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Abstract

In this paper we give a formalisation of configuration as the task to construct for
a given specification, which is understood as a finite set of logical formulas, a model
that satisfies the specification. In this approach, a specification consists of two parts.
One part describes the domain, the possible components, and their interdependencies.
The other part specifies the particular object that is to be configured. The language
that is used to represent knowledge about configuration problems integrates three
sublanguages that allow one to express constraints, to build up taxonomies, and to
define rules.

We give a sound calculus by which one can compute solutions to configuration
problems if they exist and that allows one to recognize that a specification is incon-
sistent. In particular, the calculus can be used in order to check whether a given
configuration satisfies the specification.
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1 Introduction

In recent years configuration problem solving has become an established field of applica-
tion of knowledge-based systems. There are mainly two aspects which contributed to this
development. On the one hand the great potential of application: this results in a grow-
ing interest in knowledge-based techniques by customers who expect significant support in
solving their configuration problems. On the other hand, a main characteristic of configu-
ration problems is their well-structuredness, which provides much better opportunities for
an adequate description with Al techniques available today than there are in many other

fields.

Nevertheless, we are still lacking a comprehensive theory of configuration problem solving.
There are some approaches, emphasizing this or another aspect, and there is a certain
number of implemented systems [Hei88, CGS90, CGI91]. The main problem with these
approaches and systems seems to be the missing “global” problem solving paradigm.

Configuration problem solving is basically a synthetic or constructive activity [Kle91]. The
solution to a given problem has to be synthesized in such a way that it fulfils the prob-
lem specification and that it is in accordance with certain constraints. The synthesis of
a solution includes different problem solving activities: object selection and creation (“in-
stantiation”), specialization, parametrization, hierachical refinement, etc. These operations
have to be performed in such a way that they are consistent with the constraints governing
the application domain.

The resulting knowledge representation and problem solving can be very complex. Up to
now many application-oriented Al configuration systems have been developed that tried to
meet these demands with more or less ad-hoc techniques (and in some cases are used in
practice with considerable success). But sooner or later—due to the missing global problem
solving paradigm—such systems run into difficulties comparable to those encountered in
traditional software applications: problems of maintenance, of extendability, of re-usability
etc.

Compared with traditional software techniques, the main advantages of knowledge-based
approaches are in declarative representation languages together with inference rules that
reflect the declarative semantics [Kow90, L1090]. Configuration problems seem to be well-
suited for the development of declarative problem solving techniques for the following rea-
sons:

e Since the objects involved are technical in nature, their properties are well-defined,
and their relationships are governed by precise constraints. In problem specifications,
implicitness, ambiguities, and vagueness play a much less prominent role than in many

other fields.

e Configuration problems do not include any notion of belief, of time, or of changing
worlds.

e The meta-assumptions underlying a problem specification can often be represented
explicitly.

Other problem classes of synthetic or constructive character, like design, planning, speech
synthesis, explanation generation, etc., are complicated by the presence of vague or un-



certain information. Thus, many aspects which in other areas make formally well-founded
knowledge representation and inferencing techniques complicated are not present in config-
uration problems. However, the demands for knowledge representation, problem solving,
and control in this problem class still make it a challenging task to develop a comprehensive,
adequate, and formally well-founded approach.

The goal of this paper is to give a formal description of a declarative problem solving
paradigm that integrates techniques which have proved to be essential for solving configu-
ration tasks. Three kinds of formalisms can be distinguished that seem to be essential for
representing knowledge about configuration problems.

First, one needs a language that allows one to represent taxonomies. Families of technical
devices are usually described as hierarchies, where the concrete objects show up at the
minimal positions, and also systems to be configured can be represented by a taxonomy.
Representing knowledge about devices and systems in this way allows one to build up
a configuration by stepwise refinement, pushing an object through the hierarchy until it
reaches a minimal position. In addition, one can use inheritance in order to represent
properties of objects in a structured way. Due to the nature of the domain, inheritance is
monotonic.

Languages of the KL-ONE family (also called concept languages or description logics) have
been designed as a tool for representing knowledge and to reason about taxonomies (see
KRZS [BH91c], cLassic [BBMRS9], kKripTON [BPGL85], LooM [MB87], BACK [QK90]).
These languages have been given a formal semantics that identifies them as a fragment
of first order predicate logic. Based on this semantics, recent research in algorithms for
such languages and in the complexity of the inferences they perform has led to a thorough

understanding of this kind of formalism (see [SSS91, DLNN9la, DLNN91b]).

Second, languages to express constraints and to propagate them are indispensable. In Al,
constraint propagation and satisfaction is an active research area and a substantial body

of results are available ([Van89, Mac87]).

Third, relations and rules are necessary in order to describe how a specification of the
function of a system can be transformed into a structural description. Moreover, rules can
describe how abstract relationships between objects can be refined to more concrete ones,
that can be technically realized.

Several attempts have been made to integrate the above formalisms. For instance, con-
straint logic programming combines constraints and rules ([JL87, HS88]). Recently, Baader
and Hanschke have developed a schema for the integration of constraint languages and
KL-ONE like taxonomic languages, provided the constraint language satisfies certain re-
quirements ([BH91a]). For clausal logic and several restricted forms of taxonomies calculi
have been designed that are based on the idea of order-sorted unification ([Wal87, SS89]).

We will apply these ideas to our framework as guidelines to the integration of its com-
ponents. In particular, we will use the Baader/Hanschke approach for the integration of
taxonomies and constraints. Taxonomies and constraints together will form a “constraint
language” in the sense of Hohfeld /Smolka, for which there is a canonical way to extend it
by rules to a constraint logic programming language.

As mentioned above, configuration problems are of a constructive nature and solutions are
descriptions of technical systems. We will capture this constructive aspect by formalizing



a configuration problem as the task to generate a model for a given specification. Thus,
our approach to configuration is not a deductive one but can rather be understood as an
abductive one.

The rest of the paper is organized as follows. In Section 2 we present in more detail the
basic idea to view configuration as a model generation problem and introduce the different
components a problem specification consists of. In Section 3 we define the three kinds
of knowledge representation languages that we are going to use, namely languages for
constraints, for taxonomic descriptions, and for relations and rules. In Section 4 we say
how these languages are used on the one hand to express definitional knowledge, integrity
constraints, and specifications of systems, and on the other hand to describe models. In
Section 5 we give a calculus that computes a model for a given problem specification.
Section 6 concludes.

2 Configuration as Model Construction

We will now outline the basic idea underlying our formalization of configuration. In this
and the following sections we assume that the reader is familiar with some logical and model
theoretical background as provided by textbooks on mathematical logics, e.g. [Sho67].

The basic idea can be described as follows: a configuration problem solver gets as input a
set of logical formulas that specifiy the system to be configured and produces as output a
model of this specification. Of course, this idea needs some refinement in order to be useful.

