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Preface

The ECAI 2000 Workshop on Configuration is the third in a series of international meetings
on configuration that began with the 1996 AAAI Fall Symposium in Boston, USA, and
continued with the AAAI’99 Configuration Workshop in Orlando, USA.

Configuration tasks can be defined as the design of an individual product using a set of pre-
defined components or component types while taking into account a set of well-defined
restrictions on how the components can be combined. This task can be supported by applying
a wide range of AI techniques such as rule-based systems, constraint satisfaction and its
extensions, description logics, logic programs, and different specialized problem solving
methods.

Among the original application areas of the early expert systems, Configuration research has a
long history, but has recently attracted a lot of research and industrial interest. The research
interest is witnessed by the high turnout to events such as the AAAI'99 Workshop on
Configuration. The industrial interest is indicated by the increasing number of vendors of
software tools for configuration, i.e. configurators. The importance of configuration has
expanded as more companies use configurators to efficiently customize their products for
individual customers, and especially with the trend towards providing configuration support
to the customers themselves (whether corporate or individual) via the Web.

However, efficient development and maintenance of configurators require sophisticated
software development techniques. AI methods, more than ever, are central to developing
powerful configuration tools and to extending the functionality of configurators.
Configuration problems, like planning problems, can be seen on one hand as an interesting
test-bed for novel AI techniques. On the other hand, configuration problems can serve as
input for new research directions. The seventeen papers included in these pages, dealing with
topics such as modeling, efficient algorithms, testify to the relevance and technical challenge
presented by configuration problems.

The Organizers
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Handling interactivity in a constraint-based
approach of configuration

Jérôme Amilhastre
�

and Hélène Fargier
�

Abstract. A configurable product can be represented by means of a
Constraint Satisfaction Problem (CSP) the solutions of which are fea-
sible products. Within an interactive configuration process, the final
product cannot be generated by solving automatically the CSP; in-
stead, the user specifies his requirements by the interactive choice of
values for the different variables. The role of a decision support sys-
tem is then to ensure at any time that the current set of user choices
is consistent and to prune the domains of available values so as to
keep them consistent with the choices. It also has to guide the relax-
ation by providing restorations, i.e. by identifying maximal consis-
tent subsets of the user restrictions. This paper presents a framework
to constraint-based configuration in which these functionalities are
offered. It is based on an extension of the CSP framework in the spirit
of ATMS. It relies on a pre-compilation of the initial CSP under the
form of an automaton. This data structure is then used to maintain
consistency and to compute restorations.

1 Introduction

Constraint programming techniques are widely used to model and
solve decision problems. Most algorithms developed in this area fo-
cuses on the automatic solving of the problem. This does not help
solving decision support problems that are interactive in nature. In
this kind of application, the user himself chooses the values of the
variables: the role of the system is not to solve a Constraint Satisfac-
tion Problem, but to help the user in this task.

It is the case in the domain of product configuration: aconfig-
urable productis defined by a set of components, options, more gen-
erally by a set of attributes, the values of which have to be chosen by
the user. These values must satisfy a set of configuration constraints
that encode the feasibility of the product, the compatibility between
components, their availability, etc. At a first glance, a configurable
product can then be represented by means of a CSP3. The set of so-
lution of this CSP represents the catalog, i.e. all the variants of the
configurable product that the company proposes.

When configuring a product, the user specifies his requirements
by the interactive choice of values for the different variables or more
generally by the definition ofunary constraints that restrict the pos-
sible values of the decision variables. After each new choice, the do-�

LIRMM, 161 rue Ada, 34392 Montpellier, France, amilhast@lirmm.fr�
IRIT, 118 route de Narbonne, 31062 Toulouse, France, fargier@irit.fr�
This is obviously an approximation: a product is often structured into sub-
components, the existence of which depends on the value given to some
of the variables of the upper component. Several authors have proposed
to extend the CSP framework in order to handle such structural character-
istics [9, 7, 10, 11]. However, these works do not address the interactivy
of the configuration task, and assume that the requirement of the user are
completely given before the solving phase. The two ways of research (in-
teractivity and structuration) are rather complementary than opposite.

mains of the variables have to be pruned so as to guarantee that the
values available can lead to a feasible product (i.e. a product satis-
fying all the constraints of the CSP). Finally, if the current set of
choices becomes inconsistent with the constraints, or if the available
values do not satisfy the user, he will backtrack on previous choices
and relax some of them. Therefore the help provided by the decision
support system should be to:� Maintain consistency: The system has to ensure at any time that
the current set of user choices is consistent with the CSP modeling
the configurable product, or at least to detect inconsistency as soon
as possible. It has also to compute the consequences of the actions
of the user by deleting (resp. restoring) all the values that are incom-
patible (resp. compatible) with the current set of choices: the current
domains should obey the property of ”global consistency” or at least
a property of local consistency, e.g. arc-consistency.� Guide relaxation on user requirements by providing restora-
tions: the system has to help the backtrack in answering the follow-
ing questions of the user: ”Which choices can I relax in order to
recover consistency ?” or ”Which choices can I relax in order to have
this value available ?”. The idea is thus to identify consistent subsets
of the current set of user restrictions, possibly maximal consistent
subsets or consistent subsets minimizing a cost function.� Provide explanations of the conflicts: The system has to an-
swer the questions ”Which subset of restrictions do cause the incon-
sistency?” or ”Why isn’t this value available any more?”. The idea is
thus to identify (minimal) inconsistent subsets of restrictions.

Classical filtering algorithms, and above all, their dynamical ver-
sions (c.f. [1][2][6]) may address the first functionality, without
providing any guarantee of global consistency. However, these al-
gorithms cannot help the computation of restorations. This paper
presents an approach of constraint-based configuration that addresses
these functionalities. The next Section proposes an extension of the
CSP framework that allows the modeling of the task of configura-
tion. Our approach relies on the computation of an automaton that
represents the initial CSP, as proposed by [13]. . The principles of
this compilation are briefly recalled in Section 3. In Section 4, we
present how this data structure is used to perform the task of consis-
tency maintenance and to provide the user with restorations.

2 A constraint-based approach of configuration

2.1 Modeling the configurable product

A CSP � is classically defined by a triplet�	��
��
���� where������ � 
 � � 
�������
 ����� is a finite set of variables, each
� �

taking its val-
ues in a finite domain!#"%$ (where� = !#"'&)('!#"%*+(,���-�.(/!#"%0 ), and
a set of constraints� . A constraint1 in � is defined on2�34165,78�
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and restricts the combinations of values that can be taken by the vari-
ables of 2�34165 . A relation 9#34165 on 2�34165 can be associated with
each1 : it is the set of tuples that satisfy the constraint. In the follow-
ing, :;1 denotes the constraint on2�34165 that is satisfied by any tuple
that violates1 and violated by any tuple that satisfies1 .

An instanciation< is an element of�
�

; it is a solution of the
CSP if it satisfies all the constraints, i.e. if, for any constraint1 , the
projection of < on 2�34165 is an element of9 34165 (otherwise,< is said
to falsify 1 ). If such a solution exists,� is said to be consistent,
otherwise it is inconsistent.

In constraint-based configuration, the idea is to encode the config-
urable product by a CSP. Since each solution of the CSP corresponds
to a variation of the product, we can reasonably suppose that it is
consistent. Since it is possible to realize an off line pre-computing
on the CSP (this pre-computing is not realized during the configu-
ration phase, but takes places in the design of the configurator, once
the generic product has been modeled by the expert), we can suppose
that the initial CSP isglobally consistent, i.e. that for any value in the
domain of any variable, there is a solution that assigns this value to
the variable. One of the tasks of the system will be to keep the prob-
lem globally consistent during the configuration phase, i.e. after each
addition or deletion of a user choice.

2.2 Modeling the requirements of the user

The choices of the user deal with individual variables: an elementary
choice is a unary constraint. This encompasses both the assignment
of a precise value to a variable or the reduction of a domain to a
subset of values that equally satisfy the user. Hence, we will represent
the current set of user choices by a set= of unary constraints.

In this context, we can define the notion of ”Assumption-based”
CSP. This kind of CSP that relies on a distinguished set of constraints
is an extension to non boolean domains of the so-called ”Assumption
based Truth Maintenance Systems”,= playing the role of the set of
assumptions:

Definition 1 a A-CSP � is a quadruplet�>��
��
��?
=@� where
�	�A
��B
C�D� is a CSP and= a set of unary constraints on variables
of � .

�E��
��
��	� will represent the configurable product and= the
current set of user restrictions. An instanciation< is a solution of�
if < is a solution of�GFH�#�8��
��
���(�=I� , which is the (classical)
CSP associated with� : � F defines the feasible products that satisfies
all the requirements of the user.� is consistent (resp.inconsistent)
iff �JF is consistent (resp.inconsistent). At any time,KG3L�65 , the set of
solutions of � corresponds to the set of the products that obey the
requirements of the user. For each

� �
, MH" $ will be the projection of

KN3L�N5 on
� �

: it is the set of all the values of
� �

the choice of which
allows the definition of a feasible product that satisfies= .

Conflicts and consistent environments. In the following, we re-
fer to subsetsOE7P= of user choices asenvironments.

Definition 2 Let �Q�#�R�A
��B
�?
�=S� be a A-CSP. An environment
is consistent(resp.inconsistent) with � iff �T�A
��B
�U(�OI� is a
consistent (resp. inconsistent) CSP. Any inconsistent environment is
called aconflict for � (or a conflict on= for � ).

When �	�A
C��
�D� is consistent, a conflict can be understood as a
cause of the inconsistency the inconsistency of the user requirements
with the configuration constraints and any consistent environment

defines a subset of= that can be relaxed so as to recover consistency:
if O is a consistent environment, it is sufficient for the user to relax
=WVXO in order to recover consistency.

For instance, if�Y�A
��B
�Z� is consistent and�Y��
��
��?
=[�
is inconsistent,= is a trivial conflict, \ a consistent environment and
a dummy solution is obtained by relaxing all the constraint of= .

This example also shows that all the environments are not equally
interesting in practice. In real applications, the user choices do not
necessarily have the same importance, but may be subject to prefer-
ences. For instance, a requirement dealing with the type of engine can
be more important than a restriction concerning the color of the body
of the car. In order to allow the handling of preferences, we propose
to associate with each constraint]_^P= a valuatioǹ?3a]�5b^Zc%d :
the higher the valuation, the more important the constraint. In the fol-
lowing, we suppose that every constraint has a positive importance
(otherwise, it can be a priori discarded from= ). In this context, the
best consistent environments ones are those that minimize the sum of
the valuations of the relaxed constraints, or, equivalently, that max-
imize the sum of the valuation associated with the constraints they
keep. In particular, wheǹ is the constant functione , the best con-
sistent environments are those that involve the larger number of con-
straints. Symmetrically, preferences can be used to discriminate the
more or less interesting causes of the inconsistency, the best ones be-
ing the minimal ones: conflicts involving the less constraints will be
preferred, or more generally the ones that minimize the sum of the
valuations of the constraints involved. More formally:

Definition 3 Let �f�#�	��
��
��?
=>� be a A-CSP,` a valuation of
the assumptions, i.e. a positive application from= to c and for any
OE^U= , let `?3aOb5?�fg8hjilk `?3a]�5 .

A V-optimal conflicton = (or a 2 -nogood) is a conflictO of �
such that there is no other conflictO6F of � such that̀?3aO6Fm5/no`?3aOb5 .

A 2 -maximal consistent environment( or 2 -interpretation) of�
is an environment consistent with� such that there exists no other
environmentO6F consistent with� and such that`%3aO6Fp5/q	`?3aOb5 .

It could be interesting to use other structures of valuation as sug-
gested in [12]. We restrict this paper to the structure�Zcj( �sr6to� 
l�

 r � with a ` giving valuations different from

r6t
and u . This

choice allows the representation of several optimality criteria for the
environments, such as those based on cardinality or lexicographic
ordering. It ensures a polynomial computation of the score of envi-
ronments and thus a polynomial comparison between them.

Explanations and restorations Even if the current set of restric-
tions is not inconsistent with the CSP, it can forbid some values for
other variables that the user would prefer to be available. The system
must thus explain to the user a cause for these prohibitions:

Definition 4 Let �v�#�W��
��
�?
=w� be a A-CSP andx a unary
constraint on a variable of� .

An explanationof x on � is an environmentO such that �
��
��
���(UOE� is a consistent CSP and�y��
C�B
��(UO	( � :%x � �
is an inconsistent one.

Determining why a set of values2 is not available any more for a
given variable

� �
is indeed equivalent to determining which subsets

of = are inconsistent with the constraint ”
� � ^z2 ”, i.e. to compute

the explanations of the constraintx{�R| ��� ^}! �C~ 2�| .
The user not only needs to understand why some values are for-

bidden, but also and most of all to know which previous choices can
be relaxed in order to make these values available again. This leads
to the definition of the notion of restoration:
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Definition 5 Let ���#����
��
��?
�=�� be a A-CSP andx a unary
constraint on a variable of� . A restorationof x is an environment
O such that�	��
��
���(�OR( � x � � is a consistent CSP.

Finally, we can again use the preferences expressed by` to define
the optimality of the explanations (the best ones being the minimal
ones) and of the restorations (the best ones being those that keep the
maximal number of important constraints). More formally:

Definition 6 let �Y�#�8��
���
�?
=I� be a A-CSP,` a valuation of
the assumptions, i.e. a positive application from= to c and for any
OW^�= , let `%3aOb5?�fg8h,ilkb`?3a]�5

A 2 -optimal explanationof x on = is an explanationO of x on
= such that there exists no other explanationO6F of x on = with
`?3aO F 5/no`%3aOb5 .

A 2 -optimal restorationof x is a restoration O of x such that
there is no other restorationO6F of x such that̀?3aO6Fp5�qo`?3aO#5 .

2.3 Summary of the tasks

In the context of a constraint-based and interactive approach of prod-
uct configuration, we thus propose to model the configurable product
by a CSP�v��
��
��8� and the current state of its solving by the
user by means of a A-CSP���#�v��
��
�?
�=�� , where = stands
for the current set of user restrictions. The preferences of the user are
expressed by means of a valuation of these restrictions, i.e. a positive
application ` from = to c%d . In this context, the decision-support
system is not in charge of an automatic resolution of the CSP but
must rather perform the following tasks:

– Detection of the inconsistency: at any time, the system must tell
whether there is a variant of the product that could satisfy all the
requirements of the user, i.e. whether�>�#�T��
��
�?
�=�� is
consistent or not

– Maintenance of the global consistency: at any time, the system
must discard from the domains of available values those that
cannot lead to a feasible product, i.e. computeMH" $ for any i.

– In case of inconsistency, computation of V-optimal nogoods and
above all of guides for the restoration of the consistency, i.e. of
V-optimal interpretations.

– When some interesting values become forbidden for a value,
computation of V-optimal explanations of this fact and above all
computation of V-optimal restoration of these values.

3 Compilation of a A-CSP

The A-CSP framework is direct transposition of ATMS to non-
boolean domains; as a consequence, it define computational prob-
lems that are highly combinatorial The principle of our approach is
to move the computational complexity of the handling of the on-line
and repeated requests of the user to an off-line pre-computation; the
idea is to compile the set of solutions of�W�A
��B
C�R� and to rep-
resent it by an automaton. The main interest of the compilation is
that the interpretations and restorations can be generated from this
form in linear time - linear in the size of the compiled form and,
above all,in the size of the result. Moreover, this compilation is done
only once, although several successive requests will be typically ad-
dressed in an interactive configuration situation, and that the system
will used in several configuration situations.

This approach relies on a few hypotheses that are satisfied in prac-
tice by configuration problems: the persistence of�	�A
��B
��� and
the possibility of performing off-line any computation on it, before

the introduction of dynamic constraints; the structure of its set of
solutions that allows its representation by an automaton - its size, ex-
ponential in the worst case, should be reasonable in practice; the re-
striction of the dynamic part of the problem,= , to unary constraints.

3.1 Compilation of a CSP under the form of an
automaton

Let us recall the keys points of the method introduced by Vem-
paty [13] to represent the set of solutions of a CSP as an automaton.

Automata We consider here thestate diagramsof automata: a fi-
nite automaton (FA)� on an alphabet� is a oriented digraph the
edges of which are labeled by elements of� (the transitionsof the
FA). In the following, �l���C3L��5 will denote the label of edge� . The
finite set of its nodes (orstatesof the FA) is denoted� . It has one
initial statedenoted� and at least onefinal state) � and is such that
any edge and any state belongs to a least one path for the initial state
to one final state. A word����� � � � � � ����� � � is recognized by the
automaton if there exists one path from the initial state to a final state
with the label� : ��� &V���� � � *V���� � ���V�������� � 0V���� . The language
recognized by� is the set�J3L� 5 of the words it recognizes. A FA
is deterministic (DFA) iff all the edges coming from the same node
have different labels.

Associating FA with CSP. Let �f�#�	��
��
���� be a CSP. Given
a permutation����  � � 
 � � 
����-�¡
 � ��¢ of � , any solution of� de-
fines a word of length£ over the alphabet! . Hence, the set of so-
lutions of � defines a language over! . This language, called the
solution language of� w.r.t. � and denotedK?¤J3L�N5 , is a rational
language. It is thus possible to representK ¤ 3L�65 by a FA. This au-
tomaton has only one final state (noted� ) and is such that the length
of any path from� to � is £ r e .
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Figure 1. DFA ³ [1] and FA ³ [2] associated with́ forµ{¶P· ¸ ��¹ ¸ �º¹ ¸ �¼» are concise representations of½ the search tree of
solutions

For any path¾X�¿3L�À�S� � � &V��Á� � � *V���� � ���V��Â���Ã� � 0V��Ä�I�
� � d � 5 from � to � , for any state� � in ¾ , we write �l�+Å�3L� � 5��ÇÆ
(as soon as� � is any state but� , �l�+Å�3L� � 5 is the index of a vari-
able in � ) and for any edge����3L� � 
�� � d � 5 of ¾ , �l�+Å�3L��5 is the
variable

� È
��É�ÊÌË $CÍ and �l���C3L��5 the label of � . Using these nota-

tions, 3L�l���C33L� � 
� � 55Î
�l���C33L� � 
� � 55Î
�������
�l���C33L� � 
� � d � 555 is thus an
assignment of3L�l�+Å�33L� � 
� � 55Î
�l�+Å�33L� � 
� � 55Î
����-�¡
Ï�l�+Å�33L� � 
�� � d � 555
and a solution of� .

Finally, an edge� is said to support the value Ð for
� �

iff
�l�+Å�3L��5�� � �

and �l���C3L��5B��Ð . � is said to support a unary con-
straint x on

���
iff it supports at least one of the values of9 3ax'5 . A
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path supports a value for a variable (resp. a unary constraint) iff it
contains an edge supporting this value (resp. this unary constraint).

Computing the automaton associated with a CSP. Following
[13], the automaton associated with a can be built by using classical
operators on automata: either by any CSP algorithm that enumerates
the set of solutions and adds them successively to the automaton,
or by composition operators on (small) automata representing the
configuration constraints. The complexity of the computation of the
automaton and of its use depends on its size. This size is mainly
influenced by (i) the order on the variables in the automaton and (ii)
the algorithm used to built it. Vempaty [13] has proposed to build
the DFA that minimizes the number of states. It is also possible to
refer to other minimization algorithms, that build smaller automata
(non-deterministic ones).

3.2 A-CSP with valuations and weighted automata.

Recall that each element of= is a unary constraint] " $ on a vari-
able

� �
and is valuated bỳ?3a] " $5 ; it forbids some assignments

of
���

, and thus some of the edges: namely any edge� such that
�l�+Å�3L��5?� ��� and �l���C3L��5GÑ^A9 3a]#"%$Ï5 . The principle of our approach
is to associate a weight to each edge:`%3L��5��S`%3a] " $Ï5 if � corre-
sponds to an assignment forbidden by a restriction] " $ , `?3L�Ò5J�vu
otherwise. We can thus define:

– ÓÔ3L¾�5%�fg � i)Õ�Ö-× ÖÙØ�`?3L��5 , the weight of a path¾ ,
– ÓÔ3L��5 the weight of the best (i.e. with minimal weight) path from
� to � through edge� ,

– ÓÔ3L�l5 the weight of the best path from� to � through state�

4 Answering the requests using the automaton

Now, since every constraint of= has a positive valuation, any path
from � to � of zero weight (or ”null path”) defines a feasible product
that satisfies all the user requirements and any non null path corre-
sponds to a product that violates at least one of the restrictions of
= . Knowing the set of paths with a null weight is thus equivalent to
knowing the set of solutions of�	�A
��B
��(�=>� .

Proposition 7 Let ���#����
���
�?
=�� be a A-CSP,̀ a positive
valuation of its assumptions and� a weighted automaton represent-
ing � . Let x be a unary constraint. It holds that:
a) Any path¾ from � to � defines a consistent environmentO such

as `%3aOb5%�y`?3L=�5?VUÓÔ3L¾)5 .
b) O is a consistent environmentÚÜÛ a path ¾ from � to � such

that ÓÔ3L¾Ý5/Þo`?3L=�5?VX`?3aOb5 .
c) Any path¾ from � to � that supportsx defines a restorationO

of x such à?3aOb5;�y`?3L=�5ÔV�ÓÔ3L¾)5 .
d) O is a restoration ofxXÚ¿Û a path ¾ from � to � that supports
x such thatÓÔ3L¾Ý5/Þ	`?3L=�5?Vz`?3aOb5 .

Sketch of proof:
– A path ¾ from � to � defines a complete assignment of� that is

a solution of�	��
��
���� . The weight of this path¾ is equal to
the valuation the subset of constraints in= that are violated by
this solution. Let us denote� this subset.OY�y=�VX� is thus a
consistent environment.`?3aOb5?�y`?3L=RVB��5%�f`?3L=�5�V�`%3a��5%�`%3L=�5ÔVUÓÔ3L¾Ý5 .

– Conversely letO be a consistent environment. There is a solu-
tion < of �S��
C�B
�Y� that satisfies all the constraints inO .
Since all the solutions of�W��
��
��o� are represented by the

automaton, to< corresponds a path¾ . ÓÔ3L¾)5 is equal to the val-
uation of the subset of constraints in= that are violated by< .
Let us denote� this subset:ÓÔ3L¾Ý5j�E`?3a��5 . Since ��78=Wß,O ,ÓÔ3L¾)5/ào`%3L=�5ÔVX`%3aOb5 .

– A path ¾ from � to � that supportsx defines a complete assign-
ment of � that is a solution< of �	��
��
�D� and that satisfiesx . ÓÔ3L¾Ý5 is equal to the valuation the subset of constraints in=
that are violated by< . Let us denote� this subset.OY�R=Zß�� is
thus a restoration ofx . `?3aOb5?�y`%3L=fV���5;�y`?3L=�5�VA`?3a��5?�`?3L=�5ÔV�ÓÔ3L¾)5 .

– Conversely letO be a restoration ofx . There is a solution<
of �>��
��
�Y� that satisfiesx and all the constraints inO .
Since all the solutions of�E��
���
�	� are represented by the
automaton, to< corresponds a path¾ which supportsx . ÓÔ3L¾)5
is equal to the valuation the subset of constraints in= that are
violated by < . Let us denote� this subset:ÓH3L¾Ý5'�Q`?3a��5 . Since�á7P=Eß�O , ÓÔ3L¾Ý5/ào`?3L=�5?VX`?3aOb5 . â

Proposition 7 allows the formulation in terms of optimal paths of
most of the requests identified in Section 2.3. It indeed allows to
prove that:

Proposition 8
a) Every minimal path from� to � represents a V-optimal inter-

pretation of � and conversely, to any V-optimal interpretation
corresponds at least one minimal path.

b) = is a conflict for� iff there is no null path from� to � .
c) Ð�^}M¡"%$ iff there is an edge� such that�l�+Å�3L��5?� ��� , �l���C3L��5?�
Ð and � belongs to a null path from� to � .

d) Let x be a unary constraint on
� � ^8� , ãNä the set of edges

that support it andãNåä the cheapest of them (ã6åä � � �S^
ã ä ~ ÓÔ3L��5B�I��Æa£ � Ø iÝæ�ç ÓH3L� F 5

�
). Each edge inãNåä defines a

2 -optimal restoration ofx and to any2 -optimal restoration of
x corresponds at least one edge inã åä .

Hence, the requests we are interested in can be reduced to the de-
termination of some minimal paths in the automaton. To allow an
efficient computation of these minimal paths, let us maintain for any
state� of the automaton:

– Ó�è+3L�Ý5y�êéyÆa£ Ë Ø iìë ÉÏíCîìÊÌË Í 3ÌÓ�è+3L�l5
r `?33L��
Ï�ºFm55 is the minimal

weight of the paths from� to � ,
– Ó î 3L�Ý5P��éyÆa£ Ë Ø iºë ÉÏíCîìÊÌË Í 3ÌÓ î 3L�ºFL5

r `?33L��
�sFp55 is the minimal
weight of the paths from� to � ,

– Ó�è+3L��5?�ÀÓ î 3a��5%�yu .ÓÔ3L�Ý5 , the weight of the minimal path from� to � through � , and
ÓH33L��
� F 55 the weight of the minimal path from� to � through 3L��
�� F 5 ,
can be directly deduced from these quantities:

Proposition 9
– ÓÔ3L�Ý5%�{Ó è 3L�Ý5 r Ó î 3L�l5 ,– ÓÔ33L��
�ºFm55%�ÀÓ è 3L�l5 r `?33L��
�sFp55 r Ó î 3L�ºFm5 .
Finally, in order to ensure an efficient computation of the setsMH" $ ,

we maintain a counter¾-£�ï�3 � � 
�Ð�5 for any pair variable-value3 � � 
�Ð�5 .
¾Î£�ï�3 � � 
Ð�5 is the number of edges that (i) support the instanciation� �;ð �RÐ and (ii) belong to a null path from� to � .

4.1 Adding and deleting restrictions

Suppose that the user just adds to= a constraint] � on
� �

with the
valuation `?3a] � 5 . Some of the edges thus become forbidden: the�
such that�l�+Å�3L��5�� � � and �l���C3L��5 ~^y9 3a] � 5 . It is thus necessary
to update the weight of these edges: since no other constraint of=
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restricts
� �

, the weight of these edges must rise fromu to `?3a] � 5 .
Conversely, if the user relaxes] � and deletes it from= , some of the
forbidden edges become allowed: the edges� such that�l�+Å�3L��5?� � �
and �l���C3L��5 ~^f9 3a] � 5 . Since no other constraint of= restricts

���
,

their weights come down tou . In both cases, the modification of the
weight of an edge has to be propagated back (to update theÓ î 345 ) and
forward (to update theÓ è 345 ). This can be done in three steps:

1) Determination of the edges such that�l�+Å�3L��5?� � � and labeled
by a value�l���Ù3L�Ò5 that does not belong to9 3a] � 5 ; updating of their
weights̀ .

2) Backward propagation from the right states of these edges to the
initial state: this is done with a breath-first strategy, so as to update
the weightsÓ î 345 of the traversed states knowing the weights of their
successors.

3) Forward propagation from the left states of these edges to the
final state: it is also done with a breath-first strategy, so as to update
the left weightsÓ è 345 of the traversed states knowing the left weights
of their successors.

The ¾-£�ï-345 counters are maintained as follows: for any edge� en-
countered,¾-£�ï�3L�l�+Å�3L�Ò5Î
C�l���C3L��55 is incremented ifÓÔ3L��5 rises from 0
to a positive value and decremented if it comes down to 0.

This kind of algorithm is polynomial in the size of the automa-
ton. Linear implementations can be proposed that rely on a judicious
choice of the data structure that encodes the automaton. The practical
efficiency of this kind of algorithm can obviously be enhanced, for
instance by a propagation of the modifications only (in practice, the
propagation has seldom to reach the extremities of the automaton).

4.2 Detection on the inconsistency

Maintaining the weighted automaton allows us to determine at any
time whether the current set of assumptions (i.e. the current set of
user choices) is consistent with the initial CSP. Indeed:

Proposition 10
– = is a conflict iffÓ î 3L��5'�ou (or Ó è 3a��5��ou )
– `%3L=�5ÔVUÓÔ3L��5 is the valuation of the2 -optimal interpretations.

4.3 Maintenance of the global consistency

According to proposition 8.c,M " $ can be obtained from the automa-
ton. It can actually be computed in linear time (linear in the size of
!#" $ ) using the counters¾-£�ï�345 :
Proposition 11 M " $'� � Ð ~ ¾-£�ï-3 � � 
Ð�5/�	u �

4.4 Computing the ñ -optimal interpretations

When the problem becomes inconsistent, the system must provide
the user with2 -optimal interpretations: they correspond to the min-
imal paths from� to � (cf. proposition 8.a). These optimal paths are
easily obtained, going from� to � through ”optimal” nodes, thanks
to the following property:

Proposition 12 ¾ path from� to � with a minimal weight iff, for any
edge 3L��
�� F 5 in ¾ , Ó�è+3L�l5 r Ó î 3L�Ý5'�ÀÓ�è+3L� F 5

r Ó î 3L� F 5 .
The computational cost of aunique 2 -optimal interpretation is

bounded by the number of variables and the maximal number of
successors of a state. The search forall the 2 -optimal is more or
less equivalent to the enumeration of all the minimal paths of the
automaton, the difficulty being that a given interpretation can be

represented by more than one path. Two different methods can be
proposed for the enumeration of these interpretations. The first one
is an adaptation of the DPI algorithm [4] that develops the tree of
the 2 -optimal interpretationswithout any backtrack due to a failure.
Indeed, the weight of the nodes can be used to perfectly determine
whether an branch is optimal or not. The sketch of algorithms
that follows is a simplified version that assumes that at most one
constraint of= restricts a given variable

� �
.

function optimal(� , �ºF )
return (Ó è 3L�Ý5 r Ó î 3L�Ý5'�6�ÀÓ è 3L�ºFL5

r Ó î 3L�sFp5 )
procedure Develop(Æ , �pÆÙ<-ï , O )
If Æ'�P£

Memorize O (it is a 2 -optimal interpretation)
return false (1)

If (there is in = a constraint] � on
� �

)
�bò í�í ë�h $/óBV

�s�
�bô íCõ ��ö h $ ó�V

�)�
for all � in �.ÆC<-ï do

for all edge3L�+
�ºFL5 such as optimal(� , �sF ) do
add � F to �bô íCõ ��ö h $if `?33L�+
� F 55%�yu then add� F to � ò íCí ëìh $If �bô í�õ ��ö h $ �

�)�
return Develop(Æ r e , �bò íCí ëìh $ , OR(

� ] � � 5
Else, if �bò í�í ë�h $��

�)�
return Develop(Æ r e , � ô í�õ ��ö h $ , O )

// thus � ò í�í ëìh $�Ñ �
�s�ø÷ �bô í�õ ��ö h $ Ñ�

�)�
;

Else, if Develop(Æ r e , �#ô í�õ ��ö h $ , O ) (2)
return true

Else,
return Develop(Æ r e , �bò íCí ëìh $ , OR(

� ] � � 5 (3)
else // there is no constraint on

� �
in =

�YóBV �s�
for all � in �.ÆC<-ï do

for all edge3L�+
�ºFL5 do
if optimal(� , � F ) add � to �

Return Develop(Æ r e , � , O )

Several steps of the algorithm deserve some comments. A line (1),
the search can be stopped as soon as some criterion is fulfilled, for
instance when a given number of V-optimal interpretations have been
reached: it is enough to return the value ”true” instead of ”false”. At
lines (2) and (3), the two branches of the search tree are developed.
A more interactive solution should be to ask the user whether the
branch ”Relax] � ” should be developed or not. The important point
is that a branch is entered (or proposed to the user) iff it is guaranteed
that it leads to a V-optimal interpretation.

Another possible method is breadth searching the automaton, from
� to � through the optimal paths. The principle is to label every state
met with the sets of elements of= which must be relaxed to reach the
state: we thus get on� the complementary (on= ) of each2 -optimal
interpretation. The most costly operation in this method is the updat-
ing of the sets that mark the states, since unioning sets is necessary at
each updating. Anyway, for both methods, our representation by an
automaton allows a computation of all the2 -optimal interpretations
that is polynomial in the size of the result.
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4.5 Computingù the ñ -optimal restorations

The automaton also allows the determination of the2 -optimal
restorations of a unary constraintx : they correspond to the cheap-
est path among those that go from� to � and that supportx .

If the user is interested in auniquerestoration of a set of values
for a variable

� �
, it is sufficient to find, among those supporting of

these values, an edge3L��
� F 5 that minimizesÓÔ33L��
�� F 55 . Then the cor-
responding2 -optimal restoration is obtained going backward from
� to � and then forward from�ºF to � through an optimal path, thanks
to the following property:

Proposition 13 A path ¾ from � to � that contains3L��
Ï�ºFm5 is of min-
imal weight among the paths from� to � that contains this edge iff:

– ú?3aûÝ
û�FL5/^U¾ s.t. �l�+Å�3aû�Fm5/ÞP�l�+Å�3L�Ý5 , Ó è 3aû�Fp5;�ÀÓ è 3aûº5 r `?3aûÝ
û�Fp5
– ú?3aûÝ
û F 5/^U¾ s.t. �l�+Å�3aûº5'üo�l�+Å�3L�l5 , Ó î 3aûº5;�ÀÓ î 3aû F 5

r `?3aûÝ
Ïû F 5
The computational cost of a unique2�V optimal restoration is thus

bounded by the size of the automaton. Again, a judicious choice of
the encoding of the automaton can lead to an implementation of this
kind of algorithm that is bounded by the number of transitions that
supportx plus the product of the number of variables by the maximal
number of successors of a state.

