class>

... further classes

attribute
‘capacity’

</UML:Model>

</XMI.content>
</XMNI>

41

Fig. 5. Platform Independent Configuration Model (PICM)qguct model of a configurable computer represented in XMl XMetadata

Interchange).
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models and related instances, the XMI (XML Metadateonfigurator-specific search directives, number of auto-
Interchange) standard specification [44] is applied. Usimgatically pre-generated product instances as basis for
XMI, UML/OCL-based Platform Independent Modelghe search process, references to local product catalogs,
(PIMs) as well as Platform Specific Models (PSMs) cagtc.) of configurable products which can be directly
be represented in XML (Extensible Markup Languag&anslated into the representation of the underlying con-
[45]. In the following, the representation of UML/OCLfiguration environment (see Fig. 7). Such configurator-
configuration models on the different levels of the MDApecific properties cannot be added on the PICM level
is discussed using XM since different configuration environments support differ
Applying the three-level architecture of MDA to theent search directives, provide different local interfaces
configuration domain results in the following type$o product catalogs, etc. In order to add configurator-
of models. Platform Independent Configuration Modegpecific properties on the PSCM level, tagged values
(PICMs) (no configurator-specific properties includedyre applied which are basic extension mechanisms of
serve for model interchange between different configurdML [25]. Tagged values are modeling concepts appli-
tion environments. Platform Specific Configuration Modsable to each element of a UML class diagram, e.g.,
els (PSCM) (configurator-specific properties includedjasses can be additionally annotated with configurator-
are used for designing configuration knowledge bases grecific properties. Typically, the definition of tagged
a concrete target environment (e.g., JConfigurator [35fglues is supported by state-of-the-art UML modeling
PSCMs are translated to the Source Code level of tRgvironments. Fig. 7 depicts a PSCM of t@emputer
target environment. (an extension of the PICM depicted in Fig. 5) in XMI.
PICM (Platform Independent Configuration Modgls

- . P <UML:Obj xmi.id = 'xmi_il' na = "IDEUnit-1'>
PICMs represent configurator-independent descriptions == L-Object smiid = smiil name o

<UML:Attribute xmi.idref = 'xmi6' name\X capacity'>

of configurable products which can be exchanged bet- <UML:Attribute.initial Value>
. . i . <UML:Expression xmi.idref = 'xmi7' I '10000'/>
ween different configuration environments. An example < /UM : Attribute.initial Value> )
for a configuration model at the PICM level is the UML </UML:Adribute> stance
9 <UMI.:Instance.classifier> ‘IDEUnit-I’
configuration model depicted in Fig. 3. Fig. 5 depicts <UML:Class xmi.idref = 'smi25[
. </UML:Instance.classifier> instance of class
parts of the XMI-based representation of the model - u\i.objece> IDEUnif

shown in Fig. 3 (the view is restricted to the OCL

constraint c1, the classéSomputerand HDUnit and Fig. 6. Platform Independent Configuration Model (PICM)pnes

the partof association between those classes). Constraffiftation of instances.

are represented by the XML tagU#IL:Constraint.

Constraints are referenced by classes using the attributé@gged values are assigned to classes and associations,

xmiidref. Similar to constraints, associations are storédd- the clas€omputerhas an additional tagged value

Outside Of the Corresponding Class_ with the id Xm|_t7 which references the tag definition
Objects as instances of classes are represented in Xiilog-loinstancesCountTagged values are separated

as follows (see Fig. 6). TheUML:object tag is used from the tag definition since one tag definition is used

to describe instances of classes. Classes are referefdedifferent tagged values, e.gdlog.ilolnstancesCount

with <UML:Instanceclassifier. is defined in all classes of the configuration model.
PSCM (Platform Specific Configuration Modgis The same principle is applied to associations, e.g., the

PSCMs represent configurator-specific descriptions (e.§9 definitionilog.iloRelation (id xmi t8) has the value
n-configurableobjectswhich indicates to JConfigurator

11MI is chosen for presentation purposes since XMI documeni$9] that more than onéiDUnit object has to be con-

provide an integrated view on UML configuration models (jretd figured.
structure information as well as constraints can be intedranto one )
document). Source Codethe source code representation of a
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<rxml version = '1.0' encoding = 'UTF-8' 7>

<XMI xmi.version = '1.2">
<XMTILheader>...</XMIhead

<XMI.content>
<UML:Constraint xmi.id = 'xmil' name = 'c1™>

</UML:Constraint>
further constraints

<UML:Model xmt.id = 'smi3' > Vs

<UML:Class xmi.id = 'xmi4' name = 'Computer'>
<UML:ModelElement.constraint™>
<UMT.:Constraint xmi.idref = 'xmil'/>
... further constraints
</UML:ModelElement.constraint>

<UML:Association xmi.id_= e
<UML:Association.connection

43

<UML:AssociationEnd xmi.id = 'xmi9" aggregation = 'composite
<UML:AssociationEnd.multiplicity>
<UML:Multiplicity xmi.id = "xmil0'>
<UML:MultiplicityRange xmi.id = 'xmill' lower = '1' upper = '1'/>
</UML:Multiplicity>

</UML:AssoctationEnd .multip
<UML:ModelElement.tagge tagged value
<UML:TaggedValue> ‘n-configurable-objects’
<UML:Tagged Value.dataValue>
n-configurable-objects</UML:Tagged Value.dataValue>
<UML:Tagged Value.type>
<UML:TagDefmition xmuidref = 'smi_t8'/>
</UML:Tagged Value.type>

reference to

<UMNL:ModelElement.taggedValue
<UML:TaggedValue>
<UML:TaggedValue.dataValue>true
</UML:TaggedValue.dataValue>
<UML:TagDefinition xmi.idref = 'smi

tagged value

/UML:TaggedValue>

.. further tagged-value definitions tag definition

‘xmi_t8’

/UML:ModelElement.taggedValue>
<UMIL:AssociationFnd.participant>

</UMIL:TaggedValue>

reference to
tag definition
‘xmi_t7’

[UMTI:Class xmi.idref = 'smid'/>
UNI: AssociationFind. participant>
IMI:AssociationEnd>

tag definition
‘xmi_t0, ...