We suppose that we are given a logical language, with signature 3, that allows us to talk
about the systems we are interested in. In addition we assume that there is a sublanguage,
called the basic language,—whose signature ¥, is a subsignature of ¥—that gives us the
vocabulary to name the technical devices by which a concrete system is built up as well as
their relationships. For instance, one can imagine that the names of the technical devices
as they show up in a catalogue are part of ¥y. We assume that the basic language is rich
enough to describe concrete systems. We distinguish between the two languages because
the specification of a system to be configured will be given using the overall language,
whereas descriptions of models that satisfy the specification consist only of basic formulas.

The representation of knowledge about technical systems will consist of two parts. First,
there will be definitional knowledge, that relates the abstract notions, i.e., the elements
of ¥\ X, to the basic language. The definitional knowledge will be represented by a set
D consisting of taxonomic hierarchies and rules. By means of D one can extend every
So-structure C to a S-structure C' in a unique way. Second, there will be a set I of integrity
constraints that express necessary conditions which the components of a configuration have
to satisfy or rule out certain combinations of components as impossible. We call D and 1
together domain knowledge. The specification of a system to be configured will be given as
a finite set S of formulas of the general language. In order to define more precisely which
structures are solutions to such a specification we need some technical definitions.

Let C be a Xp-structure. If F'is a set of X-formulas we write
CEpl

in order to express that F' holds in the extension C' of €', which is defined by D. Intuitively,



this means that F' holds in C if we use the definitional knowledge D to translate arbitrary
Y-expressions into the basic language.

Now suppose that D and I are given and that S is a specification. Then a configuration C
is a finite Yg-structure such that the following holds:

e C |=p 3.5, where 3.8 is the existential closure of S

e C=pl

The two conditions simply say that C has to satisfy on the one hand the specific require-
ments expressed by S and on the other hand the general requirements that are imposed on
all systems.

Following this schema, we will formally introduce in the next chapters the languages that
we want to use for describing configuration problems.

3 The Knowledge Representation Languages

As mentioned in the Introduction, the language that we want to use for the description of
configuration problems consists of three components: one for expressing constraints that
can be propagated and solved by special purpose algorithms, another one by which we can
describe classes with attributes that are organized as a taxonomy, and finally a general
language for relations and rules.

In our approach we will assume that constraints are handled by a kind of black box. An
appropriate abstraction of such a component is to conceive it as a “concrete domain” as
defined by Baader and Hanschke [BH91b]. In 3.1 we briefly review this concept and discuss
which aspects of an application can be covered by it.

Next we devise a language that allows one to describe classes of objects using constructs
that are known from KL-ONE-like description logics. This language incorporates concrete
domains as proposed in [BHI91b]. It can be seen as an extension of the concrete domain
language to a more general constraint language.

Finally, we extend the general constraint language by relations along the lines of the con-
straint logic programming scheme described in [HS88].

General Assumption. All languages share one set of variables and one set of constants.
There are no terms other than vartables or constants. Variables are denoted by the letters
x, Yy, z, constants by a, b, ¢, and terms by s, t, u.

3.1 Concrete Domains

The notion “concrete domain” has been introduced by Baader and Hanschke in [BH91D)]
in the context of KL-ONE like concept languages. A drawback of such languages is that
all terminological knowledge has to be defined on an abstract logical level. In many ap-
plications, however, one would like to refer to fixed domains and predicates when defining
concepts. Examples of such domains are the real numbers, integers, finite domains that



are explicitly given by an enumeration of their elements etc. The fixed predicates could
be equality, inequality, extensionally defined predicates or other more complex predicates.
Especially in the context of configuration one needs the integers or the reals in order to
express relations between “concrete valued” features.

Technically, one can see a concrete domain as a black box. The input-output behaviour
of this black box will be described below. The following definition formalizes the notion
“concrete domain” (see [BH91b]).

A concrete domain D consists of a set dom (D), the domain of D, and a set pred(D), the
predicate names of D. Each predicate name P is associated with an arity n and an n-ary
relation PP C dom (D)". Each element of dom (D) is named by a unique constant. Such
constants are called concrete constants.

As an example, the integers or reals form concrete domains Z or R, respectively, if we
take as predicates all formulas which are built by first order means from equalities and
inequalities between polynomials like, for instance, Jy.(22 +y > z? Ay < z).

If we want to combine inference algorithms for concept languages with reasoning algorithms
for the concrete domain then the concrete domain must satisfy some additional properties.

A set of predicate names of a concrete domain D is closed under negation, if for each

predicate P of arity n in pred(D) there exists some P in pred(D) with the same arity such
that PP = dom (D)" \ PP.

Let Pi,..., P, be m (not necessarily different) predicate names in pred(D) of arities
Ni,...,Ny,. We consider the conjunction

Py,

3

o~

1

Here { stands for an n;-tuple (t(ll), e 7t7(1[z)) where each tgl) is either a variable or a concrete
constant. Note that neither the terms in one tuple nor those in different tuples are assumed
to be distinct. Such a conjunction is said to be satisfiable iff there exists an assignment
that maps each variable to an element of dom (D) such that the conjunction becomes true
in D.

A concrete domain D is called admissible iff (i) the set of its predicate names is closed under
negation, and (ii) the satisfiability problem for finite conjunctions of the above mentioned
form is decidable.

Reconsidering our previous examples Z and R, we find that in both cases the set of pred-
icates is closed under negation, but Z is not admissible because of the undecidability of
Hilbert’s Tenth Problem [Mat70], whereas R is admissible because of Tarski’s decidability
result for real arithmetic. If one transforms Z into Zp which is obtained by taking as predi-
cates only formulas that have been built up using linear polynomials, the resulting concrete
domain is again admissible, since Presburger Arithmetic is decidable.

The examples that we have given up to now suggest that a concrete domain has to be
somewhat homogeneous in nature, like the integers or reals, but this need not necessarily
be the case. The domain can consist, e.g., of the union of all integers with the booleans
and with an enumeration of colours like {red, blue, green}, and there may be predicates
that relate numbers, booleans, and colours in various fashions. In particular, the notion of
admissible concrete domains allows one to capture collections of several constraint solvers.



3.2 Descriptions and Taxonomies

Our aim in this subsection is to define a description language that is based on sorts, fea-
tures, and concrete domains. We will use this language to build up taxonomies by which we
describe the sorts of the objects that our domain consists of. The language we propose takes
up ideas that have emerged on the one hand from the research in KL-ONE and its descen-
dants and on the other hand from the development of feature descriptions that are used in
computational linguistics. The main characteristic of these languages is that descriptions of
classes of objects are given in terms of superclasses and attributes!. The main inferences for
descriptions are to decide whether a description is consistent—i.e., satisfiable—and whether
one description is more general than another one—i.e., whether it subsumes the other.

The language we propose is such that it combines maximal expressivity with a complexity
as low as possible. In particular, it is chosen in such a way that the above mentioned
inferences are decidable. Moreover, we have to take into account requirements that are due
to the structure of our application. It seems that in order to give sensible descriptions of
technical objects one needs attributes that take values in concrete domains and has to be
able to say that chains of attributes have different or identical fillers.

Throughout this subsection we assume that D is a concrete domain with set of predicates

pred(D).

3.2.1 Descriptions with Sorts and Features

We assume that in addition to the symbols in pred(D) two more sets of symbols are given:
a set of sorts (denoted by the letter S) and a set of features (denoted by the letters f, ¢).

