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Abstract

The Unified Modeling Language (UML) is an emerging
standard conceptual modeling language in Software En-
gineering processes. UML provides extension mecha-
nisms (stereotypes) to adapt the general modeling lan-
guage to specific application domains. In addition, UML
comprises the standardized expression language Object
Constraint Language (OCL) to model additional invari-
ants.

In this paper we show how UML can be extended using
the standardized extension mechanisms to fit the needs of
the domain of knowledge-based product configuration.
Sarting from a conceptual product model, we define the
semantics of the employed extensions based upon a logic
theory of configuration in a way that the resulting knowl-
edge bases can be processed by a specialized inference
engine. We show especially how the built-in expression
language OCL can be employed to enhance the expres-
siveness of the conceptual models and how such expres-
sions can be trandlated to the logical model. Finally, we
describe a prototype implementation of the presented
ideas based on commercial tools.

1 INTRODUCTION

According to the paradigm of mass-customizatiomdpr
ucts are nowadays sold to customers in many variant
according to the specific customer demands. Product
configuration systenis(or configurators for short) have
been one of the most successful applications ofeAh-
nology for the last two decades ([7],[21]), e.q, the
automotive and telecommunication industries. Thay-s
port the technical engineer, the sales represeatati the
customer to cope with the large number of variafts
fered and help them to configure products that thoiiil

the customers requirements and technical and en@no
constraints on allowed product configurations.

! Product configuration should not be confused vétiftware
Configuration Management despite some similarities concern-
ing components and ports.

Starting from its rule-based origins [14] configioa
technology has progressed to other representatimh a
solving mechanisms, e.g., constraint based, casedba
etc. For an overview of configuration technologg .9.,
[21]. Despite these advances, knowledge acquiséiuh
maintenance of configuration knowledge bases Ik asti
critical factor since the development time is $lyidim-
ited as the configurable product and the configurat
software have to be developed in parallel. Adddibn
these knowledge based systems often use proprietary
representation mechanisms and conceptual modeltshwhi
are not integrated into standard software developme
processes.

On the other hand, from a software engineering tpoin
view, different conceptual modeling languages awh+
nigues have been developed, e.g., Object ModelaahT
nigue (OMT), Unified Modeling Language (UML) [8p t
improve the software development process. Thegghgra
cal notations are used to make abstractions franrehl
world thus making the problem domain more comprehen
sible and easier to communicate between the pdople
volved. These techniques are widely accepted and em
ployed in industrial software engineering processes

Since these methods are general purpose modeling la
guages and abstract from the real world they fdee t
problem that these models are not directly exedeitdh
addition, the semantics of the different modeliogaepts
are mostly stated in plain English thus making atoa
mated translation of the conceptual model to arctee
ble representation impossibleIML (Unified Modeling
Language) leverages this problem of generality hof t
language to some extent allowing the language texse
tended by additional modeling concepstereotypes) for
certain domains, e.g., for Business Process Maglelim
addition, UML comprises a declarative object orgeht
expression languag@CL (Object Constraint Language)
to express additional invariants on the models ¢iuan
not be expressed graphically). The applicability asf
object oriented approach to model configurable pobsl
has been shown in [17] and [18]. In our previouskn5]
we have shown — based on a logical theory of gondi-
tion — how UML can be employed to model configuwati



problems and how these conceptual models can loe aut
matically translated into an executable represimtain

domain specific stereotypes. The basic structdréhe
product is modeled using part-of and generalization

this paper we show how these models can be enhancedelations of the available component types the pcodan

with additional constraints formulated in OCL andwh
these invariants are translated into our logic theof
configuration. This translation defines the senemnfor
the individual constructs of OCL precisely. In adh,
we demonstrate how the presented domain specifemnex
sions are properly added to UML using the built-in
mechanisms. Finally, we describe a prototypical l&np
mentation of our approach using commercial todl$ie
paper ends with related work and conclusions.

2 USING UML AS NOTATION FOR CON-
FIGURATOR DEVELOPMENT

We will first shortly summarize how UML can be usted
automatically construct configurator knowledge Isase

Domain knowledge
(available components, constraints) Changes

Build
product mode

Check syntactic
usage of concepts

Generate Knowledge
Base >

Available modeling
concepts

+ OCL constraints

Well-formedness rules
for stereotypes

type(aX) 0
Otype(b,C) 0.
type(aX)

Transformation
rules

Calculate valid
configurations using a
configuration engine

Validate results

Accept Knowledge Base

Specific user-

requirements Revision of product model

Productive use
(Configuration)

Expert knowledge

Figure 1 Configurator development process

Figure 1 shows the envisioned development process f
configurators from [5]. Starting from a conceptymbd-
uct model, a knowledge is generated which is exdteat
by a specialized inference engine. The translasatone
after a syntactic check and is based on preciselined
semantics of the available modeling concepts. Tée r
sulting knowledge base can be validated and acdepte
it can be revised again on the conceptual leveteCthe
generated knowledge base is assumed to be cantas|
configurations can be calculated given some speuser
requirements. In this paper we show how additianal
variants that are not graphically expressible arw far-
mulated in OCL can be employed in the product model
and enrich the expressiveness of our conceptugliEge.