Now, in order to compute all the2�V optimal restorations ofx ,
we will re-use the principles presented in the previous section. The
idea is to mark, among those supportingx , all the edges3L��
� F 5 that
minimize ÓÔ33L��
� F 55 . The optimal paths can then be marked using
property 13. It is then possible to reuse any of the methods of Section
4.4, rolled not on all the automaton but on the marked paths only.
The worst computational cost for the generation of all the2 -optimal
restorations is again polynomially bounded in the size of the result.

5 Conclusion

Several authors [9, 7, 11] have proposed to extend the CSP frame-
work so as to handle configuration problems - the extension dealing
mainly with the difficulties that are inherent to the structuration of
the problems. The handling of another characteristic of configuration
problems, namely their interactivity, has prevailed on us to extend
the framework in another direction and to define ”Assumption-based
CSPs”. This led to an extension to non boolean domains of classical
notions of propositional logic, e.g. nogoods, interpretations, explana-
tions, etc.

The request associated with this generalization of ATMS obvi-
ously corresponds to problems that are highly combinatorial. From
a practical point of view, our approach is to transfer this cost on an
off-line pre-computation: the system works on a compilation of the
CSP under the form of an automaton (the size of which can itself be
exponential in the worst cases) but uses algorithms that are really effi-
cient on this structure (polynomial in the size of the result). The way
we use the automaton is close to the use of OBDD-like structures
in the handling of prime implicant/implicate and interpretations of
a boolean formula (see [8], for seminal works, and [5][3] for some
approaches very similar to ours ).

Our approach takes advantage of the fact that, in configuration
problems, only a small set of constraints is subject to dynamicity,
and that these constraints are unary. It relies on the fact that the com-
ponents of configurable products can be described concisely by au-
tomata. The structuration of complex products into sub-components
should now help in reducing the space needed to handle the config-
urable product. The next step of our research is to thus combine the
representation by automata with composite CSP.

The principles proposed in the present paper have been imple-
mented and tested on a preliminary benchmark coming from a real
application in configuration: the size of the automaton is very small
(about 4675 states + edges for a problem allowing 936 000 solutions),
its updating and the handling of the requests is immediate (less than
2ms). We are presently encoding a bigger real example (about 200
variables). However, we will also have to face the definition of an
experimental protocol for the evaluation of our work, that, even less
close to real problems, could enlighten statistically the feasibility or
the limits of the approach.

Finally we did not present algorithms dedicated to the computation
of explanations and nogoods since this kind of information is gener-
ally less attractive than the notions of restoration / interpretation in
the context of a configuration task4, unless the number of explana-
tions is small and the number of restorations great: in this case, it
would be interesting for the user to build the restoration himself by
selecting one constraint in each explanation. Anyway, the compu-
tation of nogoods and explanations can attractive for other potential
applications of A-CSP. If we accept to relax the requirements of min-
imality and of completeness, an efficient approach to the generation
of such information could take advantage of the justifications main-
tained by dynamic filtering algorithms like DN-AC4,6.
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Their main interest is generally ... the deduction of restora-
tions/interpretations by an operation of Hitting set, whereas the direct cal-
culus is generally cheaper
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Dealing with Uncertainty in Design and Configuration
Problems

Eric Bensana and Taufiq Mulyanto and Gérard Verfaillie
�

Abstract. Design is an activity that translate a set of requirements in
a feasible product by considering constraints coming from physics,
technology avaibility and designer preferences. Configuration is a
special case of design in which the product component properties are
already predefined. In this paper, the design of a new concepts (or
the validation of existing ones) is considered as a configuration prob-
lem. In the first part of this paper, we present a generic approach for
conceptual design, the earliest phase of design, combining the con-
straint satisfaction formalism and the object-oriented framework. In
the second part, we introduce an approach to deal with uncertainties
mostly found during the conceptual design phase. The proposed ap-
proach is very easy to implement and guarantees the upper bound of
the solution existence probability. The designer can now make his or
her decisions not only based on the product performance, but also on
the risk associated to that performance.

1 Introduction

Design is an activity that translate a set of requirements in a feasi-
ble product which can best satisfy the realization constraints coming
from physical phenomenas, the technology availability and designer
preferences.

Configuration is a specific task of design. We can see a configura-
tion task as a design of a product given a set of components (possibly
sizable) described by a fixed set of properties including informations
on the interactions within components. In this paper we restrict the
design context in a configuration task.

A conceptor a product is a solution of a configuration problem
as a result of aproduct instantiation. In this paper, we are interested
at a system to aid designer in the configuration task using a generic
approach.

Our prior internal studies related to the design and sizing of sens-
ing systems [3, 2] showed that theCSP framework [12] offers:

� a flexible approach by a natural problem representation using con-
straints;� a context free application including an absence of domain type
restrictions.

CSP framework is defined by a set of variables, a set of domains
each associated to one variable and a set of constraints allowing val-
ues combinations within a sub set of variables. Domains can be of all
types: symbolic or numeric, discrete or continue. Constraints can be
extensivelydefined (list of allowed/prohibited value combinations) or
�
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intensivelydefined (relation such as equation). Further, a representa-
tion framework such as an object-oriented framework would enhance
a design problem representation. We based our proposed generic ap-
proach on these two frameworks.

The generic nature of the proposed approach injures consequently
its computing power, which limits its use for theconceptualdesign.
More advanced phase, such as detailed design, specially in the air-
craft design domain, is the realm of parametric optimization [10, 15]
even if non classical optimization techniques such as genetic algo-
rithms can be used [1].

Based on the CSP point of view, a number of frameworks have
been proposed to deal with configuration problem.

The Dynamic CSP framework [14] extends the classical CSP
framework to deal with a situation in which the solutions do not need
to have the same variables and neither to satisfy the same constraints.
The idea is to associate to each variable and each constraint two pos-
sible states: active and non-active. States control is done by a set of
activation constraints.

TheComposite CSPframework [19] answers to the same case as
previous extension but avoid the use of activation constraints. The
idea is to allow a variable to have a sub problem as a value.

The frameworks represented in [17, 22] propose two steps of res-
olution. The first step consists of determining the final product archi-
tecture and the second consists of resolving the corresponding clas-
sical CSP problem given the product architecture.

One of the characteristics of design activities, specially during the
early stage is the existence of imprecision and uncertainty factors in
the problem model and in external input [6, 21]. None of the previous
frameworks offers a technique allowing a designer to take into ac-
count this uncertainties in his decision making. However, we can find
in [13, 18] a probabilistic approach based onMonte Carlo method
which is time and resource consuming.

In this paper we propose an approach to deal with uncertainty
based on CSP framework which guarantees an upper bound of solu-
tion existence probability. Our discussions are focused on two points:

1. A description of the generic approach to help designer to structure
the design knowledge of a product being considered; this knowl-
edge is expressed in a generic model which is used to generate
concepts;

2. A proposition of an approach to deal with uncertainty which guar-
antees an upper bound of solution existence probability; we will
show by a case example how this measure could be an important
element of decision.
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As we are applying the proposed approach in aeronautical domain,
examples found in this paper will be on aircraft design problems.

2 Presentation of the generic model

Our generic approach to deal with configuration problem is based
on generic model of the product being designed. The generic model
combines two frameworks:

� CSP framework with the notions of variables, domains and con-
straints to formalize the configuration problem;� Objet-oriented representation with the notion ofobjects, at-
tributes, classes, instancesand inheritanceto structure the con-
figuration knowledge.

2.1 The configuration knowledge

Configuration knowledge, usually related to a given design domain,
is structured in classes following an object-oriented representation.
Here, a class can be seen as a template of an item. An instance is
build upon class description corresponding to an item (final product
or a product component).

2.1.1 Classes as generic design knowledge

The knowledge about items is modeled by classes. Typically there
is a class for the final product and classes for its components (and
recursively). A class can be:

� abstract (instances cannot be built upon directly);� generic (e.g. sizeable component, instance can be built upon, its
exact size is not predefined);� non sizeable (only existing instances of this class are taken into
account during the product instantiation).

Simple inheritance is considered,i.e.a class has only one mother-
class. A class is described by a set of typed attributes.

Attributes

Each attribute is characterized by a definition (mainly its name
and type). The domain of values associated with a variable depends
on the attribute type. Our system allows the following types:

� oneof(List): List is a list of elements of any discrete type
(number, atom, string,etc.) and the value can be any element of
List;� oneof(Min,Max): Min and Max are two integers, and the
value of the variable can be any integer belonging to the[Min,
Max] interval;� instance(Cl1): Cl1 is a class name and the value can be
any instance of any subclassCl2 of Cl1 if Cl1 is abstract or an
instance ofCl1 if not;� instance(List): List is a list of classes name and the value
can be any instance of any class inList;� instances(Min, Max, Cl) : Cl is a class name and the
value can be any collection of instances of the classCl whose
cardinality belongs to the interval[Min,Max];� interval(Min,Max): Min andMax are real numbers and the
value can be any subinterval of the interval[Min,Max].

The five first types introduce direct choice points since they all
lead to a finite set of possibilities. The last type may also lead to
choice points but only when interval splitting is considered. The in-
heritance property will apply every attribute of a class to its special-
izations.

For example, the class associated to a wing may has:

� attributes describing wing geometry in real numbers: wing�����	��
�������
and

�������	���
_
���������

, etc.;� attributes determining wing components: flaps, slots,etc.

Generic constraints

Generic constraints are expressed at the class level. They define
relationships between:

� the values of some attributes of the class; as an example, the three
geometric attributes of a wing

�����	��
 �������
and

������!�"�
_
�����#���

are
related by the constraint:

�$�����	�"�
_
�����#�%�$&'���(�)�+*	,-�����	�

� the values of the attributes of some of its components; for ex-
ample the relation between the wing mass with the mass of its
components:. ����/

_
�#���#�10

_2 �(�!�3& . ����/
_2 �1�!��465�07�!�

_2 �1����4
�	07���

_2 �1���

In the implementation we have two types of constraints as follows:

� pre-instantiationconstraints help to prune the search space and
avoid to consider wrong options during the product instantiation;
there is only a small number of constraints which can be expressed
in this way depending on the structural choices for an instance;� post-instantiationconstraints are used to verify the instance’s at-
tributes consistency during the product instantiation.

Using the inheritance properties, all of constraints in a class are
also applied to all of class specializations.

2.1.2 Instances as components

There are two types of instances:

� generic instances resulting directly from the instantiation of
classes using the product instantiation;� instances modelingexisting componentsor Components On The
Shelf (COTS) where all of the attributes have a fixed value (at
least those describing its structure); these instances are recorded
in a base of components.

After a product instantiation of an item represented by a generic
class may result in a generic instance or a component in COTS. But,
an item represented as non sizeable class can only be instantiated
in one of a component in COTS. COTS can be used to perfectly
represent the components non-customizable. In aircraft design, the
engines are usually considered as COTS.

2.1.3 Specific constraints as designer’s model

A model is associated to the class to be instantiated. It determines
a set of basic restrictions expressed in unary constraints. The con-
straints defined in a model takes into account the design requirements
and the designer preferences.

A model describes:
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� the requirements imposed to the product or its components; in civil
aircraft design domain, a requirement can be the typical aircraft
flight mission, aircraft capacity,etc.� explicit designer preferences, such as a simple trapezoidal wing
plan-form or door type selections.

2.2 The synthesis function

The second main part of our system is the synthesis function. This
function is in charge of the product instantiationi.e. to instantiate
the class corresponding to the product using the available knowledge
and product model. Here, we find the connection between CSP for-
malism and the object-oriented problem representation. During the
instantiation of a class, a variable is associated to each attribute. An
instance can be considered as a set of variables.

A synthesis function can be expressed as below:

8 �+�9�#���:�-����&'�9;����<����9�=��>�?@� 2 �����A
"B$07�1�!��
"C'��D��!0=
"B�� 2 ���!E
It builds a set of instances of the class

B$07�1�!�
, with:

� ?@� 2 �����
: the set of classes in generic knowledge;� CF��D��!0

: a set of constraints which represent the designer prefer-
ences and design requirements;� B�� 2 ���

: a set of re-used components in COTS.

The last two entries can be empty. When both are empty, only
generic instances will be considered. Other parameters have been de-
fined to limit the search to the first

�
solutions or within a time limit

and to use different levels of constraint propagation.

The set of available classes and COTS implicitly describes the
product instantiation search space. Techniques utilized to explore
the search space in synthesis function are basically tree search and
constraint propagation techniques. During the product instantiation,
search in the synthesis function takes into account:

� design choices expressed in class descriptions: choice of a class
among several possibles classes defined in a domain attribute,
choice of a component in COTS, finite domain attributes,etc.� the choice between reusing an existing component in COTS or
building a new generic one;� other choices related to the management of propagation over in-
tervals.

Depending on the component set and the model, the same synthe-
sis function can be used to:

� validatean existing concept using only non-sizeable classes; this
can be interesting to verify weather a proposed configuration sat-
isfy the product requirements;� definenew concepts : generic classes are authorized and the set of
components is reduced to the set of COTS.

2.3 Implementation

We chose a constraint programming language to be our supporting
language. The continuous domains is useful to express the sizeable
properties on an item. Two languages, although not fully equivalent
are selected:Prolog IV [4] and Eclipse [8]. In our observa-
tions, Prolog IV is more powerful thanEclipse in terms of
constraint propagation mechanism, but is much slower as far as pure
search is concerned.

The approach combining constraints and objects bears some sim-
ilarities with the idea implemented in theClaire language [11, 7]
(notions of parameterized class, abstract class, set type attributeetc.).
But asClaire does not provide, presently, constraints over real in-
tervals, this option has been discarded. In our opinion, it is easier
to add basic object-oriented features adapted to our needs in an ex-
isting constraint programming language than to develop an efficient
constraint propagation mechanism over an existing object oriented
language.

To avoid a premature choice between any constraint programming
language, we defined a kind of meta-language to express:

� generic constraint expressions;� generic predicates defining classes and attribute;� generic predicates accessing attribute values;� generic predicates to control the product instantiation process.

Both constraint programming language chose do not support a
graphical interface. To overcome this disadvantage, web-based util-
ities such as Netscape, HTML, Javascript, Perl/CGI and Wais are
used.

The resulting system, still under improvements, was used for the
civil aircrafts design studies [16]. It is currently used for a design of
High Altitude Long Endurance Unmanned Aerial Vehicles (HALE
UAVs) [5].

UAVs design is an interesting domain for configuration since an
UAV can be more or less tailored for the application depending
mainly on the type of sensors to be loaded and the flight mission
characteristics (range, endurance, altitude,etc.).

The current UAV domain is organized such that different aircraft
types can be considered: classical configuration plane, flying wing,
airplane with a canard wing,etc.Different propulsion systems are de-
scribed : piston engines, turbojets, electric motors with solar arrays
or batteries, fuel cells as well as different types of sensors : electro-
optical cameras, synthetic aperture radars, spectrometers, data trans-
mission relays. This domain can be easily extended by filling up the
domain knowledge by other classes including more general classes.

2.3.1 A small example

Let be the domain considered consists of the following classes:

propulsion::
[[engine,instance(engine)],
[nb_engines,oneof(1,2)]].

engine::
[[consumption,interval(0.0,10.0)]].

turbomachine(engine)::
[[thrust,interval(0.0,100.0)],
[bypass_ratio,interval(1.0,10.0)]].

turbojet(turbomachine)::
[[thrust,interval(0.0,10.0)],
[bypass_ratio,1.0],
[consumption,interval(0.0,8.0)]].

turbofan(turbomachine)::
[[thrust,interval(0.0,50.0)],
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[consumption,interval(0.0,5.0)]].

piston_engine(engine)::
[[power,interval(0.0,100.0)],
[r_propeller,interval(0.7,0.9)],
[d_propeller,interval(0.0,3.0)]].

abstract([engine, turbomachine]).

We suppose that theengine andturbomachine classes are
abstract.turbomachine andpiston_engine are classes re-
sulting of a specializations from the classmotor andturbojet
and turbofan are specialized class from the classturboma-
chine. A specialized class is allowed to have a refined attributes
domains from its motherclass as for the classturbojet.

Without any specific constraint, six solutions are built by the syn-
thesis function:s-1, s-2 with turbojet,s-3, s-4 with turbofan
engine ands-5, s-6 with piston engine.

s-1::[[engine,tj-1],[nb_engines,1]]
s-2::[[engine,tj-2],[nb_engines,2]]
s-3::[[engine,tf-3],[nb_engines,1]]
s-4::[[engine,tf-4],[nb_engines,2]]
s-5::[[engine,pe-1],[nb_engines,1]]
s-6::[[engine,pe-2],[nb_engines,2]]

with the components:

{tj-1,tj-2}::[[consumption,[0.0,0.8]],
[thrust,[0.0,10.0]]]

{tf-3,tf-4}::[[consumption,[0.0,0.5]],
[thrust,[0.0,50.0]]]

{pe-1,pe-2}::[[consumption,[0.0,10.0]],
[power,[0.0,100.0]],
[r_propeller,[0.7,0.9]],
[d_propeller,[0.0,3.0]]]

If we add a constraint at themotorisation stating that if two
motors are considered, they can be only turbojets,

not((M.nb_engines = 2),
((M.engine.class = turbofan)
;
(M.engine.class = piston_engine)))

the previous solutionss-4 ands-6 will not be built because they
will not be consistent.

3 Dealing with uncertainty

After presenting our system in the previous section, in this section we
describe our approach to deal with uncertainty in conceptual design,
the earliest phase in design activity. We based our proposed approach
on CSP framework. We begin by observing two kinds of variable
natures.

While representing a design problem as a constraint satisfaction or
constraint optimization problem, all the variables do not represent the
same thing. Some of them represent possible designer choices. One
says that they are controllable. Some others represent uncertainty or

imprecision. One says that they are uncontrollable. But such a dis-
tinction does not exist in the standard CSP framework. Both are dealt
with the same way.

There are at least two extensions of the CSP framework that aim
at dealing with uncertainty:
� Probabilistic Valued-CSP [20] associates with each constraint

(or each combination of values) a probability of existence in the
real world (or probability to be forbidden in the real world). The
objective is then to find an assignment for all the variables that
maximizes its probability to be solution in the real world;� Mixed-CSP [9] explicitly distinguishes controllable and uncon-
trollable variables. The objective is then to find an assignment for
all the controllable variables that is a solution whatever the as-
signment of the uncontrollable variables is. But, if a probability
distribution is available on the domains of all the uncontrollable
variables, the objective can be, as in the Probabilistic Valued CSP
framework, to find an assignment for all the controllable variables
that maximizes its probability to be solution in the real world.

Both extensions only differ in the way of expressing uncertainty:
in the first framework, uncertainty is associated with constraints or
combinations of values, while variables and domains are the same
as in the standard CSP framework; in the second framework, un-
certainty is associated with values of uncontrollable variables, while
constraints are the same as in the standard CSP framework. At least
theoretically, any problem expressed in one of the above frameworks
can be expressed in the other.

To deal with uncertainty in design problems, we choose the second
framework based on the distinction between controllable and uncon-
trollable variables. Using the generic model presented previously:

1. we express this distinction in the definition of the classes; then any
variable involved in a design problem is either controllable, or not;
it suffice to state weather an attribute is controllable or not;

2. we use this distinction to provide the designer with useful infor-
mation about the consistency probability of the current problem.

We will see that such an extension does not imply any change neither
in the generic model, nor in the synthesis function presented above.

3.1 Controllable variables

Here, controllable means that the assignment of a value to the vari-
able is under the control of the designer. We can distinguish three
types of controllable variables:
� design variables: they physically describe the designed product; in

the example of section 3.4, the attributes representing wing span,
the wing area, the lift coefficient, and the aircraft drag due to sur-
face friction are all design variables;� evaluation variables: they characterize the performance of the de-
signed product; in the same example, the attribute lift-to-drag ratio
is an evaluation variable;� intermediate variables: they are used to simplify the problem ex-
pression; still in the same example, the aspect ratioAR is an inter-
mediate variable.

3.2 Uncontrollable variables

On the contrary, uncontrollable means that the assignment of a value
to the variable is not under the control of the designer. This may be
due to the presence of:
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� imprecision or uncertainty in the available design knowledgei.e.
in item model expressed in classes;� imperfectly known environment factors; some inputs maybe im-
precise or uncertain;� other designer decisions in a distributed design context.

3.3 Proposed approach

We make the following assumptions:

� uncertainty can be modeled as a probability distribution on the
domain of each uncontrollable variable;� all the uncontrollable variables can be considered as independent.

Using the constraint propagation mechanism, during the product
instantiation, controllable variable assignments are propagated in the
whole problem and may induce domain reductions on the uncontrol-
lable variables. The smaller the size of the current domains of the
uncontrollable variables, the smaller the probability of existence of
a real solution in the current problem. We simply propose to use the
size of the current domains of the uncontrollable variables to com-
pute an upper-bound on the probability of existence of a real solution
in the current problem.

More formally, a
BG�AHI&J>%KL
 ?M
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Under the independence assumption,
N

is an upper-bound on the
probability of existence of a real solution in the current problem. If
we make the following assumptions:

� for each uncontrollable variable, the probability to take its value
in its initial domain (before synthesis,i.e. before constraint prop-
agation and tree search) is equal to 1;� for each uncontrollable variable, the associated probability distri-
bution is uniform.

N f
is simply the ratio between the size of the current domain of| f

and the size of its initial domain.
N

is consequently very easy to
compute at any step of the synthesis.

Moreover, by associating each uncontrollable variable with one
item (product or component), such an approach can be easily inte-
grated in the object-oriented framework.

3.4 A problem example

We take an example of UAV design for cruising flight. The designer
has to determine a wing placement with regard on aircraft body that

has good aerodynamic properties by considering the wing geometry
uncertainty. In this example the wing placement is represented by the
lift coefficient variable.

Here, we consider two sizeable components : aircraft component
and wing component, where the wing component is a subpart of
aircraft component. Below, we define thewing and aircraft
classes.

The wing class has the following attributes:

� wing span:span� wing surface:area� wing Oswald factor:oswald

The Oswald factor is a parameter representing the lift distribution
along the wing. It is affected by many other specific wing parameters
such as twist angle distribution and wing airfoil distribution. In the
early stages of design, this information is not available. One can con-
sider the Oswald factor as an uncontrollable variable taking its value
over a given interval. In this example, we take an interval between
0.7 and 0.8. There is no constraint in thewing class definition.

Theaircraft class has the following attributes:

� aircraft aerodynamic property represented by the lift-to-drag ratio:
lift_to_drag� aircraft lift coefficient:c_lift� aircraft total drag coefficient:c_drag� aircraft surface friction drag coefficient:c_drag_fr� aircraft wing component:ac_wing

Theaircraft class contains constraints between these variables
and the variables in thewing class. In this example we assume that
the surface friction drag coefficient does not depend on the wing ge-
ometry variation.

wing::
[[span, interval(0.0,10.0)],
[area, interval(0.0,20.0)],
[unc(oswald), interval(0.7,0.8)],
[alpha, interval(0.0,1.0)]].

aircraft::
[[lift_to_drag, interval(0.0,20.0)],
[c_lift, interval(0.0,1.0)],
[c_drag, interval(0.0,1.0)],
[c_drag_fr, interval(0.0,1.0)],
[ac_wing, instance(wing)],
[alpha, interval(0.0,1.0)]].

The predicateunc(X) definesX as an uncontrollable variable.
The following constraints are expressed at theaircraft level:

aircraft_constraints(Aircraft)
{
Wing = Aircraft.ac_wing
Sp_2 = power(Wing.span, 2.0)
AR = div(Sp_2, Wing.area)
Cl_2 = power(Wing.c_lift, 2.0)
E = Wing.oswald
K = product(pi, AR, E)
CDi = div(Cl_2, K)
Wing.c_drag = plus(Wing.c_drag_fr, CDi)
}
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Aircraft is a variable representing the current instance being
built, power, div, plus, product belong to the set of basic con-
straints defined in the language andpi refers to the value of

i
.

Let us assume now that the designer has set some controllable vari-
ables and expressed his preferences (in IU metrics) in the following
aircraft model:

Aircraft.ac_wing.span = 6
Aircraft.ac_wing.area = 4.2
Aircraft.c_drag_fr = 0.02
Aircraft.c_drag <= 0.0285

Let us suppose that the designer has two design alternatives to
compare:

1. Aircraft.c_lift = 0.4
2. Aircraft.c_lift = 0.42

After running the synthesis function, we find the following results
for the lift-to-drag ratio, the Oswald factor and the

N
parameter:

First alternative:

Aircraft.lift_to_drag in [14.04..14.59]
Aircraft.ac_wing.oswald in [0.7..0.8]
Aircraft.alpha = 1.0

Second alternative:

Aircraft.lift_to_drag in [14.73..14.90]
Aircraft.ac_wing.oswald in [0.77..0.8]
Aircraft.alpha = 0.3

An aircraft has a better aerodynamic property when it has higher
lift-to-drag ratio. The designer may then choose the second alterna-
tive because of its higher lift-to-drag value, but this solution induces
a lower value of the upper-bound on the probability of existence of a
solution,i.e. a higher risk. Thus, a prudent designer may choose the
first alternative instead of the second.

4 Conclusion and perspectives

We have presented a generic approach for configuration and design
which associates object and constraint programming technologies.
The basic scheme has been extended to deal with some of the uncer-
tainties a designer may encounter in the earliest stages of design.

Possible future developments could consider the introduction of
dynamic parameters. Such parameters may also support probabilistic
aspects like the probability that a given characteristic takes a given
value at a given point of time. Modeling such knowledge will help
to address prospective design and give answers to questions such as:
is it possible to design a product with a given level of performance
within a given time horizon.

Other developments could consider the “compilation” of the
knowledge base. Once the domain description is stable, the actual
synthesis could be replaced by a more efficient version, by “compil-
ing” the set of classes and producing a constraint program where all
design choices are for example expressed as discrete domain vari-
ables. This would allow the use of more powerful propagation tech-
niques and helps to define specific design domain configurators.
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Preference-based Configuration of Web Page Content
Carmel Domshlak Samir Genaim Ronen Brafman

�

Abstract. In this paper we present a new approach for personal-
ized presentation of web-page content. The model is defined as a
preference-based configuration process that is based on qualitative
decision theory. This configuration process attempts to determine the
optimal presentation of a web page while taking into account the
preferences of the web author as well as viewer interaction with the
browser. The preferences of the web-page author are represented by
a CP-network, a graphical model developed in [2]. We present an
implementation of our approach in a CPML system and discuss the
implementation issues.

1 INTRODUCTION

An important goal for web-page designers is the ability to pro-
vide viewer oriented personalization of web-page content. Two ap-
proaches to this problem are currently in use: (1) Learning user pro-
files; (2) Online information gathering by shared keywords. Both ap-
proaches are useful in particular applications, but as general solutions
they have some important drawbacks: The first approach addresses
only long-term user preferences, and therefore, it is only applica-
ble to frequent viewers. In addition, it reacts slowly to shifts in user
interests. The second approach uses keywords that show up in the
material the user requested as a basis for fetching and presenting ad-
ditional information that may also interest the user. This approach is
more dynamic in that it reacts immediately to changes in the user’s
interests. However, the web-page designer has little, if any, control
over the content of different web-page components.

In this work we propose a new model for representing the content
of a web-page. This model reflects the preferences of the web-page
author while adjusting dynamically to the viewer’s current interests.
First the web-page author expresses his expectations regarding the
presentation of the web-page content. For example, the author may
prefer some material to be fully presented if and only if the head-
ing of some other material is presented. This is done in an intuitive
yet expressive manner. These expectations become astatic part of
the web document, and set the parameters of its initial presentation.
For any particular user, the actual presentation then changesdynam-
ically to accommodate that user’s choices and actions. We achieve
content personalization through dynamic preference-based reconfig-
uration of the web page. Note that a web page is usually composed
of a collection of components, and the information content of each
component can be presented in different ways. For example, an ar-
ticle can be presented by its heading, summary, by partial content,
or by the full content. The content’s configuration process attempts
to determine the best presentation of all web page components with

�
All authors are from Department of Computer Science, Ben Gurion Uni-
versity of the Negev, P. O. Box 653, Beer-Sheva 84105, Israel, e-mail:�
dcarmel,brafman,genaim� @cs.bgu.ac.il

respect to the web-page author’s preferences and the viewer’s behav-
ior.

Our approach is based on qualitative decision theory, and we ar-
gue that it provides appropriate support for web page configuration.
We use the CP-network model [2] to represent the web-page author’s
preferences. A CP-network is a qualitative, graphical model of pref-
erences, that captures statements of conditional preferential indepen-
dence. We implement this approach in the framework of the CPML
system, which consist of the authoring tool for the preference-based
web pages, and a corresponding viewing tool, which is implemented
as a browser plugin.

The paper is organized as follows: In Section 2, we present the
framework of the web page preference-based configuration in the
context of qualitative decision making. We then discuss the rele-
vant preference representation issues, and describe the CP-network
model. In Section 3, we describe the architecture and implementa-
tion of the CPML system. In Section 4, we summarize the presenta-
tion and discuss future work.

2 PREFERENCE-BASED WEB PAGE
CONTENT PERSONALIZATION

In this section we present preference-based web page configuration,
and show how decision theoretic tools provide a basis for this ap-
plication. General preference-based configuration was previously in-
vestigated [1, 3, 4], however its adaptation to information personal-
ization has not been explored.

In preference-based configuration, a decision maker chooses a
number of different components, that together form the final product.
The chosen configuration should be the best (or at least an undomi-
nated) configuration with respect to the decision maker’s subjective
preferences. The whole process of a partly unsupervised, preference-
based configuration can be divided into three stages:

1. anidentification step, which consists of selecting relevant criteria,
2. aspecification step, which consists of interactive elicitation of user

preferences,
3. aprocessing step, which consists of reasoning about component

selection with respect to the user’s preferences,

Note that the user alluded to in stages 2 and 3 is the web-page
designer. Here we describe a preference-based configuration of the
web page content. We first provide a formalization of this problem,
then we discuss the preference representation issues.

2.1 Configuration and qualitative decision theory

A web page consist of a finite set ofcomponents����� �	��
�
�
�� �� ,
each one with an associated finite domain ofcomponent values,��� ����� � � ��
�
	
�� � � ���	� . For example, the components can be articles,
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pictures, commercials, etc., and each component may have different
possible presentations (= values), such as full content, partial con-
tent, title, link, invisible, etc. Theconfiguration spacefor the web
page content is the set

� � � ����������� �  , and each element��� � �
is a possible contentconfiguration.

In order to determine the best configuration we define an order
over the configuration space. A preference ranking is a total preorder!

over the set of configurations:� � ! ��" means that configuration� � is equally or more preferred to the decision maker than��" . Of
course, the ordering

!
will be different for different decision makers.

Given a preference order
!

over the configuration space, anoptimal
configurationis any �#� � such that� ! �%$ for any �%$&� � .

A classical preference-based configuration of a product is usually
driven by the subjective preferences of the actual consumer. In our
application the role of the decision maker is given to another actor.
During the design of the web page, the web-page author describes
her expectations regarding content presentation. This way, once the
web-page author defines the preference for a web-page, the prefer-
ence elicitation proccess is done dynamicly each time this pages is
accessed, i.e the preference changed depending on the current in-
terest of the user.The preference order

!
represents the subjective

preferences of the web page author, not of its viewer.However, dur-
ing the dynamic configuration of the web page content, the actual
choices of the viewer affecting the configuration decisions.

The choice of a preference model is a central design decision in
any preference-based configuration process. In particular, one can
adopt a quantitative, utility-theoretic, model, or a more qualitative
model. We believe that qualitative models2 can form a good basis
for the automated product configuration process in general, and for
the web page configuration process in particular. The main advan-
tages of the tools of qualitative decision theory, relatively to the tools
of traditional decision theory, are compactness, intuitiveness, and re-
duced computational effort. Two major reasons motivate us towards
qualitative decision making in our domain: Utility assessments are
likely to be unintuitive in our setting. However, the web-page de-
signer is likely to be able to compare and to rank alternative designs.
In particular, the designer is likely to find it natural to specify differ-
ent alternative representations for a particular web-page component
given a fixed setting. Moreover, since the number of options for rep-
resenting each component is rather small, ordering different options
for each component is likely to be a relatively easy task.

2.2 Preference representation

Although a qualitative representation of preferences is typically sim-
pler to represent and manipulate, the preference elicitation stage can
still be quite complicated. To perform real-life preference-based con-
figuration, we must represent user preferences in a compact, yet
expressive manner. Even relatively small web page may consist of
many different components, with varying importance and internal re-
lations. Therefore we cannot afford to handle explicitly a ranking ta-
ble for all the alternatives. Likewise, we want to capture conditional
preference dependencies between different components. For exam-
ple, the web-page author may prefer to present a Volvo commercial
if the user explicitly examined the content of an article about a traffic
accident, but to present a Linux commercial otherwise.