A path (denoted by the letters p, ¢) is a—possibly empty—sequence fi--- f,, of features.
The empty path is denoted by «.

Using concrete predicates, sorts, and features as building blocks, we form descriptions D, D’
according to the following syntax rules:

DD — T (top sort)
1| (bottom sort)
S (sort)
pnpD | (intersubsection )
DubD | (union)
=D | (complement)
1| (undefinedness)
f.D| (selection)
p=q| (agreement)
p#ql (disagreement)
P(p1,...,pr) (concrete predicate).

Next, we give a semantics for these expressions in the usual way. An interpretation is a
pair Z = (A7), where AT is a nonempty set that is disjoint from dom (D) and - is a
function that maps sorts to subsets of A? and features and paths to partial functions from

! Attributes are called “roles” in the KL-ONE context and “features” in linguistics.



AT to AT Udom (D) such that the following equations are satisfied (by dom we also denote
the domain of partial functions):

ef(a) = aforevery a € AT, ie. &’ is the identity function on A’
(pf)f(a) = fH(p'(a)) for every a € AT
T _ AT
1fo=0
(pn DYy = D'nD*
(buD)y = Drup”
(-D)f = AT\ D?

)
)
)
)I = AI\dompI
f.D)I = {a€ dom f* | fI(a) € SID}
= q)' = {a€domp’ Ndomg" |p(a) =q" (a)}
' = {a € domp’ Ndomq” | p'(a) # ¢*(a)}
) (

= {aedompi N---ndompj | (pi(a),...,pi(a)) € PP}.

For computations with sort expressions it is often convenient to assume that they are in a
certain normal form. It is easy to see that every expression of our language is equivalent
to an expression where the complement sign shows up only in front of sort symbols. Such
an expression is sald to be in negation normal form. One readily verifies, that every
expressions can be rewritten in linear time to an expression in negation normal form (see

also [SSS91, DLNNO91a]).

3.2.2 Constraint Systems

We augment our description language in such a way that we can make statements about
individuals. A constraint is a piece of syntax of one of the following forms:

s:Dy ospt, s=1t, s#t, P(s1,...,8;).

Let Z be an interpretation. From now on we assume also that Z maps constants to elements
of AT U dom (D) in such a way that names of elements of dom (D) are mapped to the
corresponding elements and that all other constants are mapped to elements of AT in such
a way that o # b for distinct constants a, b. An Z-assignment is a function o that maps
a constant a to a’ and a variable to an element of AT U dom (D). We say that o satisfies

stD, ifa(s) € DF

spt, if a(s) € domp” and p*(a(s)) = a(t)
,ifa(s) = a(t)

s# 1, ila(s) #alt)

P(s1,e.orsn), if (a(s1),...,a(s) € PP.



A constraint system is a nonempty finite sets of constraints. An Z-assignment « satisfies a
constraint system C' if « satisfies every constraint in C'. A constraint system (' is satisfiable
if there is an interpretation Z and an Z-assignment « such that « satisfies C'.

Proposition 3.1 (Decidability)

1. It is decidable whether a constraint system is satisfiable;

2. Independently of the particular concrete domain, satisfiability of constraint systems is

an NP-hard problem;

3. Satisfiability of constraint systems not involving concrete predicates is NP-complete.

Proof. The claims follow from results in [Smo88], [HN90], and [BH91b]. O

3.2.3 Descriptions and Taxonomies

As said before, we want to use our description logic to describe taxonomies. We will do
so by augmenting the language by axioms that allow us to specify inclusion of sorts. Our
taxonomies will have the property that every sort is the union of its subsorts. This is a
property of technical domains where we have complete information about the existing ob-
jects and the classes they form. In addition, sorts will be described by necessary conditions
that their elements have to satisfy, and sorts can be declared to be disjoint.

In order to express this kind of statement, we provide three kindes of axioms. A cover
axtom has the form

So=51U---u8,.

An inclusion axiom has the form

SLCD.
A disjointness axiom has the form
St | Se.
Let T = (A%,-7) be an interpretation. The Interpretation Z satisfies the cover axiom

So =5 U---U8, 1if Sg = SII U---u Sg. We say that 7 satisfies the inclusion axiom S C D
if ST C DT. We say that T satisfies the disjointness axiom S; || Sy if ST N ST = 0. An
interpretation is a model of a set of axioms A if it satisfies every axiom in A.

Let A be a set of axioms. A sort S directly depends on a sort S if A contains an axiom of
the form S = D or S C D such that 5" occurs in D. We say that S depends on S’ if S is
related to S by the transitive closure of the relation “directly depends.” A set of axioms
is cycle free if no sort depends on itself.

Let A be a finite set of axioms that is cycle free and contains for every sort S at most one
cover axiom S = D. We transform A into a set A* by repeatedly performing the following
operation. We take an inclusion S C D from A such that a sort Sy occurs in D for which
there is a cover axiom Sy = Dgy and replace the occurrence of Sy in D by Dy. Since A is
cycle free, this process eventually halts and we end up with a new set of axioms which we

call A*.
A finite set of axioms A is admissible if the following holds:

10



1. for every sort S there is at most one cover axiom S = D in A
2. Ais cycle free

3. A* is cycle free.

Without loss of generality we can assume that an admissible set of axioms contains for
every sort S at most one inclusion of the form S C D, since we can combine two inclusions
SC D and SC D into one axiom S C DM D' without changing the semantics.

Proposition 3.2 FEvery admissible set of axioms has a model.

It might be the case that some sorts are interpreted as the empty set in every model of an
admissible set of axioms.

Next, we turn to the satisfiability of constraint systems w.r.t. to sets of axioms. Let A be
a set of axioms and C' be a constraint system. We say that C' is satisfiable w.r.t. A if there
is a model Z of A and an Z-assignment « such that « satisfies C.

A sort S is basic if there is no cover axiom of the form S = D. Satisfiability w.r.t. admissible
sets of axioms can be reduced to satisfiability of constraint systems alone. This can be seen
as follows. Let A be admissible. Thus we can transform A into a set A* as described
before. Note that in A* the only sort symbols occurring in the right hand side of inclusions
are basic symbols. Then we perform the following steps:

1. Eliminate the disjointness axioms by introducing dummy sorts (see e.g. [Neb89]).

2. Expand left hand sides of inclusions by means of the cover axioms; this leads to
inclusion axioms of the form S; U---U.S, £ D, where S1,..., 5, are basic sorts.

3. Now, each such inclusion axiom is equivalent to the inclusions S; C D for¢=1,...,n;
we therefore replace the former by the latter and end up with inclusion axioms only
for basic sorts.

4. Transform inclusion axioms into equalities using the technique of dummy sorts (see

e.g. [Neb89]).

5. At this stage, we can expand the cover axioms, using the cover axioms themselves
and using the basic axioms in order to replace basic sorts.

6. We call the resulting set of axioms A**. In A** there is exactly one definition for
every sort, and no defined sort occurs in the right hand side of a definition. We call
A** the expansion of A.

Let A be an admissible set of axioms and C' be a constraint system. We transform C' into a
system C** by replacing every occurence of a sort with its definition in A**—if it has one.