Figure 2 shows a small fragment from a conceptuadp
uct model using a UML static structure diagram with

consist of.

sel f.fl oppy- >sel ect

<<RootComponent>> N .
(f:floppy|f.size=3.5)->size >0

pc —
type ={standard deLuxe}|

¢ -

0.2 <<ComponentType>>

<<ComponentType>> motherboard
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size ={355.25} /P \

<<ComponentType>>| [<<ComponentType>>| |<<ComponentType>>
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Figure 2 A conceptual model fragment using UML

Component types are described through their prigsert
(attributes) and can be connected to other compsnen
using predefined connection slotpoKts). In addition,
typical modeling concepts for the configuration dom
are introduced to express, e.g., incompatibilibesween
component types or overall resource constraintsrthast

be observed by a valid configuration (for detade $5]).
Figure 2 also shows an additional OCL constraint
attached to the class PC, which can not be expmfesse
graphically.

21  Fitting the extensionsinto UML

The standard way of introducing extensions to UMlta
add aprofile, which is defined to be a set of predefined
stereotypes, tagged values, and constraints. Alpdes
not introduce any new basic concepts to the langmrg
rather specializes it for some domain. In the apnfation
domain, we define stereotypes in the UNietamodel,
e.g., rather than saying that an actual model eabuilt

of classes, we define a new stereotypeofnponent type"
from the metamodel elemedtss, such that in the actual
model this new concept can be employed.

The UML profile for the configuration domain theoe¢
consists of the following elements (not exhaustive)

M etamodel class Stereotype

Model Configuration Mode
Clas: Component Tyg
Clas: Por

Clas: Root Componel
Clas: Resourc
Dependenc require:

Associatiol connected wit

In addition,well formedness rules (also using OCL) are
defined that describe the correct usage of theestgpes



within a model.

Examples. ("Component Type" classes have no opera-
tions")

sel f.all Operations->size =0

(A "requires' dependency can only be between two
classes of stereotype " ComponentType")

self.client.stereotype and

sel f.supplier.stereotype

" Conponent Type"
" Conponent Type".

Figure 3 shows how the profile for configurationirge-
grated into the four-layer architecture of UML. the
metamodel the extensions for the configuration doma
are defined. The actual product models correspand t
class diagrams and final configurations can be seen
instantiations of the model.

L4: Meta-meta model

Configuration Profile
<«—> (Stereotypes)

Model (Class Diagram}— Product model

«—— Configuration instance

L3: Metamodel

L2:

L1: User objects

Figure 3 Layered UML language architecture

2.2 Logical modd for configuration

As a target knowledge representation, into whick th
conceptual models are mapped with precise semant&s
defined a logical model of configuration based obe t
component-port model [15]. The mapping from the-con
ceptual model to this executable representatisnpre-
sented in detail in [5].

We will now shortly review the basic notions of tHar-
malism and show later on in Section 3 how OCL con-
straints from the conceptual model can be mappedhab
representation.

Component port model

The component port model is widely accepted and ase

a representation mechanism for configuration pnwoisle
([71,[23],[15]): A configurable product is built &m pre-
defined components which are characterized by afet
properties (attributesPorts are used as connection points
between component individuals. In order to map the
product structure from the conceptual level to logical
representation we define stereotyped classes waighr t
attributes in the UML model as component types. The
part-of structure is mapped to our logical representation
through the introduction of ports and additionalnco
straints.

2 We employ a logic programming notation where vddab
names start with an upper case letter or are wridte "_". The
variables are all-quantified if not explicitly mémed.

Configuration problem

The definition of a configuration problem is basad a
consistency-based approach. A configuration proldam
be seen as a logic theory that describes a compdinen
brary, a set of constraints, and customer requirdsne
The result of a configuration task is a set of congnts,
their attribute values, and connections that satitie
logic theory.