... further tagged-value definitions
<UMIL:TaggedValue>
<UML:Tagged Value.dataValue>1

</UML:TaggedValue.dataValue>
<UML:TagDefinition xmi.idref = 'xmi_t7'/>
</UML:TaggedValue>
</UML:ModelElement.taggedValue>
</UML:Class>

<UML:Class xmi.id = 'smi5' name = 'HDUnit'">.
</UML:Class>... further class definitions
<UML:Class xmi.id = 'smi25' name = [DEU
</UML:Class>

Fig. 7.
Interchange).

PSCM is interpretable by the underlying configuration
environment. A PSCM is translated into the target re-
presentation language of the underlying configuration
system (e.g., the JAVA-based representation of JConfig-

urator [35]). This translation is done in two steps:

</XMI>

[L:TagDefinition xmi.id = ‘xmi_t1"' name = 'flog.public*
</UML:TagDefinition>

<UML:TagDefinition xmi.id = ‘xmi_t7' name = 'ilog.iloInstancesCount'>
</UML:TagDefinition>

. further tagged-value definitions

AL TagDefinition xmi.id =
INL:TagDefinition>
Model>
ntent>

xmi_t8' name = 'ilog.lloRelation’

tag definition
‘xmi_t7’

tag definition
‘xmi_t8

Platform Specific Configuration Model (PSCM): produwodel of a configurable computer represented in XMl (XML kt#ta

into the representation of the underlying configu-
ration system. The result of translating the OCL
constraint of Table IV into the representation of
JConfigurator is depicted in Fig. 8. The method
imply represents the OClimplies the method

1) Transformation of the product structure by a set
of XSL transformations [46] which extract struc-
tural properties from the XMl PSCM (see Fig.
8: JConfigurator Business Object Model). The at-
tribute iloInstancesCounis derived from a tagged

getObjectSetFieldealizes OCL navigation expres-
sions, the methoaardinality corresponds to the
OCL size the methodsetOf corresponds to the
OCL OcllsTypeOfand the methodt corresponds

to the operator '>'.

value at the PSCM level. It indicates the numbdrinally, if somebody wants to export a configuration mo-
of IDEUnit instances to be pre-generated by th@el from the development environment, the PSCM must
Conﬁguration System in order to reduce instané@ reduced into a PICM. This translation is Supported

generation efforts during runtime.
2)
must be provided for translating OCL constraints

by another set of XSL transformations which filter out

In addition, a configurator-specific OCL parSer tagged-values and tag definitions (see Fig. 8).

V. KNOWLEDGE BASE DESIGNER

12, i i . . .
Our parser has been implemented on the basis of JLexTha architecture of the design environment (Know-

(www.cs.princeton.edu/~appel/modern/java/JLex/) ande tCUP
parser generator (www.cs.princeton.edu/~appel/mo@eedCUP/).

ledge Base Designer) for developing UML/OCL-based
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oModel.add(oModel.forAll(Computer, <UML:Constraint xmi.id = 'xmil' name = 'c1'> <UML:Constraint xmi.id = 'xmil' name = 'c1'>
oModel.imply( <UML:BooleanExpression xmi.id = 'xmi2' <UML:BooleanExpression xmi.id = 'xmi2'
ollodel.gt(oModel.cardinality(oModel.setOf( body = 'context Computer inv: self TDUnit — body = 'context Computer inv: self HIDUnit —
Computer.getObjectSetField &gt:se}ect(oclls’!')'lule(IDE Unif)) &gtiselect(oclsType OFIDEUnit))
("HDUnit"), IDEUnit)),0), <::“ -&gtisize&gt;0) implies -&gtisize&gt;0) implies
(selE MB -&gtsselect(oclIsType Of(MBT1)) (selfMB -&gtiselect(oclIs Type Of(MB1))

oModel.gt(oModel.cardinality (oModel.setOf( acgtsizedegh)/>
-&gtisize&gt:!

C«:mpl}'rcr.gcr()lncchchicld U </UML:Constraint>
("MB"), MB1),00)); P ... further constraints
o4
JConfigurator OCL

-&gtisize&gt:0'/>
</UML:Constraint>
... further constraints

OCL

constraint
Java Constraints Translation <UML:Class xmi.id = 'xmi4' name = 'Computer'> <UML:Class xmi.id = 'xmi4' name = 'Computer'>
(PSMZSOHI‘CCCOC‘C) <UML:ModelElement.constraint> <UML:ModelElement.constraint>
public class Computer <I,V‘I\ILICO113U"AiﬂvY xmi.idref = xmil'/> XSL <UML:Constrain.t xmi.idref = 'xmil'/>
... further constraints . ... further constraints
{ </UML:ModelElement.constraint> TranSIatlon </UML:ModelElement.constraint>
XSL </UML:Class> (PSM2PIM) </UML:Class>
} Translation ... further class definitions T ... further class definitions
<UML:Class xmi.id = 'xmi25' name = IDEUnit>§ 22 <UML:Class xmiid = 'xmi25' name = ‘IDEUnit™>
.. (PSM2SourceCode) <UML:Attribute xmiid = 'smi6 J  <UMLAtibute smiid = 'smi6'
4 name = 'capacity'> name = 'capacity'>
public class IDEUnit i 9 <UML:Attribute.initial Value> I]:> <UML:Attribute.initial Value>
{ v <UML:Expression xmi.id = 'xmi7' <UML:Expression xmi.id = 'xmi7'
body = '10000..10000'/> body = '10000..10000'/>
. </UML:Attr anitialValue> LINT ;A ttrt initialValue>
[capacity: 10000..10000] < || </{{\[} .Att:.tilll)]::lt:;nmﬂ alue ttribute initial Value

tagged values and [Atwribute>
. <UML:ModelElement.taggedVal tag definitions gem.mggedx’alue:
T