We call C** the A-expansion of C.

Proposition 3.3 Let A be an admissible set of axioms and C be a constraint system. Then

C' is satisfiable w.r.t. A if and only if C** is satisfiable.

11



Moreover, if 7 is an interpretation and « an Z-assignment satisfying C**, then « satisfies C
as well. Conversely, if Z = (AZ,.7) is an interpretation and a an Z-assignment satisfying C,
then there exists an interpretation 7' = (A7, -I/) with the same carrier such that A7 = AT
for the sorts occurring in €' and such that «, considered as an I’-assignment, satisfies C**.
Intuitively this means that C** alone has the same models as C' and A together.

Proposition 3.4 There exists an algorithm that decides for every admissible set of axioms
A and every constraint system C whether C is satisfiable w.r.t. A.

Proof. The algorithm proceeds by first transforming €' into C** and then checking C** for
satisfiability. Such a check can be made by a calculus based on propagation rules like in

[HN90] or [BHI1b]. O

3.2.4 Decidability and Complexity of Satisfiability

We conclude this section by considering the satisfiability problem for classes of sets of
axioms that are either less or more restrictive than admissible sets. Our results for such
variants show on the one hand that slight changes may easily cause undecidability and
on the other hand that it is hard to think of restrictions that reduce the complexity of
reasoning in a formalism of this kind.

We say that a description is simple if it is built up according to the following syntax rules:
D, D" — T|SIDOD[f.S|p=qlp#q

We say that a set of axioms is simple if for every inclusion S T D the description D is
simple.

Proposition 3.5 Satisfiability of constraint systems w.r.t. simple sets of axioms, that may
contain cycles, is undecidable.

Proof. We can reduce the word problem for semi-groups, which is known to be undecidable,
to the satisfiability problem for constraints w.r.t. simple sets of axioms. Suppose fi1,..., [
is a finite alphabet and p, ¢, p1,...,pu, ¢1,...,q, are words over this alphabet. We view
fiyooo, [ also as features and p, ¢, p1y...,Pn, G1,-..,q, as paths. Consider the set A
containing the single axiom

SC fA1.5M---Mf,.STpr=q¢ M- T p, = qn.

Then the word identity p = ¢ follows from the identities p; = ¢1,...,p, = g, if and only if
the constraint x: S p # ¢ is unsatisfiable w.r.t. A. O

This result shows that cycle freeness is a crucial condition in order to guarantee decidability
of the satisfiability problem. Intuitively, the language construct that causes undecidability
is the agreement of feature paths.

Proposition 3.6 Satisfiability of constraint systems w.r.t. simple admissible sets of axioms
is NP-hard, even if agreements and disagreements are disallowed.
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Proof. We can reduce 3SAT, that is the satisfiablity problem for sets of propositional clauses
with three literals, which is known to be NP-complete, to the satisfiability problem for
constraint systems w.r.t. simple admissible sets of axioms. Let uq,...,u,, be propositional
variables and let C = {C4,...,C,} be a set of clauses over these variables that have three
literals each. Thus, each clause has the form C; = l@ V lgj) V l:())j), where l,(f) is either a
variable or a negated variable. We construct a set of axioms A as follows. Let Sp,...,S,,
St S=, 1, ..., T, and Ty ,..., T be sorts, and fi,..., f,, be features. Let A contain
the following axioms:

o ST S
o I"C ;.Y and TV C f,.S" fori=1,....,m

o 5, = Tl(j) L Tz(j) L Téj) for y =1,...,n, where T,gj) =Trif l,(f) = uy and T,gj) =T, if
1)

k —_= _|uk‘

[ ] Sogslﬂﬂsn

The idea underlying this construction is that ST and S~ encode true and false, 7" and
T encode the literals u; and —u;, S; encodes the clause C;, and Sy encodes the whole set of
clauses. Then it is easy to see that A is simple and admissible. The reader readily verifies

that C is satisfiable if and only if the constraint x: Sy is satisfiable w.r.t. A. O

In this case, NP-hardness is due to the interplay of conjunctive expressions in the right
hand side of inclusions and disjunctive expressions in the right hand side of cover axioms.
Proposition 3.1 shows that the complexity of the satisfiability problem is not increased by
allowing for a richer sort language.

One might argue that for certain applications it is not sufficient to give only necessary
conditions for an individual to be an element of a sort, as it is done in sort inclusions. One
might therefore want to extend the language of axioms by allowing also for sort definitions
of the form

S=D.

Such an extension again gives rise to undecidability.

Proposition 3.7 Satisfiability of constraint systems w.r.t. simple cycle free sets of axioms
with sort definitions is undecidable.

Proof. Sort definitions together with cover axioms allow one again to express cyclic sets of
axioms. O

3.3 The Relational Language

In this section we want to augment our description language with relations. This will be
done by a two step construction, which is similar to that of Hohfeld and Smolka [HS88] or
of Jaffar and Lassez [JL87]. In the first step we introduce a constraint language £ which
is based on the taxonomical language defined in section 3.2. In the second step £ will
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be extended to a relational language R(L) providing for relational atoms, propositional
connectives and quantification.

The constraint language £ consists of constraint formulas. A constraint formula is a con-
junction ¢; & ... & ¢, of constraints ¢y, ..., c,.

An Z-assignment « satisfies a constraint formula ¢; & ... & ¢, if it satisfies all its con-
straints ¢;. We call a constraint formula ¢ valid in an interpretation Z, if « satisfies ¢ for
all Z-assignments . 7 is called a model of a set of constraint formulas ®, if every ¢ € ® is

valid in Z.

A constraint formula ¢; & ... & ¢, is simple if all its constraints ¢; are simple. A constraint
is simple if it is of the form:

s:Dy ospt, s=t, s£t, P(s1,...,8),
where D is a description according to the following syntax rule (cf. 3.2):
DD — TIS[DND[f.S[p=qlp#a

Simple constraint formulas will play a role in Section 4.

Let R denote a set of relational symbols (or predicate symbols), where every relation sym-
bol comes with a natural number specifying the number of arguments it takes. Now the
constraint language £ will be extended to the relational language R(L) as follows.

The variables of R(L) are the variables of £. The so called relational formulas of R(L)
are defined inductively. Let r denote a relational symbol in R, x a variable, § a tuple of
terms which has as many elements as r arguments and ¢ a constraint formula in £. We
form relational formulas I, G according to the following syntax rule:

F.G— |0 r(3) | F&G|F— G| 3P

We call (8) a relational atom.

By extending an interpretation for constraint formulas in a natural way, we get an in-
terpretation for relational formulas. An interpretation N of R(L) is obtained from an
L-interpretation 7 by taking the same domain (AN := A”) and by choosing for every
relation symbol » € R with arity n a relation 7" on (AT)".

Let a(5) denote (a(sy),...,a(s,)) for §= (s1,...,s,). Every N-assignment o« satisfies ().
Furthermore, we say that « satisfies

r(s), if a(3) € rV

F & G, if a satisfies Fand GG

F — G, if o does not satisty F' or «a satisfies (¢

da. F, if there exists an N -assignment (3 that satisfies F

and a(y) = B(y) for all y # .