An appropriate representation of qualitative preferences is insuf-
ficient on its own; we need to be able to reason efficiently about

" A comprehensive overview of the field of qualitative decision theory can be
found in [6].

these preferences. Possible reasoning tasks include finding the opti-
mal configuration, comparing two possible configurations, etc. Like-
wise, the representation model should be intuitive and natural in or-
der to simplify and facilitate the web-page designer’s task.

Because of these requirements, in our work we decided to exploit
the advantages of the CP-network model developed by Boutilieret
al. [2]. This is an intuitive, qualitative, graphical model of prefer-
ences, that captures statements of conditional preferential indepen-
dence. Therefore it provides an appropriate basis for modeling pref-
erences of web authors. In our domain, each node in the network (a
directed acyclic graph – DAG) is identified with a web page compo-
nent � � . The immediate parents of� � , ')(*� �,+ are components that
affect preference of the web-page author over the possible presen-
tations of � � . Formally, if � � �-�/.#�0� � � ')(*� � + � , then � � and � �
are conditionally preferentially independent given')(*� � + . Each node� � contains a table (�#132 ), which describes the web-page author’s
preferences about the values of� � given all possible combinations
of ' (*� � + . The construction of a CP-network for� consists of two
stages: for each component� � , asking the web-page author to iden-
tify ' (*� �4+ , and to specify�#1325(*� �*+ . Each complete assignment for
the vertices of the network represents a configuration of the web page
content. Figure 1 shows an example of a CP-network with the cor-
responding�#132 s. Determining if a configuration6 is preferred to

A

D

B

C

E

�#1325(,7 +98;:=</>:�#1325(,? +98;:A@ >B < B0C >:=@ B < >B0C�#1325(*� +D8 B @ � <E>� C >B @F>� < � C�#1325(,G +D8 B @IHJ< >H C >B @ >H=<KH C�#1325(,L +98 � @IMN<E>M C >� @F> MO<PM C

Figure 1. An example CP-network

another configurationQ can be defined as inferring whether6 < Q
is a consequence of a given CP-network. For some domains this task
requires low polynomial time [2, 5]. Likewise, a branch and bound
algorithm for finding best feasible configuration was presented by
Boutilier et al. in [1].

As an example consider an online newspaper web page which is
divided into the following three areas: an area for a recently requested
article, an area for the article summaries, and an area for links (ti-
tles) to the remaining articles. Suppose that today’s newspaper con-
sist of five articles. The author defines the preferential relations be-
tween them by the CP-network presented in Figure 1. For example,
the value

B
of the article ? corresponds to its content (summarized

or full, depending on the viewer’s recent behavior), while the value
>B

corresponds to the link to this article. The preference of the web-page
author on whether to introduce or to hide the content of the article?
depends on the actual presentation of the article7 . Namely, if the
content of7 is presented, then the web-page author does not want to
focus the attention of the viewer on article? , and hence, its content
should be hidden. Otherwise the author prefers to expose it. Handling
a nested structure also possible if we add more nodes to the CP net-
work , or if we allow non-binary values, which makes the network
more complex.

In the following section we describe the implementation issues
of the CPML system for preference-based configuration of the web
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pages.

3 CPML SYSTEM DESCRIPTION

CPML is a prototype system currently being developed at Ben-
Gurion University for preference-based authoring and viewing of in-
teractive web pages. The outline of the system is presented in Figure
2. The system can be divided into two modules - the authoring tool,
and the viewing tool.

The authoring tool allows web-page authors both to create a web
page, and to define preferences on the values of its components.
The first task is standard for web-page authoring tools. However,
in CPML it is adapted to make subsequent definition of prefer-
ences easy to the web-page author. The content of the web pages
is described in dynamic HTML (DHTML) [7]. It consist of HTML
blocks, which are wrapped by javascripts, to allow presenting their
content in different manners. The second task is defining a CP-
network that captures the preferences of the web-page author on the
configurations of the web page. The editor for CP-networks is inte-
grated in the authoring tool, and tightly coupled with the web page
creation process. During the creation of the web page, all its compo-
nents are tagged, thus can be declared as variables in a corresponding
CP-network.

Web
Browser

CP-net
description

CP-network driver

DHTML

Plugin

Authoring ToolR�S�T UWVYX Z\[,]Y^VY_a` X [*]

Figure 2. Framework of the CPML system

The client side consists of a standard browser expanded by a
CPML agent, implemented by a browser-compatible plugin. Access-
ing a web document in our system results in shipping the document
to the browser and the embedded CP-network to the agent. On the
download of a preference-based web document, the agent sets all the
components to their corresponding values in the optimal configura-
tion, given no evidences on the viewer’s current interests. From this
point the agent acts in event-driven fashion, and waits for a viewer in-
teraction with the browser (exposing/hiding a component). The agent
is responsible to react to the viewer’s actions by changing the content
presentation of the document. The change is performed according to
the embedded CP-network and the recent actions of the viewer. The
best configuration of the web page, given the recent choices of the
viewer, is determined, and the web page is redrawn.

Determining the best configuration is done by the procedure Agen-
tResponse, presented in Figure 3. At this current stage of the sys-
tem development we restrict ourself to components with only binary
domains in order to exploit significant computational benefits, de-
scribed in details in [5]. Therefore, in step 1 of AgentResponse, we
switchthe value of the observed component, and then add it to the list

ProcedureAgentResponse(� � )
var:b

- CP-network of the web page’s componentsc
- List of the events (component, value) produced by the viewer

1. Switch the value of� � and add it to the chronologically sorted event
list
c

. If
c

is bigger than a specified threshold: remove the oldest
event from

c
.

2. Set � to the optimal configuration returned by BestConfiguration
(
c � b )

ProcedureBestConfiguration (
c � b )

1. Reduce graph
b

to
bed

by projection of
c

on it, and letb �d � b "d ��
�
�
�� b d be the connected components of
b d

2. For each
b �d

, and for each variablef=� b �d (according to a topolog-
ical sort) setf to its most preferred value with respect to' (gf + andc

Figure 3. Preference-based reactive configurator

c
of the recent viewer’s choices. The maximal size of

c
is specified

by the author of the web page and is passed as a part of the document.
Subsequently called procedure BestConfiguration performs the opti-
mization and returns one of the pareto optimal configurations, consis-
tent with the preferences of the web-page author (

b
), and the recent

choices of the viewer (
c

). Due to the semantics of the CP-network
model, this process can be performed in time linear in the number
of components. For details about the optimization procedure consult
[2].

4 SUMMARY AND FUTURE WORK

In this paper we presented a framework for preference-based con-
figuration of the web page content. Our approach is based on qual-
itative decision theory, and in particular on the CP-network graph-
ical model for preference representation. The configuration process
is performed according to the preferences of the web author as well
as to the current interests of the viewer. Preferences of the web-page
author are encoded as a CP-network. Given this CP-network and the
recent actions of the viewer, the optimal configuration of the web
page content is determined.

A prototype implementation of the CPML system is currently be-
ing developed, and we plan to complete it by August 2000. It consist
of an authoring tool on the web-page author’s side, and the decision
making agent on the client side, implemented as a browser plugin.
In addition, we are implementing an overall solution that is based on
Java applets instead of plugin.
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Exploiting structural abstractions for consistency
based diagnosis of large configurator knowledge bases

Alexander Felfernig1, Gerhard E. Friedrich1, Dietmar Jannach1 and Markus Stumptner2

Abstract. Debugging, validation, and  maintenance of con-
figurator knowledge bases are important tasks for the success-
ful deployment of product configuration systems, due to fre-
quent changes (e.g., new component types, new regulations) in
the configurable products. Model based diagnosis techniques
have shown to be a promising approach to support the test
engineer in identifying faulty parts in declarative knowledge
bases. Given positive (existing configurations) and negative
test cases, explanations for the unexpected behavior of the
configuration systems can be calculated using a consistency
based approach.

For the case of large and complex knowledge bases, we show
how the usage of hierarchical abstractions can reduce the
computation times for the explanations and in addition gives
the possibility to iteratively and interactively refine diagnoses
from abstract to more detailed levels. Starting from a logical
definition of configuration and diagnosis of knowledge bases,
we show how a basic diagnostic algorithm can be extended to
support hierarchical abstractions in the configuration domain.
Finally, experimental results from a prototypical implementa-
tion using an industrial constraint based configurator library
are presented.

1 INTRODUCTION

Knowledge based product configuration systems are a suc-
cessful application of AI technology and will still gain further
importance due to the fact that more and more companies start
to offer their products tailored to their specific customer’s
needs [4]. Many approaches for efficient problem solving and
knowledge representation for configuration problems have
been proposed, starting from rule-based systems [1] up to
higher forms of representation and reasoning techniques, e.g.,
constraint based, case based, or functional reasoning
([14],[18]). However, the facts that real-world configuration
knowledge bases tend to get large and complex and that the
knowledge bases are subject to frequent changes (e.g., new
component types, new regulations and restrictions) make the
validation, maintenance, and debugging activities to important
tasks during the lifecycle of the configurator. In fact, espe-
cially the maintenance problem was one of the most important
problems already in the first industrial configuration systems
[1] where changes of up to fourty percent of the knowlege
base per year are not unusual.

Techniques from model based diagnosis (MBD) which were

initially applied to diagnose faults in electronic circuits and
other hardware devices have shown to be also applicable for
the domain of software debugging, e.g., diagnosis of logic
programs [5], repairing inconsistencies in databases [12], or
VHDL programs [10].

In [7], it was shown, how these techniques can also be applied
for error detection within knowledge based configuration
systems. Speaking in MBD terms, a system is composed from
a set of components with some predefined behavior. A diag-
nosis is then a set of components from the system, which if
considered to be faulty, can explain discrepancies between the
expected behavior of the system and the actual observations.
When employing MBD to debug faulty knowledge bases, the
role of the system’s components is taken by the elements of
the knowledge base (typically logical sentences or con-
straints). When provided some examples (test runs, observa-
tions) the diagnostic task is to identify these faulty parts from
the knowledge base which explain an unexpected behavior of
the configurator. For these task, positive and negative exam-
ples can be employed. Positive examples are (partial or com-
plete) configurations, which should be accepted by the con-
figurator or can be extended to a complete configuration.
These positive examples can be former (supposedly valid)
configurations, which should still be valid after some changes
in the knowledge base. Negative examples are configurations
which should be rejected by the configurator (e.g., because
these constellations should not be available anymore). The
behavior of the configurator is said to be unexpected if a posi-
tive example is rejected or if a negative example is falsely
accepted.

However, when debugging large and complex knowledge
bases, this diagnosis technique can be costly in terms of com-
putation time, especially in cases, when multiple faults of
higher cardinality should be detected and when the explana-
tion facilities of the employed inference engine (e.g., a spe-
cialized constraint solver) are limited. The usage of abstrac-
tion hierarchies with different levels of detail has been applied
successfully to increase the efficiency of model based diagno-
sis [16]. In this paper we want to show how these abstraction
mechanisms can be employed for the diagnosis of configurator
knowledge bases, where we can take advantage of the typical
structure of these knowledge bases. Accordingly, no addi-
tional or artificial hierarchies must be defined to allow for a
hierarchical approach, where we can start the diagnosis with at
a high level (with a coarse granularity) which can be calcu-
lated very fast, and can then iteratively refine those diagnoses
to a more detailed level.

The paper is organized as follows: After giving a motivating
example (Section 2) we shortly review the definitions of con-
sistency based diagnosis of configurator knowledge bases
from [7] and show how a hierarchical extension can improve
the efficiency of the algorithm (Section 3). After presenting
experimental results using a simple algorithm with an indus-
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trial strength configurator library (Section 4) we discuss re-
lated work and conclusions.

2 MOTIVATING EXAMPLE

For the demonstration of our approach we use a small part of a
configuration knowledge base from the domain of configur-
able personal computers. We employ first order logic as a
representation mechanism to provide clear and precise seman-
tics. As a conceptual model, a component-port based approach
is chosen [15], the graphical depiction follows the approach
from [6].

Motherboard

m1 = {true,f alse}
m2 = {true,f alse}
m3 = {true,f alse}

<<ComponentTy pe>>

CPU

c1 = {true,f alse}
c2 = {true,f alse}

<<ComponentTy pe>>

Floppy

<<ComponentTy pe>>
PC

p1 = {true,f alse}

<<ComponentTy pe>>

1..11..1

1..11..1

1..21..2

Figure 1 Example problem

We employ the following predicates for our logical represen-
tation: types, ports, attributes, and dom are functions to de-
scribe the component types of the domain with their connec-
tion points and attributes with possible values (domain). The
facts type/2, conn/4, and val/3 describe individual component
type instances, their connections and the attribute valuations.
We also use a logic programming notation, where variable
names start with upper-case letters.

The knowledge base consists of the following definitions:

types={pc,motherboard, cpu, floppy}
ports(pc)={motherboard,cpu,floppy-1,floppy-2}.
ports(motherboard)={pc}.
ports(cpu)={pc}. ports(floppy)={pc}.
attributes(pc)={p1}. attributes(cpu)={c1,c2}. ...
dom(pc,p1)={true,false}. dom(pc,p2)={true,false} ....

In addition, the following constraints on attribute combina-
tions of PC, Motherboard, and CPU have to hold:

Constraint PC1: (p1 = m1 ∨ c1)

type(P,pc) ∧ type(M,motherboard) ∧ type(C,cpu) ∧
conn(P,motherboard,M,pc) ∧ conn(P,cpu,C,pc) ∧ val(P,p1,X)
∧ val(M,m1,Y) ∧ val(C,c1,Z) ⇒ X = Y ∨ Z.

Constraint MB1: (m1 = m2 ∧  m3)

type(M,motherboard)∧ val(M,m1,M1) ∧ val(M,m2,M2) ∧
val(M,m3,M3) ⇒ M1 =M2 ∧ M3.

Constraint MB2: (m2 = m3)

type(M,motherboard) ∧ val(M,m2,M2) ∧ val(M,m3,M3) ⇒
M2 =M3.

Constraint CPU1: (c1 = c2)

type(C,cpu)∧ val(C,c1,C1) ∧ val(C,c2,C2) ⇒ C1 = C2.

Note that additional constraints may be defined for the com-
ponent types (e.g., for the floppy type), which are omitted in
the example because they are not part of any minimal conflict
set.

Let us assume, that constraint PC1 was newly introduced to
the knowledge base and contains an error and should be

"p1 = ¬ (m1 ∨  c1)"

If we consider the only positive example to be a configuration
with connected instances of one PC, one Motherboard, and
one CPU, where p1=false, m2=true, and c2=true, more for-
mally,

CONF = {type(pc1,pc). type(cpu1,cpu). 
type(mb1,motherboard}.
conn(pc1,motherboard, mb1,pc).
conn(pc1,cpu,cpu1,pc) .val(pc1,p1,false).
val(mb1,m2,true). val(cpu1,c2,true).},

this partial example cannot be completed to a working con-
figuration. The constraints {PC1,MB1,MB2,CPU1} cause a
contradiction with the positive examples. When applying the
diagnosis algorithm from [7], the following minimal diagnoses
are returned expressed using ab (abnormal) literals.

ab(PC1).  ab(MB1)∧ ab(CPU1).  ab(MB2)∧ ab(CPU1).

In other words, if we consider- for each diagnosis - the indi-
vidual constraints to be faulty, i.e., abnormal (and ignore it in
the search for solutions) a solution to the problem can be
found. The resulting diagnoses serve as pointers for the test
engineer on which constraints he/she should focus the debug-
ging efforts. (For the treatment of negative examples, see [7]).

For the calculation of diagnoses, the notion of conflict sets is
used. A conflict set can be seen as a set of constraints in our
knowledge base which, together with the domain description
and an example, causes a contradiction. A conflict set is mini-
mal, if no subset of the conflict set is itself a conflict set.
Although the diagnostic algorithm does not rely on the calcu-
lation of minimal conflict sets, the size of the conflict sets
heavily influences the overall efficiency of the task. In cases,
where we do not have minimal conflict sets, the diagnostic
algorithm tries to find explanations that contain constraints
which are definitely not relevant (e.g., some constraints on the
floppy component type in our example.) The calculation of
minimal conflict sets can also be costly, if the employed infer-
ence engine has only limited explanation facilities.

In the following we describe an approach, where we use
structural abstraction, i.e., the system and its components is
decomposed into a hierarchy of its subcomponents. The diag-
nosis process is started at an abstract level where the model is
usually very simple and consists of only a few high level
components. The calculation of solutions can be done very
efficiently. When moving to the detailed level, the lower level
details are taken into consideration, but the detailed diagnosis
is done using the results from the previous levels. In technical
systems, the hierarchical decomposition is often given through
the system’s physical structure. In some cases, diagnosis of the
subcomponents is not even needed, if the smallest replaceable
part is the aggregate component. When diagnosing configura-
tion knowledge bases, the structural abstraction is given
through the assignment of the individual constraints to com-
ponent types. In other words, if we assume a component type
definition to be faulty, we assume that all constraint types
assigned to that component type are faulty. In the following
we only consider such a two level hierarchy, although further
abstractions (grouping of several related component types)
may be applicable. When using this abstraction mechanism,
the top level diagnoses for the problem are

ab(PC). ab(Motherboard) ∧ ab(CPU).
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These initial diagnoses can be computed very efficiently since
we have only four top level diagnosis components. Given this
initial diagnosis the user can decide to focus on the PC com-
ponent type (maybe because he/she only made changes for
that component type) or can decide to iteratively refine the
results through replacement of the component types with their
individual constraints. In the following section we will treat
this model more formally.

3 DIAGNOSIS OF CONFIGURATOR
KNOWLEDGE BASES

First, we will shortly review the logical definition of configu-
ration and configuration problems from [7]: Typically, config-
urable products are built from a predefined set of component
types, which are characterized through attributes and can be
interconnected via predefined connection points (ports).  This
information and the constraints on legal constellations can be
expressed as a set of logical sentences DD (domain descrip-
tion). Configuration problems have to be solved according to
some specific requirements, again described through a set of
sentences SRS. A configuration result is described by a set of
ground literals containing information on the employed com-
ponent instances, attribute valuations, and connections (e.g.,
type, val, and conn - literals).

Definition (Configuration Problem): A configuration prob-
lem is described by a triple (DD,SRS,CONL), where DD and
SRS are sets of logical sentences and CONL is a set of predi-
cate symbols.

DD represents the domain description, SRS an individual
configuration problem instance. A configuration CONF is
described by a set of ground literals whose predicate symbols
are in CONL. 

�

Definition (Consistent Configuration): Given a configura-
tion problem (DD,SRS,CONL), a configuration CONF is
consistent iff DD ∪ SRS  ∪ CONF is satisfiable. �

To ensure the completeness of a configuration, additional
formulae for each predicate symbol in CONL have to be intro-
duced to CONF, e.g.,

type(X,Y) ⇒ type(X,Y) ∈ CONF.

We denote the configuration CONF extended by these axioms
with CONF . (For a detailed exposition, see [7]).

Definition (Valid and irreducible configuration): Let
(DD,SRS,CONL) be a configuration problem. A configuration
CONF is valid iff DD ∪ SRS ∪ CONF  is satisfiable. CONF is
irreducible if there exists no other valid configuration
CONFsub such that CONFsub ⊂ CONF. �

In MBD terms, a system consists of a set of components and a
set of observations describing the actual behavior of the sys-
tem.  The role of the components is played by the elements of
DD, the observations are given in terms of positive and nega-
tive examples.

Definition (CKB-Diagnosis Problem): A CKB-Diagnosis
Problem (Configuration Knowledge Base) is a triple (DD,E+,
E−) where DD is a configuration knowledge base, E+ is a set
of positive and E−- a set of negative examples. The examples
are given as sets of logical sentences. We assume each exam-
ple on its own to be consistent. �

Positive examples are (partial) configurations, which should
be accepted by the configurator, whereas negative examples
should be rejected.

Given these example sets and the domain description cause an
inconsistency, a diagnosis corresponds to the removal of
possibly faulty sentences restoring the consistency. In addi-
tion, if a negative example is consistent with the knowledge
base, we have to find an extension to DD which restores in-
consistency for all such negative examples.

Definition (CKB-Diagnosis): A CKB-Diagnosis for a CKB-
Diagnosis Prolem (DD,E+,E−) is a set S ⊆ DD such that there
exists an extension EX, where EX is a set of logical sentences,
such that

DD - S ∪ EX ∪ e+ consistent ∀ e+ ∈ E+

DD - S ∪ EX ∪ e- in consistent ∀ e- ∈ E− �

Proposition: Given a CKB-Diagnosis Problem (DD, E+, E−) ,
a diagnosis S exists iff

∀e+ ∈ E+: ∪  ∧e
−
 ∈ E

-(¬ e−) is consistent.

From here on we refer to the conjuction of the negated nega-
tive examples as NE, i.e., NE = ∧e

−
 ∈ E

− (¬ e−).

Proof. see [7].

In order to precisely define our approach of using abstraction
hierarchies for the diagnosis task, we employ the concept of
Theory Diagnosis from [9]. In our example, the abstraction of
individual constraints from the knowledge base to component
types comprising all assigned constraints can be expressed in
terms of equivalences, e.g.,

ab(MB) ≡ ab(MB1) ∨ ab(MB2).
ab(CPU) ≡ ab(CPU1) ∨  ... ∨  ab(CPUn).

This equivalences express that a component type definition is
considered faulty, if at least one of the assigned constraints is
faulty. We call this theory of hierarchical abstraction an ab-
theory ∑.

Definition (Hierarchical Theory): A hierarchical theory is a
set of ab-clauses of the form

ab(ci) ≡ ab(cj) ∨ .... ∨ ab(ck).

where all literals contained in such an identity are unique.
There are no two equivalences having the same literal on the
left hand side. �

Note, that such a hierarchical theory defines a set of directed
trees. Although in our example, only two level hierarchies are
defined, further abstractions are possible, e.g., grouping of
several component type definitions to a package, i.e., a more
complex substructure of the configured system. For the hierar-
chical diagnosis task, the domain description DD is extended
with this abstraction hierarchy Σ.

Let LHS(Σ) be the set of literals that appear on the left hand
side of a clause from Σ. In the following, given a set C ⊆
LHS(Σ), we denote succ(C) as the union of the set of all direct
and indirect successors and leaves(C) be the union of all leaf
nodes of all ci ∈ C in the tree formed by the hierarchical the-
ory. In the following, leaf constraints denote the set of all
leaves of all trees and abstract constraints be the non-leaf
sentences.
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For hierarchical diagnosis we extend our notion of CKB-
Diagnosis in a way that also constraints can appear in the
diagnosis which are on the left hand side of a clause from the
hierarchical theory.

Definition (Abstract CKB-Diagnosis): An Abstract CKB-
Diagnosis for a configuration problem (DD,E+,E−) and a
hierarchical theory Σ is a set of sentences S from DD and a
non-empty set C from LHS(Σ) such that:

  DD −  S − leaves(C) ∪ EX ∪ e+ consistent ∀ e+ ∈ E+,

  DD− S − leaves(C) ∪ EX ∪ e- inconsistent ∀ e− ∈ E− where
  S ∩ leaves(C) = ∅, ∀ c∈ C: c∉ succ(C). �

Following this definition, such a diagnosis can therefor con-
tain individual constraints from DD as well as abstract con-
straints. If an abstract constraint is considered faulty, all its
sub-constraints are also considered faulty and must not be
contained in S. In addition, if an abstract constraint is consid-
ered faulty, no abstract subconstraint according to the hierar-
chy may be contained in C.

Definition (Minimal Abstract CKB-Diagnosis): An Abstract
CKB-Diagnosis AD = {S ∪ C} for (DD, E+,E−) and Σ  is said
to be minimal, if no subset AD’ ⊂ AD is an Abstract CKB-
Diagnosis. �

Similar to (Minimal) Theory Diagnoses [9], these abstract
diagnoses can be used as a generator for a set of minimal diag-
noses. The abstraction theory Σ describes how the abstract
diagnoses have to be extended in order to provide minimal
diagnoses.

4 COMPUTING DIAGNOSES

4.1 Computing abstract diagnoses
Given the above definitions we can extend the standard algo-
rithm for consistency-based diagnosis to calculate minimal
(abstract) diagnoses. The basic algorithm is extended to fit the
needs of our application domain and to support the notion of
structural abstraction. In the standard algorithm ([13],[17]),
the concept of conflict sets is used for focusing purposes:

Definition (Conflict Set): A conflict set CS for (DD, E+,E−) is
a set of elements from DD such that ∃ e+ ∈  E+: CS ∪ e+ ∪
NE is inconsistent. �

In order to support the calculation of minimal abstract diagno-
ses, we extend the definition of conflict sets to allow a conflict
set to contain not only sentences from the knowledge base but
also abstract constraints, which are then replaced by their
subcomponents:

Definition (Abstract Conflict Set): An abstract conflict set
ACS for (DD,E+,E−) and a hierarchical theory Σ is a set of
elements S from DD and a set C from LHS(Σ) such that ∃ e+ ∈
E+: S ∪ leaves(C) ∪ e+ ∪ NE is inconsistent, where
S ∩ leaves(C) = ∅, ∀ c ∈ C: c ∉ succ(C). 	

In the algorithm, the basic HS-DAG algorithm from
([13],[17]) is extended as follows: a node n in the tree is la-
beled by a conflict set CS(n); edges leading away are labeled
by elements s ∈ CS(n).  The set of edge labels on the path
from the root to a node n is referred to as H(n). In addition, for
each node n a set CE(n) of consistent positive examples is
stored, having in mind that once an example is already con-
sistent it will not become inconsistent after further removal of

constraints. Since a node can have multiple direct predeces-
sors [13] - referred to as preds(n) - we combine the sets CE
from all direct precedessors for such a node.

According to the idea of iteratively substantiating abstract
diagnoses following the hierarchical structure of the problem,
we will initally compute a set of high level diagnosis which
can then be refined to a more detailed level. Consequently, the
diagnostic algorithm has an additional input parameter beside
the problem description and the examples, i.e., an abstract
diagnosis that was already calculated on a higher abstraction
level. During the calculation of a diagnosis the results from
that higher level are reused and the diagnosis task is per-
formed on the next detailed level, i.e., abstract constraints are
replaced by the constraints from the next lower level.

Accordingly, given an abstract diagnosis AD as input, conflict
sets returned by the call to the theorem prover must obey
certain restrictions. Given a set AC of abstract constraints, let
sons(AC) be the set of direct successors according to the hier-
archical theory Σ.
• If AD = ∅, only sentences from the top level of the ab-

straction hierarchy can be contained in the returned ab-
stract conflict set.

• If AD ≠ ∅, only sentences from sons(AD), constraints
from the top level of the abstraction hierarchy which are
not part of the hierarchy of elements of AD, and elements
from AD itself, which are already at the lowest level of the
abstraction theory, can be contained in the returned ab-
stract conflict set.

• The returned (abstract) conflict set cannot contain any
elements from the path H(n) from the root node of the HS-
DAG to the current node.

Algorithm: (schema)
In: (DD,E+,E−), Σ, an abstract Diagnosis AD
Out: a set of refined diagnoses RD

(1) Use the hitting set algorithm to generate a pruned HS-
DAG D for the collection F of abstract conflict sets for
((DD,E+,E−), Σ). Compute the DAG in breadth-first man-
ner in order to generate diagnoses in order of their cardi-
nality.

(a) Every theorem prover call TP(DD − H(n), E+ −
CE(preds(n)), E−, Σ, AD) at a node n tests whether
there exists an e+ ∈ E+ such that there is an inconsis-
tency. In this case an (abstract) conflict set is returned,
otherwise it returns ok.

(b) Set CE(n) to be the set of examples found to be con-
sistent in the call to TP union the examples that were
already consistent at the direct precedessors of n.

(2) Return {H(n) | n is a node of D labeled by ok

4.2 Computing all minimal diagnoses
As described in [9], the calculated abstract diagnoses can be
used to describe all minimal diagnoses and serve as a genera-
tor for all these diagnoses. Following the explanations from
Section 2, we propose an iterative approach where one starts
with a high level diagnosis which can be computed very effi-
ciently and decide afterwards either to stop at the current level
and focus on some package of sentences from the knowledge
base or to refine the diagnosis to a more concise level. In
addition, the hierarchical approach can also be applied if the
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user only is interested in the most detailed level, because the
hierarchical approach outperforms a flat approach in many
cases. The recalculation of diagnoses at the different levels
causes additional costs but the resulting HS-DAG’s size is
much smaller depending on the structure of the knowledge
base. In addition, in cases where the employed inference
engine lacks sufficient explanation facilities (see experimental
results) and the calculation of minimal conflict sets would be
costly, the algorithm performs better than a flat approach.

The following algorithm sketch shows how the hierarchical
approach can be utilized to calculate all minimal diagnosis. In
the algorithm a tree of sets of diagnoses with refinement at
each level is generated. For ease of presentation, we use a list
data structure (DiagsList) to hold the individual nodes (diag-
noses) of the tree.

Algorithm (sketch)
DiagsList = [];
D = diagnose(DD,E+,E−,Σ, ∅)
/* Compute a set D of initial diagnoses on the
    most abstract level */
Append all d ∈ D to DiagsList;
index = begin of DiagsList;
set E+ = E+ − {e+ ∈ E+| e+ consistent with DD}
/* remove examples which are always consistent with DD */
while not at end of DiagsList
  set d = diagnosis of current node;
  if d is expandable
   newD = diagnose(DD,E+,E−, Σ ,d);
   for all nd ∈  newD
     if nd is not already in list;
       append nd to DiagsList;
     endif
   end for
  move index to next element in DiagsList;
end while

After the calculation of a diagnosis on the most abstract level,
for each resulting diagnosis a node is generated and added to
the list of nodes to be refined. Remove all positive examples
which are definitely consistent with the domain description. A
node is expandable, if the diagnosis of that contains sentences
which are not leaf nodes of the hierarchical theory. A node is
expanded by calculating a new set of diagnoses in the context
of an abstract diagnosis according to the algorithm in Section
4.1. For each of the refined diagnoses a new node is generated
if that diagnosis is not already somewhere in the tree (list).
The algorithm ends, if no more node can be further expanded.
The algorithm prunes out elements from the tree which were
already computed in another part of the tree.

The following example illustrates the algorithm for our simpli-
fied example. As a first step, an initial diagnosis on the top
level is performed, yielding in the minimal diagnosis {PC}
and {MB,CPU} for the abstract conflict sets {PC,CPU} and
{MB,CPU}.  Given the user wants to proceed to the next level,
these diagnosis, which are at the top of the tree of diagnoses,
are refined calling diagnose with the additional parameter of
the more abstract diagnosis. The call to diagnose with (CPU,
MB) results in the detailed diagnoses {MB1, CPU1}, {MB2,
CPU1}, and {PC}. Note, that the component PC was not re-
fined and in addition is redundant, because it is already in the
tree of diagnoses (DiagList). The diagnose call with {PC}
returns {PC1} and {MB, CPU}, where the latter is also redun-

dant. At this stage, the tree of diagnoses cannot be refined
anymore, since we already reached the lowest level of detail.
As a result, the lowest level diagnoses {PC1}, {MB1,CPU1},
and {MB2, CPU2} are returned.

After the computation of all detailed diagnoses, the final tree
(DiagList) of refined diagnoses is:

(PC)(MB,CPU)

(MB1, CPU1) (MB2, CPU1) (PC1)(PC) (MB,CPU)

Not refinable Redundant
(already in tree)

diagnose(MB,CPU) diagnose(PC)

diagnose(∅)

Figure 2  Tree of diagnoses for example problem

5 EXPERIMENTAL RESULTS

In order to test the applicability of our approaches, we imple-
mented a prototype using the industrial strength software
library ILOG Configurator [14]. Using this package of C++
libraries, a configuration problem is formulated in terms of a
Generative Constraint Satisfaction Problem (CSP) [8]. This
enhancement of the basic CSP mechanism allows the number
of variables of the problem to be dynamically changed, i.e.,
the number of employed components may not be known be-
forehand. The conceptual model of this library strongly corre-
sponds to the notion of the component port model from Sec-
tion 3. Both the domain description (types, attributes, and
ports), the additional constraints, and the examples can be
stated using calls to the library.

In the context of that CSP, a conflict set is a set of constraints
from the knowledge base, which, if canceled, makes the con-
figuration problem satisfiable, i.e., a solution can be found.
Using this library, the search for an arbitrary solution for a
configuration problem can be done very efficient, especially in
cases when the problem is underconstrained which is not
unusual for configuration problems. However, the employed
library does not offer adequate explanation mechanisms which
would be helpful for the calculation of (minimal) conflict sets.