[loInstancesCount: 6] fil d
} <UML:TaggedValue> 1itered out

gedValue>

<UML:TaggedValue.dataValue>1 <UML: dValue.dataValue>1
</UML:TaggedValue.dataValue> </UML: dValue.dataValue>
<UML:TagDefinition xmi.idref = 'xmi_t7'/> <UML:TagDefinition xmiidref = 'smi_t7'/>
JConfigurator </UML:TaggedValue> </UML:TaggedValue>

. . </UML:ModelElement.taggedValug </UML:ModelElement.taggedValue
Business Object Model </UML:Class> PSCM </UML:Class> PICM

Fig. 8. Translation of platform-specific configuration mtsd€PSCM) into a. the configurator-specific source code msprEtion
(PSM2SourceCode translation) and b. the platform-indépeinrepresentation (PSM2PIM translation).

configuration knowledge bases is shown in Fig. 9.  figuration environments. Using Product Structure De-
signer and Business Rule Designer, configuration models
Knowledge Base can be designed for and translated into the source code

Deélgner representation of the underlying configuration environ-
5 Pmdgi:;z:t% ment, i.e., models are designed on the PSCM level and (if
% § 11 e needed for model interchange) transformed and exported
- 8 Business Rulcw I as PICM.
Designer = - ‘

Product Structure DesignerThe design of product
structures is based on a Rational Rose add-in tailored
@ @ to the design of configurable products (see Fig. 10).

@ Product structures are represented as UML class dia-
grams. Configurator-specific properties are modeled us-
ing tagged values which are pre-defined in the Rational
Rose add-in for the used configuration environment.

Fig. 9. Architecture of Knowledge Base Designer (environtrfer

the development and interchange of configuration knowlesigees). IN Fig. 10 specific JConfigurator properties [35] are
represented as tagged values in the propertiétDadnit.

S
&

Configuration KBs Configuration Models (XMI)

The environment has been implemented as an addBusiness Rule DesigneThis is a JAVA-based con-
in for the Rational Rose modeling environment (sesraint editor supporting the design of OCL constraints
www.ibm.com). The environment supports the imen product structures. For frequently used types of
port/export of XMI-based models from/to external conconstraints, constraint schemes [47] are provided with
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E¥ Aggregation Specification for Untitlec 21 x|
Role A Detail | Role B Detail
JCorfiguratorRole B |  DistibutionB | bom B
Computer [wewmssypsw| ~Configurator- ] T Do ! e
B Fe Edt Vel configuration [NV Tods Addins Vindg specific
A= = . e Set: Jdefauh ~l Ert St J
D@ 4 el BB associations :
‘ * Model Propeti Class HDUnit |
test [Tk - [ Name
@ (3 UseCase | a5¢ iloRelation
@03 LegicalVi | - lloCardFirst
@3 Compone .- 1mp0rt/
{9 Deploym: : . P
@Mzzzf;: fitnWn  export configuration
Undo Fit —
e models (XMI) ReferencedModel | Distributior I Stereotypes
bom | RootComponent | instancesForBom
Print Diagram General | Detal | Operstions | Attrbutes | Relations
Class Wizard... Components | Nested | Files | Versions JConfiguratorClass
= Set: |defaut x|  EdtSet. |
QualityArchitect » T ,
b " ']NEm | Value [ Source [
Edit »  Edit Constraints KB IDEUNit 3me 2 SO = |
[ a l M Edit User Interface KB}ty - 10000..10000 ape Default
= Version Control visibl tnse S o |
. Interface to Credmodel —— |F
Business Rule Options > SCsiUr oDataSource
Designer Help > capacily.: 20004
Configuration Configurator-
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Fig. 10. Screenshot of Product Structure Designer: dasigoiasses, associations, generalization hierarchied@kl BRnd PSCM levels.

a corresponding graphical interface (see Fig. 11). First, model (PICM): the generated XMI documéritis
incompatibility constraints can be defined by selecting used for exchanging complete configuration models
incompatible classes in the tree on the left-hand side and between configuration environments.
by specifying additional incompatible attribute settings « Export of theplatform specific configuration model
on the right-hand side. Second, resource constraints can (PSCM: the generated XMI document is used as
be defined by selecting consumer classes (Baftywarg input for the generation of a configuration knowle-
on the left-hand side and by selecting producer classes dge basé?
on the right-hand side (e.gHDUnit). The structure Code GenerationFirst, the PSCM product structure
of the interface for requirement constraints is similag transformed into the product structure representation
to the interface for resource constraints. The user cgfthe target configuration system. This transformation
select classes and attributes to formulate constraisrealized using XSL transformations [46] which is
conforming to the structure discussed in Section Il - thegge standard approach in Product Structure Designer.
constraints are internally represented as OCL constrainte transformation of XMI product structures to an

Import/Export of Configuration Model€onfiguration underlying JConfigurator Business Object Model (BOM)
knowledge interchange is based on the exchange of Plgtsketched in Fig. 12. The XSL transformation rules
form Independent Configuration Models (PICMs) which _ o

. . This document is generated from a PSCM by filtering out tagged

are represented using XMI. Product Structure Designgfues and tag definitions. In MDA terms this transformatien

supports two modes for generating XMI-based model§enoted as PSM2PIM transformation.
YIn MDA terms, this transformation is denoted as

o Export of theplatform independent configurationPSM2SourceCode transformation.
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Fig. 11.