Valid relational formulas and models for relational formulas are defined as in the case of
constraint formulas.

14



Next we introduce a form of rules which allow us to define new relations. A definite clause
is a relational formula of the form:

T(g) — T1(§1) & Tg(gz) & ... & rn(gn) & qb

where the r(§),r;(5;) are relational atoms and ¢ is a constraint formula.

Let S denote a set of definite clauses. A relational symbol r is called a basic symbol if it
does not occur on the left hand side of a clause in S and a defined symbol otherwise.

Two R(L)-interpretations for S are called basically equivalent if their restrictions to con-
straint symbols and basic symbols are equal. A partial ordering on the set of all R(L)-
interpretations for S is defined by:

AC B <= Aand B are basically equivalent and Vr € R. r* C r¥.

A basic interpretation for R(L) is an interpretation which only interprets constraint symbols

and basic symbols of R(L).2

Proposition 3.8 Let S denote a set of definite clauses in R(L) and B a basic interpreta-
tion for R(L). Then there exists a unique minimal extension of B to a model of S.

Proof. Consider the following construction. Let N be the R(L)-interpretation which

extends B such that +¥° := () for all defined symbols r € R. Now we define R(L)-
interpretations AN, by the following equation:

PNitti= {a(3) | (r(5) « @) € S and « is an N-assignment which satisfies G'}.

Since basic symbols do not occur on the left hand side of the clauses in S, this defines a
chain Ny, Ny, ... of basically equivalent R(L)-interpretation. By induction on 7 one verifies
that N; C N;yy. It is easy to see that N := U5 N; defines a model of S extending B and

that A is minimal w.r.t. the above defined ordering on R(L)-interpretations. O

Such an extension exists in particular if we have a basic interpretation which is a model for
a set of cover-, inclusion- and disjointness axioms.

In section 4 we will define definite clauses as a part of the definitional knowledge. The
above proposition gives us the justification to do this.

4 The Representation of the Configuration Knowl-
edge

As already mentioned in section 2, there are different parts of knowledge for specifying
a configuration problem in a structured way. With the definitional knowledge D and the
integrity constraints I one can describe the technical domain of interest. With a specification
S one formulates a special configuration goal and a configuration C describes a solution for
such a goal. In the following we assume that all sets are finite sets.

2The definition of a basic interpretation will be extended in section 4.
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4.1 The Definitional Knowledge

In this part we describe the overall classes and relations. The definitional knowledge D
splits into two subparts, the set Tax of taxonomical knowledge and the set Rel of relational
knowledge. The taxonomical knowledge Tax consists of a set of cover axioms of the form
(cf. section 3.2):

So =S5, U---US5,

with the restriction, that

1. for every sort S there is at most one cover axiom S = D in Tax

2. Tax is cycle free.

Dropping one of these conditions leads to problems with the satisfiability of constraints as
will be explained below.

The inclusion- and disjointness axioms are not part of the definitional knowledge. They do
not influence the subsumption hierarchy, but represent necessary conditions for elements
to be in a sort and therefore belong to the integrity constraints (see below). In the config-
uration domain all sorts and their relationships are well known. A sort is always the union
of its subsorts. This can be modeled with a set of cover axioms in a natural manner.

The relational knowledge Rel consists of a set of definite clauses in R(L) of the form (cf.
section 3.3):

T(g) — T1(§1) & Tg(gg) & ... & rn(gn) & qb,

where the variables on the left hand side are a subset of the variables on the right hand
side and ¢ is a simple constraint formula.

These clauses introduce new relations between objects of the domain. In particular, if we
have an interpretation of the constraint symbols and the basic symbols of R(L), Rel leads
to unique minimal denotations for the defined ones (cf. section 3.3).

From now on an interpretation which interprets the features and only the basic sorts and
basic relational symbols is called basic interpretation for R(L). From Proposition 3.8 it
follows that for every basic interpretation B there exists a unique minimal extension of B
to a model of D. Here Tax uniquely determines the denotation of the nonbasic sorts.

Thus the definitional knowledge plays the important role of a link between abstract and
basic notions. The specification of configuration goals and integrity constraints is given in
an abstract language containing arbitrary relational and sort symbols (see below). However
the description of a solution, i.e. of a concrete technical system is given in terms of basic
relational and sort symbols (see below). Given such a basic description, D defines unique
(minimal) denotations for all relations and sorts.

4.2 The Integrity Constraints
The integrity constraints I express necessary conditions which the components of a config-

uration have to satisfy or rule out certain combinations of components as impossible. We
have three kinds of integrity constraints: sort conditions, forward-rules and denials.
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Sort conditions describe necessary conditions for elements of the sorts. They consist of a
set of inclusion axioms and disjointness axioms of the form (cf. section 3.2):

SCD, St | Se.
The sort conditions together with Tax have to be admissible in order to get a decidable

satisfiability problem for constraints.

By means of sort conditions we can explicitly introduce and/or forbid features. The inclu-
sion axiom

SC fi.Dy M f2.D, 1 f5F

for example introduces the features f; and f, und forbids the feature f; for elements which
are in S. Note that the inclusion axiom

ST P(f.9)

with P a concrete domain predicate also introduces the features f and g.
Together with the relational part Tax of D, subsorts inherit necessary conditions from their
supersorts. If we have for example the axioms

Si51|—|527 ng°D1|_|gT7

then all elements of A; and A, have a feature f and have no feature g.

Forward rules describe necessary conditions for configurations and have the form:

R(5) & ¢ = G Q(5,9) & o,

where R(5), Q(3,y) are conjunctions of relational atoms, ¢ is a simple constraint formula,
1 a constraint formula and ¥ is a tuple of distinct variables which occur neither in R(s) nor

in .
Sort conditions and forward rules are called active constraints. This plays a role in the
calculus for generating a model of 3.8 and I (see section 5). If we have an inclusion axiom

SCD

and during the generation we put an element a into S, then we try in the following to fulfill
all conditions specified in D for a. Or if we have a forward rule and during the generation
the left hand side of the rule becomes valid, we try to make the right hand side valid, too.

The denials describe forbidden combinations of components. They have the form:
T1(§1) & Tg(gg) & ... & rn(gn) & qb — J_,

where the r;(3;) are relational atoms and ¢ is a simple constraint formula.

Denials are called passive constraints. This notion again comes from the calculus. If we
have a denial d and during the model generation process the left hand side of d becomes
valid, then we have a clash and must backtrack.

The reason why the constraint formulas in the antecedent of the definite clauses, the forward
rules and the denials have to be simple is the following. During the generation of the
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configuration by the calculus we have to decide whether such a rule is “firing” or not.
We do this more or less by matching syntactically the antecedent with the current partial
configuration.” We must be sure that we come to the same decision in every configuration
derivable from the current one. If we had constraints of the form s: pT or s: =5, we would
have to make all negative information explicit. (Absence of positive information doesn’t
mean presence of negative information and vice versa). In order to avoid this we allow only
simple constraints.