We assume the definition of the product structurébé
described in a seDD (domain description) of logical
sentences. This set contains the basic producttsieu
and additional constraints on allowed constellaiolm
addition, the customers requirements (additionah-c
straints, initial configurations) are represente@ isetSRS
(specific requirements) of logical sentences. Adiviu-
ual configurationCONF consists of a set of components,
connections and attribute values described by ipesit
ground literals. In our examples, we employ a skt o
predicateCONL={type/2, conn/4, val/3} to describe such
configurations (for special domains, additionaldicates
can be defined).

Definition: (Consistent Configuration): Given a configu-
ration problem (DD,SRS,CONL) a configuration CONF
isconsistent iff DD 0 SRS CONF is satisfiable.

In addition we define the termgalid, irreducible and
complete configuration in the detailed formal exposition
[9] to come to a precise logical definition of dogical
theory.

Example

The following example illustrates how the conceptua
product model from Figure 2 is transformed into te
main descriptiorDD of our logical model of configura-
tion.

«  We define what types of components can exist in a
final configuration, i.e., we add

types = {pc,cpu,cpu-486, motherboard,...}.
to the domain description.

e To represent the properties we aalttibutes func-
tions, e.g.,

attributes(flo = {size}.
attri butgcpg)pz) {ClE)Ck rate}

. Attributes are assigned a domain, e.g.,

glgflopp sze) 3.5, 5.25}.
cpu,clock rate) = {300,400}.

e The type hierarchy is mapped, i.e., additional con-
straints are added, e.g.,
type(1D,cpu-486) 7 type(I1D,cpu).
type(ID,cpu) 7
type(ID,cpu-486) Ltype(ID,cpu-586).

After the definition of the available component égp we
map the product structure given part-of relations (ag-
gregations) to the component port representatiom W



therefor define ports to connect the component$ Vit
parts and aggregates. The number of needed pods-is
termined by the multiplicities of the aggregatiohhe
ports are named according to the opposite classthiee
function ports(type) return the set of ports defined for a
component type.

e Given the part-of relation between "pc" and "floppy
in the conceptual model, where an individual PC can
have 1 or 2 floppies installed and a floppy can be
part of exactly one PC, we exteBdD with the cor-
rect port definitions, i.e.,

{floppy-port-1, floppy-port-2} /7ports(pc).
{pc-port} 7 ports(floppy).

e In addition we derive a constraint stating thah#re
is a floppy in the configuration, it must be insett
into a PC. This property is assured using the predi
cate conn(C1,P1,C2,P2) denoting that component
C1 is connected on pofl with componentC2s
port P2.

siveness of our product models and how they can be
transformed to our logic representation. Actuallye
restrict the employed constraints to use only assulof

all the features of OCL, since we only utilize faats
concerning static structure diagrams (not, e.gtestlia-
grams). Furthermore, we do not need employ OCL-
features to access the metamodel, e.g., constm@inthe
number ofassociation ends.

In addition, the features defined for methods aerale-
vant since we do neither have methods in our mousl,
time expression. Finally, non-declarative feature©CL
(iterations,let statement) and shorthand notations are not
regarded in this context. Assuming these restmstion
the usage of OCL we are given an expression larguag
that is applicable and of practical use for the diomof
product configuration.

A typical constraint for our example, stating tfatevery
instance of the class PC there must &teany time at least
one floppy with size 3.5 installed, is expressed as

t ID,flo 7 [JP,Port) t P,pc) [J
ypc?cgnn(lDP%{)port,P,(Port) & ype(P.pc)

context PC inv:
pc. f1 oppy->sel ect (f:floppy|f.size=3.5)->size >0

Port /7{floppy-port-1,floppy-port-2}.
For additional typical modeling concepts for therdon
of product configuration (e.g., type compatibilitjeother
types of part-of relations, resource balancing) He
cording transformation rules are defined in [5].

A valid configurationfragment CONF for the example
given in Figure 2 can be expressed udiyme, val, and
conn literals, i.e.,
CONF = { type(p1,pc). type(f1, floppy).
val (pc,type," standard").
val(fl,size, 3.5).
conn(pl,floppy-port-1,f1,pc-port).
type(ml,motherboard-1). ....}

As we can see in Figure 2, there is an additiomal- ¢
straint on the number of connected floppies wittegain
size defined for instances of class "pc". This trist

can not be expressed using the graphical meansvidf U
and is therefor defined using the expression laggua
OCL. In the next section we show how these OCL expres-
sions can be used for the domain of configuration.

3 OCL CONSTRAINTS

The Object Constraint Language [22], a simple deaela
tive expression language, serves two purposes rwitte
UML: First, it can be used to state well-formednages
in the metamodel as it was done in Section 2.201%kadt
can be used to make the actual models more precise,
one can express further invariants in the model.