Example constraints supported in Business Rulégbes (incompatibilities, resources and constraintsatliyedefined in OCL).

specify in which way the different elements of the Second, OCL constraints imposed on the PSCM pro-
XMI file have to be translated into the correspondinduct structure have to be translated into the constraint
target representation. The statememslifor-each se- representation of the underlying configuration system.
leceUML.Classs can be regarded as a kind of loowithin Business Rule Designer this task is supported
traversing all classes of an XMI-based model and eky an OCL parser which generates constraints corre-
ecutes the translation instructions which are included $ponding to the expression language of the underlying
the loop, e.g., xskvalueof select@namé> exports the configuration environment.

class name to the target representation.

output
‘public class’

template applied to
‘UML Namespace.ownedElement’

VI. EXPERIENCES FROMPROJECTS

Within the scope of our work we have conducted a
number of industrial projects where configurator appli-

<xsl:template Npafch="/XNI/... /UML),

4<xsl:for—cac clect="UML.Class">
public class <xsl:value-of select="@name" /> {

for each
class do ...

Mmespace.owned P

<xsl:for-each select=". .. /UML.Attribute">
[<xsl:value-of select="(@name" />:

<xsl:value-of select=".../@body" />]

</xsl:for-each>}

... (tagged values, associations)

</xsl:for-each>
</xsl:template>

Fig. 12. A simple XSL transformation of a PSCM product stanet
into the representation of the target configuration envirent [35].

output
attribute
data type

name

output
class name

output
attribute

cations have been deployed to support effective sales
processes for complex products and services.
Telephone switching systerage large electronic sys-
tems supporting the task of switching telephone connec-
tions and providing additional services such as ISDN,
videotelephony or videoconferencing. EWSD configura-
tions can comprise more than 40.000 components, more
than 200.000 attributes and about 60.000 connections
[11] which makes knowledge acquisition and mainte-
nance of configuration knowledge bases a demanding
task. Projects in this application domain (conducted in
cooperation with www.siemens.com) triggered our work
in the field of knowledge acquisition with the goal of
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making knowledge acquisition processes for configurand managing light constellations at the workplace and
tion knowledge bases more effective. as such it is part of an integrated building control
Virtual private networks(VPNg extend the intranet system. Light equipment, sensors and the corresponding
of a possibly multi-national company and are capabt®@ntrol units are organized in a bus-architecture. The
of meeting access requirements at reduced cost usiagk of the configuration system is to determine the
the worldwide IP network services and dedicated servidestribution of the equipment, sensors and control units
provider IP backbones. VPN infrastructures are designiedthe building. A corresponding configuration system
to be flexible and configurable in order to be able to cofs been implemented for a major provider of light
with a rich variety of possible customer requirementsianagement systems in Austria (www.luxmate.com).
Therefore, the establishment of some concrete VPNExperiences and customer feedback from these
involves different steps after determination of customerojects strongly indicate that proprietary knowledge
requirements, like determining locations to be connectadpresentations are one of the major obstacles for the
selection of adequate access facilities from the custonaeloption of configuration technologies by information
site to some entry point to the VPN backbone, reservaystem departments. This challenge has been tackled by
tion of bandwidth within the backbone, as well as confapplying de-facto standards (MDA/UML/OCL/XMI) for
guration of routing hardware and additional services likeonfiguration knowledge representation. This approach
installation support. These products and services needades the application of configuration technologies for
for the provision of a VPN are made available by differthe following reasons.
ent specialized solution providers, e.g., Internet Servic Successfully Applied Modeling Languagxperiences
Providers, telecommunication companies or hardwarem our projects clearly indicate the applicability of
manufacturers. On the other hand, integrated solutitte modeling concepts provided by UML/OCL. The
providers integrate these products and services intcemvironment has been used by domain experts without
solution for a specific customer. In order to support thes technical background (e.g., in the financial services
task, configuration environments of specialized solutiafomain) as well as by technical experts (in the Virtual
providers have to be integrated (configuration knowledgivate Networks and the Building Control Systems and
bases have to be shared) to enable the automated tajht Management scenario). The concepts provided by
culation of configuration solutions. The implementatioddML/OCL have shown to be sufficient for modeling
of this distributed configuration scenario has been cooenfiguration knowledge bases in quite different app-
ducted within the scope of the CAWICOMS project [16]lication domains. Recapitulating, UML/OCL can pro-
in cooperation with www.bt.com and www.ilog.com. vide the basis for a standard configuration knowledge
Financial services beside a number of basic recommrepresentation language supported by future versions of
ender applications (advisory-related to specific produsbmmercial configurators.
branches [48]), a configurator application has been de-Reduced Development and Maintenance Effdbts-
veloped for one of the larger financial service providesglopment and maintenance efforts related to configu-
in Austria (www.hypo-alpe-adria.at). The focus of thisation knowledge bases can be reduced by providing
application is to support sales processes related to finatendardized modeling concepts. Typically, technical ex-
cial services portfolios which are offered to customerperts know the modeling concepts provided by stan-
The result of a configuration process is a number dard languages such as UML/OCL but know nothing
financial services which suit to the wishes and needbout configurator-specific representations. Every new
of the customer (e.g., a loan with a combined buildingchnology added to the software environment requires
society savings). additional practice and implementation efforts, therefor
Building control systems and light managemehght standard representations can reduce development and
management equipment is responsible for controllimgaintenance costs of configuration knowledge bases.
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Furthermore, best-practice modeling approaches cledtie transparency of configuration results for the cus-
separate a system into cohesive subcomponents, a bamiter. Experiences from the financial services domain
principle which is also fundamental to MDA (separatioshow a clear customer requirement for standard know-
between PICM and PSCM level). This separation dédge representations and interfaces to the configuration
specification and implementation is directly applicable ®nvironment. This reflects a clear strategy of companies
configuration knowledge base development (first, defit@wvards the application of industrial standards where this
the basic properties of the product on the PICM levdg possible, i.e., standardized knowledge representation
second think about specific implementation issues relategth lead to an increased acceptance of configuration
to the target system). Configuration knowledge base deehnologies.
velopment in our financial services project (www.hypo- Benchmarking and Reference Modefdthough it is
alpe-adria.at) has first been conducted in cooperatioot directly related to experiences from commercial
with domain experts. After having introduced the firgbrojects, it seems worth mentioning since it is directly
version of the knowledge base, experts themselves partyated to requirements imposed by the configuration
took over the role of the knowledge engineer in order t@search community. Benchmark knowledge bases which
maintain the knowledge base. Changes in the product a2 used for testing the performance of configuration
sortment (introduction of additional product classes; pralgorithms are still quite rare and by the majority fo-
configured instances) and changes of constraints on tusing on constraint representations [50], i.e., are not
graphical level (requirement, incompatibility, resourcdirectly applicable to a specific configuration environ-
constraints) are directly conducted by domain expertaent. It is very hard to translate such representations
Experiences from all application domains show th#&t.g., represented as Java code) into the representation of
the validation of the knowledge base is still a rathemother configuration environment which argues for the
time-consuming task since changes in the knowleddevelopment of benchmark knowledge bases on the basis
base have to be extensively checked w.rt. possildestandardized configuration knowledge representation
faulty results. The integration of an automated test casemguages. Similarly, the idea of providing reference con-
generation component and automated regression tesfiggration models (e.g., a reference model for configuring
functionalities is planned for future versions of thénvestment portfolios) strongly requires the provision of
environment. a standard language.