We do not forbid constraints of the form s # ¢. This would restrict the expressiveness of the
description language too much. We handle this case by adding a rule to the calculus which
nondeterministically separates objects (by introducing a constraint s # t) or identifies them
(by introducing a constraint s = ¢). Analogous rules would be necessary if we wanted to
handle negative constraints of the form s: pf or s: =5. But this nondeterminism would lead
to an enormous growup of complexity.

Forward rules and denials can influence the taxonomy. Consider the following forward rule:
z:5] — x: 5,.

This is semantically equivalent to the terminological axiom S; C S3. Or consider the

following denial:
xS — L.

This is semantically equivalent to the terminological axiom =S = T. Even if we forbid
denials or forward rules without relational atoms we get interactions between the taxonomy
and the integrity constraints. Consider the following example. As forward rule and denial

respectively we have:
x:51 = r(a), r(x) & x:5 — L.

This is semantically equivalent to the terminological axiom —5; LI =5, = T.

So we cannot prevent interactions between the taxonomy and the integrity constraints.
This leads in general to undecidability of the satisfiability of constraints.

The reason why we insist nonetheless on a decidable taxonomical language is the following.
The taxonomical knowledge, i.e. the cover, inclusion and disjointness axioms describe the
classes of the domain. If we have a decidable taxonomic language, we can be sure to detect
inconsistencies in the description of the domain. This can be very helpful for the knowledge
engineer.

4.3 The Specification and the Configuration

With the specification S we describe a configuration goal. This is done in an abstract
language which allows nonbasic sorts and relations. The specification S splits into two
subparts, the part SC, which consists of a set of constraints of the form (cf. section 3.2):

s:Dy ospt, s=t, s£t, P(s1,...,8),
and the part SR, which is a set of relational atoms of the form:

r(S).

38ee section 5 for more details.
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Such a specification is the input of a configuration problem solver. The task of the problem
solver is to compute a structure—the configuration C—such that

e CkE=pdS
e C=pl
S can be seen as a set of relational formulas Fi,..., F,. By 3.S we mean the existential

closure of S, i.e. the formula ¢ ---dx,, F, where FF' = F| & Fy & --- & F,, and xq,..., 2,

are all variables appearing in F'.

According to section 3.3, an R(L)-interpretation N is a model of I if every integrity con-
straint is valid in A, i.e. every N -assignments « satisfies every integrity constraint. N is

a model of .S if 3z, ---Jz,, I is valid in N. It is easy to see that this is the case if there
exists an N -assignments o which satisfies every relational formula in S.

The configuration C is represented by a set C' of basic relational atoms r(s) and constraints
of the form:

515, sft,
where S is a basic sort.

(' describes a basic interpretation C in the following sense. For basic sorts A, basic relational
symbols r and feature symbols f, C is defined as follows:

o AC:={s|sis a variable or constant in C'}
o AC:={s5]s5:A€cC}
o 1C = {(s1,...,5,) | (s1,...,5,) € C}
o (s,1) € fC ifsfteC.
According to Proposition 3.8 we get a minimal extension C of C which is a model of D.

In the next section we will introduce a calculus which computes with input D, T and S a

(' such that C is also a model of 3.S and I.

There we will extract an C-assignment « from C' which satisfies obviously every relational
formula in S. By considering the calculus we will make it also obvious that all integrity
constraints are valid in C.

5 A Calculus for Model Construction

Our aim in this section is to give a calculus for computing a structure C to given D, I and
S. Also we want to show that the calculus is correct, i.e. if the computation stops without
an obvious contradiction C is a model of 3.S and I. Furthermore, if there exists a finite
model, the calculus will find it. But it may happen, that the calculus runs infinitely if there
is no finite model or no model at all.
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5.1 Preliminaries

Before we give the calculus we have to establish some definitions. The first ones have to do
with concrete domain constraint solving.

Let D denote an admissible concrete domain. A cd-substitution o is a mapping from the
set of variables to the set of concrete constants. Let X denote a set of variables. With o|,
we denote the restriction of o to X. Let A denote a set of concrete atoms P;(3;). We define
the solutions of A by

sol(A) := {o | P,(5;)o is true in D for all P,(s;) € A}.

Furthermore, we define

sol(A)|, :={o)x | o € sol(A)}.

For a set of relational formulas (¢ we denote with cd(() the set of all concrete atoms P(3)
in G. We say G logically implies a concrete atom P(s) (written G = P(3)), if for every
cd-substitution o € sol(cd(G)), P(5)o is true in D*. Tt is easy to see that G = P(5) if and
only if sol(cd(G)U—P(5)) = . Notice that since D is admissible, =P(5) can be represented
in D and therefore logical implication is decidable.

In order to handle solutions in the calculus, the concrete domain has to fulfil some further
requirements.

For every set A of concrete domain atoms it must be decidable whether sol(A) is empty,
finite or infinite. Additionally there must exist a procedure which enumerates the set sol( A),
i.e., returns a first o € sol(A) to the first call, a second one to the second call and so on. If
all o’s are enumerated, the procedure will return fail.

The next definitions have to do with forward rules, denials and definite clauses.

A substitution o is a mapping from the set of variables to the set of constants and variables.
An instance of a relational formula F'is a formula we get by applying a substitution o to F
in such a way that every free occurrence of a variable x is replaced by o(x). We write this
as Fo. We say a definite clause, forward rule or denial is active w.r.t. a set (' of relational
formulas, if its antecedent is active w.r.t. €. A formula F' & G is active w.r.t. C)if F and G
are both active w.r.t. C. A relational atom r(3) is active w.r.t. C,if r(3) € C. A constraint
@ is active w.r.t. C' if one of the following holds:

o © = spt and spt € C or there are t;, 1 = 2..n with sf,t,. t, foo1tn_1,..., t2fit € C
and p= fifa-- fu

p=s=tand s =1t

¢ =5 # t and either s # ¢t € C or s, t are constants with s # ¢

o= P(s1,...,8:) and C |= P(s1,..., k).
e p=s:Dands:DeCor D=Dy1---MD, and s: D;, 1 = 1..n active w.r.t. C

e p==s:1T

*This implication is the “normal” logical implication since our concrete domains come with just one
interpretation and the set of all cd-substitutions represents the set of all assignments.
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e © = s:p = q and there is a ¢t with spt and sqt active w.r.t.
e © = s:p# q and there are s,t with spt, sqt and s # t active w.r.t. C

o p=1us:f.5 and thereis at with sft e Cand t: S € C

Notice that the constraints appearing in the antecedents are always simple. With this
definition of “active” we want to assure two things. First, that a formula which is valid in
the computed structure C is active at some point of the generation process, and second,
that a formula which is active at some point of the generation will be active at every point
after.