When modeling configurable products with UML there
usually exist constraints on valid configuratiohattcan
not be expressed graphically. In the following view
how OCL constraints can be used to enhance theesxpr

The constraint has the following features:

* The context describes for which class the constraint
has to hold, i.e., the constraint has to hold tbima
stances of the class "pc".

* A navigation expressiomc.floppy, resulting in the
collection of floppies associated with the PC. The
name"floppy" is the default name of the association
from the class "pc" to the class "floppy" in theneo
ceptual model if it is not specified explicitly.

* A predefined collection operaticsglect, resulting in
a subcollection of the invoking collection congigti
of elements fulfilling the same subexpression,

* access to attributes of a clagsite),

» the predefined operaticize on collections resulting
in the number of elements in the collection.

* A mathematical operation ">" on integers.

Since the expressions are declarative, they catrains-
lated to our logic based representation. We willvrae-
fine the transformation rules for the OCL featuvesen
parsing an individual expression for our applicatido-
main. Note that the resulting sentence is createdei
mentally during the left-to-right parsing proce&auring
that parsing process we generate a logical sentefice
conjuncted predicates. We assume that the expressio
syntactically correct and has been "type-checkée!,
there are no attribute accesses to non-existenipLags,
no navigations over non-existent associations dwerot
"type" errors.

Furthermore, we need to remember information cancer
ing the actual state of the evaluation process,(aajual
class referenced, actual attribute, actual cobegtactual
subexpression) and generated variables within thdip



cates. This variable names are used to connednttie
vidual conjuncted predicates in the resulting secge
Subexpressions that have still to be parsed akedirio
the rest of the logical sentence using a conjuncénd
using the generated variable names from the aebal
pression.

Note that in the following we do not show the tiatisn
process on the basis of the definition of a dedageam-
mar for the expression language, but rather show the
individual language constructs of OCL are translateo
our logic representation.

3.1 Bascdatatypes

We assume the basic data types (érgeger, boolean,
real, string) and constants to exist in our logical repre-
sentation.

3.2 Contexts

Each OCL-expression is defined within the conteixao
class. Starting from this reference point (conteatjrib-
utes of the class can be accessed and navigatpmesex
sions over associations can originate. This context
relevant when using the keyworedlf" within the expres-
sion, e.g.sel f. si ze in the contexfloppy references the
attributesize of an actual instance of floppy.

To have this starting point in our logical expressiwe
generate a fact of the fornype(C,classname) for the
resulting logical sentence that will match for tgpe-facts
generated during the search for solutions, i.e.afbin-
stances of component types. The following predi#iat

are generated from subexpressions and operatians ar
conjuncted to the already generated predicates.gEne
erated variable nanm@ has to be used as a starting point

Trandation: (context) Given an OCL-expression in the
context of class classname, we add the fact
type(Classname,classname) to the resulting sentence.

3.3  Property access

Properties of classes in the conceptual model eands
cessed in OCL expression using thiedperator for class
variables. These class variables can either referdper-
ties of the actual context class (using the keywsatfl-
which can be omitted) or to a class which is ref@rto
through navigation. Le€lassname be the generated vari-
able name of the actual parsed class on which tbp-p
erty access is performed.

Trandation: (property access) Given an access to prop-
erty p of classc, then we extend the resulting logic sen-
tence with the conjunction @&l (Classname,p,PValue).

Note that the variablePValue" then contains the actual
value of the variable, on which we can apply lobica
arithmetic operators.

3.4 Basicoperatorsand constants
We assume the basic operators ("+", "-", "or},for the

individual elementary datatypes to exist in ouridad

representation. When parsing an expression witlasch
operator, the operator can be directly applied fen last
referenced attribute and conjuncted with the curssm-

tence. Constants are also directly translated.

Example (attribute access and operators):

The OCL constraint

context: pc inv:

sel f.type
will be translated to:

type(PC,pc) 7 val(PC,type TypeValue) /7 TypeValue =
"Deluxe".

= "DelLuxe"

Note, that the predicates of the resulting logsmmtence
are linked with conjuncts and the usage of the exrr
variable names.

3.5 Navigation over associations

Navigation can be done in OCL using the overloadéd
operator for classes (e.ghe. floppy). This navigation
expression in OCL evaluates to a collection ofanses
associated with an instance of the actual classoun
models of configurable products, navigation cary dake
place over aggregation associations between compone
types and "connected with" associations betweenspor
(see [5]).