Protected Investments for Configurator Applications Applicability of Effort Estimation TechniqueBuild-
In many cases resources required for the developmérg configuration systems is a knowledge-intensive pro-
and maintenance of configurator applications are sutess where, e.g., effort estimation is crucial for deter-
stantial. One major result of a configurator project ®ining the feasibility of a project, creating an offer,
the configuration knowledge base which representsoa managing resources. Software Engineering research
company’s product knowledge. Standardized knowledfas developed a number of approaches supporting effort
representations are making the investments relatedegtimation which in many cases are based on UML-
knowledge base development and maintenance stab#sed representations [51]. The applicability of such
w.r.t. to technological changes. Within the context afpproaches in configurator projects strongly depends on
projects in the financial services domain, XMI-based réhe applied representation formalism [52].
sults from a configuration process (configuration results)
can be directly transformed (using XSL transformation) VII. RELATED WORK
into a configuration process protocol which is provided Configuration Knowledge-based configuration has a
to customers in the following. The generation of sudong history as a successful application area of Atrtificial
protocols is triggered by regulations of the Europedntelligence, see, e.g., [9], [11], [12], [13], [14], [189h
Union [49]. The goal of these regulations is to improvthe management literature, configurators are subsumed
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under toolkits for open innovation, i.e., tools suppor&an ontology including major modeling concepts needed
ing customers in expressing requirements and mappiog the design of configuration models. Compared to our
requirements to physical product structures [33]. In thapproach, the work of [53] does not indicate relationships
context, users can be regarded as innovators explicitlytorindustrial standards. Furthermore it remains unclear to
implicitly articulating new requirements, leading to newvhat extent the used language supports the formulation
innovative solutions [33], [36]. When dealing with highlyof configuration domain-specific constraints.
variant products and services, customers are becomingemantic WebOIL [55] and DAML+OIL [56] are
confronted with the phenomenon of Mass Confusiamtology representation languages developed within the
[37] since the number of possible choices overwhelmsntext of the Semantic Web [57]. These languages
customers during the configuration process [36]. Thenable the design of ontologies on a formal basis (des-
situation motivated the integration of personalizatiocription logics). Triggered by the requirement for more
technologies with configuration systems - this was thkexibility and expressiveness of those languages there
major goal of the CAWICOMS project [16] which aimedare ongoing efforts to increase the expressiveness of
at the provision of new technologies allowing the pel/eb ontology languages. The CIF (Constraint Inter-
sonalized access to an assortment of complex productsange Format) [58] is an approach with the goal to
The second goal of CAWICOMS was the developmeptovide constraint languages for the Semantic Web. [17]
of distributed configuration problem-solving algorithmgoint out that Semantic Web representation languages
supporting calculation of solutions in different facetare suitable for configuration knowledge representation,
of supply chain settings (e.g., our VPN scenario). Inowever, an additional language is needed supporting an
this context, a prototypical knowledge acquisition conintuitive formulation of constraints on product structsire
ponent was developed which supported the intercharggaticularly the definition of aggregation functions and
of UML configuration models based on a proprietargomplex structural properties is not supported by state-
XML representation without taking into account thef-the-art Semantic Web knowledge representation lan-
exchange of OCL constraints. The goal of this papguages [17]. W.r.t. ongoing efforts to extend DAML+OIL
is to present further developments of the system or its successor OWL [59], the work of [17] contributes
detail (formalization of OCL constraints, integration o& set of criteria which must be fulfilled in order to
configuration knowledge base design into the framewoapply those languages for fully-fledged configuration
of the model-driven architecture, standardized represémowledge representation. It follows that standard Se-
tation using XMI) and to discuss experiences related toantic Web knowledge representation languages must be
the application of the knowledge representation conceptgtended in order to cover the modeling capabilities of
in industrial settings. configuration ontologies such as [53]. In this paper it has
Configuration ontologiesThe definition of a com- been shown that UML/OCL provides these capabilities.
mon representation language to support knowledge inProduct knowledge representation¥he Universal
terchange between and integration of knowledge-basgtndard Products and Services Classification Code
configuration systems is an important issue. In [5B8UNSPSC) (www.unspsc.org) is a coding system or-
one approach to collect relevant concepts for modeliggnized as a taxonomy for products. Frequently used
configuration knowledge bases is presented. The defidegels of the taxonomy arsegmentsdenoting logical
ontology is based on Ontolingua [54] and representsaggregations of families (e.g., computer equipment),
synthesis of resource-based, function-based, connectitamilies as groups of interrelated categories (e.g., soft-
based and structure-based configuration approaches. Twase),classesas a group of elements sharing a common
ontology is a kind of meta-ontology which includesisage (e.g., text-editing), armbmmaodityas a group of
modeling concepts quite similar to the concepts preubstitutable products (e.g., Linux texteditors). Roset-
sented in this paper. The goal of [53] was to preset@Net (www.rosettanet.org) classification schemes are
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restricted to the categorization of electronic equipmerthitecture (MDA) [27], [38], [28], [29] provides a
RosettaNet has two taxonomy levels (product groups asalid basis (it is based on a number of industry
products). Both standards focus on the categorizationsthndards) for knowledge interchange in the domain
products but do not provide any mechanisms for buildf knowledge-based configuration. In this architec-
ing models of generic product structures. Further stamwe, different transformations between model levels
dards related to product data representation are cXMke possible (e.g., PIM2PIM, PIM2PSM, PSM2PIM,
(commerce XML - www.cxml.org), and XCBL(Commonor PSM2SourceCode). Within the scope of our work,
Business Library - www.xcbl.org) which neither providd?SM2SourceCode transformations have been developed
any mechanisms for the representation of configuraliteorder to generate configuration knowledge bases and
products or services [20]. The BMEcat 2.0 standaRISM2PIM transformations to provide an interchangeable
[20] makes a claim on integrating configuration knowversion of a configuration knowledge base. An appli-
ledge representation formalisms. However, the focus cdtion of the MDA in the domain of smart cards is
BMEcat is to support catalog creators to extend fixgatesented in [60], where the customer-specific confi-
products with simple configuration mechanisms in aguration of smart cards (both software and hardware
easy way. Rules on product structures are definitely ardnfiguration) is organized in two steps (domain confi-
of the scope of the BMEcat standard. The standard fguration (e.g., credit card, SIM card) and card issuers
the exchange of product model data (STEP) [21] takeenfiguration (e.g., banks)). Configuration models of
into account all aspects of a product including geometsynart cards are organized in conformity with the MDA,
and organizational data [23]. The idea of STEP is ice., PIMs of smart cards, PSMs of smart cards and finally
provide means for defining application-specific conceptsistomer-specific configurations. Unfortunately, [60] do
for modeling products in a particular application donot present their approach to configuration knowledge
main. These application-specific concepts are denoted@gresentation in detail.
application protocols, which are defined using the EX- Object Constraint LanguagéOCL). OCL [26] in-
PRESS data definition language (application protocatfides the concepts needed for the construction of con-
are EXPRESS schemas). EXPRESS includes a setfigliration knowledge bases. Experiences from projects
modeling concepts useful for representing configurald@ow that it is an excellent basis for configuration know-
products, however, it cannot be used to define enterpriggdge representation. The availability of such a standard-
specific configuration models without leaving the STERed language is a crucial success factor for integrating
standard (the reason is that STEP standards define a figedfiguration technologies into industrial software deve-
(although generic) product structure, i.e., they do ntgpment processes and for configuration knowledge base
provide the freedom to design any type of configuratidntegration. In [47] experiences from the application of
model). If a company models its products according ©CL in industrial software development processes are
STEP, it should use an application protocol in ordefiscussed. In principle, OCL seems to be quite useful,
to conform to the STEP standard. As pointed out iand software engineers and even domain experts with a
[23], EXPRESS itself can in principal be applied fotechnical background are able to apply OCL for stating
configuration knowledge representation. The focus of tfgrmal constraints on a given object model. In partic-
presented work is to show the application of Softwangar, software engineers accepted OCL because of the
Engineering standard representation languages in ordinilarities of its syntax to object-oriented programming
to ease the integration of knowledge-based configurati@mguages. However, [47] point out that additional, more
technologies. The comparison of EXPRESS represenituitive concepts are needed in order to support effective
tions with the modeling concepts presented in this papatroduction of OCL constraints. They have made the
is the subject of future work. observation that software engineers tried to change an
Model Driven Architecture The Model-Driven Ar- object's state, what is prohibited by the declarative