5.2 The Calculus

We give a set of so-called completion rules which act on a tuple G.C with G and C' sets of
relational formulas. We call G.C' a configuration state. We always start with the configura-
tion state S.(). If no more rule is applicable, we call G.C' complete. With G.C'c we denote
the configuration state obtained from G.C' by replacing each occurence of a variable = by

o(x)in G and C.
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The deletion rule is:

D1:

The

S1

S2:

S3:

S4:

Sh:

S6:
S7:

The

Cl:
C2:

C3:
C4:

Ch:
C6:

C7:

C8:

GU{F}.C = G.C

if F'is a relational formula in C

sort rules are:

GU{s:5}.C == GU{s:S5}.CU{s: S}

it S=5U---US8,eD
GU{s:5}.C = G.CU{s: S}

if S is a basic sort
G.C - GU{s: D}.C

if s:5€¢C,SCDel,ands:DgGUC

G.C - G.CU{s: L}
if Si][S:€el,s:5€C,s:5€Cands: LgC

G.C = G.CU{s: 5"}
if s:5eC,5=5U--usy---uS, eD,and s: 5 ¢ GUC

GU{s:=5}.C = G.CU{s:~S}

G.C - G.CU{s: L}
if s:5€e¢CUG,s:=mS5€Cands: LgC

constraint rules are:

GU{s: D1 D}.C = GU{s:Dy,s:Dy}.CU{s: D11 Dy}
GU{s: DiUDy}.C —» GU{s: D}CU{s: Dy U Dy}
if D:DlorD:Dg
GU{s:pt}.C = G.CU{s:pT}
G.CU{s:pt} = G.CU{s: L}
lf antnatnfn—ltn—la e ,tzflt & C,p == f1f2 e fn
GU{s: L}.C - G.CU{s: L}
GU{s: f.D}.C - GU{sfz, z: D}.CU{s: f.D}
if =z is a new variable
GU{s:p=¢q}.C = GU{spx, squ}.C U{s:p=q}
if =z is a new variable

GU{s:p#q}.C = GU{spzx, sqy, * Zy}.CU{s:p#q}

if x and y are new variables
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C9: GU{spft}.C —» GU{sfx, xpt}.C U{spft}
if x is a new variable
Cl10: GU{sft}.C — G.CU{sft}
if nosft' e C
Cll: GU{sft}.C - GuU{t=1}.C
if sft'eC
Cl2: GU{x =s}.C — G.C[z/s]
Cl13: GU{s =2}.C = G.C[z/s]
Cl4d: GU{a=0b}.C - G.CU{s: L}
Clh: GU{a=da}.C = G.C
Cl6: GU{s #t}.C - G.CU{s £t}
Cl7: G.C - G.CU{s: L}
if s#seC
Cl18: GU{s: P(pr,...,p)}.C = G U {PY1,--,Yk), SP1Y1y - - -, SPEYk -
CUgs: oo i)}
C19: GU{P(35)}.C = (G.CU{P(3)})o,

if X denotes the set of variables appearing in § and o €

sol(cd(G) U P(5)).
C20: GU{P(3}.C - G.CU{s: L}
if sol(cd(G)U P(5)) =0, s an arbitrary term

The relational rules are:

Rl: GU{r(3)}.C = GU{{ri(5),...,r(50),0}.CU{r(3)}

if r(8) <« m(s1) & ... & r.(5,) & ¢ is an instance of a
definite clause in D

R2: GUA{r(s)}.C - G.CU{r(s}
if ris a basic relational symbol
R3: G.C - G.CU{r(3)}
if T'=r(8) < r(s) & ... &ru(38,) & ¢ is an instance of a
clause in D T'is active w.r.t. C, and r(s) ¢ C

The dental rule is:

DI: G.C - G.CU{s: L}

if T'=ri(51) &re(s) & ... &1(5,) & ¢ — L isan instance
of a denial in I I'is active w.r.t. C,and s: L ¢ C
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The forward rule is:

Fl: G.C - GU{q(5.9),....qu(5,Y), t1,..., 0 }.C
if I' = R(iS) & ¢ — FGQ(5,y) & ¢ is an instance
of a forward rule in I T' is active war.t. C, Q(5,y) =
QI(gvg) & - &Qm(gvy_))vﬁ) = ¢1 & & 77Z)nvthereisno g/
such that ¢1(5,4"), ..., qn(8,7"), Y1, ..., . (L = L[y/y'])

are in G U C, and ¢ is a tuple of new variables.

The equation rule is:

El: G.C — GU {spt}.C

if s and t are distinct terms appearing in (G, either p is = or

pis #, and spt ¢ GUC.

We call the rules S1, C2, C19, R1 and E1 nondeterministic rules, since they can be applied
in different ways to the same G.C'. All other rules are called deterministic rules. We call a
configuration state G.C clash-free if C' does not contain a constraint s : L.

The behaviour of the calculus can be described as follows. The set G contains the current
“goals”, whereas (' contains the description of the current partial configuration. We start
with G =S and C' = () and eventually end up with a complete G.C with G ={. If {s: L}
is not part of €' then (' contains a representation of a basic interpretation C given by
constraints of the form : r(8), s: .5, sft, with r, S basic, such that C is a model for D,
4.5 and 1.

But there is more in C'. There is a representation of C in form of constraints: r(s), s: 9,
with arbitrary r, 9, and negative information of the form: s # ¢, s: pf, s: 5. The latter
is used to find clashes, the former and the s # t-constraints are used to determine whether
a denial, forward rule or definite clause is active. The former is redundant in the sense that
it can be computed from the basic constraints and D. There are also constraints of the
form s : D and spt in C'. They are necessary in order to avoid applying rules like S3 or F1
infinitely many times. One could think about changing the definition of configuration state
to G.C.E.N.D to denote goals, basic information, extension information, negative infor-
mation and information about descriptions or to G'.C'. R to denote goals, basic information
and rest. But we think—since the membership to a group is uniquely determined—the
chosen notation is the best.

Now we want to discuss the different groups of rules.
The deletion rule deletes already reached goals. It prevents us from doing things twice.

The sort rules make explicit the membership of elements to sorts and the sort conditions
defined in I. Rule S1 is nondeterministic in the sense that it makes a hypothesis about
the subclass an element in the superclass belongs to. Here it is important that every class
is the union of its subclasses. Rule S2 has an abductive character because it abduces an
element from a basic sort.

The constraint rules handle the constraints imposed on elements by the sort conditions
in T and by the specification S. They simplify the constraints until either an obvious
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contradiction is reached (s : L € (') or one can easily come to an interpretation which
satisfies all these constraints. The last three rules handle concrete domain atoms. They
assure that in a complete and clash-free configuration state G.C' every concrete domain
atom that appeared in (G is true with the current cd-substitutions. Rule C2 handles the Or-
nondeterminism, rule C19 the nondeterminism introduced by multiple solutions of concrete
predicates.

The relational rules make explicit the relational knowledge defined in Rel. Rule R1 is non-
deterministic because there can be different definite clauses in D which fulfil the condition.
Rule R2 is an abductive rule in the sense that it abduces the validity of the basic relation
r(8). Rule R3 shows the necessity for the variables on the left hand side of a definite clause
to be a subset of those on the right hand side. Otherwise this rule could be applied infinitely
many times.

The denial and the forward rule assure that all constraints imposed by denials and forward
rules in I are fulfilled in a complete and clash-free configuration state.

The equation rule is necessary to make all separations of elements and all identifications
explicit in order to be able to use the separations in the antecedents of denials, forward
rules and definite clauses.