We implemented the diagnostic algorithm both for the flat
approach from [7] and the extended hierarchical algorithm
presented in this paper. The computation time for the diag-
nostis task depends on several factors such as number of
constraint types, cardinality of the diagnoses or the time to test
one individual example for consistency. Diagnosis of the
simple example problem can be done nearly instantaneously
with both algorithms; the identification of two triple faults in a
setting with about twenty types of constraints and about hun-
dred constraint instances is done in a few seconds on a stan-
dard Pentium-II PC running Windows NT with both algo-
rithms. For these tests we employed our unoptimized proto-
type which does not calculate minimal conflict sets nor util-
izes any special heuristics. However, for larger knowledge
bases (containing about hundred types of constraints and
component types), the performance of the diagnostic task
using the flat approach degrades strongly when calculating
diagnoses of higher cardinality. In these cases, the usage of the
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hierarchical (interactive) approach with refinement of the
diagnoses leverages this problem, if we assume that the given
constraints are (uniformly) distributed among the component
types. When considering our simple example, the Floppy
component will only be considered as one single element of
the conflict sets and will never be expanded to a more detailed
level. With this approach, even larger and more complex
knowledge bases remain diagnosable within an acceptable
computation time, because additional constraints within the
correct parts of the knowledge base only influence the costs of
the consistency checks but not those of the diagnostic algo-
rithm. In addition, we conducted experiments with real-world
examples from the domain of private telecommunication
systems. The tests showed that the results from the diagnostic
process are suitable for debugging and validation purposes.

6 RELATED WORK

Model based diagnosis techniques were initially developed for
the identification of faults in physical devices, e.g., electronic
circuits. Later, these techniques were adopted for diagnosis
and debugging of software, e.g., logic programs [5] or rela-
tional database consistency constraints [12]. Currently, work
is underway to employ MBD techniques to debug other types
of software with non-declarative semantics (e.g., hardware
designs specified in VHDL [10]). [11] use model based diag-
nosis to find solutions for overconstrained Constraint Satis-
faction Problems, which can also be achieved using our ap-
proach through the assignment of weights of importance to the
individual constraints. The use of MBD techniques to solve
overconstrained CSP’s has also been proposed in [1].

The usage of hierarchies for the diagnosis task has been dis-
cussed in various application areas of model based diagnosis
[16]. Our approach mostly corresponds to what is called
structural abstraction (vs. behavioral abstraction). One of the
important problems is to have the information on the hierarchy
available at each abstraction level (causing additional model-
ing effort). For the case of debugging of constraint knowledge
bases, however, the hierarchical abstraction has a good corre-
spondence to the configurable artifact, whereas in other do-
mains of (software) debugging, this abstraction may be more
complicated to define. Furthermore, we found our logical
model of configuration and our configuration language to be
expressive enough to cover a wide range of configuration
problems. In addition, in [6] framework is defined, where
configuration knowledge bases of this type can be automati-
cally generated from high-level conceptual product models.

7 CONCLUSIONS

The demand for AI-based product configuration technology is
steadily increasing, due to the growing relevance of mass-
customized production and the increasing complexity of the
resulting knowledge bases. For the validation and maintenance
tasks, only limited support can be found in nowadays systems.
For these tasks, we show, how techniques from model based
diagnosis can be utilized in supporting the knowledge engi-
neer in validating the knowledge base. Given positive and
negative examples (maybe from former configuration runs),
the knowledge base is diagnosed and possible explanations for
the unexpected behavior are generated. These results can serve
as a pointer for the knowledge engineer, which of the con-
straints may have to be revised to obtain a correct knowledge
base. For large and complex knowledge bases, the usage of

hierarchical structural abstraction which is given by the prob-
lem structure can improve the efficiency of these diagnostic
algorithms. We have sketched a basic algorithm which allows
for iterative (and interactive) refinement of diagnoses, where
further improvements, e.g., through reuse of conflict sets, are
part of our future work.

The usage of an industrial strength configurator library allevi-
ates the further integration of AI technology in standard soft-
ware environments.
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deluxe
�<<ComponentType>>�

standard�<<ComponentType>>
airbag�<<ComponentType>>

car-package�<<RootComponentType>>

0..2
�
0..2
� car-body�

color : black, red, grey�
<<ComponentType>>

1..11..1

2door-limo
<<ComponentType>>

4door-limo
�<<ComponentType>>�

2door-sport
�<<ComponentType>>�

<<requires>>�
<<requires>>
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manual�<<ComponentType>>�

engine�<<ComponentType>>
motor-unit

<<RootComponentType>>�

1..1
�
1..1
�

transmission
�<<ComponentType>>�

1..1
�
1..1
�

90bhp
�<<ComponentType>>�

120bhp
�<<ComponentType>>�

automatic�<<ComponentType>>

55bhp
�<<ComponentType>>�

<<incompatible>>�
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front-fog-lights
<<ComponentType>>�

head-lights

color : yellow, white�
<<ComponentType>>

lights
�<<ComponentType>>

0..1
�
0..1
�

1..1
�
1..1
�

electric-equipment�<<RootComponentType>>�

1..1
�
1..1
�

battery
�<<ComponentType>>

1..11..1

large-battery
<<ComponentType>>�

medium-battery <<ComponentType>>
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large-battery-function
<<FunctionType>>

medium-battery-function
<<FunctionType>>

front-fog-lights
<<ComponentType>>

large-battery
<<ComponentType>>

medium-battery
<<ComponentType>>

lights-function
<<RootFunctionType>>

<<requires>>

electric-equipment
<<RootComponentType>>

0..10..1

battery-function
<<RootFunctionType>>

1..11..1

battery
<<ComponentType>>

<<requires>>

<<requires>>

<<requires>>

<<requires>>
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� Û0å:îóå��gå�3�Ûgã�â|Ðqð�ìjí�è�ð�ë�ï�å3¦�Ò}ÛgÝ�Òªå ® §eå�è:Ù�àCå�Ïxî�î$Ï�ú}ÐÏ"Ïl�¼¦�ú�§AÜxá�×»äjå�àCú�æ>Ú�Ò�ò¥3�ÜgÑxå W ú�æ>×»â|Ð0Ðx{�Ó�×»ã�âx×|å�ÛgÏ�ßGÎ�ú�è�Ï�ß�â|×Ãá�ÜzÜ�ßIú¥à
® Ü�×¡ÝKÛgò�à&3�3�×»ÜjÛgÙ�Ú�Ñ0Ü � Ü�ÝKÛgÒ�ÏlçóÕq×»Ò�â|ÏzÑ¡â|ß¯Ù�ÜgÔ�Ñ±á6Ûg×¡â � â|Ð0Ò�ã�ÏµÓ2Ïzé�Ò ç×¡Ü�ÏlÝ�âxÏjÑ¡Ð@úRÎ±Ï¯ë-[ó]�à�ä�ä��"ßøÞ ÷ â��"\«ã��SÞv]"õ-ý ä�� ÷ ä�ö! 'Z"â�ä���ô�]�^�\Åõ4Z"[óä'ñ-Þnö÷ ßøÞvä�ä�[�ßøÞ ÷ Ûr]"Þ�^%ä�[�ä�Þvà�ä@åó3�Ûgã�âxÐ4ïó��è�ìjí�å
¦�Ü�ÏzÑ¡â|×»äjå 1 à8åjèXÙzàCå�Ïxî�î�ï�ú}ÐÏxð-� � ú §eú@¦�Ù�ùqÓ�Ò�Ï�â|Ð¡Ð<ÛgÏ�ß ×�ú é=ú�Ø¨×¡Ò�ã�ÚjÑ@ú 1 Ü�Ï�Ù|â�3�Ñ0Ó�ÛgòP¦�Üzß�â|ò çÒ�Ï�ã�ÔÖÜ�× 1 Ü�Ïlù�ã�Ó�×¡Û�Ñ0Ò�Ü�Ï�óPà � â|Ð0Ù|×¡Ò¥3�Ñ0Ò�Ü�ÏQ§IÜ�ã�Ò�Ù|ç�{�ÛgÐ0â|ß�à&3�3�×»ÜjÛgÙ�ÚIúå:îóñtÿ-åXæyü�ô
Y$ä#à�ß«Z6ý&î�â�â�Ý$ä#"�Û�]"Þ�� ÷ Ý$[óZ"\Åßá]"Þ�ÿSä�â�ß ÷ Þ�å$Ïxðlå ï�ó ç"ç"ç�è&ç�ï"ï�åÏxî�î4�lú}ÐÏ�ç-�UÙRú$¦�Ò Ñ¡Ñ0ÛgòIÛgÏlß ® ú ® ×0Û|älÝKÛgÏ�ú W Ü@á�Ûg×¡ß�Ð�Û2ùqâ|Ï�â|×¡Ò�ÙC¦�Üzß�â|ò�ÜgÔ 1 Ü�Ïlçù�ã�Ó�×¡Û�Ñ0Ò�Ü�Ï W ÛgÐ0ÞzÐ@ú'Î±ÏPë�[�]�à�íE]�^ \«ã$ä$���6\øãRî&%3Û0å:î�å:3�Ûgã�âxÐeÏ�ç�î�ì�èÏ%ïjï$Ï�å � â�Ñ¡×¡Ü�Ò Ñxå3¦�Î�å0Ïxî4��îlú}ÐÏ%ï`�¼é4úb¥�â|Ù�ÚlâxÐxå"é=ú ® Ò�Þ�â|Ðxå W ú ® Ò�ÏlÒ�ÏIå W ú�ùq×»Ó�{�âx×|å6é=úgæPÛ�Ñ¡Ò�òªå W ú�Ù�â|Ï�Û�Ñ¡Ü�×xåÛgÏ�ß=Ø.ú�Ùzá6Ûg×ÃÑ¡Ü�ÓlÑ@ú&Ó2Ï�Û`{�ò�Ò�Ï�ã6Ñ0â|Ù�ÚlÏ�Ü�ò�Ü�ãgä4Ô�Ü�×AÞzÏ�Üxá�ò�â|ß�ã�âeÐ0Ú�Ûg×»Ò�Ï�ã�úå:î:æ@Z ÷ Z�'�ßøÞvä@å0Ïxðlå çló ç�ë�è�ì�ëlå8Ïxî�î$Ï�ú}ÐÏxì-�UùCú é4ú8Õqò�Ð0â|ÏIå�¦�ú 1 ÓlÑ¡Þ�Ü�Ð0Þjäzår×�ú ¦�ú W âxÏlâxÏ�{�ÛgÓ�Ý�å�ÛgÏ�ß W ú é=ú�ùq×»Ólç{�âx×|ú 1 Ü�ò�ò}Û`{�Ü�×0Û�Ñ¡Ò éjâ�Ó2Ï�ã�Ò�Ï�â|â|×¡Ò�Ï�ã|{�ÛgÐ¡â|ß�Ü�Ï)ñ®Ï�Üxá�ò�â|ß�ã�â�Ù�Ú�Ûg×»Ò�Ï�ãàqã�×»â|âxÝ�â|ÏjÑ0Ðxú2Î±Ïeë-[ó]�à�ä�ä��"ßøÞ ÷ âS]�^:å�Û�æ�ñ ÿCZ6\ÅZ)(�Z6â�äSô+*"Ü:Y&]"â�ß«Ý&Ü9å3�Ûgã�â|Ð2Ï"Ï�èvÏ%ï�åv¦�Ò�ÏlÏ�âxÛ`3RÜ�ò�Ò�Ðxån¦e¥4å�èXÙzàCå0Ïxî�î�ï�ú}ÐÏxë-�¼ð8ú�æPâ|ò Ñ¡Ü�Ï�â|ÏIå W ún¦)êgÏlÏ�Ò�Ð¡Ñ-,�å W ú�Ù�Ü�Ò�Ï�Ò�Ï�â|ÏIåv×�ú W Ò�Ò�ÚlÜ�Ï�â|ÏIå�à8ú�¦)Ûg×ÃçÑ0Ò�Ü�å�ÛgÏ�ßTé=ú'Ù�Ó�ò�Ü�ÏlâxÏ�ú 1 Ü�Ï�Ù|â�3lÑ¡Ð�Ô�Ü�×�¦�Ü�ß�â|ò�Ò�Ï�ã 1 Ü�Ïlù�ã�Ó�×0Û`{lò�âæ>×»Ü�ßlÓ�Ù�Ñ0Ðxú.Î±Ï ë-[ó]�à�ä�ä��"ßøÞ ÷ âØ]�^¯ñ-Ý$[ó]�Y&ä�Z"Þ Ûr]"Þ�^%ä�[óä�Þvà�ä�ë-[ó].�6Ý$à�\ÿSZ"\ Zeòvä�à%ã&Þv]"ý ] ÷ *�ÿCZ�*"â0å�3�Ûgã�âxÐEÏ���î�èvÏxî�ëlånÙlÛgÏ�ß�ÚzÓ�×»Ð¡Ñxå�èqñ9åvÏxî�î4�lú}ÐÏ@íQ�¼×�úné6Ó�Ý´{�ÛgÓlã�ÚIå�Î�ú$×jÛgÙxÜ4{lÐ0Ü�ÏIåRÛgÏ�ß�ùCúnÔ¥ÜzÜzÙ�ÚIúSò0ã�ä�/�Þnß �4ä���æ@]��"öä�ý ß«Þ ÷�0 Z"Þ ÷ Ý�Z ÷ ä1��ä ^�ä�[óä�Þvà�äEæ@Z"ÞnÝ�Z"ý ú>à6ß�ß�Ò�Ð¡Ü�ÏlçªØ¨â|Ð0ò�â�äjå�Ïxî�î4�lú}ÐÏ��-�¼×�ú W ú$é6Ó�Ï�Þ�â|òªå�à8ú�Ô�Ûgò�Þ�ÛgÏzäjå�ÛgÏlß�Ø¬ú æPú$Ô¥Ò�×¡Ý�Ò�Ïlã�Ú�ÛgÝ�ú�ùqâ|Ï�â|×¡Û�Ñ0Ò�Ï�ãÏ�Ü�Ïlç�{l×¡Ò Ñ»Ñ0ò�â�Ù|Ü�Ïlù�ã�Ó�×0Û�Ñ¡Ò�Ü�Ïlç±ßlâxÐ¡Ò�ã�Ï�Ñ0ÜzÜ�ò�Ð@úÌå:[�\Åß �4à�ßáZ"ý8î�Þn\ ä�ý«ý ß ÷ ä�Þvà�äß«Þ¯ÿSä�â�ß ÷ Þ$ü��Sý Ý$õ�ä�[-å'à�Z��6ä�Ü�ß«àEë�Ý2(%ý ßøâ�ã$ä�[�å�3�Ûgã�â|ÐEÏ��"ç�è�ð�ï�ïlå�Ïxî�î�ï�ú}ÐÏxî-�¼¦�ú�ÙzÑ¡Ó�Ý�3lÑ¡Ï�â|×xú�àqÏ'Ü@éjâ|×ÃélÒ�â�á�ÜgÔ®ÞzÏ�Ü@á�ò�â|ß�ã�â�ç�{�ÛgÐ¡âxß*Ù|Ü�Ïlù�ã�Ól×0Û�çÑ0Ò�Ü�Ï�ú�å'îÌÛr]"Ü�Ü2Ý$Þnß«à�Z"\Åßá]"Þnâ�å8Ïxï$d�ð6f�å3×jÓlÏ�â�å�Ïxî�îjí�ú} ð�ï-�¼¦�úCÙzÑ¡Ó�Ý�3lÑ¡Ï�â|×|å2ùCú ® ×¡Ò�â|ß�×»Ò�Ù�ÚIå8ÛgÏlß<àCúCð�ÛgÐ0â|ò¥{�,�Ù0ÞRú�ùqâxÏlâx×¡Û�çÑ0Ò éjâ6Ù|Ü�Ï�Ð»Ñ0×¡ÛgÒ�ÏzÑ»ç�{�ÛgÐ¡â|ß§Ù|Ü�Ïlù�ã�Ó�×0Û�Ñ¡Ò�Ü�ÏKÜgÔRò}Ûg×¡ã�â�Ñ¡âxÙ0Ú�Ï�Ò�ÙxÛgò�Ð¡ä�Ð¡Ñ¡âxÝ�Ðxúå:îóñtÿ-åXæyüÌô
Y&ä�à�ßáZ"ýXî�â�â#Ý�ä#"yÛr]"Þ�� ÷ Ý&[�Z"\Åß«]"ÞJÿSä�â�ß ÷ Þ�åCÏxðlå:ï�ó ç�ïjí�èç�ð�ïlå3Ù�â�3Iú�Ïxî�î4�lú} ð$Ïl�¼¦�úbú>Ü�Þ�Ü�Ü�å�Ó�ú ð4ú � Ó�×ÃÔÖâxâ�å W ú�Î±Ð0Ú�Ò�ß�Ûlå�ÛgÏ�ß9ñ9ú�ñ®Ójá6Û`{�Ûg×¡Ûlú W Ú�â�ß�Ò�Ð»çÑ0×»Ò¥{�ÓlÑ¡â|ß�Ù|Ü�Ï�Ð¡Ñ¡×¡ÛgÒ�ÏzÑqÐ�Û�Ñ¡Ò�Ð¡Ô�ÛgÙ|Ñ¡Ò�Ü�Ï~3l×¡Ü4{�ò�â|Ý�ú�îóñ4ñ�ñ�òv[óZ"Þnâ�Z6à�\áßá]"Þnâ]"Þ3�SÞv]"õ-ý ä�� ÷ ä�Z"Þ��µÿSZ"\ Z�ñ-Þ ÷ ß«Þvä#ä�[�ßøÞ ÷ å3Ïxïlå ìló ëjí�ç�è�ë4��ìlårÏxî�î4�lú
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c.dfeLgihkjml�lonpeLqsrutvgwjmexryqzg{rzj|qs}~gilorzjmnieb�Utznp�f�|�oh���cN�A�f���Jqunp�m�xjmeL�
jmq�nieL��nw}�rz�L��hknpqsr-jmhk��niturvgwe�r�hk�orz�Lnx�Uq�}~nwt�quni�m�Ujmef�@�pg{tzjmnp�Lq
� j|eL�fqNni}<qsdUe�rz�L��qujmqNrvgiq � q���qu�flD�'gwqJl�nief�L�p�ftvg{rzjmnpeB����nx�Lg�dUqJlonpef�
�E�i�ftvgwrznwtzqPg{tz��qsrvgweE�fgi�mnpef��qsdUqsrz��hkq8eLnwr=qu�f�L��nwturzj|ef���fjmqsrutzjm�L�Urz���
l�npeU�E�i�ftvgwrzjmnie-�ftznp�f�m��h qunp�m�xjmeL�k}~�feLlorzjmnpeLgi�mj¡r4d��L¢=n�£¤���p�ot��Lqu�f�L�f�md
lD�Lgijme�jme�rz���itvg{rzjmnpe�ni}<l�nief�L�p�ftvgw�L�m�k�ftznx�U�Llorzq¥tz��¦��fjmtz�oq�rz�f�kj|e�rz�o�
�itvg{rzj|nie/nw}Pl�nief�E�i�ftvg{rzj|nie2qsdUqsrz��hkq�ni}P�fj¡§S�otz��e�r�h�gwex�f}�gwlorz�ftz�Dtzq��
£8�Ljmlv��¨snpjme�rz�¡d�ni§S�Dt��ftznx�U�Llor�qunp�m�Urzj|nieLq�rzn�rz�f��j¡tJlo�Lqsrznphk�Dtzq��
©.q
g�lonpeLqu��¦x�f��eLlo�p��£¤�.eL�����k�Utznp�L�m��h+qunp�m�xjmeL�Jhk�Drz�Lnx�fq�rz�Eg{r¤��eLgi�L�m�
rz�L�8l�nihk�L�frvg{rzjmnpekni}Bqu�Llv�kl�nief�E�i�ftvg{rzj|nieLq¤��d�qu���ª�otvgw�S�fjmqsrutzjm�L�Urz���
l�npeU�E�i�ftvgwrzjmnie�gi�i��e�rzq��B�¤�L�otz�o}«nitz�p�Bnpef����npququjm�fj|�mj¡r4d�jmqPrz�L���o¬xrz��ef�
qujmnpe-ni}:rz�f��lonpef�L�p�Utvgwrzjmnpe-�Utznp�L�m��h }tznph�gk�UdUeEgwhkj|l¥lonpeLqsrutvgwjmexr
qzgwrzjmqs}�gwlorzjmnpe�tz�o�ftz��qu��e�rvg{rzj|nie�rzn�®i¯~°z±�²v¯´³oµx±·¶z®��UdUeLgihkjml�lonpeLqsrutvgwjmexr
qzgwrzjmqs}�gwlorzjmnpe(��c=cN�A�f���D�8¸4e¹rz�Ljmq��Lgi���ot-£º��£8jm�m�Nl�npe�rutzjm�L�Urz��rzn
rz�Ljmq�lv�Egw�|�m��ef�p����d@}«nitzh�gw�|jm»�jmef�/rz�L��cPcN�A�U�¼gweE�Q��d¹�ftz��qu�oexru�
jmeL��g�lonphk�L�m�orz�½gieL��qunp�LeL�'gi�m�pnwtzjmrz�fh}~nwtkqunp�m�xjmeL���fjmqsrutzjm�L�Urz���
�UdUeEgwhkjmlkl�npefqsrutvgijme�r�qzgwrzjmqs}~gilorzjmnpe2�ftzni�L�m��hkq��
�¤�fjmq�gi�m�initzj¡rz�Lh\j|q
�Egwqu���/npe/giqsdUeLlv�ftznieLni�Lq��Egwl � rutvgil � jmeL��gweE�¾��eEgw�L�m��qyqsrutvgwrz���ij|�oq
}~nwt��o¬U�L�mnpj¡rzjmeL�2l�npeU¿EjmlorzjmeL�¾tz��¦��Lj¡tz��hk��e�rzq�gweE�b�f��qujm�ieÀgwququ�Lhk�f�
rzjmnpeLq¥��j�� �p�U�m��gwtzefjmeL�kgi�L�fj¡rzjmnpeLgi�Sl�nieLqsrutvgijme�rzq<�f�Utzj|ef��qu��gwtzlv���D�f�¤�L�
�o¬U�L�mnpj¡rvg{rzj|nieÁnw}�rz�f��qu��gp�L�Uj¡rzj|nieEgw�Pl�npefqsrutvgijme�rzq�jmq�ni}��Lgwturzjml��L�|g{t
jmexrz�Dtz��qsr.}«nit=l�npeU�E�p�Utvgwrzjmnpe-���ol�gi�fqu��rz�f�¥�p��ef�otvgwrzjmnpe�gweE�½rz�f���D¬U�
lD�Lgief�p��ni}Ul�npeU¿EjmlorzjmeL�.�f�oquj|�ie�giququ�Lhk�UrzjmnpeLq6�Egwqu���¥npekÂ�ÃzÄªÃ�Ã�®w°�l�gie
���P��gwquj|�¡d�j|e�rz���wtvgwrz���½j|e��o¬Uj|qsrzjmef��l�npeU�E�i�ftvgwrzjmnie�qsdUqsrz��hkq��

Å Æ 9ºRx>LÇA;=^.M�RUF4Ç�9
c=dUeEgwhkj|lºl�npefqsrutvgijme�r¤qzgwrzjmqs}~gilorzjmnpeyjmqºgPtz���Utz��qu��e�rvgwrzjmnie�}~nitzh�gw�mj|quh
qu�Lj¡rvgi�f�m��}«nit=tz�o�ftz��qu��e�rzjmeL��gweE��quni�|�xjmeL�yqsdUe�rz�L��qujmq8rvgiq � q���qu�Llv��giq
l�npeU�E�i�ftvgwrzjmnie�ÈmÉiÉ�Ê´�EÈmÉ�ËiÊ´�x�¤�f��qu�<rvgwq � q��Lg{�p�.g¥�xdUeEgihkjmlAeLgwrz�ftz�8jme
rz�L�Aqu��efqu�Arz�Egwr:rz�f�Aqu�orºnw}S�ftzni�L�m��hÌ�pg{tzj|gi�L�m��q�lv�Egief�p��q��f�o����eE�Uj|ef�
npe@rz�f��jmeLj¡rzj|gi�.tz��¦��Lj¡tz��hk��e�rzq½gieE�/rz�f���f��l�jmqujmnpefq�rvg � ��eQ�f�Utzj|ef�
rz�L�½�ftznp�f�m��h!qunp�m�xjmeL���ftzn�l���quqktz��qu�f�¡rzj|ef��jme2g�tz���U�Llorzjmnpe¾ni}=rz�L�
qu��gwtzlv��qu�Lgil��¤rzn=tz�o�|�o�pgwexr��Utznp�L�m��h��igwtzj|gw�L�m��q��ª¸·e�rz�fj|q
lonpe�rz�o¬xr:rz�L�
eLnwrzj|nie�ni}Agilorzjm�xj¡r4d�l�npefqsrutvgijme�rzq��fjmqul��Lququ����jme2ÈmÉpÉ�Ê�jmq¥£¤���m��qu�Lj¡rz���
}~nwtJqsrvg{rzj|ef�-�f�ol�jmquj|nie�lotzj¡rz�otzj|g�npe�rz�L��gilDrzj|�xj¡r4d�qsrvg{rz�ynw}A�ftzni�L�m��h
�pg{tzj|gi�L�m��q��
�¤�f�otz�/jmq�gwe+jmeflotz��giqujmef�"�f�oh�gieE�À}«nit¾gw�L�L�mjml�g{rzj|nieLq��Utznw�xj|�U�
jmeL��qunp�m�frzjmnieLq.}«nit¥lonpef�L�p�Utvgwrzjmnpe-rvgiq � q.j|e-�igwtzjmni�LqP�Unph�gwj|efq����i� �U�
rz���m��l�nihkhJ�Lefjml�gwrzjmnpefq8j|eL�f�fqsrutud��flonphk�L�Urz�ot8jmeE�U�Lqsrutud��Unit=gi�Urznphkni�
rzjm�ª�'j|eL�f�fqsrutudE�D�=�¤�Ljmq��f��h�gweE�Àjmq���n�npqsrz������dbrz�L�'h�giquq�l��Lqs�
rznphkjm»�g{rzj|nie��Lgwtvgp�Ujm�phÍgieL���D�·�f�LqujmeL�oquqNgi�L�f�mj|l�gwrzjmnpefq��
Î:qu����l�j|gi�m�¡d
rz�L��jme�rz���itvg{rzj|nie'ni}.l�npeU�E�p�UtvgwrznwtzqJjme�nitv�U�otJrzn�qu�L�f��nitur�l�n�np���Dtu�
Ï�Ð�ÑpÒ·Ó·Ô Ó4ÕpÓSÖ×ªØEÙ�Ô¡ØÚÓ·Ò4ÛsÜªÝoÖÓ·Ò4Ô¡ÑpÖÞ�ØÚßNÝoÓ4Ô¡à8ÕªÑªá<âºÑ{ã
äzÑªáªÕpÑªå�Ò4ÒÚæpÒÚÓ4äzß¥ä�ç�è6Ø·Þ�éáªÕpàwÓ·Ô¡Þ�ÑªÒ4Ô¡ÑiÖ«Þ�ØÚßNÝoÓ4Ô¡àxç<ê�ÑpÔ ë{ävØÚÒ4Ô Ó4ìoÓ·Ò4Ò·Ó·Ø·Ý�Ò4Ò4ä�í�îoé´í{ïiç8â�é´ð�ñ�ò�ñ'ó¤ômÝ�å�äzÑpéÖÕªØ´ÓDçSâ�ÕªÒ·Ó·Ø·ÔmÝpç6äzßNÝ�Ô¡ô~õ6övÖäzô Ö«äzØÚÑªÔ¡åªç ÖØ·Ô¡äzáªØÚÔ¡ÛsÜLç ÷·Ý�ÑªÑ�Ý�ÛsÜfç øDÝ�Ñpà�ävØsù�úºÔ ûEü ÕªÑpÔ éàwô¡ÕLü Ý�Û�ü ÝoÓDü

g{rzjm�ª�½lonpef�L�p�Utvgwrzjmnpe¾qu�Llv�¾giqkqu�L�f�L�¡d�lv�Egwjme2jme�rz���itvg{rzjmnpe¾ni}.l��Lqs�
rznihkjm»�gi�f�|�.�ftznx�U�LlorzqAjmq8gie½np����e�tz��qu��g{tzlD�½jmququ�L�p�E�º�ftutz��e�rAlonpef�L�i�
�Utvgwrznwt:gi�f�ftznªgwlD�f��qºÈ ËiÊ��xÈ ý{Êfgwtz�º�f��qujm�ieL���¥}~nwt:qunp�m�xj|ef�=�mn�l�gw�Ulonpef�L�i�
�Utvgwrzjmnpe��ftzni�L�m��hkq��{�f�fr�rz�f�otz�ºjmq
qsrzjm�m�xeLn<�ftznp�f�m��hÀquni�|�xjmeL�.hk�orz�Lnx�
£8�fjmlD��lonpeLquj|�U�otzq��igwtzj|gw�L�m�<gilorzjm�xj¡r4d�qsrvgwrz�AjmeJrz�L�8�Ujmqsrutzj|�f�frz����l�giqu�p�
�x��l��Utzjmr·dNgieL���Utzjm�pgwlodNl�npefl��otzefq
h�g � ��j¡r:j|hk��niququjm�L�m��rzn.l���e�rutvgi�mjm»��
�Utznp�f�|�oh(qunp�m�xjmeL�kjme�npef�Pl���e�rutvgw�|jm»�����l�npeU�E�p�Utvgwrznwt��
©.q�g-l�npefqu��¦��L��efl��p�B£¤�y�Eg��ª�krzn��o¬xrz��eE���xdUeEgihkjml�l�nieLqsrutvgijme�r
qzg{rzjmqs}�gilDrzj|nie�rzn(®w¯~°z±�²D¯´³oµx±·¶u®��xdUeEgihkjml¾l�npefqsrutvgijme�r�qzgwrzjmqs}~gilorzjmnpe6�
þºgiqu����npe�gwqsdUeLlv�ftznpefnp�fq¥�Egil � rutvgil � j|ef��ÈmÉ�ÿiÊ�£º���ftzni��npqu��gwe��o¬x�
rz�oeLqujmnpe�}«nit.qsrvgieL�Lgwtv�½�fjmqsrutzjm�L�Urz���-�A�f�'}~nwtzh�gi�mjmquhkq<��dyjmeLl�nwtz��ni�
tvg{rzjmeL��gilorzjm�xj¡r4d�l�nieLqsrutvgwj|e�rzqkjme'nitv�U�ot�rzn�tz��giqunie/gw��np�frJrz�L�½gilo�
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car-bodyË package

trans-
Ì

mission

airbagÍ

battery

motori-
zation

front-fog-
lights

electric-Î
windows

motorization=55bhp

car-body = 2door-limo orÏ
car-body = 4door-limoÏ

Agent a
Ð

1: car manufacturer

Agent a
Ð

3: electric
equipment supplierÎAgent a

Ð
2: chassis &

motor supplier

car-body=2door-sportÏ
motorization=90bhp or
motorization=120bhp

motorization=90bhp or
motorization=120bhp

battery=large
Ñ

motorization=55bhp

transmission <> automatic
Ò

(battery=large)
Ó

car-body=2door-sportÏ
package=deluxeÔ (package=deluxe)

Ó
{2door-limo, 4door-
Õ
limo, 2door-sport} {standard, deluxe}

Õ {1..2}
Õ

{automatic, manual}
Õ

{55bhp, 90bhp,
Õ
120bhp}

{medium, large}
Õ

{standard, extra}
Õ

{front,
Õ
front-rear}
Ö

RV

RV

RV

(package=deluxe)
Ó
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User Interface Requirements for
Knowledge Acquisition and Modeling

Gerhard Fleischanderl 1

Abstract.  User interfaces for knowledge acquisition are mainly
targeted at expert users or knowledgeable intermittent users. There-
fore the design of such a user interfaces has to find the balance
between ease-of-use and handling-efficiency. Out of a set of gen-
eral rules for interface design, enabling shortcuts, informative
feedback and error prevention seem to be most important for
knowledge acquisition tasks.

1 INTRODUCTION  
Within this paper, knowledge acquisition means knowledge base
modeling, i.e. editing and maintaining knowledge bases.
The user interfaces for knowledge acquisition must fulfil particular
requirements that are different from “normal” user interfaces.
Knowledge acquisition is similar to programming and is often done
by computer and software specialists. Furthermore, domain experts
also do knowledge acquisition tasks.
This short paper contrasts the general ergonomic principles for user
interfaces [1] with the requirements for knowledge acquisition.
Three real-world user interfaces for knowledge acquisition for
configurators are compared to the general principles.

2 EXAMPLES FROM REAL-WORLD
PROJECTS

This paper draws on experience from several configurators [2] and
knowledge-acquisition interfaces that are in production use in
Siemens sales and engineering departments. From these real-world
applications we pick two examples to illustrate the requirements
and discuss the experiences from usage in the field. The two exam-
ples cover a relevant range of user interfaces. Furthermore, we
discuss properties of the visual modeler described in [3].

KBE - Knowledge Base Editor for configurable
products
KBE is used to model the configuration knowledge about products
that are sold with private branch exchanges (e.g. phone devices,
specialized software packages). The knowledge bases edited with
KBE are then compiled into code for different configurators.
In a structured tree view, the user can find and access the configu-
ration objects of he knowledge base. The properties of an object
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can be manipulated in a detailed input form. In particular, KBE
supports the editing of expressions in an efficient manner.
KBE was specifically designed to make the editing and mainte-
nance of configuration knowledge bases easier and faster, and to
improve the quality of the knowledge bases. The features of KBE
include checks for unused attributes, a syntax-driven formula
editor, undo-redo facility, and an update mechanism for importing
data from external product databases.
Engineers from the author's team developed KBE.