STANDARDIZED CONFIGURATION KNOWLEDGE REPRESENTATIONS ASOUNDATION FOR MASS CUSTOMIZATION 51

semantics of OCL. In order to tackle this challenge[4] D. He and A. Kusiak, “Design of Assembly Systems for Modu-
[47] introduce the notion of constraint schemes. These lar Products,"IEEE Transactions on Robotics and Automation
schemes represent parametric constraints, which can be vol. 13, no. 5, pp. 646-655, 1997.

differently instantiated, depending on the actual sitbrati [5] T. Blecker, N. Abdelkafi, B. Kaluza, and G. Friedrich, ‘Nety
For example, a constraint schema could restrict the Steering Concept for Mass Customization,” Klagenfurt @niv
occurrence of objects of a class to an upper bound. In sity, Tech. Rep. KLU-IFI-2003-04, 2003.

this case, the upper bound is represented by a variadf@ X. Du, J. Jiao, and M. Tseng, “Product Platform Planning
which must be instantiated in order to instantiate the for Mass Customization,” irbth International Conference on
corresponding OCL constraint. The graphical interfaces Computer Integrated Manufacturin§ingapore, 2000, pp. 273~
for requires, incompatible, and resource constraints pro- 284

vided by the modeling environment can be interpreteff] C- Huang and A. Kusiak, “Modularity in design of produgts
as a type of constraint schemes. IEEE Transactions on Systems, Man, and Cybernetiak 28,
no. 1, pp. 66—77, 1998.
[8] T. Simpson, “Product Platform Design and Customizatidta-