Trandation: (navigation) Given a navigation expres-
sion from an instanc€l of classcl to classc2 then we
add the conjunction of the predicatecon-
nected(C1,c2,<C2_SET>) to our logical sentence.

In addition, we defineconnected(C1,c2,<C2_SET>) as
(using a LDL-like notation [4]):

connected(C1,c2,setof(<C2_SET>)) [/
type(C2_SET,c2)
[Jconn(C2_SET,c1-port,C1,C2_Port)
[JC2_Port [7{c2-porty, ..., c2-port,}

Note that the predicatmnnected collects all the instance
identifiers from type facts where these instanaescan-
nected to one of the ports of reserved for connections
to c2-instances. The variabl€2_SET then contains all
corresponding instances and can be used for fudper
erations on that collection. All further operatioos the
resulting collection have to use that variable naoneefer
to that collection correctly. This property is ereli dur-
ing the parsing process (see example below).

3.6 Basic set operations

We assume that our language for logical sentencas c
tains the basic mathematical set operations, argon,
intersection, cardinality.

Example: size (Cardinality) of a set

context PCinv:
pc. fl oppy- >si ze
pc. fl oppy- >si ze

1
2

or



is translated to:

(type(PC,pc) [J
connected(pc,floppy,setof(<Floppy_SET>)) [J
size(Floppy _SET) = 1)

0

(type(PC,pc) [J
connected(pc,floppy,setof(< Floppy_SET>)) 7

size(Floppy_SET) = 2)
where connected(pc,floppy,setof(<Floppy_SET>)) is
defined as:
connected(PC,floppy,setof(<Floppy _SET>))/[7/

type(Floppy_SET floppy) 7
conn(Floppy_SET,pc-port,PC,Floppy_Port) /7

Floppy_Port//{floppy-port-1,floppy-port-2}.

3.7 Select and reect operation
Sometimes a navigation expression evaluates tdleceo
tion, where we are only interested in a specialsstitof
that collection. OCL offers theelect and reject opera-
tions on collections to filter out elements thdfilusome
boolean expression, e.g., the fact that the catlecof
floppies of size "3.5" connected to a PC must beisl
defined in OCL as
context PC inv:
pc. fl oppy- >sel ect (f: fl oppy|f.size = 3.5)

->size =1
The reject operation results in a collection of elements,
except those where the boolean expression on #e el
ments evaluates twue. We will not consider it here be-
cause this can be achieved by simply negating dloéehn
expression.

Trandation (select operation) For the translation of one
select-operation, we define a predicate of the form

select(InvokingColl,setof(< Matching>))

using LDL-notation, wherénvokingColl refers to the set
of component identifications (which could have te=il
from a navigation expression) from which some eletsie
have to be selected and add it to the resultingpddgen-
tence. The variablMatching then contains the resulting
set of "matching" elements, i.e., the set of congmbiDs,
for which the subexpression in the OCL - invarisnirue
This variable can then be used in the rest of #selting
logical sentence.

In addition, we construct the definition for thseect-
predicate from the subexpression of the OCL-coimdtra
conforming to our translation rules. To ensure ttra
correct component identifications are selected use the
variable naméJatching and add the conjundfatching /7
InvokingColl to the generated predicate definition.

Example: (Selection of 3.5-sized floppies of the PC)

Note that for evergelect andreject operation within an
expression an individuaklect-predicate has to be derived
(having a unique name).

Generate a predicate to...

select(Floppy_SET,setof(<Matching>) [/
Matching 7Floppy SET /7

type(Matching, floppy) 7
val(Elem, size, sizeValue) [7
sizeValue = 3.5.

...select elements
from the invoking
collection fulfilling
the ...

....translated subexpression
(f:floppy|f.size = 3.5)

type(PC,pc) Lconnected(PC,floppy,Floppy_SET) 7
select(Floppy_SET, Matching)
[Jsize(Matching) = 1.
use predicate in resulting
logical sentence ...

3.8  Collect operation

Basically, thecollect operation on collection in OCL is
used to refer to a collection of attributes thadéesived
from a collection of objects. The syntax is the eaam for
the select operation, except that we can define what ele-
ments should be returned by the collect operation.

Example: (collect operation)

context pc inv:
pc. fl oppy->col |l ect (f: fl oppy|f.size)

will return a collection of all attributesize of floppies
associated with a PC.

Note that the result of thepllect operation returns rather
a bag than aset, because if there are attributes with the
same value, they have to be included more than once
the result. The resulting bag of attribute values be
used in further expressions, e.g., a constrainthensum

of the values.