CBC - Class browser with constraints
For editing the knowledge base for a configurator for telecom
switches, we used the class browser of the underlying Smalltalk
environment and added a facility for defining constraints.
The class browser has selection windows for accessing classes,
their attributes and methods. In a separate input window the prop-
erties of a class can be manipulated.
CBC offers advantages to programmers who are familiar with
development environments for object-oriented programming lan-
guages. Furthermore, we introduced tables to allow non-expert
users to do routine maintenance like modifications to part numbers.
CBC was developed within a larger project led by the author.

Visual modeler
In [3], Heiderscheidt and Skovgaard describe their approach for the
visualization of configurations and a visual modeler. Product
model rules and visual rules are handled separately from one
another. In that environment the user can see both the configuration
model and visual model. Checks between the models assist the user
when he/she creates the rules for visualization.

3 USAGE PROFILES
We distinguish three generic groups in a user community [1].

Novice or first-time users
This user group is rare in knowledge acquisition tasks. For knowl-
edge acquisition, users really should have some training or relevant
experience. Untrained users may do simple tasks, like modifica-
tions to part numbers.
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Knowledgeable intermittent users
As knowledge-based systems are used for more applications, we
will find more users with some skills in using a knowledge-acqui-
sition user interface. They will understand some of the concepts,
but will need support for finding their way around the features of
the user interface. For them the user interface ought to be verbose.

Expert frequent users
The ‘power’ users want to do their tasks quickly and demand an
efficient user interface.

Comparison
For knowledge acquisition, expert frequent users were the main
target group. Yet, intermittent users will become more and more
important as users.
The race continues between improving the user interfaces for
knowledge acquisition and enlarging the capabilities of the under-
lying knowledge-based systems. More features mean more variety.
Therefore the frequent users, too, become intermittent users when
they come across a feature they rarely use.
KBE was designed for expert users as well as intermittent users.
Therefore, its features are a compromise between the requirements
of the two user groups.
CBC is targeting the expert users. It is hard to learn and hard to use
for non-experts.
The visual modeler described in [3] provides an integrated envi-
ronment for modeling both product rules and visualization rules.
This helps the intermittent users to work more efficiently.

4 THE EIGHT GOLDEN RULES OF
INTERFACE DESIGN

Shneiderman [1] presents eight rules that are the underlying prin-
ciples of good interface design. In this section we describe the
eight rules and compare them each to properties of the interfaces
KBE and CBC. Finally, we subjectively rate each rule whether it is
important for knowledge acquisition.

Rule 1: Strive for consistency
For instance, consistent sequences of actions should be required in
similar situations. Yet, there are many forms of consistency, which
often prevents overall consistency.
• KBE uses a tree view and input forms for letting the user edit

a knowledge base. The input forms contain sub-windows for
clustering data. This layout is used for all windows.

• For editing constraint code, CBC allows input via forms or
direct source-code input. Input forms for tables are again
different from the input forms for constraints. The mixture
between forms and pure source-code is sometimes helpful,
sometimes a bit disturbing. Using forms (input fields) on top
of a standard class browser creates inconsistency for the user.

• In [3] a visual modeler is described. There the product model
rules and visual rules are separated, which reduces complexity
for maintenance. Knowledge acquisition for product model
and visual rules, respectively, are consistent each among
themselves.

Relevance of this rule to knowledge acquisition: Medium. Lack of
consistency makes the handling more tedious, but users will partly
get accustomed to that.

Rule 2: Enable frequent users to use shortcuts
Frequent users often appreciate abbreviations and macro facilities.
• KBE allows the user to define abbreviations (macros) that can

be used in expressions.
• CBC does not support shortcuts other than those found in the

standard class browser.
Relevance of this rule to knowledge acquisition: High. Speed is
important, especially if the expert users can envisage ways for
accelerating their work.

Rule 3: Offer informative feedback
For every user action, there should be system feedback. The visual
presentation (graphical display) offers better feedback than text-
based interfaces.
• KBE checks whether parameter names that are not defined

anywhere are used in rules or formulas. This may happen in
particular when an existing parameter is removed, but was
used within an expression.

• CBC checks the syntax and other properties of the underlying
programming language. This is done after having completed
an input sequence.

Relevance of this rule to knowledge acquisition: High. Poor feed-
back annoys and hampers every user every time.

Rule 4: Design dialogs to yield closure
The completion of a group of actions should be highlighted to the
user.
• KBE does not use explicit closure of a series of actions.

Explicit closure would make every action longer, thus annoy-
ing the experienced users. There is an automatic “to do list”,
namely the flags for errors (e.g. undefined parameters). The
user knows that every error flag has to be dealt with and can
easily find out whether this job is completed.

• CBC only uses features of the standard class browser.
Relevance of this rule to knowledge acquisition: Medium. Users
can compensate for missing closure.

Rule 5: Offer error prevention and simple
error handling
As much as possible, design the system such that users cannot
make a serious error. If users make an error, the system should
detect the error and offer constructive instructions for recovery.
• KBE has a syntax-driven formula editor that allows only

formulas that have correct syntax. Furthermore, parameters
must have been declared before using them in formulas.

• CBC only uses features of the standard class browser.
• In [3] the product model and the visual model are separated.

Yet, there are update mechanisms and checks in place to alert
the user when changes were done in any one model.
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Relevance of this rule to knowledge acquisition: High. Preventing
mistakes in the first place is an excellent way to improve efficiency
and satisfaction.

Rule 6: Permit easy reversal of actions
• KBE allows chronological undo and redo across multiple

steps of actions.
• CBC uses the features of the standard class browser, which

includes undo and redo of the last action.
Relevance of this rule to knowledge acquisition: Low (but desir-
able). Often a user interface offers features for 'manual reversal' of
actions, e.g. insert and delete.

Rule 7: Support internal locus of control
Experienced users strongly desire the sense that they are in charge
of the system and that the system responds to their actions.
• KBE guides the user and does checks, but does not force

him/her into particular sequences of actions. At the end,
source code for different configurators is generated. The users
see the automatic generation as a big advantage and not as
loss of control.

• When working with CBC, the user has to be in charge (to put
it in positive words). In this case, this is only good for very
experienced users who may nevertheless prefer working in a
plain text file. So CBC looks like a compromise that does not
really please anybody.

Relevance of this rule to knowledge acquisition: Low.

Rule 8: Reduce short-term memory load
The user interface should relieve the user from memorizing previ-
ous data to carry out an action.
• In KBE, input fields in forms and sub-windows are clustered

according to whether they belong together when specifying
the contents of a knowledge base. With navigation between
parts of the tree view and sub-windows, KBE supports the
search for information outside the current input focus.

• CBC does not support the search for distributed information
very well. This is more easily achieved by editing the knowl-
edge base as one (large) text file.

• In [3] the user can see both the configuration model and the
visual model. This enables easy access to the information
needed for creating the visualization rules.

Relevance of this rule to knowledge acquisition: Medium (but hard
to achieve for complex modifications). Being able to carry out a
task without switching between windows is desirable. Yet, the user
interface should not get overloaded with information.

5 CONCLUSION
The principles for good interface design also apply to user inter-
faces for knowledge acquisition. Yet, the requirements of knowl-
edge acquisition interfaces emphasize the needs of frequent users.
• KBE: The effort of designing KBE for usability and efficiency

paid off. The experiences of both expert and intermittent users
are very favorable towards KBE.

• CBC: In retrospect, maintenance of the knowledge base was
done infrequently and relied heavily on reusing code and
modifying it to new requirements. The standard class browser
lacks the facilities to easily find all the occurrences of strings
and sub-strings. It offers too much structure and too little
flexibility for finding and reusing ‘similar’ code.
As it turned out, the knowledge base most of the time was
maintained by editing the plain text file and loading the file
into the configurator. Having the syntax only checked when
loading the text file is only a minor drawback for expert users.
Yet, non-expert users can only do easy tasks with CBC.

• The visual modeler and integrated environment described in
[3] addresses very well some principles for interface design.

When designing a user interface for knowledge acquisition, the
designers should find out who the users would be. In general, the
designers then ought to favor the rules no. 2 (enable shortcuts),
no. 3 (give informative feedback) and no. 5 (prevent errors).
Beyond the general ergonomic principles discussed in this paper,
specific requirements and guidelines for designing knowledge base
modeling tools can be established. This has to take into account the
environment and the user groups of the tool. Usability tests can be
done to find out the user interface design principles that are rele-
vant to the task.

REFERENCES
[1] B. Shneiderman, Designing the User Interface (Strategies for

Effective Human-Computer Interaction), Addison Wesley Longman,
3rd edn, 1998.

[2] G. Fleischanderl, G. E. Friedrich, A. Haselböck, H. Schreiner, and M.
Stumptner, 'Configuring Large Systems Using Generative Constraint
Satisfaction', IEEE Intelligent Systems & their applications, 13:4,
pp.59-68, July/Aug. 1998.

[3] D. Heiderscheidt and H.J. Skovgaard, 'Visualization of
Configurations: Simplifying Configuration User Interfaces', AAAI
Technical Report WS-99-05, pp.114-118, Papers from the AAAI
Workshop on Configuration, Orlando, Fla., July 1999.



44

Configuration of a machining operation

Laurent Geneste1, Magali Ruet1, Thibaud Monteiro2

Abstract. The problem of configuring a machining
operation is complex (many parameters and many
interactions between parameters) and is generally
achieved thanks to expert heuristic knowledge such  as
sequential choice of the parameters according to local
technical constraints or reuse and adaptation of an
already defined solution. In order to support the
configuration of a machining operation, we describe
first the nature of the data involved and then the
different solving processes that can be used.
12

Keywords. Machining operation configuration,
C.S.P., C.B.R.

1 INTRODUCTION

In recent research work, the need of interactive
decision support system in the field of product
configuration has been clearly emphasised for example
in [1]. However, the problem of machining operation
configuration is scarcely addressed in the literature.
This paper aims at presenting the specificity of this
configuration problem and of the solving process.

The problem of configuration of a machining
operation, illustrated by figure 1, may be described as
follows: in order to ensure an adequate machining of a
part, several parameters for the machining operation
have to be defined. These parameters are for instance
the kind of operation that will be performed (e.g.
milling, drilling…), the machine on which the
operation is to be performed, the tools that will be
used, the feed rate and so on.

The choice of the parameters must be achieved in
accordance with technical constraints (some tools do
not adapt on some machines, the energy necessary for
the operation should be available on the machine…).
Moreover, optimisation criteria are often defined in
order to select a solution among the set of
configurations that respect the technical constraints.
This problem is very complex essentially because of
the combinatorial characteristics of the domain of
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search. The complexity of the problem leads experts
who carry out machining process configuration to
follow two different heuristic methods :

• sequential selection of the parameters and
therefore progressive building of a
solution without taking into account the
whole set of technical constraints,

• reuse and adaptation of an already defined
solution.

Part Tools

Machine

Configuration of the
machining operation

Figure 1. Configuring a machining operation

Several decision support tools are provided, especially
by tool manufacturers. These tools enable to select
easily some of the parameters according to a
specification of the context. For example given the
characteristics of a tool and wear and of the part, such
a system may compute a relevant value for the feed
rate and the depth of cut in a turning operation.
However, once again, these tools are used in a specific
step of the configuration process, when the major part
of parameters is already defined.

As a conclusion, we observe that the problem of
machining process configuration remains most of the
time based on empirical data layout and
methodologies. This leads us to propose an explicit
representation of the domain knowledge (knowledge
layout, decision variables and technical constraints)
and a set of manipulation techniques that support the
configuration process in order to provide the user with
an interactive decision support system that allow him
to develop his own strategies for the problem solving.
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2 CONFIGURATION DATA MODELLING
In order to make a standard modelling of the domain
knowledge, we selected the object oriented modelling
language U.M.L. (Unified Modelling Language) [2].
We use the U.M.L. class diagram and object diagram
in order to represent the domain data. In order to
explicit the technical constraints, we added to the
basic U.M.L. graphic notation, a specific notation for
the concept of constraint as illustrated by figure 2. We
can observe that the classical concept of association is
a specific case of constraint in which the involved
attributes are the references of the associated objects.

Attributes:
A.a1
A.a2

Operations:
A.ma1
A.ma2

Class A

Attributes:
B.b1
B.b2

Operations:
B.mb1

Class B

Association
  a2
  b1

Constraint AB

Opérations :
AB.mab1

Attributes:
AB.ab1
AB.ab2

Figure 2. Notation of a constraint between two
attributes

According to [3] and to several experts of the
manufacturing domain, we identified a set of variables
(attributes of the classes of the U.M.L. class diagram)
and of constraints that act upon the configuration of a
machining operation [4].

We identified more than 30 variables that are useful
for the configuration of a machining operation. Some
of this variables are defined over discrete domains (for
instance  X4: tool holding device, X7: type of insert or
X19: tool material) and the others are defined over
continuous domains (for instance  X8:  precision ,
X14: cutting speed or  X22: surface roughness of part).

We also identified 32 technical constraints that should
be taken into account in order to make an adequate
configuration of the machining operation.

We can observe that some constraints are:

• binary such as:

• C1 (X5,X7) : Adaptation constraint
between the kind of tool shank and the
type of insert. Cutting tool manufacturers
generally provide with a list of valid
couples (tool shank, wear))

• of arity more than 2 such as:

• C11(X7,X10,X11,X14,X16,X20) : The
chip breaker diagram: for a good
machining , it is important that the chip is
fragmented. The fragmentation of the chip
for a given cutting speed Vc and feed rate

f. We obtain experimentally a working
zone where the couple (Vc,f) leads to a
broken chip.).

Some constraints are on variable defined :

• over discrete domains only as for instance:

• C2(X6,X7) and C3(X5,X6) : There exist
four normalised clamping systems. The
choice of a clamping system is linked to
the choice of the insert (C2) and of the
tool shank (C3),

• over continuous domains only as for instance:

• C23(X11,X24,X26) : The effective length
of cut L is function of the working major
cut edge angle κr and of the depth of cut.

• C31(X9,X24,X31) : The feed force Ff is
function of the cut force Fv and the
direction of the major cutting edge angle
κr.

• over both discrete and continuous domains as
for instance:

• C8(X6,X9) : The cut force must be
tolerable for the cutting tool. Over a given
value of cutting force the tool begins to
bend and the result of the machining
operation may not be satisfying.

• C17(X10,X21,X22) : The surface
roughness of the part is function of the
machining conditions, of the corner radius
Rε and of the feed rate f of the tool.

Some constraints are described

• in extension (table) such as:

• C9(X1,X5) : In order to machine a
profile, only some tool shank are
acceptable. Indeed, it is necessary that
the shape of the tool is acceptable for
the profile to machine. Manufacturers
provide with a list of couples (tool
shank, profile).

• in intention (predicate) such as:

• C31(X9,X24,X31) : The feed force Ff
is function of the cut force Fv and the
direction of the major cutting edge
angle  κr.

)cos.1,015,0.( rFvFf χ−=
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3 CONFIGURATION PROCESS

As exposed in part 1, two major approaches are used
when configuring a machining operation.

3.1 Configuration as a C.S.P.

The first approach is to build incrementally a solution
by restricting the domain of the variables according to
a set of  technical constraints and try to use the expert
knowledge for guiding the search first to a solution
and hopefully to a good one. A substantial decision
support would be to guide the search of the solution by
interactively applying a set of constraints chosen by
the machining operation designer. In this case, the
problem of configuration can be compared to a
Constraint Satisfaction Problem and all the techniques
developed in this field can be applied. We use the
DnGAC-4 [5] algorithm for a dynamic (one can
add/remove constraints dynamically) propagation of
constraints of arity n defined on discrete domains only.
For constraints of arity n defined on continuous
domains only, recent approaches [6] provide a relevant
framework for a generic constraint propagation based
on a decomposition of the constraints into quadtrees
(for binary constraints) or more generally 2k trees (for
constraints of arity superior to 2).

A recent work  [7] has emphasised the need of
interactive configuration tools taking into account both
discrete and continuous constraints for example in the
field of Computer Aided Design. This works points
out and explains the relevance of a constraint based
approach for configuration compared to the rule based
approach. Two kinds of constraints are depicted:

- activity constraints [8] which enable an
incremental introduction of the variables and of the
constraints,

- compatibility constraints which are the
constraints of the domain.

However, many constraints that are to be manipulated
have both discrete and continuous variables. In this
case, the preceding techniques can not be applied
directly and we are looking for a way to manage this
kind of constraints. Another interesting point is that
within the object oriented modelling  some implicit
constraints are present and could be used to accelerate
the solving process. For example, when the designer
defines a class, he defines an implicit constraint
between the attributes of the class, and this constraint
could be propagated.

3.2. Configuration as a C.B.R.

The second approach is to find a solution that has
already been validated on a similar case and to adapt it
for solving the new problem. In order to support this
process, we provide the operation designer with a
fuzzy C.B.R. (Case Based Reasoning) mechanism [9],
[10]. The basic algorithm is recursive and propagates
through the object structure. The user can weight the
attributes in order to describe their expected influence
on the result of the comparison. The result of the
search is a necessity and a possibility degree that
represent to which point a case stored in the object
structure is close to the case to be solved.

Again, the underlying object structure is used in order
to carry out a rough filtering of the potential objects of
interest in the object structure and then to retrieve
specific relevant cases.

3.2.1. Rough filtering

In order to enable a fast selection of the objects
potentially interesting in the similar case search, we
propose to exploit the object modelling as an indexing
base. The filtering process is therefore achieved by
comparing the characteristics of the class of the
reference object (o belonging to class O) and each
class of the class diagram of the domain (class O’).
From the similarity between classes O and O’, we can
decide whether or not to inspect in more detail the
objects belonging to class O’. We use the following
notation to describe the used  algorithm:

name(a) : name of the attribute a

class(a): class of the attribute a

value(a): value of the  attribute a

wa: subjective weight of attribute a

Rough filtering algorithm: computing of S(O,O')

Initialisation

S=0

For each attribute a belonging to class O

S = S + wa if name(a) belongs to class O’

For each aggregation C belonging to class O (O is
composed of C)

S = S + wC.S(C,C')

Normalisation

∑ ∈= Oi,iw/SS
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Let us notice that the weights attributed by the user to
the attributes are used in order to describe the
reference case are used by the rough filtering
algorithm. This enables, when required, to find
similarities between very different classes which have
in common attributes important for the seach of the
user.

3.2.2 Case retrieval

Once the set of candidate classes is selected, we can
achieve the search of cases similar to the reference
case among the objets derived from these classes. The
following algorithm computes the necessity of
similarity of objects o and o’. A similar algorithm
enable to compute the corresponding possibility
degree.

Case retrieval algorithm: computing of  N(o,o')

Initialisation

N = 1

For each aggregation contained in object o (os is
composed of c, where c is an instance of class C),
three cases are possible:

Case 1 : o' is composed of c', where name(c') belongs
to class C

N = min(max(1-wC, N(c,c')),N)

Case 2 : o' is composed of an object which name
belongs to class C but not instanced

N = min(1-wC, N)

Case 3 : o' is not composed of an object which name
belongs to class C

N = min(1-wC, N)

For each elementary attribute a belonging to object o,
three cases are possible:

Case 1 : if the corresponding attribute a' exists in
object o' and has a value

N = min(max(1-wa, Na(a,a')),N)

Case 2 : if the corresponding attribute a' exists in
object o' but has no value

N = min(1-wa ,N)

Case 3 : if the corresponding attribute does not exist in
o'

N = min(1-wa, N)

3.3 Combining C.S.P. and C.B.R.

In fact, we think that both approaches may be
complementary and could be used together to support
the configuration process.

First, the constraint propagation techniques may
enable to restrict rapidly the domain of search of the
case based reasoning algorithm. Combined to the
rough filtering algorithm, it can make the search easier
by restricting the domain of search according to the
technical constraints and to the preferences of the user.

Another way to combine both techniques is to used the
constraint propagation when the user wants to adapt an
existing solution in order to solve a new problem. We
can whether propose to the user a neighbourhood of
the retrieved case that respect the constraints or let the
user define the adaptation by checking the constraint
satisfaction at each step.

4 IMPLEMENTATION

We propose an integrated framework called KASKOO
(Knowledge Acquisition System for Object Oriented
Knowledge)for an interactive decision support system
generator based on an object oriented knowledge
representation and acquisition module and a
methodology of knowledge acquisition. The acquired
knowledge will then be used thanks to various and
generic manipulation techniques, such as constraints
problem solving and / or case based reasoning.

When a large amount of information is to be used by a
decision support system, in order to ensure several
desirable properties such as maintainability, reliability
and so on, the corresponding knowledge should be
structured. Moreover, a knowledge acquisition
methodology must be available in order to help the
user to organise his knowledge in a relevant structure.
This section describes such a methodology and the
corresponding tools provided by the KASKOO
environment.

The methodology for knowledge acquisition in
KASKOO may be divided into several major steps:

4.1 Specification of the knowledge structure.

In KASKOO, in accordance with the standard
concepts of classes and objects, two levels of
representation are defined: the class level and the
object level. These levels are successively developed
in paragraphs 3.2 and 3.3.
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4.2 Implementation of the class structure

The class level enables to implement the class
structure. Classical object oriented programming
languages, such as C++, do not provide an easy
evolution of the knowledge structure. For example,
when an attribute has top be added in a class of
objects,  the code of the class must be updated as well
as the user interface and the database model (if
needed) and the code must be recompiled. These
operation often require specific skills in programming
that the user of a decision support system in the field
of manufacturing does generally not master.

Moreover, in order to build a knowledge based system
with such an environment, specific developments for
the graphical user interface and to ensure object
persistence are required. That is why we propose a
dynamic object oriented knowledge acquisition system
with the following properties:

• Basic object oriented concepts: attributes and
methods, inheritance, association, aggregation,

• Constraints between class attributes,

• Dynamic structure of the classes: the acquisition
system enables a dynamic implementation of the
classes and objects. In KASKOO, all features may
be Created, Modified or Deleted as well in the
model as in the instances.

4.3 Implementation of the objects of the domain

The object level enables to instanciate the class
structure with the appropriate objects. In order to
facilitate the knowledge capitalisation, several
acquisition mechanisms have been provided.

• Automatic generation of a Graphical User
Interface (GUI). The Graphical User Interface for
knowledge acquisition in KASKOO is
automatically derived from the class structure.
This enables to use a homogeneous presentation of
the interface that facilitates the user
understanding. Moreover, changes in the shape of
the GUI are factorised and dynamically applied to
the whole GUI.

• Automatic generation of persistent database for
objects. In order to store the knowledge, a generic
persistence mechanism is used. This feature relies
upon an object oriented database. The drivers that
connect transient (non persistent) objects and their
persistent image are generated automatically by
KASKOO.

• Dynamic structure objects. The acquisition system
enables a dynamic implementation of the objects.
In KASKOO, all features may be Created,
Modified or Deleted as well in the class model as
in the object model.

The automatic generation of GUI and persistence
provides the user with a standard interface
representation and enables him to focus on the central
problem of knowledge modelling without been
disturbed by the computer technique.

5 CONCLUSION

In this paper we describe the problem of configuring a
machining operation. This problem leads first to the
need of domain representation and to do so, we
propose to enrich an existing object oriented
modelling language (U.M.L.) with an explicit
description of the notion of constraint. Then, we
define two different ways to use the knowledge in
order to carry out the configuration process. The first
way is to use constraint propagation techniques in
order to restrict the domain of search of a valid
configuration. The second way is to use previously
defined solution and to adapt them to a new situation.
We propose some ideas on the way to combine both
approaches.
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Abstract. The paperdescribesa representationformalismfor the
descriptionof productsandtheassociatedreasoningmechanismsfor
theconfigurationof complex productsin avirtual storewhereacus-
tomer(potentiallynonexpertof thedomain)hasto besupportedin
the taskof selectingandassemblinga product.We present����� , a
conceptualformalismwherebothtaxonomicalandpartonomicalre-
lationshipscanbemodeledandcomplex constraintsamongcompo-
nentsandsub-componentscanbedescribedby meansof aconstraint
language.

Two inferencemechanismshavebeendefined:hypothesisformu-
lation for hypothesizingthe setof complex productsa setof com-
ponentscanbe part of. Hypothesisvalidation verifieswhetherit is
possibleto build an instanceof a complex productwhich includes
all the componentschosenby the customerby taking into account
the taxonomy, thepartonomy, theconstraintsamongcomponentsas
well astheuserrequirements.This mechanismis alsoableto point
out whichcomponentshave to beaddedin orderto properlyconfig-
uring theproduct.

Thepaperdiscusseshow thecombinationof hypothesisformula-
tion andhypothesisvalidationcanbeusedfor supportingacustomer
in selectingandconfiguringaproduct.Thedomainof PersonalCom-
putersandtheir relatedcomponentsis usedasa testbedof thesys-
tem.

1 Intr oduction

In recentyearsthe diffusion of on-line servicesand in particular
the developmentof businessto consumere-commercehasshown
thecentralrole of recommending([10]). In fact,moreandmorere-
searchershave recognizedtheneedto supporttheclient in selecting
the goods(or services)sold in a virtual store.Most recommending
systems(seefor example[9]) focustheir attentionon mechanisms
ableto relatepreferences(directly expressedby theuseror inferred
by thesystem)with thecharacteristicsof theproducts.Suchan ap-
proachimplicitly assumesthat thetaskof recommendingcanbere-
ducedto a form of classification(wheretherequirementsof theuser
arematchedwith the characteristicsof the products)followed by a
stepof rankingthe productsaccordingto somemeasureof the de-
greeof match(seefor example[1]). Thisapproachworksaslong as
theproductscanbeviewedasentitieswithoutastructurein termsof
sub-partsandthereforeentitiescanbedescribedby meansof avector
of pairs �	��
�
��������
����������	����� (for example,movies,restaurants,books
can,in many cases,bedescribedin sucha way).However, thereare
domainswherethe task of recommendinginvolves more complex

reasoningmechanismssincethereis no singleproductthat cansat-
isfy the requirementsof the client. The solutioncannotbe selected
amonga setof predefinedentities,but hasto be synthesizedby as-
semblingandconfiguringasetof productsin orderto formacomplex
productableto meettheuserrequirements1. In this way thetaskof
recommendingcanbedescribedasa taskof configuration.

In suchkinds of applications,the languageusedfor describing
the productsshouldbe rich enoughto capturethe complex set of
relationsexisting amongthe differentproductsandthe constraints
whichspecifywhatkind of productscanbeassembledstartingfrom
sub-components.

In the presentpaperwe focus our attentionon the description
andconfigurationof productsin the framework of web storesable
to customizeboth the recommendationand the interactionto the
needsof a client. The expertisegainedin SeTA, a multi-agentar-
chitecturefor personalizedinteractionwith the client of a virtual
store(seehttp://www.di.unito.it/� setafor a in-depthdescriptionof
theproject),is relevantfor thepresentprojectsincein SeTA a num-
berof problemsrelatedto theinteractionwith differentkindsof users
have beensolved.However, in SeTA theclient cannavigatethevir-
tualcatalogueandthesystemis ableto suggestspecificproductsthat
bestmatchhis/herneedsand preferences(partly provided directly
by the client andpartly inferredby the system).In suchan activity
thereis no needof combiningtogethersub-componentsin orderto
provide thefunctionalityrequiredby theusersincetherearespecific
productssatisfyingmorethanonefunctionality.

Onthecontrary, in thepresentprojectweaimatproviding theuser
with suggestionsandrecommendationsin domainswhere:
- productscan be assembledandconfiguredstartingfrom compo-
nents
- thefunctionsandtheperformancesof aproductcanbeextendedor
upgradedby addingor substitutingoneor morecomponents.

The attentionto the needsof differentkinds of clients(someof
thempossiblynaive of the domain)hasan impactnot only on the
style of interaction(not discussedin the presentpaper)but alsoon
the representationissue.In fact, theneedof makingunderstandable
to the userthe selectionand configurationtaskrequiresa descrip-
tion of the productswhich is ableto characterizethemin termsof
featuresaswell asto expresscomplex relationsamongproductsand
components.As a testbedof our approachthedomainof personal
computershasbeenselectedsincethis is atypicalmassproductmar-
ketwhereconfigurationis relevantandtheneedof supportingdiffer-
 

Thisdoesnotonly occurin technicaldomains,but alsoin financialapplica-
tionssuchasportfolio management.

50



entkindsof clientswith differentdegreesof expertiseanddifferent
requirementsis of primaryimportance.

Theframework thatwepresentis currentlyimplementedin apro-
totypethatis beingdevelopedin Java.

In thepresentpaper, after introducingthebasicdomainconcepts
(section2), wefocusourattentionontherepresentationmechanisms
adoptedfor describingthe complex productsaswell asthe compo-
nentsandsub-components(section3), whilst in subsection3.1 we
discusstheconstraintslanguage.In section4 we sketchthekind of
servicesthesystemhasto provideandwebriefly presentthereason-
ing mechanismsthat,in combination,areabletoprovidetherequired
services.

2 BasicDomain Concepts

Beforedescribingthemain featuresof the representationlanguage,
it is worth pointing out the basicchoicesin modelingthe domain.
Themostrelevantdistinctionconcernsatomicproductsvs. complex
productsandsuchadistinctionis basedontheneedfor agivenprod-
uct to takeinto considerationits partsandsub-components.In par-
ticular, atomic productsaredescribedvia featureswhichsynthesize
the relevant characteristicsof the productwithout referringto their
partswhile complexproducts includein their descriptionreference
to theirpartsandto therelationsamongthepartswhereeachpart(or
component)canbeanatomicproductor acomplex one.

Variouskindsof part-wholerelationshavebeenstudiedin [7, 12].
Following the terminologyof [7], we are concernedwith a part-
whole relationof type complex-component. It is worth noting that
the atomicity of a productis strongly taskdependent:for example
a keyboardin our testbeddomainis modeledasan atomicproduct
becausein a virtual storeselling personalcomputersthereis little
benefitin describingthat a keyboardis madeup, amongothers,of
keys andthatthekeysarearrangedin agivenorderon thekeyboard
and so on. It is obvious that thesepiecesof informationwould be
neededif the taskor the domainof applicationweredifferent (for
example,manufacturing).

Bothatomicandcomplex productshaveto bedescribedby means
of propertiesandfeaturescharacterizingthem.For example,a key-
boardcanbedescribedby its make,model,price,language,etc.This
is not peculiar just of the atomic objects,alsocomplex objectare
partially describedby featuressuchasmake,cost,etc.However, the
main characterizationof a complex object is obtainedvia relations
with its partsandtheconstraintsthathaveto besatisfiedby theparts.
For example,aPChasaspartone(or more)harddisk,aCPU,etc.If
a PChasa harddisk of typeSCSIandamotherboardof typeEIDE,
thenacontrollerSCSIis needed.Theseconstraintshaveto beexplic-
itly representedin descriptionof complex products.

Becauseof the importanceof the relationbetweena (complex)
productandits parts,this relationhasaspecialstatusandis modeled
via the introductionof ”has-part” relationship. For our purposeit
is sufficient to introduceonly onekind of has-partrelation(theone
betweeneachcomplex andits components)andwe canconsiderit
asan antisymmetricandtransitive relation(for the issuesraisedby
thetransitivity of part-wholerelationsseealso[12,7, 3]). has-partis
thereforethe basicmechanismfor definingthepartonomybetween
the productsdescribedin thedomain.However, also taxonomicre-
lations have to be definedin order to allow the definition of more
specificor moregeneralconcepts.For example,in our domainwe
wantto describethattherearedifferentkindsof printerssuchasink
jet printersandlaserprinters.This requirestheintroductionof rela-
tionsof superclassandsubclassfor capturingthetaxonomicrelation

andconsequently of appropriatemechanismsof inheritance.

3 The ConceptualLanguage !#"%$
We presentherea languageto describethe classes(both of atomic
productsand of complex products)and the relationshipsamong
them.As concernsthe individuals(i.e. the instancesof theclasses),
weshallbriefly describetheir representationin section4.

Theconceptuallanguage����� (Frames,PartsandConstraints)is,
on onehand,a simpleframe-basedlanguageableto representtaxo-
nomic relationsamongclasses.On the otherhand,����� offers the
facility for building partonomiesto describethe structureof com-
plex objectsin termsof theirparts.Moreover, ����� is enrichedwith
a powerful languagefor expressingcomplex constraintsamongthe
componentsandthesub-componentsof complex objects.

Eachframerepresentsa classof objectsand it is characterized
by a type: atomicor complex for the classesof atomicor complex
products(respectively). Besidesthetype,eachframe & containsthe
following information:
– its name: thenameof theclassthatit describes;
– theslot superclasscontainsthenameof the framethat represents
thedirectsuperclass(if any). It is worthnotingthatthesuperclassis
uniquesincewe do not allow multiple inheritancefor sakeof sim-
plicity.
– theslot subclassescontainsthenamesof theframeswhich repre-
sentthedirectsubclasses(if any) of theclass2. We assumethat if a
classhasmorethanonedirectsubclasses,thesearetwo by two dis-
junct. Moreover theslot subclasseshasthe facetpartitionedwhose
booleanvaluedenoteswhetherthesubclassesmentionedin thesub-
classesslot form apartitionof theclass.

Theslotssuperclassandsubclassesexpressthesubsumptionrela-
tionshipamongclasses:aclassis subsumedby its superclasses(both
directandindirect)andit subsumesall its subclasses(bothdirectand
indirect).A classis trivially subsumedby itself.