VIil. CoNcLUSIONS tus and Promise Artificial Intelligence in Engineering Design

The use of the Object Constraint Language (OCL) Analysis and Manufacturing Journabol. 18, no. 1, 2004.
and the Unified Modeling Language (UML) as stand®l V. Barker, D. O’Connor, J. Bachant, and E. Soloway, “Entpe
dard representation languages for building platform- systems for configuration at Digital: XCON and beyond,”
independent and platform-specific configuration mod- Communications of the AGMol. 32, no. 3, pp. 298-318, 1989.
els has been demonstrated. These models are speclfiglyK. Edwards and J. Pedersen, “Product Configurationesysf
conforming to the model development process defined Implications for Product Innovation and Development,”lin
by the Model Driven Architecture (MDA) which is an ternational Conference on Economic, Technical and Organis
industrial standard framework for model development Uonal aspects of Product Configuration Systeiispenhagen,
and interchange. Such a standardized representation of De"™Mark: 2004, pp. 231-239.
configuration knowledge is a foundation for the effectivist! G- Fleischanderl, G. Friedrich, A. Haselboeck, H. $uher, and
integration of configuration technologies into software M. Stumptner, *Configuring Large Systems Using Generative
environments dealing with the management of complex
products and services. Configuration systems supporting
such a standardized representation ease their integra{llgh
into existing software environments and thus signifi-
cantly improve the technological support for the imple-
mentation of a company’s Mass Customization strategal.s]

Constraint Satisfaction,1TEEE Intelligent Systemsvol. 13,
no. 4, pp. 59-68, 1998.
C. Forza and F. Salvador, “Managing for variety in theler
acquisition and fulfillment process: The contribution obguct
configuration systems,International Journal of Production
Economicsno. 76, pp. 87-98, 2002.
E. Juengst and M. Heinrich, “Using Resource Balanciog t
Configure Modular SystemslEEE Intelligent Systemsol. 13,
REFERENCES no. 4, pp. 50-58, 1998.
[14] D. Mailharro, “A classification and constraint-baseghrie-
[1] D. M. Anderson,Agile Product Development for Mass Custo- work for configuration,”Artificial Intelligence for Engineering,
mization McGraw-Hill, 1997. Design, Analysis and Manufacturing Journal, Special Issue
[2] B. Pine and S. DavidMlass Customization: The New Frontier in Configuration Designvol. 12, no. 4, pp. 383-397, 1998.
Business Competition Harvard Business School Press, 1999[15] S. Mittal and F. Frayman, “Towards a Generic Model of
[3] P. Ahlstroem and R. Westbrook, “Implications of Mass t@us Configuration Tasks,” inl1th International Joint Conference
mization for Operations Managemenigiternational Journal of on Artificial Intelligence Detroit, MI, 1989, pp. 1395-1401.
Operations & Production Managementol. 19, no. 3, pp. 26— [16] L. Ardissono, A. Felfernig, G. Friedrich, D. Jannach,
27, 1999. G. Petrone, R. Schaefer, and M. Zanker, “A Framework for



52

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

IEEE TRANSACTIONS ON ENGINEERING MANAGEMENT, IEEE, TO APFR 2007.

the development of personalized, distributed web-basedi-co [30]
guration systems,Al Magazine vol. 24, no. 3, pp. 93-108,
2003.

A. Felfernig, G. Friedrich, D. Jannach, M. Stumptnenda [31]
M. Zanker, “Configuration knowledge representations for Se
mantic Web applications Artificial Intelligence for Engineer-
ing, Design, Analysis and Manufacturing Journabl. 17, no. 3,
pp. 31-49, 2003.

D. Fensel, Y. Ding, B. Omelayenko, E. Schulten, G. Batgqu
M. Brown, and A. Flett, “Product Data Integration in B2B E-[33]

[32]

Commerce,1EEE Intelligent Systemsol. 16, no. 4, pp. 54-59,
2001.

S. Shim, V. Penyala, M. Sundaram, and J. Gao, “E-Comenerc
Frameworks,”IEEE Computerno. 10, pp. 40-47, 2000. [34]
V. Schmitz, J. Leukel, and O. Kelkar, “Xml-based Data- Ex
change Of Product Model Data in E-Procurement And H35]
Sales: The Case of Bmecat 2.0.” international Conference

on Economic, Technical and Organisational aspects of Peodu[36]
Configuration System$openhagen, Denmark, 2004, pp. 97—
108.

ISO, “ISO Standard 10303-1: Industrial automationteyss and [37]
integration, Product data representation and exchange,1Pa
Overview and fundamental principles,” 1994.

O. Lopez-Ortega and M. Ramirez, “A STEP-based many38]
facturing information system to share flexible manufaatgru
resources dataJournal of Intelligent Manufacturingno. 16,
pp. 287-301, 2005. [39]
T. Maennistoe, A. Mario, and R. Sulonen, “Modelling geic
product structures in STEPComputer-Aided Designvol. 30,

no. 14, pp. 1111-1118, 1999.

A. Dennis, B. Wixom, and D. Tegardefsystem Analysis and [40]
Design with UML Version 2.0: An Object Oriented Approach
2nd ed. John Wiley & Sons, 2004.

J. Rumbaugh, I. Jacobson, and G. Boothe Unified Modeling
Language Reference ManualAddison-Wesley, 1998. [41]
J. Warmer and A. Klepp& he Object Constraint Language 2.0.
Addison-Wesley, 2003. [42]
D. Frankel,Model Driven Architecture John Wiley & Sons,
2003.

J. Miller and J. Mukerji. (2003) MDA Guide Version 1.0.1
[Online]. Available: www.omg.org [43]
J. Poole, “Model-Driven Architecture: Vision, Stamda and
Emerging Technologies,” itWorkshop on Metamodeling and [44]

Adaptive Object Models, ECOOP 2Q02001.

D. Sabin and R. Weigel, “Product Configuration Framekgor

A Survey,” IEEE Intelligent Systemsol. 13, no. 4, pp. 42-49,
1998.