Trandation (collect operation): In principle the transla-
tion is the same as for tlselect-operation, except that we
do not construct a collection of component idecdifions,
but a collection of attribute instances. Therefwe, con-
struct a predicate of type

collect(InvokingColl,bagof(< Matching_Attr>))

and add it to the resulting logical sentence whéatch-
ing_Attrs contains a bag of attribute instantiations on
which further operations can be applied. (We asstiae
our logical language comprisedag extension).

The predicatecollect is constructed by translating the
subexpression usingval-predicate for all elements of the
invoking collection and introducing a variabEem to
refer to the elements of the invoking collectidfietm 7
InvokingColl) and link the translated expression on the
elements using that variable name.



In theexamplef | oppy- >col | ect (f: fl oppy| f. si ze), the
collect predicate will be defined as:

collect(Floppy_SET,bagof(<Matching_Attr>)) /7
Elem [JFloppy_SET [Jtype(Elem,floppy) 7
val (Elem,size, Matching_Attr).

3.9 Forall operation
Using this OCL operation one can define constraings
have to hold for all elements of a collection.

Example: (All floppies must be of size"3.5")

context pc inv:
pc. floppy->foral |l (f:floppy|f.size = 3.5)

Again, theforall operation takes a subexpression as pa-
rameter, where one can introduce variables ané stet
pressions on that variables.

Trandation (forall operation) Given a collection in
OCL where some additional subexpressions have lth ho
for all elements, we translate that subexpressmora-
ing to our transformation rules and link it to thest of
our generated predicate. Therefor we generate ttbi-p
cate for the subexpression on a newly introducetbke
Elem and add a conjundilem /7 InvokingColl to ensure
that the predicate holds for all elements of theoking
collection (referred to aswokingColl)

Example (All floppies must be of size"3.5".)

type(PC,pc) [7
connected(PC,floppy,setof(<Floppy_SET>))/[7
Elem [JFloppy_SET [val(Elem,size,SzeValue) [J
SzeValue= 35.

3.10 Existsoperation

Using the OCL operatiomxists on collection, one can
state a constraint, that at least one of the el&sneha
collection fulfills a given expression.

Example (thereis at least one floppy with size "3.5")

context pc inv:
pc. f1 oppy- >exi sts(f:floppy|f.size

3.5)

Since this can be seen as a shorthand variant of

pc. f1 oppy- >sel ect
(f:floppy|f.size = 3.5)->size > 0

we can translate this expression using the trdoslatiles
defined for theselect operation and add a conjuncted
predicate of the fornsize(Matching) > 0 to the resulting
sentence.

311 ocllsTypeOf

From the predefined properties on all objects inLQ@
only support the predicateclisTypeOf, which can be
used to decide whether a given object has a cetypm
(which is defined in the generalization hierarchyhe
following example shows how such expressions can be
used in the configuration domain.

Example: (if type of the motherboard is " motherboard-1",
the clock rate must be set to "300")

cont ext not herboard inv:

sel f. ocl | sTypeOf (not her board-1)inplies

self.clock_rate " 300"

According to the definitions we made when mapping
generalization hierarchies to our logical model, have
to include an additionalpe fact with the corresponding
component type given in treellsType predicate parame-
ter.

Trandation (ocll sTypeOf): Given the predicateclIsTy-

peOf parameterized with typein an expression andlass

being the variable name of the actual parsed dlmss
voking class), we add the conjunigpe(Classt) to the
resulting logical sentence.

Example: (ocllsTypeOf : motherboard clockrate)

type(M, motherboard) /7type(M,motherboard-1) /7
val(M,clock rate,Clock RateValue) /7
Clock RateValue = 300).

3.12 if-then-else/ let-expressions
The boolearif-then-else operator defined in OCL is an-
other redundant element which can be translateduto
logical notation using implications.

A let-expression can be employed in OCL constraints to
introduce variables for subexpressions that appeae
then once within the expression. We do not reghesd
expressions since they are merely shorthand natgtio
that can be replaced by the assigned subexpression.

4 |IMPLEMENTATION

In order to test the applicability of our ideas Wwave
implemented a prototype framework using standard
commercial tools for this purpose. The presenteshsd
however, are general enough and do not rely on some
special modeling tools or inference engines to esdhe
configuration task.

41  Prototype architecture

Figure 4 shows the general architecture of thegbype
implementation. We will now shortly discuss theiind-

ual components of that development environment for
product configuration knowledge bases.

Modeling Tool (1): As modeling tool for the con-
ceptual product model we uational Rose which is

a wide spread CASE tool for object oriented softwar
development. Generally, any tool supporting UML
can be employed since we do not add any new fea-
tures to UML but rather use UML' built-in extensio
mechanisms. In addition, this tool can be easilg- cu
tomized to support the definition of domain oriehte
models.