A variant of this calculus is usable as a configuration checker. With input D, I, S and
C it determines whether C is a valid configuration w.r.t. D, I and S. We start with the
configuration state S.C. First we apply the rules S5 and R3. Now we have a complete
representation of C in C'. The absence of positive information now means the presence of
negative information. Therefore, we can decide the validity of arbitrary constraints, not
only of simple ones. We can check now all integrity constraints in I for validity. If they are
all valid, we use the following rules in order to “deconstruct” constraints and find clashes:
S6, S7, C1 to C9, C11 to C18 and C20. Instead of C19 we take a rule which deletes P(a)
from G if P(d) is true. Since we use a nondeterministic rule (C1), we have to follow several
pathes. If no more of the above rules is applicable, we use D1 to delete goals. The input
C is a valid configuration w.r.t. D, I and S if and only if G is empty after this deletion
process and ' contains no clash in atleast one of the pathes.

Notice that this calculus is designed for conceptual purposes. It is not intended as a
specification for an implementation. Before implementing it, some further considerations
are necessary. Two of the main points are strateqy and control. In particular one has to
think about the application of the nondeterministic rules. If possible they should be applied
only in situations where enough information is available to use them deterministically.
Sophisticated heuristics and suitable methods from Constraint Logic Programming like
forward checking and look ahead (see [Van89]) are necessary in order to get a system of
pratical relevance.

Furthermore, in an implementation it might be unnecessary to make all the information
explicit. For example the extension of C could remain implicit. Then an inference step for
deciding whether formulas are active or not would be necessary.
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5.3 Properties of the Calculus

Now we come to some formal propositions about the calculus. First we want to mention
that in a complete configuration state there are no more goals left.

Lemma 5.1 Let G.C be a complete, clash-free configuration state. Then G = (.

Proof. (Sketch) By contradiction. Assume there is a formula F' in . Analyzing the
possible forms of F' will lead to a contradiction to the completeness of GG.C' in every case.
O

The application of the rules is model preserving in the following sense.
Proposition 5.2 (Invariance) Let G.C, G'.C’" be two configuration states. Then:

1. If G'.C" is obtained from G.C by application of a deterministic rule, then 3.(GUC)U
D UT has a model if and only if 3.(G"UC") UD UT has a model.

2. If G'.C" is obtained from G.C by application of a nondeterministic rule, then 3.(G'U
CYUDUT has a model if 3.(G" U C")UD UT has a model. Furthermore, if a
nondeterministic rule applies to G.C, then it can be applied in a way that it yields a
G'.C" such that 3.(GUCYUDUIT has a model if and only if 3.(G'UC")UDUT has

a model.

This proposition can be shown by a tedious analysis of all the rules.

Now we consider the structure C extractable from a complete and clash-free G.C'. We show
that there are correspondences between semantical and syntactical properties. Notice that
a é—assignment « describes also a syntactical renaming where every term s is renamed by
a(s). With [s/a(5)]F we denote the formula that we obtain from F'if we replace every free
occurence of a term s; in F by a(s;) with i = 1..n and §= s1,...,s,.

Lemma 5.3 Let G.C be complete and clash-free. Let C be the extension of the basic
interpretation C extracted from C'. Let o be a C-assignment, ¢ be a simple constraint
formula, F' an antecedent of a definite clause, a denial or a forward rule. Then the following

holds:

b

.« satisfies r(8) iff [§/a(5)]r(5) € C

« satisfies ¢ iff [f/a(f)]qﬁ is active in C' with  the terms in ¢

RTINS

o satisfies Fiff [t/ a(D)]F is active in C' with t the terms in F
4. s € DC ifs: DeC
5. s¢€ 8C iffs: S e’

This lemma can be shown by an analysis of the involved formulas and descriptions.

The next theorem states the main result of this section, the correctness of the calculus.
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Theorem 5.4 (Correctness) Let G.C be complete and clash-free. Then there exists a
model for D, T and 3.S.

Proof. (Sketch). The extension C of the basic interpretation C extracted from C is
a model of D, T and 4.S. To see this, consider the following. C is a model of D by
definition. In order to show that (' is a model of I one has to show that every sort
condition, every denial and every forward rule is valid in C. Sort conditions are inclusion
and disjointness axioms. To show that an inclusion axiom S £ D is valid, one has to show
that S€ C DC. Assume s € S€. With Lemma 5.3 we have s : S € C. Thens: D € C
since G.C' is complete and with Lemma 5.3 s € D€. The proof for a disjointness axiom is
analogous. For the forward rule one has to show that every C-assignment o, which satisfies
the antecedent, satisfies the succedent too. Let « satisfy R(s) & ¢. Then, according to
Lemma 5.3 [§/a(3)]R(S) & ¢ is active in C. Since G.C is complete, the rule has “fired”
and therefore o satisfies 3y Q(5,7) & . The proof for a denial is analogous. As last point
one has to show that C is a model for 3.8. Consider the C-assignment a¢ defined by
ac(s) := s. An analysis of the structure of the formulas in C' shows, that ac satisfies C.
Since we start with the system S.(, ac satisfies S too. O

6 Conclusion

In this paper we have given a logic based formalisation of configuration. We conceive a
configuration problem as the task to construct for a given specification, which is understood
as a finite set of logical formulas, a model that satisfies the specification.

The language in which configuration problems are specified allows one to express three
kinds of knowledge: knowledge about constraints, taxonomies, and rules. The integration
of these different representation languages uses the integration schemes of concrete domains
in concept languages and of constraint logic programming.

We have described a calculus by which one can compute solutions to configuration prob-
lems if they exist and that allows one to recognize that a specification is inconsistent. In
particular, the calculus can be used in order to check whether a given configuration satisfies
the specification.

The calculus consists of a set of rules that stepwise try to transform a specification into a
configuration. It displays a relatively high number of rules. The advantage gained from this
fact is a high flexibility in imposing strategies that specify when to apply which rule. More-
over, based on this calculus one can devise procedures that are incomplete in a controlled
way by modifying certain rules or by not applying them at all.

The rules come in two variants, deterministic and nondeterministic ones. Of course, in an
actual implementation it will be important to avoid nondeterminism whenever possible.
This can partly be achieved by preferring a deterministic step to a nondeterministic one
whenever there is an alternative. Moreover, it might often be the case that by giving priority
to deterministic rules enough information is generated so that a nondeterministic rule can
only be applied in one way without immediately leading to an inconsistency.

Still, there are certain shortcomings. Since the calculus essentially tries to construct a
model, it will run forever if it is given a specification that has infinite but not finite models.
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Moreover, also when given a specification that has a finite model, this will only be found
by a fair strategy, that is, a strategy that does not delay an applicable rule infinitely long.
Finally, since in an implementation one probably will not want to do exhaustive search, an
actual system based on the ideas of constructive problem solving might be incomplete for
pragmatic reasons. Whether these are serious drawbacks or not will be an open question
as long as our approach is not tested on problems arising in practice.

The next steps to be taken in this research is to express serious examples with our language.
If this succeeds one has to elaborate strategies for applying the calculus, which can be done
along the ideas discussed above. Of course, in order to do so it is crucial to study the
behaviour of the calculus when it is confronted with substantial examples.
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