D. McGuiness and J. Wright, “An Industrial Strength Pes
cription Logics-Based Configurator PlatformBEEE Intelligent
Systemgsvol. 13, no. 4, pp. 69-77, 1998.

S. Mittal and B. Falkenhainer, “Dynamic ConstraintiStaction
Problems,” in National Conference on Atrtificial Intelligence
(AAAI 90) Boston, MA, 1990, pp. 25-32.

N. Franke and F. Piller, “Configuration Toolkits for Mas
Customization: Setting a Research Agenddfrking Paper
No. 33 of the Dept. of General and Industrial Management,
Technische Universitaet Muenche. ISSN 0942-5098, 2002.
A. Haag, “Sales Configuration in Business ProcessdsFE
Intelligent Systemsvol. 13, no. 4, pp. 78-85, 1998.

U. Junker, “Preference programming for configuratiom
IJCAI'01 Workshop on ConfiguratiorSeattle, WA, 2001.

F. Piller and M. Tseng,The Customer Centric Enterprise,
Advances in Mass Customization and PersonalizatiSpringer
Verlag, 2003, pp. 3-16.

C. Huffman and B. Kahn, “Variety for Sale: Mass Customi-
zation or Mass ConfusionJournal of Retailing no. 74, pp.
491-513, 1998.

A. Kleppe, J. Warmer, and W. Ba$tiDA Explained; The Model
Driven Architecture: Practice and Promise Addison Wesley,
2003.

P. Sainter, K. Oldham, and S. Kneebone, “The necessity f
product knowledge reuse and sharing within knowledge<base
engineering systems,” IARSME Design Automation Conference
1998, DETC/DAC-5569%Atlanta, 1998.

H. Akkermans, Z. Baida, J. Gordijn, N. Pena, A. Altunada
I. Laresgoiti, “Value Webs: Using Ontologies to Bundle Real
World Services,"IEEE Intelligent Systemsol. 19, no. 4, pp.
57-66, 2004.

A. Felfernig, “Extending Configuration Models using OC
Klagenfurt University, Tech. Rep. KLU-IFI-2004-19, 2004.

A. Felfernig, G. Friedrich, D. Jannach, and M. Stumpt-
ner, “Consistency-based diagnosis of configuration kndgee
bases,” Artificial Intelligence vol. 2, no. 152, pp. 213-234,
2004.

S. Ceri, G. Gottlob, and L. Tancad,ogic Programming and
Databases Berlin, Heidelberg: Springer Verlag, 1990.

OMG. (2003) XML Metadata Interchange (XMI), v2.0.

[Online]. Available: www.omg.org



STANDARDIZED CONFIGURATION KNOWLEDGE REPRESENTATIONS ASOUNDATION FOR MASS CUSTOMIZATION 53

[45] W3C. (1999) Extensible Markup Language (XML). [Onljne [60] S. Bonnet, O. Potonniee, R. Mavie, and J. Geib, “A Model-

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]
[58]

[59]

Available: www.w3c.org

W3C. (1999) XSL Transformations (XSLT) Version 1.0,
November 1999. [Online]. Available: www.w3c.org

T. Baar, R. Haehnle, T. Sattler, and T. Schmitt, “Entisur
mustergesteuerte Erzeugung von OCL Constraints,Infor-
matik 2000, 30. Jahrestagung der Gesellschaft fuer Infeikma
2000, pp. 389-404.

A. Felfernig and A. Keiner, “Knowledge-based InteiaetSell-
ing of Financial Services using FSAdvisor,” IYth Innovative
Applications of Artificial Intelligence Conference (IABB).
Pittsburgh, Pennsylvania: AAAI Press, 2005, pp. 1475-1482

EU. (2002) Richtline 2002/92/EG des Europaeischen

Parlaments und des Rates vom 9. Dezember 2002 ueber

Versicherungsvermittlung. [Online]. Available: www.fnga.at

P. Hentenryck, L. Michel, and Y. Deville, “A Modeling Ia
guage for Global OptimizationMIT Press 1997.

T. Uemura, S. Kusumoto, and K. Inoue, “Function-Poinala
ysis using design specifications based on the Unified Maoglelin
Language,”Journal of Software Maintenance and Evolution:
Research and Practiceno. 13, pp. 223-243, 2001.

A. Felfernig, “Effort Estimation for Knowledge-basedonfi-
guration Systems,” ilSEKEO4 F. Maurer and G. Ruhe, Eds.,
Banff, Canada, 2004, pp. 148-154.

T. Soininen, J. Tiihonen, T. Maennistoe, and R. Sulgnen
“Towards a General Ontology of Configuratiomttificial In-
telligence in Engineering Design Analysis and Manufactgri
Journal vol. 12, no. 4, pp. 357-372, 1998.

T. Gruber, “A mechanism to support portable ontologies
Stanford University, Tech. Rep. KSL 91-66, 1992.

D. Fensel, F. vanHarmelen, |. Horrocks, D. McGuinnessd

P. Patel-Schneider, “OIL:An Ontology Infrastructure fdret
Semantic Web,"[EEE Intelligent Systemsvol. 16, no. 2, pp.
38-45, 2001.

F. vanHarmelen, P. Patel-Schneider, and |. HorrocR801)

A Model-Theoretic Semantics for DAML+OIL. [Online].
Available: www.daml.org

T. Berners-Lee\Weaving the Web Harper Business, 2000.

P. Gray, K. Hui, and A. Preece, “An Expressive Constrain
Language for Semantic Web Applications,” idCAI 2001
Workshop on E-Business and the Intelligent Webattle, WA,
2001, pp. 46-53.

W3C. (2004) OWL Web Ontology Reference. [Online].

Available: www.w3c.org

Driven Approach for Smart Card Configuration,” i@ener-
ative Programming and Component Engineering (GPCEO04)
ser. Springer Lecture Notes in Computer Science, no. 3286.
Springer Verlag, 2004, pp. 416-435.