(2) Export to

Exchange Format (XMI)

(3) Check metamodel
constraints

<xm >
<Mbdel >
<name>PC- Mbdel </ nane>
<O ass>
<name>PC</ name>
<feature>
<attribute> ...

</dass>
</ Mdel >
</ xmi >

Configuration application
Calculation of valid
configurations

XML and
OCL Parser

(5) Link with e.g.,
interface components

B ————

(1) Conceptual model defined in
Rational Rose 98

(Generate knowledge base
for alternative
configuration system)

(4) Generate target
knowledge base

[\

; Ct+-

class Mbdel {
Conponenttype pc = new Conponent;

Definitions

;:I ass Xyz{....

C++ based Constraint Solver
ILOG Configurator 1.0

Figure 4 Prototype Implementation Architecture

Exchange format XMI (2): The XML Metadata
Interchange Format (XMI, [16]) is a standard defined
by the Object Management Group (OMG) for a text-
based exchange of UML models. The representation
of the model in XMI allows us to be independentiro
proprietary tool formats. We transform the conceptu
model from Rational Rose using a free conversion
utility.

Checking of metamodel constraints (3): In Section
2.1 we give examples for the definition of conistia
on the correct usage of the extended modeling fesitu
for the configuration domain, e.g., a stereotypssba
ciation "connected with" can only be established be-
tween two stereotyped classes of tyfort". Since
these constraints are also defined in OCL, we can
analyze the model automatically and check, whether
those well-formedness rules are observed. Thisifeat
allows some early check of the model defined by the
designer. As a result the generated knowledge isase
syntactically executable, although semantic ereves
still possible. In case of semantic errors, thefigor
rator will not return the expected results givemmso
input, i.e., will not come up with a correct soérti
Model-based diagnosis of knowledge based configu-
rators using test examples is discussed in [6]d&ut
yond the scope of this paper.

Generation of target knowledge base (4): After the
well-formedness check of the model, we can generate

the target knowledge base. Therefor, we employ a
XML-parser that reads the product model from the
XMl-description and generates the sentences for the
target knowledge base. In addition, we are devappi
an OCL-parser (using a standard compiler generator)
that evaluates the OCL-constraints within the dctua
product model and transforms them according to the
semantics defined in Section 3. Note that we only
generate the knowledge base, where, in generalowe
not have to consider the search algorithm imple-
mented by the inference engine. Given the predse s
mantics of our conceptual models, knowledge bases
for other configuration engines (e.g., for an imstgd
SAP R/3 System) can be generated.

Configuration engine (5): For the actual configura-
tion task we employ the industrial strength cornistra
based configuration engink.OG Configurator 1.0.
Since this tool consists of a set of C++ librarits
knowledge base rather consists of C++ statements
than of logical sentences. We generate the knowledg
base for that software strictly conforming to the s
mantics defined in Section 3 and in [5]. The magpin
from our logic based model to the model of the eplv
software is in most cases straightforward, because
ILOG Configurator is also based on a component-port
model of configuration. In principal, other configu

tion tools (or specialized inference engines) rajyon

the component-port model [7] can be used as solving
components which implement other inference mecha-



nisms, e.g., functional reasoning. After the getiena

of the knowledge base files, these files can beesimb
ded and linked with e.g., sme interface omponept su
porting the interactive configuration task. Theuadt
search for solutions given specific user inputdase

by the constraint solver using a backtracking algo-
rithm with forward checking. Therefor, the knowledlg
base is defined in a declarative manner and segghrat
from the problem solving task.

4.2  Experimental results

After having defined the conceptual model in Radion
Rose, our implemented system generates the knowledg
base definitions for the target configuration ergin a
few seconds on a Pentium-Il for a small sized pobbf

our extended working example (see [5]). After audted
compilation and linkage, all solutions (a few hwdjr to

our simple example can be computed within less than
second, which shows the effectiveness of the geatbra
knowledge base code.

In addition to the tests on our simplified PC-domfiom
our example, we have evaluated our approach omla re
world problem from the domain of private telephone
switching systems. This test case showed the agliity

of the conceptual modeling language as well aseffes-
tiveness of the resulting configurator knowledgeeba

When scaling to more complex products (many compo-
nent types, associations, and constraints), theeginal
product models tend to get large and harder to cemp
hend. In these cases, the built-in structuring rapisms

of UML (and the employed CASE tools), i.&lML pack-
ages and different views are employed to keep the model
understandable. In cases the configuration solupiar
cess itself became harder (more variables and reomist

in our representation) we did not encounter seripeis
formance problems, because the generated code-is ta
lored to the representation of the utilized confajar
software.