The descriptionof the classis madepossibleby a set of slots
which are subdivided into own slots and member slots, follow-
ing [5]. While the own slots are usedfor modelingthe attributes
of theclassasa whole (asthe”averageprice” of an harddisk), the
member slotsdescribetheattributesof theobjectsbelongingto the
class(e.g.themakeof eachCPUin theCPUclass)andareinherited
by any subclassfrom thesuperclass.Eachslot hasa name; member
slotsarecharacterizedby a type:descriptiveor partonomic. Slotsof
thelattertypeareusedto representhas-partrelations,whilst theones
of theformertypeareusedto representall theotherkindsof object
attributes.Theatomicframescannothaveany partonomicslot.

Besidesthe type andthe name,eachmemberslot hasthe facets
CardinalityMin, CardinalityMax (that takevaluesin the setof non
negative integers)andValueClassthatcantakeasvaluea classde-
scribedbyaframeorasubsetof apre-definedset.It isworthpointing
out thattheformalismimposesastrict inheritancesincenoexception
is admittedfollowing the tradition of KL-ONE like representation
formalism([4]). However, the formalismprovidesa mechanismfor
restrictingslotsalongthetaxonomyby puttingstricterconstraintson
CardinalityMin, CardinalityMaxand/orValueClass.

For eachdescriptive memberslot, '(���	����)�����*�* canbe assigned
to asubclassof apre-definedclass(suchasintegers,reals,stringsor
booleans)or to a frame.

+
To be precise,we shouldalwaysdistinguishbetweena frame, which is a
languageelement,andtheclassthatit describes.However, in orderto sim-
plify thepresentation,wewill usethewordsframeandclassassynonyms.
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For eachpartonomicmemberslot, ValueClassmustbe assigned
to a frame(eitheratomicor complex). Thus,any partonomicmem-
ber slot can be viewed as a link betweentwo frames3. Moreover,
for the sakeof simplicity, any complex class(whosedirect super-
classis different from the root of the taxonomy)can’t introduce
any new partonomicslot w.r.t. the setof thosethat it inherits from
its superclass.Given a knowledgebase ,.- and a complex class
)  in ,.- , we call slot chain (starting in )  ) any sequence/#0
�21  ��1 + �4343434�5176��98;:=<?>�@ of memberslotssuchthatin ,.- thereare
theset A�) + �4343434�B) 6DC  4E of complex classesandtheclass) 6 (either
atomicor complex) suchthat )GFH8I>(J?�9JK:MLN>O@ hasapartonomic
memberslot named1PF (possiblyinherited)whose '(���	����)�����*�* is
) FRQ  and ) 6 hasa memberslot (eitherdescriptive or partonomic
andpossiblyinherited)named1 6 whose'S���	����)��5��*T* is aset U . U
is calledthecodomainof thechain / startingin )  andwe indicate
it with V4W�X�8;)  �Y/�@ .

Becauseof theirimportancefor theconstraintlanguageandfor the
inferencemechanisms,we give a precisesemanticfor the member
slotsandfor thesetsof slot chains.

Given a class ) , eachmemberslot * of ) representsa relation
from ) to the class U assignedto the facet 'S���	����)��5��*T* of * . If
theslot * has )���4X��	:����	�	
�Z�[?��:.0?\ and )���4X��	:����	�	
�Z�[]��^.0_: ,
then 8�`a�Nbc)(@d8;*e8	��@�fgUih.\jJlk *�8	��@4kmJn:7@ 4. In this case,we
write )poGFq678;)r���;*T�I@s0n\ and )poGtdu�8;)��4�;*��I@(0i: . We saythat the
pair �;\%�Y:7� andtheset U are,respectively, thecardinalityrestriction
andthevaluerestrictionfor (or thecodomainof) theslot * .

The semanticof a memberslot is naturally generalizedto any
slot chain:a slot chain /?0v�21  ��1 + ��343�34��1 6 �S8;:w<x>O@ startingin
)  and such that V�W�X�8;)  �B/�@N0yU representsthe relation com-
position 1 6%z 1 6�C  z 34343 z 1  from )  to D. Moreover, the set{ 0|A�/  �4343�3Y/�o E 8;\}<|>�@ of slot chains(eachstarting in )  )
representsthe relation union ~ oFR�  /�F from )  to V4W�X�8;)  � { @#0
~ oFR�  V4W�X�8;)  �Y/ F @ .

Let ) be a complex classand 1 one of its partonomicslots. If
)GoGFR6�8;)��4�21P�I@�0�\ , )GoGtdu�8;)��4�21P�I@�0�: and V4W�X�8;)��Y�217�I@�0�U , it
meansthatany complex objectbelongingto theclass) hasa setof
componentsbelongingto theclassU in anumberthatrangesfrom \
to : . Suchcomponentscouldbeatomicobjectsor complex objects:
in the former caseU is an atomicclass,while in the latter U is a
complex class.
Exclusivity Assumptionson Parts: For eachpairof complex classes
)  and ) + (possibly)  �� ) + ), thefollowing hold:
– if 1  and1 + aretwo differentpartonomicslotsof )  , then 8�`aV  b
)  @d821  8	V  @��(1 + 8	V  @m0]��@ ;
– if 1  and1 + aretwo partonomicalslotsof )  and ) + respectively
(possibly1  �� 1 + �Y�	�7)  s� ) + ), then 8�`aV  b.)  @d8�`�V + b.) + @d8	V  ���
V +s� 1  8	V  @7�S1 + 8	V + @H0K�e@ .

It shouldbeclearthatoneimportantconsequenceof thepreceding
assumptionis thatif two differentinstancesof complex objectsshare
a samecomponent,thenoneof themcontainsthe other. Moreover,
on the basisof this assumption,we can generalizethe cardinality
restrictionconceptbothto theslotchainsandto thesetsof slotchains
in thefollowing way( / and

{
aredefinedabove):

– )GoGFR6�8;)  �Y/�@�0]� 6FR�  )GoGFR6�8;)GF��4�21PF��I@ ;
– ) oGFR6 8;)  � { @m0?� oFq�  ) oGFR6 8;)  �Y/ F @ .
�

No cycle(possiblyinvolving also”subclasslinks”) is allowed.�
As in thecaseof frames,weshoulddistinguishfrom theslot, whichis alan-
guageelement,andtherelationthatit represents.However, to simplify the
presentation,we usetheslotnamealsoto indicatetherelationrepresented
by theslot.Thesimplificationadoptedfor slotchainsis analogous.

Thecaseof themaximumcardinalitiesis analogous.
Summarizing,eachknowledgebaseconsistsof (at least)two dif-

ferenttaxonomies:onefor theclassesof complex productsandan-
other for the classesof atomic products;eachtaxonomyis a tree
becausewerestrictto singleinheritance.A distinctive featureof the
����� concernsthe treatmentof has-partrelationby meansof the
introductionof partonomicslots.

3.1 Constraint Language

Eachframe modelinga complex class ) containsa set (possibly
empty)of constraintsthat specify thoserestrictionson the compo-
nentsandthe sub-componentsof the objectsin ) that couldn’t be
expressedusingonly thecardinalityandthevaluerestrictionsfor the
memberslots.

Let ) beacomplex classof aknowledgebase,.- and )() its set
of constraints.Any constraintin )() is of theform �.��� , where�
is aconjunctionof predicatesor thebooleanconstanttrue and � is a
predicateor thebooleanconstantfalse. Themeaningis thatfor every
object V in ) , if V satisfies� thenit mustsatisfy � . Thismustbetrue
for eachconstraintin )() . It shouldbeclearthat if ��0]������� , then,
for eachobjectin ) , � mustalwayshold,while if �#0K�������4� , then,
for eachobjectin ) , � canneverhold.Theconstraint���������x�I�a���4�
is meaningless.

Dueto thespacelimitations,wedescribehereasimplifiedversion
of theconstraintlanguagethatweactuallydefinedandimplemented.

The basic building blocks of the constraint languageare the
predicates.Let

{ 0 A�/  �4343434�B/�o E 8;\¡< >�@ , whereeach /�F�0
�21 F�¢ �4343�3�1 F�£ �d8;� 6 <_>O@ is a slotchainstartingin ) . We indicatewith{

both the setof slot chainsandthe relationthat it represents.We
havesix kindsof predicatesfor C5:
1) 8 { @d8	¤��I¥a@ .
V¦b#) satisfiesthepredicateiff ¤#Jnk { 8	V�@4k�J§¥ , where ¤ , ¥ are

nonnegative integerswith ¤%JN¥ .
2) 8 { @d8;�	:7¨�@ . ¨¦0©¨  Hª 3�343 ª ¨T«Y8;*�<§>�@ andeacḧ4F�8;�H0¬>��43�343Y*�@ is
aclass.
V�b) satisfiesthepredicateiff

{ 8	V�@Gf®¨ .
3) 8 { @d8I8;��:7¨  8;*  �Y
  @I@P3�34348;�	:7¨�¯R°�±48;*�¯R°�±d�Y
I¯R°�±I@I@I@ . S<§> . ¨�¯ F ±�0?¨ ¯ F ± ª
34343�¨ ¯ F ±« 8;�70§>��43�3434���@ andeacḧ ¯ F ±² 8�³S0_>���343434�B*T@ is aclass.

V�b) satisfiesthepredicateiff ´ °Fq�  8;*�¯ F ±GJ?k { 8	V�@���¨�¯ F ±Ik�J®
I¯ F ±�@ .
4) 8;µr8 { @I@ { �T�·¶m1¦: .

{ ���	¶m1.bA�0��4¸(�4¹(��J(�4< E . : is anumberand
V4W�X�8;)�� { @ is anumericset.
V�b) satisfiesthepredicateiff 8;� F�º�» ¯R¼	± ��@

{ ���	¶m1�: .
5) 8;µr8 { @I@ { �T�·¶m1N8;µ�8;½H@I@ . ½ is a set of slot chainsstartingin )
8;½ �0 { @ . It is analogousto thepredicate4.
6) 8;/�F	@�0i8;/ ² @ . /�F and / ² 8;/�F �0w/ ² @ aretwo role chainsstartingin
) . V4W�X�8;)r��/ F @ and V4W�X�8;)���/ ² @ mustbeof thesamekind.
V�b]) satisfiesthepredicateiff /�F�8	V�@s0n/ ² 8	V�@ , where /�F�8	V�@ and

/ ² 8	V�@ are,in general,two multisets.

Let V�Vn0¾� � � and ¿ be a constraintand a predicatefor
thecomplex class) in aknowledgebase,À- , respectively.

Á
In thepredicates,Â�Ã	ÄIÅ , Æ�Ã	ÄIÅ andthevariousÇ F Ã	ÄIÅ canbe,in general,mul-
tisets.We briefly givesomedefinitionsthatgeneralizetheequalityandthe
inclusionrelationsaswell asthecardinalityandtheintersectionoperators
to multisets.If Æ is a multiset,any element È occursin Æ=É	Ê�ËÍÌYÎOÃ·ÈDÏ;Æ7Å
times.Let Æ?ÐnÑ�È�Ò�É�Ê5Ë¦ÌYÎOÃ·ÈDÏ�Æ7ÅMÓwÔ�Õ ( Æ is a set); we have (if Ö is
a multiset): Æ_ÐwÖ iff Ãq×PÈ�ÅBÃ5É	Ê�Ë¦ÌYÎ4Ã	ÈDÏ5Æ7Å�Ð¬É	Ê�ËÍÌOÃ·ÈDÏ;ÖGÅ;Å ; Æ_ØwÖ iff
ÆKØ Ö ; Ù Æ9Ù7Ð � tTº Ú É�Ê5Ë¦ÌYÎOÃ·ÈDÏ�Æ7Å ; Æ�ÛMÖ?Ð§Ü , suchthat Æ�Û Ö?Ð
ÜiÝ_ÃR×7È�Þ ÜpÅBÃ�É	Ê�ËÍÌYÎOÃ·ÈDÏ;Ü�Å7ÐßËÍÈTà�Ñ4É	Ê�ËÍÌdÎ4Ã	È�Ï;Æ7ÅBÏ;É�Ê5Ë¦ÌYÎOÃ·ÈDÏ	ÖpÅ�Õ�Å .
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If the taxonomicandthe partonomicdescriptionof ) entails V4V
( ¿ ), V4V ( ¿ ) is said á�âäãÀL.�4�a���4å7��å�æ7ç�è��a��ç	é�ê%ë .

If V�V ( ¿ ) is consistentwith thetaxonomicandthepartonomicde-
scription of ) , V4V ( ¿ ) is said á â�ã LÀè�åPé���ç��4�4��é��pç	é�ê%ë (other-
wise,it is said á�âäã%L#ç	é�è�å7é���ç��4�4��é7�Hç	é�ê%ë ).

Inferencemechanismshave beendevelopedthat areable to sin-
gle out the )pì�íwLn
	����
�W���WTîD�·V���� predicates/constraintsand the
)Gì�íïL®��:�V4We:7*T�	*�
���:7
 predicates/constraints.Suchmechanismsare
soundbut notcomplete.

In eachknowledgebase,theconstraints)() associatedto a class
) are consistentboth amongthem and with the taxonomicand
partonomicdescriptionof ) aswell aswith all the constraintsas-
sociatedto the classesinvolved in this description.Moreover, )()
doesn’t containany constraintthat the systemwould recognizeas
)Gì�í%Lß
�����
	W���W�î���V4��� .

Due to the novelty of the constraints, we describethe rulesfor
their inheritance from a classto a subclass:let )(ð be a subclassof
) .
– If V4V is recognizedas ) ðì7í L®
�����
	W���W�î���V4��� , V4V is not (explicitly)
inheritedby ) ð ;
– otherwise,) ð inherits V4V in the form � ð �ñ� ð , where � ð is ob-
tainedby deletingfrom � all the predicatesrecognizedas )(ðì�í L

����a
�W��5WTî���V4��� . If, after this deletion,no predicateremains,��ð is the
constanttrue. If � is recognizedas )(ðì�í Lï�	:�V4W�:7*��	*�
���:7
 , �9ð is the
constant�������4� , otherwise,�=0c�9ð .

It shouldbeclearthat thepreviousrulesprovide a way to reduce
the redundancy in theconstraintinheritanceandto avoid someuse-
lesscontrolsto theinferencemechanisms.

4 InferenceServices

The inferencemechanismsdefinedon the ����� languagehave to
takeintoaccounttheroleof arecommendingsystemin avirtual store
whereproductshave to beconfigured.It is importantto notethat in
suchkind of applicationsthereis a wide variety of customerswith
verydifferentdegreesof domainexpertise.Thesystemhasto support
the naive customerby checkinghis/herchoicesof productsandby
suggestingproductswhich meethis/herrequirements.However, in
somecasesthecustomeris anexpertandhe/shecannotberequired
to answertoomany questionsof thesystem6.

Dependingonthestageof theinteractionandthekind of user, the
systemhasto performinferencesonthebasisof differentinputsfrom
theuser:
– scenario1: thecustomeris selectingproductsandhe/sheputsthem
in the virtual cart. The systemin order to be able to checkif the
productscanwork together, hasto figureout whatkind of complex
producttheuserhasin mind.Thesystemhasto usethepartonomic
andthetaxonomicdescriptionfor hypothesizingthegoalof thecus-
tomer. This kind of abductive inferenceis useful for focussingthe
interactionwith theuser, for examplefor askinghim/herwhich of a
setof complex productshe/sheis interestedin.
– scenario2: the customerhasmadeexplicit the complex product
she/heis interestedin andhasselectedmany (possiblyall) compo-
nentsfor sucha product.Thesystemhasto verify whetherthecon-
straintsassociatedwith theclassesin theknowledgebasearesatis-
fiedby thecurrentsetof choicesof theuserandpossiblysuggestthe
insertionof somemissingcomponents.
ò

In this paperwe do not addressthe problemof adaptingthe interactionto
thedifferentkindsof userssincemanyof theseproblemshave receiveda
satisfactorysolutionwithin theSeTA system([2]).

– scenario3: thecustomeris ablejust to providesomerequirements
ontheproduct(e.g.themaximumpricefor aPC,...), andpossiblyto
indicatesomespecificcomponentsto beincludedin theproduct(e.g.
aparticularCPU,...).In suchasituationthetaskof thesystemissim-
ilar to thepreviousone,but anextra inferencestepis necessarysince
the systemhasto know which kind of constraintsa complex prod-
uct shouldmatchin orderto provide thefacilities andperformances
requiredby theuser.

Usually, thecustomerof a virtual storebrowsesanelectroniccat-
aloguecontainingthe descriptionof the productssold in the store.
In our case,the electroniccataloguecontainsboth the descriptions
of the variouskinds of complex productsand thoseof the atomic
ones.Each atomic product appearingin this catalogueis associ-
atedto a leaf of the atomicproductstaxonomy. This leaf provides
the most specificdescriptionof the productneededby the infer-
encemechanisms.The atomicproductschosenby thecustomerare
groupedby their mostspecificclassandarerepresentedby the set
�7ó|0ôA�V4¤  ��3T3�34�IV4¤ 6 E 8;:¬<õ>�@ . With \ö*OV�8	V4¤ F @ and \ö���	
I8	V4¤ F @
8;�¦0÷>��T3�3434�Y:7@ we denote,respectively, the mostspecificclassto
which the atomicproduct V4¤ F belongs(i.e. the leaf atomicclassof
thetaxonomyassociatedto it) andthenumberof suchkind of prod-
uctschosenby thecustomer. In �7ó therecan’t beany repeatedclass,
i.e.: 8�`aV4¤7F��IV4¤ ² bø�PóM@d8;� �0ù³ � \ø*4V�8	V4¤7F5@ �0]\ö*OV�8	V4¤ ² @I@ .

To describethe inferencemechanisms,we needthe following
notation.Let )  and ) + be two classesof a knowledgebase.If
/M0§�21  �4343434�5176��H8;:=<]>�@ is aslotchainsuchthat:
– / startsin )  ;
– V�W�X�8;)  �B/�@ subsumes) + ;
– 8�`ä>�J#¥øJ®:ML#>�@d8;úG�GV4�5��*T*äU�@
8	V4W�X�8;)  �4�21  �4343�34��17û��I@�*�����*T�a\M��*�U h ü�1����
��	
���We:P��X�8;U�@}h
V4W�X�8;Uø�Y�21 û Q  �434343���176��I@�*�����*T�a\M��*�) + @ ,
wewrite )  Gý /Dþeÿ#) + .

We write also )  ÿs) + to indicatethat 8;ú�/a@d8;)  �ý /Dþ�ÿr) + @ ; in this
case,we say that ) + is more specific than )  w.r.t. the parton-
omy 7. It is worth noting that if any elementof a class) + canbe a
componentof any elementof aclass)  , then )  ÿ�) + .
1. HYPOTHESIS FORMULA TION. This mechanismis aimedat
hypothesizingwhich kindsof complex productsa customeris inter-
estedin, on the basisof the atomicproductsthat he/shehasput in
his/hervirtual shoppingcart.In particular, this mechanismindividu-
ates,amongall thecomplex classes,thosewhoseelementscan’t have
aspartsthekindsof atomicproductschosenby thecustomer. All the
otherclassesof productsareconsideredasplausiblehypothesesand
areusedeitherto focusthe interactionwith thecustomerandpossi-
bly changethesetof plausiblehypotheses(scenario1) or to perform
a setof hypothesisvalidationstepsby meansof the mechanism2
(scenario2).

Thealgorithmcanbesketchedasfollows:

INPUT: a knowledge base ,À- and �Pó 0 ATV4¤  �434343��IV4¤ 6 E
8;:=<?>�@
OUTPUT: ����� (thesetof plausiblehypotheses).������� 0_A�)	��)ù�	*H��V4We\S1a����^�V4����*�*��	:�,.-%h(üP1a���
��	
���W�:���X�8;)(@�h
8�`�V4¤%bö�7ó�@d8;)ùÿs\ø*4V�8	V�¤7@I@ E ;
Rankthehypothesesin ����� accordingto the ÿ relation;
return ����� .

As can be seen, in ���
� there are only classeswhose direct
subclassesare not a partition of them. This meansthat the hy-�

If � is aclass,eÈ���É�Ê5É�Ê�����Ì���Ã��GÅ iff thedirectsubclassesof � (if any)area
partitionof � .
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pothesesin ����� are as specificas possiblew.r.t. the taxonomy.
Moreover, it shouldbe clearthat if ����� 0 � , thentheredoesn’t
exist any complex productwhosecomponents(andsub-components)
areof thekindsspecifiedin �7ó .
2. HYPOTHESIS VALID ATION. Given a complex class ) 8 and
a set )(¶��%½�� {	� of input constraintsfor ) (expressedin the lan-
guagedefinedin section3.1, but different from thoseassociatedto
theclass) in theknowledgebase),thealgorithmtriesto build anin-
stanceV of theclass) thatsatisfiesall theconstraints)(¶��%½�� { � .
It is worthnotingthatsuchaninstancecanbebuilt iff thesetof con-
straints )(¶��%½�� {	� is consistentwith the whole descriptionof )
in the knowledgebase(i.e. with both the taxonomicandtheparto-
nomicdescriptionof ) andwith all theconstraintsassociatedto the
complex classesinvolved in the definition of ) ). The main ideais
straightforward:at thebeginningthereis only thehypothesisthatthe
componentV exists.Then,thealgorithmtriesto progressivelyassem-
bleasetof componentsandsub-componentsin orderto build V . Dur-
ing thisprocess,it takesinto accountboththedescriptionof theclass
) andtheset )(¶��%½�� { � . If this processsucceedsin building the
instance,thenit returnsit, otherwiseit signalsthat the setof input
constraintscan’t be satisfied(andthis provesthe initial hypothesis
wrong).

An instanceof a complex product V¦b#) canberepresentedasa
graphwith aroot representingV andin whichthenodesrepresentthe
componentsandthesub-componentsof V . Eacharc is labelledwith
a partonomicslot name.If two nodes \ and : (representing,say,
X  bßU  and X + b®U + , respectively) areconnectedby a pathfrom
\ to : labelled �21  �434343���1 6 � ( : < > ), it meansthat X + b©/�8	X  @ ,
where /M0_�21  �4343434�51 6 � is aslotchainand U  �ý /Dþeÿ#U + .

Thanksto theexclusivity assumptionon parts(seesection3), any
instancegraphis a tree(theinstancetree).

The hypothesisvalidationalgorithmstartswith a treecontaining
only the root representingthehypothesisV andit progressively ex-
pandstheinstancetreefor V . This progressive expansionis actually
a searchprocessin which,usually, somechoicesareperformed.We
adopta chronologicalbacktrackingmechanismto changethe past
choiceswhenthetreeunderconstructioncan’t grow any morewith-
out violatingany constraint.

Ratherinformally, wecansaythatthealgorithmalwaysworkwith
ahypothetical instanceof aclass) , i.e.with aninstancetree,possi-
bly notcompletelyspecified,thatdoesn’t violateneitherthedescrip-
tion of ) , nor the input constraints)(¶��%½�� { � . However, sucha
treecanactuallyprovide only an incompletedescriptionof the in-
stance.Therefore,it is possiblethatthetruthvalueof somepredicates
(andthusof someconstraints)can’t bedeterminedfor ahypothetical
instance. Thus,it is importantto stressthat sayingthat a hypothet-
ical instancedoesn’t violate any constraint(eithercontainedin the
knowledgebaseor in )(¶��%½�� {	� ) is not the samething as say-
ing that it satisfiesall theconstraintsnor assayingthat its treecan
be expandedin someway suchthatevery constraintwill eventually
be satisfied!A hypotheticalinstancewhosetreecan be completely
expandedin someway thatsatisfiesall theconstraintsis saidan in-
stance. Any instancewhosetree is completelyexpandedis saida
completelydescribedinstance, otherwiseit is saida partially de-
scribed instance.

It is clear that if )(¶��%½�� {	� can’t be satisfied,the algorithm
endsafter having performedall the possiblechoices.If the hypo-
theticalinstanceV is really an instance,thealgorithmcan’t stopbe-
fore having discoveredthis fact.However, thenumberof thefurhter

�
For thesakeof simplicity, weassume���È��4É	Ê�É	Ê����aÌ���Ã��GÅ .

instancetree � expansionstepsis taskdependent.If the goal is to
provide a supportfor a completeconfigurationof the product,the
expansioncan continueuntil a completely described instance is
produced.Otherwise,if the main goal is to test the consistency of
a setof constraints(asin the scenarios2 and 3) given by thecus-
tomer, a lazier approachthat can returna partially described in-
stanceis moresuitable.Wesketchherethealgorithmin its lazy ver-
sion currently implementedin the prototype.The main ideais that
theexpansionof the instancetreeis performedby consideringonly
thoseslotswhosecardinalityandwhosefillers’ classescanbe crit-
ical for thesatisfactionof the input constraints)(¶��%½�� {�� . To do
so, thesets) ¼ and � ¼ areassociatedandmaintainedfor eachcom-
ponent.Theformerinitially containsall theconstraintsboundto the
input ones9. After an expansionstep, ) ¼ is updatedin orderto re-
move from it the constraintsthat becamesatisfied.The set � ¼ is
computedon the basisof ) ¼ and it containsall the slots that can
influencethetruthvaluesof theconstraintsin ) ¼ . A constraintprop-
agationmechanismis usedto reducethenumberof thealternatives
producedby the functionscomputeAdmissibleCardinalities(1 ) and
computeAdmissibleClasses( \ ).

Let � betheinstancetreefor V�bï) , containingonly theroot (in
the following it is intendedthat theBACKTRACKING call returns
thefailuremessageif no alternativechoiceis possible).

INPUT: aknowledgebase,À- , � , )(¶��%½�� {	� .
OUTPUT: an instancetree for the instance V]b�) or the failure
message.
if 8;ú�V4V�b)(¶��%½�� {	� @d8	V4Vä�	*�4��V4WTîD:��! ���X���*H)Gì�í�L��	:�V4W�:7*��	*T
	��:�
;@

then return FAILURE;
Let )(¶��%½�� { ð� be )(¶��%½�� {�� from which theconstraints

recognizedas ) ì�í Lß
�����
	W���W�î���V4��� havebeenremoved;
if )(¶��%½�� { ð� 0]� then return � ;
while ( ¸ thereis in � somenotmarkedcomponents(i.e. nodes)¹ )
do begin
: := chooseComponent( � ); /*Currentlyhandledwith aqueue*/
) ¼ := computeCurrentConstraints(: );� ¼ := computeCurrentSlots(: , ) ¼ );1 := chooseSlot(� ¼ ); /*Currentlyrandom*/
V4��4X�* := computeAdmissibleCardinalities(1 );
if V���OX�*�0]� then BACKTRACKING;
V4��4X�8217@ := chooseCardinality(V���OX�* ); /*Currently the minimum
one*/
if k V4��4X�*�kT¹ 1 then
¸ save V4��4X�* LïATV4��4X�821P@ E asalternative choices¹ ;

if ¸"� violatessomeconstraintin ) ¼ ¹ then BACKTRACKING;
¸ Expand� by introducingV4��4X�8217@ new nodes,eachoneconnected
with : via anarclabelled1�¹ ;
for each ¸ new creatednode \ ¹ do begin
V4����*�*4��* := computeAdmissibleClasses( \ );
if V4�5��*T*4��*�0K� then BACKTRACKING;
V4����*�*�8;\ø@ := chooseClass(V4����*�*4��* ); /*Currently random*/
if k V4����*�*4��*Dk�¹?> then

¸ save V4�5��*T*4��*GL�A�V4����*�*�8;\ø@ E asalternative choices¹
end

) ¼ := updateCurrentConstraints(: );
if ¸#� violatessomeconstraintin ) ¼ ¹ then BACKTRACKING;� ¼ := updateCurrentSlots(: );
if � ¼ 0N� then ¸ markthecomponent:ø¹
end$

Thecurrentsystemrelieson a formal definitionof a bind relationamong
constraints.
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return T% .

Translation of the Set �Pó in a Set of Constraints. As con-
cernsthe scenario 2 depictedat the beginning of this section,the
taskof controllingthatthesetof componentschosenby thecustomer
(andrepresentedby theset �7ó ) canactuallybe partsof a complex
productof kind ) (i.e.belongingto theclass) 10) canbeperformed
by thehypothesisvalidationalgorithm.Therefore,thereis theneed
to translatetheset �7ó in a set )(¶��%½�� { � of input constraintsfor
theclass) . Thiscanbedonein thefollowing way:
)(¶��%½�� {�� �20N� ;
for each V�¤øbø�Pó do begin{ 8	V�¤7@&� 0]A�/'��) ý /Dþ�ÿ#\ö*4V�8	V4¤7@ E ;
)(¶��%½�� {�� �20 )(¶��%½�� {	� ª A�������� �
8 { 8	V�¤7@I@d8I8;�	:(\ø*4V�8	V4¤7@�8;\ö���	
I8	V4¤7@d�Y) optdu 8;)�� { 8	V4¤P@I@I@I@I@ E
end.
It shouldbeclear(seethedescriptionof thepredicate3 in section3.1)
that the algorithm2, with the class ) andthis set )(¶��%½�� {�� as
inputs,verifiesif it is possibleto build aninstanceV(b%) containing
at least \ö���	
I8	V4¤7@ elementsof kind \ö*OV�8	V4¤7@ , for each V4¤gbi�7ó
chosenby thecustomer. Moreover, if suchaninstanceis possible,all
thecomponentsthatwerenot chosenby thecustomer, but thathave
beenaddedduringtheexpansionof theinstancetree,canbethebasis
for suggestingsomeneededcomponentsto thecustomer.

Wejustpointout thattheclass) couldhavebeenindicatedby the
customerautonomouslyor after a dialoguewith the systemon the
basisof theresultsof thehypothesisformulationalgorithm.

5 Conclusions

In the presentpaperwe have describedthe main featuresof � ��� ,
in particularthe role playedby has-partrelationsandconstraintsin
modelingcomplex product.We have alsosketchedsomebasicrea-
soningmechanismswhichcanbeexploitedto supportacustomerin
selectingand configuringa product.The adoptionof a declarative
approachto knowledgerepresentationhastheadvantageof making
a cleardistinctionbetweenthe formalismandthe reasoningmech-
anisms.����� is powerful enoughfor modelingdifferent typesof
knowledge,in particularthe relationsbetweena complex product
and its componentsaswell as the descriptive characteristicsof the
products.Thisability is veryrelevantsincein abusinessto consumer
perspectiveof e-commercearecommendingsystemhasalsothetask
of makingintelligible to thecustomerthedescriptionof theproduct.
For this reasonthe productscannotbe describedjust by meansof
technicalfeatures,but a descriptionshouldincludealsoeconomic,
functional,aestheticfeatures.Therecommendingsystemhasto use
thesepiecesof informationfor selectingandrankingproductsto be
suggestedto the user, but canalsousethesepiecesof information
for customizingthe descriptionof the productby taking into con-
siderationthe userprofile (see,for example,[2]). In the paperwe
have focussedourattentionto theneedsof thecustomer, but wealso
have startedto considerthe servicesuseful to the managerof the
virtual store.For example,wehavedevelopedsomeadditionalinfer-
encemechanismsable to singleout sometype of inconsistency in
the knowledgebase.Thesemechanismsarequite useful to knowl-
edgeengineerswhenthe knowledgebasehasto be updatedand/or
extendedor anew domainhasto bemodeled.

It is worth notingthateven if therepresentationlanguageandthe
inferenceservicesthatwedescribedaretailoredto therepresentation

 �(
Again,weassume���È��4É	Ê�É	Ê����aÌ���Ã��GÅ .

of (andto the reasoningon) productsin a virtual store,they have a
few similaritieswith somemechanismsusedin thetechnicalconfig-
urationtask.In [11] theGenerative ConstraintSatisfactionProblem
(GCSP)approachis presentedandin [6] aconfiguratorfor largetele-
phoneswitchingsystemsbasedon theGCSPparadigmis described.
Althoughin theframework thatweproposedtheconfiguration(or the
testingof theuserrequirementsconsistency) taskis not definedasa
(G)CSP, thehypothesisvalidationalgorithmdoesactuallywork over
a setof variablesrepresentingslotsandcomponentswhosenumber
can’t bepredetermined.Theactivationof theslotvariablesisdynam-
ically performedby the functioncomputeCurrentSlots(: , ) ¼ ) andit
is analogousto the activation of the property variablesin GCSP.
However, in our framework, theactivationconstraintsareimplicitly
containedin thepartonomicdescriptionof theclasses11. Theactiva-
tion of new componentsvariablesis basedon the valuechosenfor
(thecardinalityof) a (current)slot andit representstheinstancetree
expansionstep.As the problemsolver describedin [11, 6] for the
GCSP, thehypothesisvalidationalgorithm is basedon a backtrack-
ing architecturein which someconstraintpropagationmechanisms
areusedto reducethesetof possiblechoices(i.e. to reducethedo-
mainof theslotandof thecomponentvariables).