Since the generated code has the form of C++ defis
nitions and methods, it can be easily incorporated
other applications or can be changed manuallyetied.

5 RELATED WORK

The formalization of the semantics of conceptuablato

ing languages like OMT, UML and OCL is an actual
research area ([2],[11]). These formalizations rauestly
based on mathematical models and specification lan-
guages. Their work is focused on getting precisinde
tions of the employed concepts for general modéis.
view our work as complementary since our goal is to
generate formal descriptions which can be integurdty
logic based problem solvers and are restrictedgpegial
domain.

There is a long history in developing configuratitmols

in knowledge based systems [21] starting from eardg-
based Systems (R1/XCON, [14]) to nowadays’ dedlazat
knowledge representation. However, the automated ge
eration of logic-based knowledge bases by explpitn
formal definition of standard design descriptiorike |
UML has not been discussed so far. Comparable nesea
has been done in the fields of Automated and Kndgde
Based Software Engineering, e.g., the derivatiomprof
grams in the Amphion [12] project. In this projespeci-
fications are developed and maintained by end-liseas
declarative manner using a graphical language ler t
astronomical domain. The main focus of this projedb
automate software reuse, where a procedural proggam
constructed from existing software libraries, wteer@ur
approach uses a constraint based inference engiie o
mized for solving configuration problems.

CommonKADS [20] is a methodology for the develop-
ment of knowledge based systems (KBS) supporting
many aspects of a KBS project. Recent work inc@ser
actual techniques from standard software engingerin
processes like UML for the conceptual modeling task
Our work covers only a small part of the whole neeth
ology (i.e., knowledge acquisition, conceptual mMedmit

no organisational tasks like project managementgrevh
the purpose of our work lies in the definition akpise
semantics for a special application domain (prodwat-
figuration). In addition we generate executablecdps
tions, where the needed inference process (know)eidg
not changing (or is given) for configuration proiie

Beside the predefined profiles for Business Modgkmd
for the Software Development Process, the defimitd
further profiles for specialized domains (e.g., estiing,
CORBA) is work in progress done by the Object Man-
agement Group (OMG). Our work differs from those
standardization approaches insofar, as we defiaeséh
mantics for the extensions on a rigorous formalkagph.

[10] shows how UML static structure diagrams witIO
constraints can be used for the design of relatidata-
bases. The class diagrams are transformed intdaa re
tional database schema; additional OCL constraangs
used to describe database integrity constraintgraetty
OCL expressions are transformed to corresponding-SQ
queries.

In our opinion, our approach using UML can also be
utilized in other classical application fields aidwledge
based systems, e.g., scheduling. Especially fosthed-
uling domain, arontology or common vocabulary (e.g.,
task, resource, duration) is already establishechda-
demic and industrial communities. For the real@atof
our approach for scheduling, a mapping from schiadul
terms to the concepts to UML has to be found; iditazh

the semantics of the (newly introduced) conceptstia

be defined precisely. In [1], it is shown, how UM&an be



employed for product data exchange. They show a map
ping from an industrial product model exchange le&age

7
(STEP) to concepts in UML. In our work, model ex- 7
change is done using XMI-documents, which is the
emerging standard for data exchange over the letern

8
6 CONCLUSIONS []
In this paper we have shown how a general modeling Bl
language from the area of Software Engineering (ML
can be employed to construct configuration knowtedg
bases executable by a specialized inference engjime. [0l
extensibility features from UML were employed tdide
a domain specific extension for the area of produst- [11]

figuration. For the case of complex constraintshimitthe
product structure, the UML-built-in language OClndae
employed. We showed how these expressions can bejo)
given precise semantics and can be transformeddgia
cal representation. Given this framework for thevale
opment of product configuration systems, the knogée

base can be defined and maintained on a concdpt) [13]
which is comprehensible and easy-to-communicate be-
tween knowledge engineers and domain experts.

For the domain of product configuration we show how 4]
standard design techniques from industrial softwdee
velopment processes can be utilized for the ctitaorad [15]

time-consuming knowledge acquisition and mainteeanc
phases for traditional knowledge-based systems. The
usage of a standardized conceptual language is madé
possible by the definition of precise semanticsdspe-
cial domain. Consequently, the employment of addeta
knowledge based systems with clear separation wigo
knowledge and inference knowledge in industrialienv
ronments is alleviated, since no special additiopple-
sentation mechanisms and languages need to be emps)
ployed.

16]

(17]
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