Moreover, the semanticof frames and that of member slots
(chains)follow thatof descriptionlogic (DL) terms(aDL-basedcon-
figuratoris described,for example,in [8]). However, differentlyfrom
mostDL-basedsystems,our systemdoesn’t includea classificator
andthetaxonomieshave to beexplicitly built by theknowledgeen-
gineer.
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Abstract. Product configuration is a specific area of research and
business for mechanical (and electrical) products. However, config-
urable software products have not attracted as much interest. This
paper outlines the concept of configurable software product families
covering millions of variants from which product individuals are
configured to meet particular customer needs. Solutions to manag-
ing such software products are sought from experiences with me-
chanical products and expressed here in the form of a research
agenda.

1 INTRODUCTION
This paper investigates software as a configurable product family
that may include millions of variants. Thus, we aim at providing
methods and tools for a software engineering paradigm in which
instances of software are created in a routine manner. This creation
would be based on a predefined model (or architecture) that de-
scribes all variants and the required knowledge for selecting func-
tional combinations of components. Such paradigm becomes
important, for example, when software is embedded in a product
that is configurable and the software must adapt to the hardware
configuration. If the available memory is limited, the loaded soft-
ware cannot simply include all possible variability and dynamically
adapt to the hardware. Examples of such products are tomorrow’s
mobile terminals. Similar strategies are also currently sought for
enterprise resource planning  (ERP) systems, which are large con-
figurable information system packages [1].

In this paper, we chart a research agenda starting from the expe-
riences in product configuration of mechanical and electrical prod-
ucts, which are called traditional products in the following. We
begin with a brief introduction to product configuration and soft-
ware engineering, especially software architectures. However, we
assume that the reader is familiar with product configuration and
thus the introduction to it is minimal.

Our goal for the research work is to find description methods for
software product families. The methods should be understandable to
software engineers with no special skills in formal methods or logic.
In addition, the description of a software product family of an in-
dustrial company should be manageable both in complexity and in
size. This restricts the modeling essentially to the design level, as
very deep models tend to be extremely large. Furthermore, the used
description language should allow the models to be processed by
computers, which requires strict tradeoffs between the expressivity
and complexity of the underlying concepts, as the more powerful
logical formalisms may in practice be infeasible.

With respect to previous work in software engineering, a natural
counterpart to which this research should be contrasted is modeling
and applying software architectures. We aim at rather limited mod-
els if compared to the most general approaches in software engi-
neering but, on the other hand, we aim at general concepts that are
not specific to any particular software domain.

2 PRODUCT CONFIGURATION
A configurable product is adapted to the needs of a particular cus-
tomer in a configuration process using predesigned components and
a predefined configuration model. A configuration task is thus to
find a suitable variant from the search space defined by the configu-
ration model. The output of a configuration process is a configura-
tion, which is an adequate description of the product individual so
that it can be manufactured (see Figure 1) [2,3,4,5,6,7].

3 SOFTWARE ENGINEERING
In this section, a brief look is taken at the basic concepts in software
engineering, in particular those of software architectures. We begin
briefly with component based software, move on to software archi-
tectures and concentrate there on software architecture description
languages and domain specific software architectures, which pro-
vide the central point of reference for this paper.

Within component-based software engineering (CBSE), defini-
tions of a software component include [8]:

• nearly independent and replaceable part of a system with a
clear function in the context of a well-defined architecture

• dynamically bindable package that is accessed through
documented interfaces

• unit of composition with contractually specified interfaces
• business component representing an autonomous business

concept or process.
In many cases, components are seen as rather independent units and
it is required that truly composable systems allow connecting sys-
tem components into a whole in ways not foreseen by the original
developers of the components [9].

Software architecture is a term understood in many different
ways, typically meaning the structure of components of a software
system, including the relationships and guidelines for design and
management of evolution [10]. According to Moriconi et al. [11], a
software architecture is represented by the following concepts:

• component
• interface that denotes a logical point of interaction between a

component and its environment
• connector, relating interface points, components or both
• configuration, which is a collection of constraints that wire

objects into a specific architecture
• mapping from the language of an abstract architecture to the

language of concrete architecture
• architectural style

Architectural style is defined by a collection of conventions for a
class of software architectures. Style is thus more a general theory
for a subfield of software engineering. Common architectural styles
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include pipe-filter, batch-sequential, blackboard, implicit invocation
(event-based) and client-server [11]. Formal methods allow ana-
lyzing properties of styles and result to a set of general theorems
about all systems in the family [12].

Software architecture description languages (ADL) are used to
support architecture-based system development. A system architec-
ture or architectural model is specified by a set of components,
connectors, a configuration and a set of constraints and is written in
an architecture description language [13]. An architectural model
may apply to a single system or to a family of systems in a domain;
the latter is referred to as a generic architecture or domain specific
software architecture (DSSA) [14], which comprises of [15]:

• reference architecture describing a computational frame-
work for a domain of applications

• component library of reusable chunks of domain expertise
• application configuration method for configuring compo-

nents to meet particular application requirements
The focus of this paper is on software product families that include
large variation. Variety in software product families can be imple-
mented by an approach called customization, in which a ‘universal’
software product is adapted to behave as any specific variant [16].
However, the size of the software product increases because it con-
tains all the variability of the product.

An alternative approach is to use preprocessor directives to op-
tionally include pieces of source code. In this approach, however,
the big picture is easily lost, as the representation of variation is not
explicit but is embedded in the source code. Variability may also be
achieved by modularization, in which the variants are produced by
selecting appropriate components to the family architecture [15,16].

When large software products are adapted to different customers,
a typical approach is “copy and paste”, also called cloning. That is,
an existing variant of the software product is taken as a basis and
then modified accordingly. This approach has its drawbacks since in
duplication and ad doc modification of architectural components the
original ideas behind the architecture are easily lost, which in con-
sequence deteriorates the overall product architecture [17].

4 CONFIGURING SOFTWARE

4.1 Feasibility of Configuring Software

Some issues specific to software might make configurable software
products infeasible. For example, including extraneous components
does not typically increase the cost of a product individual. This
enables in many cases the selling of software product individuals
that contain all possible features. Sometimes, however, the available
memory is a limiting resource. In such case, it may be necessary to
carefully select the components in a particular configuration simply
because otherwise the product individuals would not fit into the
memory.

In mobile communication, there are also limitations in band-
width, which may become an important factor if the software prod-
uct individual is transferred via a wireless communication channel.
Therefore, it may be important to load the exact software variant for
the hardware in question and take into account the hardware and
other software options already installed into the product individual
to avoid unnecessary usage of bandwidth.

The current generation of ERP systems relies on a monolithic
software architecture in which customer requirements are met by a
large number of parameters, options and configurable functionality.

However, a minimalist strategy based on components is an alternate
way to meet situation-specific requirements [1].

The common point in all these cases is that customer specific
variation of software is needed but it should be implemented by
other means than single monolithic software product.

4.2 Comparison to Mechanical Products

There are three major product processes: development, order-
delivery and after-sales. The processes and their results are illus-
trated in Figure 1. For configurable products the order delivery
process is required to be smooth and not to include any design
work, which is carried out in the development process. Many com-
panies manufacturing project-like traditional products have recently
sought ways towards this kind of operation, i.e., product configura-
tion. Similarly, software engineering can find ways towards order-
delivery process that would provide customer specific solutions
without programming.

The generic software architectures, especially DSSAs, are close
relatives to product configuration of traditional products. In both
fields the term component means very much the same and also
concepts ‘port’ and ‘connector’ are used, for example. In compo-
nent based software, the components are very often seen as inde-
pendent entities used in manner not thought at the time they were
designed. In traditional products there are also such components,
e.g., screws, bolts, capacitors and resistors. These, however, are
typically not relevant to product configuration, in which compo-
nents are larger chunks, also called modules, designed with the
particular product family in mind. Of approaches to software vari-
ety, the closest to product configuration is modularization.

Furthermore, in DSSAs, the reference architecture with compo-
nent library corresponds to configuration model and application
configuration method to configuration algorithm of traditional
products. Configuration models of traditional products are ex-
pressed by special languages designed for configuration purposes,
which have the similar basis as ADLs of software architectures.
Configuration languages, however, are typically applicable to all
configurable products; they are not targeted to specific type of con-
figurable products. It is not clear what are the right concepts for
modeling software product families in general. Are components and
first-class components the right concepts [18]; or should the con-
figuration model capture the dynamic behavior of the system [19];
or should the configuration model be based on business processes
[20]?

It would be in principle possible to model the physics behind the
design of a traditional product. For example, one could include
kinematics and fluid or energy flow equations and constraints in the
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Figure 1. Basic product processes.
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configuration model. This, however, is hardly ever done, as most
companies do not have resources to build configuration models
from physical principles Consequently, the configuration knowl-
edge is typically at surface, design level. Thus, the fact that a con-
figuration model describes only correct product individuals cannot
be derived from the model—it is based on the designers’ capabili-
ties of designing functioning product families. The development of
some software architecture styles in the form of general theory of
software engineering resembles the approaches to develop a general
theory of design.

5 PROPOSAL FOR A RESEARCH AGENDA
Our proposal is based on lesson learned in research with traditional
products. The modeling and management of configuration knowl-
edge of traditional products is difficult even with a static informa-
tion. That is, for example, without analyzing whether a product
individual fulfils some kinematic conditions. For configuring soft-
ware, capturing the behavior of software has been proposed [19].
That is an important line of research, but unlike it, we begin here
with a static situation. Regarding configuration of software product
families, this means that we do not suggest starting from the general
theory of software architectures. We thus intend to investigate a
small part of the software architectures, which includes research on
architecture description languages and domain specific software
architectures in a context where large variety is central. Our work
belongs to an emerging research area of software product lines in
which the first international conferences are currently being organ-
ized (see http://www.sei.cmu.edu/plp/conf/SPLC.html). Our idea is
to approach software configuration with the methods and tools
developed for mechanical products. We aim to analyze how soft-
ware products can be treated with them.

Our approach to managing software product families assumes
• a need for customer specific adaptation in a relatively rou-

tine configuration process. For example, because of restric-
tions in the size of the available memory.

• the software product to consist of components (or modules)
that have clear interfaces

• existence of domain specific software architecture, or in
other words, a configuration model, that describes the vari-
ants of the software product family

• a language for modeling the above mentioned components
and the architecture, i.e., a configuration modeling language.

The management of a software product family would be done inde-
pendently of the details of the process producing the software. This
process may include selection of correct software modules, setting
values for pre-processor directives, textual means (e.g., macros) for
modifying the source code, selecting module versions from version
management tools, creation of scripts for compiling and linking the
executable, etc. The point is that the management is based on a
configuration model at the architectural level. That model serves as
a tool for the development and management of product family and
for the actual configuration of software product individuals. The
research tries to provide answers to, e.g., the following questions:

• How should the architectures and components of software
product families and their evolution be modeled?

• What kind of intelligent support for re-using architectures
and components and configuring software can be offered?

• How does the (dynamic) reconfiguration affect the situation?
What does it enable?
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Yet Another Approach to CCSP for Configuration
Problem

Mathieu Veron 12 and Michel Aldanondo3

Abstract. Industry interest concerning the configuration problem is
getting bigger and bigger each year. Among the research axes raised
by this activity, the search for a suitable formalism for configuration
problem led to the definition of Conditional Constraint Satisfaction
Problem. A CCSP could be briefly described as an auto-modifying
CSP, variables and constraints are added or removed according to
conditions on the current state of activity of variables. This leads to
two separate types of constraints and to a two level algorithm.

We believe that the modeling of a configurable product must in-
clude and manage an activity state over each object used in the rep-
resentation of such a product. So we are inclined to use the CCSP
framework. But, there is a certain amount of drawbacks in using this
approach. After a short summary of the main problems encountered,
we will present another approach, able to represent the same class of
problem but in a single CSP.

The choices made for this modeling will be justified and illustrated
by an example. Furthermore, we will present an algorithm to solve
this problem, this algorithm is able to take advantage of the nature
of variable. To conclude, we will comment some preliminary results
computed on real and randomly generated configuration problems.

1 Introduction

Nowadays, Constraint Satisfaction Problems framework (CSP) is
used widely in industrial applications. Among the emerging ones,
we would like to stress the growing importance, from both industrial
and scientific points of view, of the configuration problem.

Configuration aims to provide a correct and complete definition of
a product containing non predefined and/or optional elements. Com-
puters, hand-made bookshelves, travels are examples of configurable
products. The CSP framework can help us tackling this problem,
first, thanks to its compact representation of the problem. Indeed,
suppliers of configurable product generally have a wide offer and
making an exhaustive catalogue of all available configurations is out
of concern. Second, due to technical, commercial or even marketing
decisions, some elements could not be combined together and should
be identified at the designing stage, thus the framework used to rep-
resent a configurable product should be able to express constraints.

Earlier works [8] have shown that, if CSP seems to be a valuable
candidate to manage the configuration problem, it could not been
used ”as-is”.
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1.1 Link between CSP and Configuration

Why CSP are able to represent a configuration problem. Con-
figuration problems are often partitioned into two approaches : a
technical one, where the configurable product is defined by the ex-
pression of all the parts that can compose the final product ; hence
the configuration process could be seen as the reduction from this
model to a valid bill-of-material (B.O.M.). Variables either represent
the presence (or absence) of a component or its identification code.
Constraints describe the allowed combinations of items. Moreover,
one can express constraints over quantity of an item if there are vari-
ables dedicated to represent the amount of each selected item.

The second approach, said functional, starts with a more descrip-
tive model of the product, more suited to the end-user lacking techni-
cal knowledge, it allows people to express their needs valuating char-
acteristics without referring to parts. Variables can be used to repre-
sent characteristics, their domains and the possible values, whereas
constraints can express the values which are compatible and those
which are not. Moreover, one can express constraints over numeri-
cal values, for example dimension, which is very useful for tailored
products. A mapping between the characteristics and the B.O.M. is
then established.

Why they are not. First of all, there is no structure into a bare CSP
whereas configurable product knowledge is quite always organized
into a hierarchy. Hence, if variables are used to represent characteris-
tics or the presence/absence of a component, they should be gathered
into a meta-object, which could also be included in a super-element
and so on.

Second, and this is one of the major differences between CSP and
Configuration problem, all the variables do not take part in the so-
lution. Indeed, the expert knowledge about configurable product is
full of ”rules” such as : if a component of type A is selected then no
component of type B should be available ; taking one of the compo-
nent A implies to take one of the component C, etc. These rules can
be conveniently coded through an activity state over variable, stating
that only active variables belong to the search/solution space.

From these two statements, it becomes clear that not only variables
activity should be controlled, but also that an activity state has to be
managed at any level in the structure.

To overcome the above limitations, two main ways were explored
: to manage on top of a CSP, a second problem able to compute the
activity state of each variable (work published in [4]) ; or to extend
the CSP framework in order to be able to express the structure of
the problem, one of the most representative works was published in
[5]. We will briefly discuss both approaches, and from the lessons we
learnt, we will present another approach of the configuration problem
modelization and the algorithm that comes along to solve it.
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1.2 DCSP

Their works on configuration led Mittal and Falkenhainer [4] to
present the Dynamic CSP formalism, also known as Conditional
CSP (CondCSP) to distinguish from the Dynamic CSP presented
in [2]. The idea behind CondCSP is to manage an activity state on
each variable, and to allow the expression of rules to condition this
activity. Only active variables take part in the solution. It could be
formally defined as :

Definition. A Conditional CSP is a triplet{V, AC, CC}.Where
V is a set of variables, AC is a base of rules as ”condition implies
variable v is (or is not) active”, condition is a logical expression
involving either activity state or value of variables. CC is a set of
constraints i.e. a subset of the Cartesian product of the domain of
variables expressing the allowed valuations.

The configuration problem is then defined as :

Definition. The configuration problem is, given a CondCSP,
to find a valid assignment such that all active variables satisfy all
the constraints having all their variables active.

Beginning with the CSPp0 = {V0, CC}, V0 ⊂ V is the subset of
initially active variables (i.e. for which a rule liketrue → active : v
exists)

1.3 Composite CSP

Composite CSP (CompCSP) were introduced by [5], as an answer to
the lack of structure into the CondCSP formalism. The idea behind
CompCSP relies on abstraction. At a meta-level, the problem is
only composed of meta-variables, when they are selected, the whole
problem is modified as the meta-variable is expanded into (and
replaced by) a less abstract CompCSP.

Definition. A composite CSP (CompCSP) is a triplet{X, D,
C}, where X is a set of variables, D is the set of their respective
domains and C is a set of constraints. Elements of anydi ∈ D is
either a value or a CompCSP.

Every time the domain of a variable v is restricted to
a singleton representing a CompCSP p’={X’, D’, C’ },
the current problem is modified :pi becomes pi+1 =
{X/{v} ∪ X ′, D/{dv} ∪ D′, C/{Cv} ∪ C′} where Cv is
the subset of C containing constraints involving variable v.

We believe that this substitution mechanism is the strength and
weakness of the CompCSP formalism. Indeed it allows to take care
of the structure of configuration problems and to keep the current
problem small. But, it introduces some drawbacks.

Due to the variable substitution, undoing a choice (i.e. backtrack-
ing) is more complicated than in classical CSPs. One needs to keep
track of the meta-problem structure to undo choices and to remove
variables and constraints. Moreover, in an interactive configuration
framework, we need to keep all the choices made by the user ”on
screen”. It is possible to implement this functionality in the Com-
pCSP framework, but doing so, we loose the good small size prop-
erty.

Regarding storing space and computing time issue now, some
overcost due to ”implied constraints” extrapolated from constraints
given at the variable level might appear. Symmetrically, constraints

expressed at the meta-level should be specialized at sub-level be-
cause, when the substitution occurs, all the constraints on this vari-
able are removed from the new problem.

2 Modeling the Configuration Problem on a single
CSP

In order to take the best of both worlds (expressiveness and struc-
ture), another definition of a configuration and configurable product
will be given, then we will propose a way to encode it into a CSP.

2.1 Proposed model of the configuration problem

Let us start with the core definition, explanations will follow :

Definition. A configurable product (CP for short) is a triplet
{L, V, C} where,
L is a set of CP, which can be partitioned inL = Lcp ∪ Lcpe re-
spectively containing non-elementary CPs (L 6= �) and elementary
ones (L = �). Cardinality ofL is n.
V is a set of variables, which can be partitioned inV = Vs ∪ Vb

respectively containing state variables and base variables (i.e. the
classical ones). Cardinality ofVb is m, whereas cardinality ofVs is
n + m.
C is a set of constraints that can be partitioned inC = Cs∪Cb∪Csb,
respectively containing constraints involving only state variables,
constraints involving only base variables and constraints involving
both types of variables.

The structure is given by the recursive inclusion of CPs within
CPs. It is commonly admitted that keeping this structure tree shaped
is safer. We encourage the use of a restriction rule within the
definition not to allow circular inclusion of CPs. In the following,
we will assume that all the manipulated CPs satisfy this condition.

State variables are Boolean variables, one for each CP and variable
recursively included into the CP root. By definition, the value{0}
encodes the inactive state, while the value{1} encode the active one.

Conditional rules over activity state are transposed into constraints
involving state variables, for example : two elements A and B (either
CP or variables) mutually excluding each other, or, if the use of A
implies the use of B, see table 1 for examples.

Table 1. Condition Rules encoding

A excludesB A impliesB
State(A) State(B) State(A) State(B)

0 0 0 0
0 1 0 1
1 0 1 1

bothA andB or none
State(A) State(B)

0 0
1 1

Whereas the CondCSP formalism used a two-level model and a
two-level algorithm, we are now able to use CSPs classical algo-
rithms such as propagation and resolution to solve the configuration
problem. The advantages are numerous :

• It is often more compact than a rule based approach to encode the
activity rules into constraints.
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• Due to the attachment of constraints to CPs, the knowledge base
itself is structured and CP re-utilization is easy.

• The good small-size property of CompCSP remains because only
active variables participate in the solution and the resolution pro-
cess.

• The transformation from CondCSP to this new modeling approach
can be automated.

• It is possible to express the optional characteristic of a CP or vari-
able (the one for which 0 and 1 are still valid into the domain of
their state variable).

But more important is that, the same efficient algorithm is used for
all kinds of variables, so we are able to :

• Deduce active and inactive CPs or variables thanks to constraint
propagation.

• Explanation mechanisms [7] can be extended at no cost from value
removal to state enforcement.

• The variable partition allows to decompose the constraint problem
into three sub-problems (Ps, Pb, Psb) on which we can enforce a
different level of consistency.

• A resolution algorithm, while listing all the solutions of the con-
figuration problem can exhibit the values that never appear into
a solution. This can be done in a preprocessing step to obtain an
equivalent and reduced problem.

2.2 Algorithm

We will propose in this section, an algorithm to solve the configura-
tion problem. It is based on Dynamic Backtracking [3] + local consis-
tency, but contains some modifications. First the three sub-problems
can be treated in a row, with different levels of consistency (available
consistency are : one pass arc consistency (i.e. Forward Checking
(FC)), Arc-consistency (AC) and Singleton Arc-Consistency (SAC)).
Second, as constraints involving at least one non-active variable are
trivially satisfied (in that case the constraint itself is said inactive),
the propagation only occurs on active constraints. And last, a vari-
able becoming active (respectively non-active) should be put in the
propagation (resp. relaxation) pipe.

main program

i=0
definition of problem Pi
partition of Pi in Pis, Pisb and Pib
Filtrate each constraint of Pi
if inconsistent then exit on error
else
loop

if in interactive mode
wait for a user unary constraint
(i.e. a choice of a value (val)

over variable (var))
else

if in batch mode then
select a variable (var)
select a value (val)

i++

Filtrate(Pi, var, val)
if Pi is not consistent then

if in a batch mode then
backjump, heuristically prefer

state variable
else if in interactive mode then

explain inconsistency
and/or propose a restoration

end loop

function Filtrate(Pi, var, val)

push var into list L
while L is not empty

v = pop(L)
if v is in Pis or Pisb

filtrate domain of v (rather with AC or SAC)

if the domain evolves then
push the variables concerned into L
if v is a state variable

and
if domain now equal to {1} then

push the corresponding base
variables (if any) into L

if v is in Pib
filtrate domain of v (rather FC or SAC)
if the domain evolves then

push the variables concerned into L
end while

2.3 Example

The example we have chosen here is the classical car configuration
example ([4], [6]) enhanced with a small structural decomposition.
the whole problem contains eight variables. Four of them compose
the basic requirements, whereas the last four compose the options.

Figure 1. Example problem : car configuration

Car
Basic Options

Package∈ {L, D, S}
Frame∈ {C,S H}
Engine∈ {S, M, L}
Battery∈ {S, M, L}

Sunroof∈ {Sr1, Sr2}
Aircond∈ {Ac1,Ac2}
Glass∈ {T, NT}
Opener∈ {A, M}

The problem is composed of eight base variables and three CPs.
To encode the activity state, we need one state variable for each, so
eleven state variables are required.

The table 2 shows how to encode the hierarchical composition of
CPs within CPs and variables within elementary CPs. We can notice
that two approaches are available : either one n-ary constraint like
C1 or C2, or either many binary constraints like C3 to C5. the first
approach is interesting when the constraint is very tight, the more
extreme case is ”if the CP exist then all sub CPs exist” leading to
two n-uplets all zero or all one. The second approach is more inter-
esting when many sub-CPs are optional, the constraint is then very
loose (one could have coded this by an n-ary constraint containing
the forbidden valuation).

Table 2. Example of problem modelization

Constraints encoding the structure relationship.

C1 : Car is composed of Basic and Options
state(Car) state(Basic) state(Options)

0 0 0
1 1 1
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C2 : Basic is composed of Package, Frame, Engine and Battery
state(Basic) state(Package) state(Frame) state(Engine) state(Battery)

0 0 0 0 0
1 1 1 1 0
1 1 1 1 1

C3 Options is composed of Sunroof
state(Options) state(Sunroof)

0 0
1 0
1 1

C4 Options is composed of Aircond
state(Options) state(Aircond)

0 0
1 0
1 1

C5 Options is composed of Glass
state(Options) state(Glass)

0 0
1 0
1 1

C6 Options is composed of Opener
state(Options) state(Opener)

0 0
1 0
1 1

Constraints encoding the former Activity Constraints, expressing the forbidden val-
ues (C7 to C15 from right to left and from up to down)

state(Sunroof) state(Glass)
1 0
0 1

state(Engine) state(Battery)
1 0

state(Opener) state(Sunroof)
1 0

Package state(Sunroof)
L 0
D 0

Package state(Aircond)
L 0

Sunroof state(Aircond)
Sr1 0

Frame state(Sunroof)
C 1

Battery Engine state(Aircond)
S S 1

sunroof state(Opener)
Sr2 0
Sr1 1

Constraints encoding the former Compatibility Constraints, expressing the forbid-
den values (C16 to C19 from right to left and from up to down)

Opener Aircond Battery
A Ac1 S
A Ac1 L
A Ac2 S
A Ac2 M

Sunroof Aircond Glass
Sr1 Ac2 T

Package Aircond
S Ac2
L Ac1

Package Frame
S C

Example of an interactive configuration.

1. At the beginning, and after a simple arc-consistency enforcing,
Basic is active, and all the variables inside are active too. Battery
is active due to the combination of C2 and C8

2. The user excludes L from the domain ofPackage (Package 6=
L), it remains two possible values forPackage.

3. The user selectsPackage 6= S, by propagation,sunroof and
Glass become active (by C10 and C7), soOptions becomes ac-
tive (by C3 or C5) andFrame 6= C by C13).

4. The user selectsstate(Aircond) 6= 1, this is a manual exclusion
of a base variable from the search space.

5. The user selectsFrame 6= H, Engine 6= S, Glass 6= NT ,
Opener 6= A

6. At this point we let a tree search algorithm complete the configu-
ration for us, leading toEngine 6= L, Battery = S.

Discussion Looking at step 1, we can deduce that the model could
have been simplified suppressing C8 and the second tuple of C2.

Step 3.Frame{C} has been removed by propagation, but a com-
plete pre-processing of the model (for example, using [1] we are
able to compute the whole set of solutions) would have detected that
Frame{C} should be removed from the model. Thus it is possible

to reduce the problem to an equivalent one, suppressing this value
from the domain and the tuples using it.

Step 4. Enforcing a state value is an elegant way to solve the prob-
lem of user choice over an optional variable, at this stage,Aircond
could still become active or not, the user has decided to have no air
conditioner. Thanks to the representation of state through a variable
this choice is propagated the same way as classical valuations.

Step 6. The user think he has expressed his needs, and do not care
of the exact values that are going to be chosen for the remaining vari-
ables. A tree search algorithm is then run on the problem consisting
of active not-instantiated variables (domain not restricted to a single-
ton), trying to extend the current valuation to a valid solution (i.e. a
configuration) without backtracking on user choices. This feature is
very useful within configurators.

3 Conclusions

The main contribution of this paper to the configuration domain is to
propose a model able to express a configurable product in a hierar-
chical way which is compatible with most of the CSP algorithms. As
far as we know, only the work reported in [5] has dealt with this hi-
erarchical approach problem which is a fundamental aspect for con-
figuration deployment in industry.

The proposed elements have been set in a software package and
tests on various problems (including randomly generated ones) have
been conducted. Time measurements on interactive configuration
with rather small models ( fifteen state variables, fourteen base vari-
ables) is under the tenth of second, deserving the title of interactive.
Achieving various levels of consistency over the sub problems does
not show, for now, significant results. In our opinion, more precise
parameters of a configuration problem (and of randomly generated
problems) should be studied, in order to show their influence over
various search algorithms. This is an ongoing work we will focus on,
as well as adapting optimization techniques to our model.
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Product Data Management (PDM) System
Support for the Engineering Configuration Process

- A Position Paper -

Samir Mesihovic1 and Johan Malmqvist2

Abstract. This position paper treats the use of a PDM system
integrated product configurator to support development and
configuration of highly customized product variants. The problem
is investigated as a part of a Ph.D. project performed at Chalmers
University of Technology, Sweden.

1 INTRODUCTION

During recent years, competition between engineering companies
has become much harder. The companies that win the competition
are those who can first deliver highly customized products that
meet customer requirements and company constraints.

PDM (Product Data Management) systems and product
configurators are computer tools that make it possible for
companies to shorten product development time and sales-delivery
process. The term sales-delivery process includes all the phases
required to sell, design, order, manufacture and finally deliver an
individual product to a customer [4].

PDM systems keep track of the masses of data and information
required to design, manufacture and then support and maintain
products during the entire product life cycle. PDM systems also
provide support for modelling of processes that can be executed on
the data in the system [2]. Product configurators are systems that
use product definition information in the sales-delivery process for
fast and correct configuration of working product variants that
fulfil customers’ requirements and company constraints such as
production and delivery capabilities.

The problem is that the product configurators as used in many
companies these days, do not fully support the engineer-to-order
process that sometimes needs to be done in order to further
customize a preliminary configured product (Chapter 2.2). This
task demands an integration between product configurator and
engineering applications such as CAD/CAM/CAE.

1 Department of Machine and Vehicle Design, Chalmers University of Technology,
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Another problem is to update product configurators with a new
release of product configuration data. Invalid information in the
product configurator systems leads to incomplete and invalid
product specifications. For this reason correct information in the
product configurators is vital for quality and assurance. Moreover,
the engineering staff that has most knowledge about the company’s
products can often not transfer that knowledge to the company’s
configurator because there is a lack of user-friendly methods and
computer tools for such task..

A more effective product configuration knowledge transfer from
the product development process to the sales-delivery process and
product configurator is needed.

Different types of the product configuration concept are
presented in chapter 2. Chapter 3 gives an introduction to the PDM
system integrated product configuration concept and an example is
presented. Finally, conclusions and recommendations for future
work are given in chapter 4.

2 PRODUCT CONFIGURATION

Mittal and Frayman define product configuration as a special type
of design activity, with the key feature that the artefact being
designed is assembled from a set of pre-designed components that
can only be connected together in certain ways [6].

Pre-designed components are re-usable, completely designed in
detail and can be manufactured without any additional information
[3, 4].

Up to now, product configurator systems have been mostly
implemented as commercial sales configurators, as parts of ERP
systems or as company specific developed solutions.

These configurators work well for products that exclusively
consist of pre-designed components. However, in some cases,
products consist of a mix of pre-designed, parametric and
modifiable components, e.g., speciality valves used in the process
industry.

Parametric components are pre-defined to some extent, but the
key parameter values must be determined before they can be
manufactured and assembled [3].
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A modifiable component has pre-defined functionality, but the
design is not solved in detail because of the large variations in
customer demands when it comes to that part of product's
functionality, e.g. inlet and outlet connector design for high
pressure reducing valves used in the process industry. In order to
define a modifiable component, an engineering task must be done
during the sales-delivery process.

The existing configurators provide limited support for such
products. For this reason, the definition of configuration, given
above, should be  extended in order to support configuration of
products containing pre-designed, parametric and modifiable
components. It follows that two product configurator types /
product configuration strategies can be identified:
§ Assemble-to-order configurators supporting traditional

assemble-to-order process.
§ Engineer-to-order configurators supporting engineer-to-

order process.

2.1 Assemble-to-order

Assemble-to-order configurators have standard configuration
abilities presented by Mittal and Frayman. They give strong
support for the assemble-to-order process but have limited
capabilities for supporting the engineer-to-order process. Product
configuration models [4] used in the assemble-to-order
configurators are typically built after the product development
process and are based on a fixed number of components and rules
for their assembly. That results in a fixed number of product
variants that can be offered to the customers (computers, most
automobiles). The product structure generated during the product
configuration process often can not be modified afterwards.
Furthermore, assemble-to-order configurators are often integrated
with order and manufacturing systems so that once they have been
configured, product variants can automatically be manufactured
and delivered. Assemble-to-order concept presented above includes
typically the specification mapping step, the preliminary
configuration step and the selection step of the sales-delivery
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Figure 1 Sales-delivery process containing an automated product configuration part where the pre-designed components are identified and assembled,
and an engineering part where the initially configured design is finalized. The general model of integrated product and process development is re-drawn
from Andreassen and Hein [1]. The procedure for product configuration is an extension of Schwarze's [7] model by adding the design-to-configure step.
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process (Figure 1). After the selection step, release to production,
manufacturing and delivery can be automatically proceeded.

2.2 Engineer-to-order

In the engineer-to-order configuration concept, some parts of the
product are pre-designed components and can be automatically
configured while other components must be specially designed
according to customer requirements (transformers, speciality
valves, elevators). The automated part of the engineer-to-order
process can use standard assemble-to-order configuration
approach. The engineering part of the process has to be supported
by a configurator but also by other applications, e.g
CAD/CAM/CAE  tools in order to assure a fully working end-
product (see Figure 1).

During the automated configuration part of the engineer-to-
order process an "open" product structure is generated. In the open
product structure some objects are fully identified by using pre-
designed components, including article numbers and assembled in
certain way, while other objects are left unidentified and an
engineering effort needs to be done in order to define this part of
the product structure [5].

The unidentified objects of the product structure are typically
parametric and modifiable components. Parametric components
may be treated as pre-designed components if the parameter values
are determined during the automated part of configuration process
by using calculation applications directly integrated with the
assemble-to-order configurator. However an engineering process
must be done in order to design the modifiable components. In this
case, the configurator can deliver information concerning
modifiable components, e.g. customer requirements, component
function, component type, parameter data, and component
template, that helps engineers to effectively design the solution.
This requires support from CAD/CAM/CAE tools. The
engineering part of the engineer-to-order process is here called
design-to-configure (Figure 1). An important constraint for the
design-to-configure process is that pre-designed, parametric and
modifiable components assembled in the end-product have to work
together properly to achieve functionality according to the
customer requirements. Furthermore, the workflow and the product
configuration data has to be managed in order to ensure that
important engineering phases are followed and that the data needed
is available in every step. This can be supported by using a PDM
system. It is also important to have information about production,
delivery and supplier abilities during the design-to-configure
process. This demands an integration to the ERP system.

The engineer-to-order configuration concept enables companies
to dramatically increase the number of available product variants
on the market and is close to the custom engineered product
concept  (prototypes), while using mass-production and assemble-
to-order possibilities for the pre-designed components. The
difficulty is then to do this in an efficiency equal to or higher than
that of the assemble-to-order concept. There is therefore a need to
manage the product configuration data in a more efficient way
during the product development and the sales-delivery process.
This issue is discussed in chapter 4.

3 PDM INTEGRATED PRODUCT
CONFIGURATION CONCEPT

From the beginning, PDM systems were aimed at supporting all
design engineering work, but have had weak support for product
configuration. Improved capabilities for product configuration
support have been introduced recently in major PDM systems such
as Windchill, eMatrix, Metaphase, IMAN [8, 9, 10, 11]. These
solutions give the user better facilities for developing product
variants, product configuration models and product configurator
portals in an integrated environment.

During the product development process, the PDM system is used
to manage product data in different phases. At the same time, PDM
enables concurrent development of products and product
configuration models (Figure 2). A PDM integrated product
configurator further provides support for version management of
product configuration models. It enables the user to re-use old

Figure 2 PDM integrated product configurator where the PDM is used
for management of product configuration data during the product
development process and their communication to the product configurator.
Furthermore it provides integration with external CAD/CAM/CAE
applications.
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product configuration models and retrieve old product variants.
This is important for maintenance and delivery of spare parts. The
configuration logic stored in a PDM integrated product
configurator is typically parameters, options and constraints
(explicit and case tables). For simple product configuration models,
there is no need of specialist programming skills. A graphic
representation makes the configuration modeling task easy. For
more complex products a programming effort still needs to be
done. That enables the system administrator to create more
advanced product configuration models. It also supports integration
with external applications such as parameter calculation programs,
publishing programs, constant tables sheets, visualization tools etc.
This can be important for companies which already have assemble-
to-order configurators but need further product customization
during the sales-to-delivery process. In this case, a PDM based
product configurator can first execute an external assemble-to-
order configurator and then proceed to a customization process for
the automatically generated solution.

Many of the new product variants on the market are derived
from existing product variants, where a part of the product is new
designed and the rest is based on the old concept. By using a PDM
integrated product configurator, engineers can test how the new
concepts work together with old ones at an early stage. The
engineer can also generate the old product variants and study them
in order to approve the new ones. Product configurators contain all
product information needed to effectively generate product variants
that fulfil customer requirements. That information can be
submitted to the engineer via the PDM, so that he can identify and
report the product configuration data needed for configuration of
the new product variants.

Our current work is concentrated on investigating the pros and
cons of PDM integrated product configurator solutions. The
research method applied is based on a combination of case studies
at three Swedish engineering companies and the development of
demonstrators in commercial PDM tool with integrated product
configurator.

As a first result, a test system for configuration of hydraulic
cylinder variants has been developed. The system is based on a
PDM system integrated product configurator (Windchill Product
Configurator 4.0),  a CAD system (Pro/ENGINEER) and a
mathematical software (MATLAB 5.3).

4 CONCLUSIONS AND FUTURE WORK

There is justification for a renewed investigation of the possibilities
of implementing support for  development of the configurable
products in PDM systems. The idea is to manage the product

configuration data in the PDM system during the product
development process in such way that it is later easy to use in the
sales-delivery process for updating the company’s product
configurator. Furthermore, it is important to support the design-to-
configure process where the product configuration data is needed
to effectively finalize once preliminary configured product
according to the customer requirements.

Integration between PDM and ERP systems is still a bottleneck
in companies, and it can lead to problems in updating PDM based
configurators in relation to production and supplier capability data.

The expected result is planned to be a method for use of PDM
tools to support management of product configuration data in the
product development and the sales-delivery process for the
mechanical products containing pre-designed, parametric and
modifiable components.
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Abstract. During the early phases of configuration projects very
important decisions are made which will heavily influence the
performance of the company, benefits in different functional
areas (production, sales, purchase, product development, service
etc), maintenance of the configuration system and quality of the
dialogue between the configuration system and the users. Today
there exists very sparse tools and procedures which can assist the
early phases, i.e. conceptual modeling of the products and prod-
uct assortment. This paper presents a five-phase procedure for
conceptual modeling in configuration projects. Each of the five
phases is sup ported by a set of tools. The main idea of the pro-
cedure is utilization of a so-called Product Family Master Plan,
which is a formal description of the product assortment and its
variation. The procedure has been tested at one of Baan's cus-
tomers with very convincing results.

1  GROWING PRODUCT ASSORTMENT
In many companies the product assortment is growing quickly
due to an increased number of customer specific product vari-
ants. There are many “good” reasons for that, e.g.:

n When a customer is
    on the phone and  wants
    a new feature included,
    it is difficult to say no.

n No one in a company
    dare to cut away variants.

n No one dare to say  no to
    a great new product
    invention.

n Resources utilized for
    maintaining the product
    assortment is not measured
    and visible.

Figure 1 . Complex product assortment

The growing product assortment normally leads to an increased
turnover but not necessarily to increased profit. The reason is
that all new parts or products become tasks in all functional areas
in the company. Some one has to purchase, storage, produce,
market, sell, ship etc. the new variant. The company might be

trapped, thus the majority of resources are spent on maintaining
the big complex product assortment and the ability to innovate
and develop new product are dramatically reduced.

Now one could argue that it is not difficult to see the problems,
but what about the solutions? A main challenge is to master the
right balance between variance and commonality. The product
assortment shall show variance from a market point of view, and
show commonality from a company point of view. Variance of
the product assortment is a relational property between the prod-
uct assortment, competitor products and customers. Commonal-
ity is a relational property that at least two products have in rela-
tion to a functional area. If e.g. two machine parts can be manu-
factured by the same lathe then they posses commonality from
production point of view. Commonality ensures reduction of
complexity in all activities carried out in a company.

How shall a company handle the right balance between variance
and commonality? There exist two very powerful alternatives,
namely application of modularization and configuration.
Modularization is a way of structuring the product assortment
and configuration is way of handling knowledge about the prod-
uct assortment. Configuration and modularization can be applied
individually or in combination. Sometimes products are not con-
figurable and therefor modularization is a prerequisite for ob-
taining a product assortment, which is configurable.

This paper is treating configuration – more specifically the con-
ceptual phases in a configuration project. The next section will
briefly explain the reasons for doing conceptual modeling in a
configuration project, and then a procedure and toolbox for con-
ceptual modeling will be presented. This procedure and toolbox
has been tested at one of Baan’s customers and experience from
application will be explained.

The work is done within Baan Development, which is currently
developing a new powerful language for configuration. This
procedure for conceptual modeling is targeted at the new con-
figuration language, [1], [6]. This modeling language from Baan
will be so flexible that an approach taking the need of the com-
pany as starting point is possible rather than taking the staring
point in the modeling language and tools.
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2  REASONS FOR CONCEPTUAL MODELING
When a company has finished modeling of the product assort-
ment very important decisions have been made. It is decided
which product variants that shall be offered to the market and
thereby which products and subsystems that shall be manufac-
tured (purchase, logistics, transport, service etc). This means that
both turnover and costs are influenced directly by the contents of
the configuration system. It can therefore be argued that deciding
on the structure of the configuration model is a business decision
rather than a configuration technology decision. Making a con-
straints may seem innocent but may be a very crucial decision.

Like in any other projects important decisions are made in the
early phases of a configuration project, i.e. the phases where the
model structure in the configuration system is decided. Experi-
ence shows that when 10-15% of the resources are consumed
80% of costs, maintainability, efficiency and effectiveness etc
are disposed.

Today there only exist sparse results from the early phases of a
configuration project. Often there is a jump from specification to
typing in the attributes, constraints, resources etc in the configu-
ration system, see figure 2. This is an unfortunate situation be-
cause the domain experts, e.g. sales, production, purchase, prod-
uct development have difficulties on seeing what decisions are
made and they can not react.

Figure 2: Sparse results from the conceptual phases

The main reason for developing a procedure handling conceptual
modeling is to make the early phases explicit and visible. This is
expected to improve conditions for bringing in relevant
stakeholders early in the projects and improve conditions for
ensuring that there exists a proper leitmotif from overall business
goals to contents of the configuration model.

Another reason for developing the procedure is that it is some-
times difficult to maintain and update a configuration model
when new products are introduced in the product assortment. It
can be difficult to remember the meaning of attributes, con-
straints, resources and mode of action for the configuration sys-
tem.

Last but not least it is the intention that the conceptual modeling
procedure shall make it possible for a company to divide the
modeling of production families between domain experts (pur-
chase, production, quotation, sales, product development) and IT
specialists.

To sum up there are four main reasons for developing a proce-
dure for conceptual modeling of product families in the Baan
configuration system:

n Support business decisions in the early phases of a con-
figuration project.
n Improve documentation thus conditions for updating and

maintenance of the configuration system is improved.
n Allow a possible labor division of modeling product

families between domain experts (e.g. sales, purchase,
production. design, product development) and IT spe-
cialist.
n Allow the starting point for modeling to be the need of

the company rather than modeling language and tools.

3 HOW TO MODEL A PRODUCT
ASSORTMENT?
According to systems modeling [7], [8] there are two types of at-
tributes, which are relevant when a product or product assort-
ment is being modeled. These attributes are named structural and
behavioral attributes. Structure is answer to the question, what is
it? and behavior is answer to the question, what is it able to do?
Examples on structure attributes for a car are car type, size of the
engine, number of doors and color. Examples of behavioral at-
tributes for a car are speed, acceleration, noise-level and fuel
consumption. The distinction between structural attributes and
behavioral attributes is relevant because only the structural at-
tributes can be determined directly during configuration. For-
mally speaking the behavioral attributes and the structural attrib-
utes are related to each other in a causal way. The identification
of structure and behavioral attributes is fundamental when mod-
eling products.

Another aspect that is relevant to modeling is deciding upon the
overall structure of the configuration model. A product has sev-
eral structures, see figure 3. A product has e.g. supply, purchase,
production, assembly, shipping, transport, sales, maintenance
and recycling structures.

Now one could ask which of the above structures should the
configuration model be based on? Some of the factors that will
influence the structure are application area of the configuration
system, frequency of application, stability of the product assort-
ment, domain complexity. Probably there does not exist a ge-
neric answer to determining the structure but often a functional
structure is feasible. Seen from a front office point of view, cus-
tomers are generally asking for solutions, which solve functions.
Seen from a back office point of view production shall deliver
parts which will be come a product with certain functionality. A
functional structure means that each element in the model solves
functions. Identification of the functional structure is supported
by the functions-means tree law. This tool is described further in
section 4.2.

It is relevant to work with more alternative product structures
because one can not look at a product structure and ask is this
good or bad. Only by comparing alternatives it is possible to
evaluate and find the most suitable one.
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Figure 3  A product assortment has several structures, [5]

A formal way of describing the product assortment is a so-called
Product Family Master Plan (PFMP). A PFMA consist of two
main elements: a generic part-of structure and a generic kind-of
structure, cf. figure 4.

Figure 4: Contents of Product Family Master Plan

The generic part-of structure describes the modules, assemblies
and parts that exist in all the products within the assortment or
the product family. Each element is described by attributes that
are determined during configuration. The Generic kind-of struc-
ture describes the modules, assemblies and parts which are
changeable in the product assortment. The product family master
plan is thereby a complete description of the product assortment
and the way variants are created.

The PFMP is described on a big piece of paper typically 2 me-
ters times 3 meters. Very often companies have never been able
to get an overview of the whole product assortment, see figure 5.

Experience has shown that the product family master plan is
very good tool for discussing the product assortment, i.e. where
to start modeling in the configuration system, which variants
shall be included, which technologies are stable and which tech-
nologies will change? Where does the company make money on
the variants and where does it looses money etc. Having a com-
plete and visual descriptions of the product assortment improves

the possibilities for involving domain experts (sales, production,
design) and company management in the crucial decisions dur-
ing modeling in a configuration project.

Figure 5: Discussing the product assortment in front of the product
family master plan

The product family master plan constitutes the core of a model-
ing procedure that is the topic of the next section.

4  MODELING PROCEDURE
The modeling procedure consists of five phases supported by a
number of tools. The content of each phase is further explained
in the next sub sections.

n Identification of configuration task.
n Identification of product family master plan.
n Conceptual modeling of product family master plan.
n Detailed modeling of product family master plan.
n Modeling of product family in the configuration system.

The amount space in this paper does not allow all tools to be
described in details and therefore focus is put on the tools that
has been developed within Baan and Technical University of
Denmark.

4.1 Identification of configuration task
The purpose of this phase is to define what the configuration
system must accomplish in accordance with stakeholders de-
mands and overall business objectives. Important questions to be
answered in this phase are: Who should benefit from application
of the configuration system? Where to harvest the benefits?,
Which activities shall be supported by the configuration system?,
What are the leitmotif from creation of business to contents of
the configuration system?

The tools supporting this phase are:

n Stakeholder identification
n IDEF 0 – activity analysis
n Scenario techniques
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n Use-cases
n Life cycle analysis

4.2 Identification of product family master plan
The objective of this phase is to get an overview and describe the
product assortment. The means for describing the product as-
sortment is the Product Family Master Plan. Important questions
that this phase should contribute to answering: What are the
variants that the company wants to offer to the market what are
the variants that the company does not want to offer? What vari-
ants can be expected in the future?

Figure 6 and 7 shows examples on working with a Product Fam-
ily Master Plan.

Figure 6  Working on different alternative Product Family master plans

Figure 7  Final Product Family Master Plan

The identification of the function product structure is supported
by the so-called function means tree, see figure 8. The starting
point is identification of the overall function of the product. The
overall function of an overhead projector (a means) is to enlarge
and project an image. This function can be carried out by differ-
ent means, e.g. slide projector principle, OHP principle and
Episcope principle. Each of these means requires the existence
of lower level functions, e.g. carry image, provide light, diffuse

light, focus light, change direction, see figure 8. By this principle
the function structure for a product assortment can be describe
hierarchically.

The function means tree diagram provide an overview of alter-
native ways a function can be realized and is a good foundation
for discussing the existing product assortment variants and iden-
tification of which part of the function structure that will be in-
variant and which parts is likely going to change.

Figure 8  Function means tree, based on [4]

Supporting tools in this phase are:
n Terminology charts
n Function means tree
n Product family master plan chart
n Variance card
n Commonality card

4.3 Conceptual modeling
In this phase each of the elements of the product family master
plan is described. For this phase a modeling tool has been devel-
oped [9], which is inspired by the object oriented modeling
paradigm, [2] [3], see figure 9. In this modeling tool each class
in the product family master plan is described a Class Descrip-
tion (CD) card. Below the contents of a CD card is further ex-
plained.
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Figure 9: Class description card

List of aggregation classes  describes part-of relations to other
classes. Aggregation classes for a car could be engine, transmis-
sion system and chassis.

List of inheritance classes describes the kind-of relations to other
classes. Inheritance classes of transportation equipment can be
e.g. busses, planes and trains.

Function and picture contains a short description of the func-
tionality of the class within the product. As en example the main
functions of a window is allow light to enter, allow venting and
allow people to escape in case of fire etc. Picture contains a
sketch/picture/diagram of the class. This is relevant for deciding
on a consistent product terminology. When e.g. geometry is in-
volved this can be utilized for determining coordinate system
conventions, governing parameters etc.

Defining parameters are the attributes that can be determined
directly during configuration.

Components are elements, which the class consists of. For a car
components might be sunroof, stereo and air-condition which are
typically boolean and not further defined.

Constraints within the class are restrictions on how the compo-
nents and defining parameters may be related. An example of a
constraint within a car class could be that cars sold in South
America should have an air conditioning system.

Constraints to other classes  are restrictions on how the classes
can be related to other classes in the configuration system.

Mode of action is description of the input and output parameters
to the class. Input and output can be related to the user of the
configuration system and other IT systems

Sources describe the reason for the contents of the CD Card. The
idea is that all defining parameters and constraints shall have a
reason. The reason can e.g. be a stakeholder, documents within
the company.

4.4 Detailed modeling
In this phase modeling is carried out in the same way as
conceptual modeling but the configuration language used
in the configuration system is utilized. The previous phases are
independent from choice of configuration system. Main sup-
porting tool in this phase is CR (Class Responsibility) cards,
which has the same structure as class description cards.

4.5 Modeling by means of configuration language
In this phase the model is build up and tested within the configu-
ration system. It is possible to divide the modeling between do-
main experts and IT experts. It means that identification of con-
figuration task, identification of product family master plan,
conceptual modeling are carried out by domain experts and de-
tailed modeling and modeling in the configuration system could
be carried out by IT specialists if desired based on the Class
Description cards and Class Responsibility Cards.

5  EXPERIENCE FROM APPLICATION
The modeling procedure has been tested in one company. The
case company is developing, manufacturing and selling building
equipment. Approximately 5.000 people are employed in the
company, which produces 4.500.000 products pr. year. In order
to stay competitive the company has to be able to deliver cus-
tomized products to the end users. The intention is to be able to
deliver more than 300.000 variants seen from a customer point
of view. Currently the products are not configurable, due to
complex plastic components that are not changeable. Therefor a
so-called fulfillment project has been initiated in which 150 peo-
ple are working. Approximately 25 people are working on the
configuration part of the project.

The family master plan in this case was drawn on a big piece of
paper approximately 4 meters times 2 meters. It was placed in
the center of the project room where the 150 people were work-
ing, thus the majority of people working on the project had to
pass the product family master plan on the way to their desks, to
meetings etc.

During the project, this family master plan was important for
creating dialogue with many kinds of stakeholders. Three alter-
native family master plans were developed during the projects. It

Class Description Card                                                                                                             CD-Card

Class name: Responsibility:

Class number: Date:

Status:
o Working        o Final

List of aggregation classes:

List of inheritance classes:

Function and picture:

Defining parameters: Components:

Constraints within the class:

Constraints to other classes:

Mode of action:

Sources:
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seems important to carry out alternatives because there does not
exist one correct product family master plan. The different alter-
natives will lead to configuration systems that possess different
performance, maintainability and flexibility to bring in new
products in the assortment. The most important consequence of
utilization of the product family master plan is that it is bringing
a concept phase into a configuration project, thus the family
master plan is visible and it is possible for stakeholders to react
on the contents before modeling in the configuration system
starts.

Reactions from this company are:

n "I like the naming convention that you have used
throughout your documentation"
n "It is crucial to have an unequivocal naming convention

and way of describing things"
n "The way of visualizing the product family master plan

was beneficial and provided an overview of the product
assortment that we did not have before"
n "Your sketches in the Class Description cards together

with the product family master plan are GOOD"
n "Your documentation does not tell how the configura-

tion model is maintained, but it is the foundation for
being able to maintain the model. If these documents
does not exist we can not maintain the configuration
model"
n "If you had not introduced the Product Family Master

Plan I doubt that we would have realized the common-
alties between the product families"
n "It is difficult for us to forget the Bill Of Material. It is

nice to see that the models are built up from function,
functional units, assemblies and parts because we make
decisions about these"
n "It sound like the Product family master plan and the

Class description cards is great for getting our thoughts
down"
n "We consider using this procedure for the Back Office

Configuration too"
n "We need to train people in the very important thinking

pattern that is behind this procedure"
n "The people who fill out the CR cards must have de-

tailed knowledge about the product, manufacturing,
market and some basic understanding of object oriented
modeling"
n "This is the only procedure that I have seen for docu-

menting the configuration model"
n "I like the product family master plan, because we can

bring in relevant stakeholder earlier on"

6 CONCLUSIONS
It is very clear that handling the conceptual phase of a configu-
ration project is crucial for the success. It is often difficult to
handle the conceptual phases because the knowledge by defini-
tion is vague. Application of the proposed procedure based on
the Product Family Master Plan is formalizing the modeling
activities in the early phases and proposes a visual way of work-
ing. The implication of this is that it is possible to involve

stakeholders earlier on and have “facts” based dialogue con-
cerning variance and commonality of the product assortment.

The Class Description Cards ensure documentation and trace-
ability of a configuration model. Preliminary experiences shows
that is it possible to divide the modeling task between domain
experts and IT specialists, thus that modeling in the configura-
tion system can be carried out based on the contents of the Class
Description Cards.

Further work on the conceptual modeling procedure involves
application in two Baan configuration projects. The next step for
the modeling procedure is development of a Baan course on
conceptual modeling that will be launched together with the new
Baan configuration language and tools. The goal of this course
will be to train people in companies, thus they are able to model
the product assortment by means of the modeling tools.
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�

Abstract. Complex products such as motor vehicles or comput-
ers need to be configured as part of the sales process [3, 8]. If the
sale is electronic, then the configuration and some validity check-
ing of the order must be done electronically as part of an electronic
product data management system (EPDMS). The EPDMS typically
maintains a data base of sales options and parts together with a set
of logical constraints expressing valid combinations of sales options
and their transformation into manufacturable products. Due to the
complexity of these constraints, creation and maintenance of the con-
figuration data base is a nontrivial task and error-prone. We present
our system BIS which is commercially used to check global consis-
tency assertions about the product data base used by the EPDMS of
a major car and truck manufacturer. The EPDMS uses Boolean logic
to encode the constraints, and BIS translates the consistency asser-
tions into problems which it solves using a propositional satisfiability
checker. We expect our approach to be especially suited for rapidly
changing complex products as they increasingly appear in electronic
commerce.

1 Introduction

We present our system BIS, an extension to a commercially used
electronic product data management system (EPDMS) at Daimler-
Chrysler AG, the manufacturer of the Mercedes lines of passenger
cars and commercial vehicles. BIS is just now beginning commer-
cial service to weed out residual defects in the product data base that
is used by the main EPDMS for order checking and production plan-
ning. The EPDMS uses Boolean logic to encode the manufacturabil-
ity constraints, and BIS translates global consistency assertions on
the constraints into problems which it solves using a propositional
satisfiability checker. BIS is programmed in modern object-oriented
client/server technology and easily runs on a current laptop.

The automotive industry today manages to supply customers with
highly individualized products at low prices by configuring each ve-
hicle individually from a very large set of possible options. E.g., the
Mercedes C-class of passenger cars knows far more than a thousand
options, and on the average more than 30,000 cars will be manu-
factured before an order is repeated identically. Heavy commercial
trucks are even more individualized, and every truck configuration is
built only very few times on average.

Traditionally, a sales person will bespeak the individual order with
the customer. Still, the space of possible variations is so great that
the validity of each order needs to be checked electronically against
a product data base which encodes the constraints governing legal�
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combinations of options (e.g., no two radios; no steel sun-roof for
convertibles). But the maintenance of a data base with thousands of
logical rules is error-prone in itself, especially since it is under con-
stant change due to the phasing in and out of models. Every fault
in the data base may lead to a valid order rejected, or an invalid
(non constructible) order accepted which may ultimately result in
the assembly line to be stopped. Therefore, an EPDMS is employed
to maintain the product data base and check orders.

DaimlerChrysler AG, for their Mercedes lines of cars and com-
mercial trucks, employ a mainframe-based EPDMS which does the
validity checking of each individual order (followed by initial pro-
duction planning) in an off-line process. It also supports the on-line
maintenance of the product data base by the staff of the product doc-
umentation department. The data base contains a large number of
constraints formulated in Boolean logic. Some of the constraints rep-
resent general rules about valid combinations of sales options, other
formulae are attached to parts and express the exact condition under
which each part is needed for an order to be manufactured. Based
on some years of experience with the current EPDMS, it was found
that it is not humanly possible to keep such a large and constantly
changing data base of logical rules and formulae absolutely defect-
free without help from an automated reasoning system for the docu-
mentation logic.

Therefore our system BIS was created as an extension to the cur-
rent EPDMS to help the product documentation staff in proving com-
plex global consistency assertions about the data base. As an exam-
ple, BIS can check for each of the thousands of sales options whether
it can legally be contained in at least one valid (manufacturable) or-
der. BIS can also deal with partially specified orders, checking e.g.
which engine options are still valid given the preselected body and
interior, or it can check which parts cannot possibly be part of any
vehicles that go to a certain country.

While the current EPDMS is used off-line, it is clear that some-
thing similar must be used on-line in an electronic sales system for
even simple configurable products, and a system like BIS is then
needed to keep the product data base defect free. In an electronic
market, there is no more knowledgeable sales-person to assist the
customer and to prevent silly orders, and it may not even be feasible
to contact the customer personally to sort out problems once an or-
der is submitted. Hence we argue that the methods used in BIS today
will be useful in electronic markets with even much simpler products
tomorrow.

In Section 2, we shall now summarize, from [7], the capabili-
ties of the core BIS system (BIS 1.0). In Section 3 we shall present
some modifications and extensions that went into the current BIS 2.0,
based on feedback from actual industrial use of BIS 1.0 on commer-
cial product documentation data.
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2 BIS:
�

A SAT-Based Consistency Checker for
Product Documentation

Before turning to the description of the BIS system, we will need to
give a rough picture of the underlying EPDM System which it com-
plements. Then we present some consistency criteria that can be ex-
amined using the BIS system, and show how they translate into SAT
instances. Thereafter we will shortly comment on the architecture of
our system.

2.1 DaimlerChrysler’s EPDM SystemDIALOG

In the following we will describe the EPDM system used for Daim-
lerChrysler’s Mercedes lines more thoroughly.

A customer’s order consists of a basic model class selection to-
gether with a set of further equipment codes describing additional
features. Each equipment code is represented by a Boolean variable,
and choosing some piece of equipment is reflected by setting the cor-
responding variable totrue. As model classes can be decoded into a
set of special equipment codes, all rules in the product documenta-
tion are formulated on the basis of codes.

Slightly simplified, each order is processed in three major steps,
as is depicted in Figure 1:

1. Order completion:Supplement the customer’s order by additional
(implied) codes.

2. Constructibility check:Are all constraints on constructible models
fulfilled by this order?

3. Parts list generation:Transform the (possibly supplemented) or-
der into a parts list.

All of these steps are controlled by logical rules of the EPDMS. The
rules are formulated in pure propositional logic usingAND, OR and
NOT as connectives, with additional restrictions placed on the rules
depending on the processing step, as will be shown below.
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Figure 1. Processing a customer’s order.

Order Completion

The order completion (or supplementing) process adds implied codes
to an order. The process is guided by special formulae associated
with each code, which are of the following form:XZYD[]\_^a`cbedgf
where

d
is a code (i.e. a propositional variable) and

XZYD[]\ ^
an arbi-

trary formula. The semantics of such a rule is that when conditionXZYD[]\ ^
evaluates totrueunder an order, then code

d
is added to that

order. Thus, each rule application extends the order by exactly one
code, and the whole completion process is iterated until no further
changes result. Ideally, the relationship between original and aug-
mented order should be functional. However, the result of the order
completion process may depend critically on the ordering of rule ap-
plication. We have shown in [7] how to identify potential instances
of this problem.

Constructibility Check

In general, constructibility of a customer’s order is checked accord-
ing to the following scheme: For each code, there may be several
rules indicating restrictions under which this code may be used. A
code is calledconstructible(or valid) within a given order if all con-
straining rules associated with this code are fulfilled, i.e. all of these
rules evaluate totrue. For an order to beconstructible(or valid), each
code of the order must be valid. The constructibility check consists
of two different parts: The first one is independent of the car model
class considered, while the second one takes into account additional
features of each car model class. Although the latter incorporates an
additional hierarchical organization of rules, we will not elaborate on
this. For our purpose the constructibility rules may be considered in
a unified, simpler form: dh`ibjXkYg[l\_mnf
where

d
is a code and

XkYg[]\ m
an arbitrary formula. Such a rule ex-

presses the fact that whenever code
d

occurs in a customer’s order,
the order must fulfill condition

XZYD[]\ m
, i.e.

XZYD[]\ m
must evaluate to

true for this order.

Parts List Generation

The parts list is subdivided into modules, positions and variants, with
decreasing generality from modules to variants. Parts are grouped in
modules depending on functional and geometrical aspects. Each po-
sition contains all those parts which may be used alternatively in one
place. The mutually exclusive parts of a position are specified using
variants. Each variant is assigned a formula called a code rule and a
part number. A parts list entry is selected for an order if its code rule
evaluates totrue. Thus, to construct the parts list for a completed and
checked customer’s order, one scans through all modules, positions,
and variants, and selects those parts which possess a matching code
rule.

2.2 Consistency of Product Documentation

Due to the complexity of the product documentation occurring in
the automotive industry, some erroneous rules in the data base are
almost unavoidable and usually quite hard to find. Moreover, the rule
base changes frequently, and rules often introduce interdependencies
between codes which at a first sight seem not to be related at all.

As the rule base not only reflects the knowledge of engineers, but
also world wide legal, national and commercial restrictions, the com-
plexity seems to be inherent to automotive product configuration, and
is therefore hard to circumvent.

A priori, i.e. without explicit knowledge of intended constraints
on constructible models, the following data base consistency criteria
may be checked:

Necessary codes:Are there codes which must invariably appear in
each constructible order?

Inadmissible codes: Are there any codes which cannot possibly ap-
pear in any constructible order?

Consistency of the order completion process:Are there any con-
structible orders which are invalidated by the supplementing pro-
cess? Does the outcome of the supplementing process depend on
the (probably accidental) ordering in which codes are added?

Superfluous parts: Are there any parts which cannot occur in any
constructible order?
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Ambiguities in the parts list: Are there any orders for which mu-
tually exclusive parts are simultaneously selected?

Note that the aforementioned criteria are not checked on the basis
of existing (or virtual) orders, but constitute intrinsic properties of
the product documentation itself.

By incorporating additional knowledge on which car models can
be manufactured and which cannot, further checks may be per-
formed. Besides requiring additional knowledge, these tests often do
not possess the structural regularity of the abovementioned criteria
and thus cannot be handled as systematically as the other tests.

2.3 SAT Encoding of Consistency Assertions

We will now show how to encode the consistency criteria developed
in the last section as propositional satisfiability (SAT) problems.

Transformation of the consistency criteria into SAT problems
seems to be a natural choice for two reasons: first, the rules of the
underlying EPDM system are already presented in Boolean logic;
and second, SAT solvers are applied in other areas of artificial intel-
ligence with increasing success [1, 6].

The formulation of all these consistency assertions requires an in-
tegrated view of the documentation as a whole or, more precisely,
a characterization of the set of orders as they appear having passed
the order completion process and the constructibility check. So we
first concentrate on a Boolean formula describing all valid, extended
orders that may appear just before parts list generation.

Let the set of order completion (supplementing) rules beoqpsrtgu�v � f�w�w�w�f u�vDxiy with
u�vDz r XZYD[]\ ^z `ib{d z

. Then the set of com-
pletely supplemented orders is described by formula| , where

|~} r ���� z � x�� XZYD[]\_^z�� d z�� w
Now, let

X p�r t d v � f�w�w�w�f�d vD��y be the set of constructibility rules
with

d v�� r d � `ib�XZYD[]\ m�
. Then the set of constructible orders is

described by formula
X

, whereX } r ���� � � ��� d � � XZYD[]\_m��� w
Moreover, the set of all orders that have passed the supplementing
process and the constructibility control are described by� , where

��} r~|�� X�w
We now have reached our goal to generate a propositional formula

reflecting the state before parts list generation. The mapping of the
consistency criteria to SAT instances is now straightforward. For ex-
ample, code

d
is inadmissible, iff��� d is unsatisfiable. The other

criteria are converted accordingly, but some of them require a more
sophisticated translation, especially those tests concerning the order
completion process. The complete set of transformations from our
consistency assertions to SAT instances – as they are actually built
into the BIS system – can be found in [7].

Finally, it should be noted that the process described here is sim-
plified in comparison to the actual order processing that takes place
in the DIALOG system. The general ideas should nevertheless be ap-
parent.

2.4 Integration into Work-Flow

We will now briefly describe how the BIS system is integrated into
the existing product documentation process.

After having made a change to the documentation rule base (or,
alternatively, in regular temporal intervals) some or all of the above-
mentioned consistency criteria are checked, and potential flaws of the
documentation are reported by BIS.

Each inconsistency indicated by BIS has then to be analyzed and
interpreted by the product documentation experts: If the product doc-
umentation does not correctly reflect reality (in the sense that it does
not properly classify what actually can be manufactured), the error
has to be corrected – either by adapting the documentation rules or
by modifying the product itself. Otherwise the reported inconsistency
most likely is an intended exceptional case that does not need any
further processing.

Even if not all such inconsistencies are – or even can be – handled,
the quality of the product documentation is nevertheless improved.
This is an important fact, considering that SAT is an NP-complete
problem. Thus, it cannot be guaranteed that the system will find all
inconsistencies within a suitably short amount of time. We experi-
enced, however, that for our application worst-case behavior and un-
acceptably long run-times are the rare exception; the run-times for
each proof are usually clearly below one second.

2.5 Architecture of the BIS System

The BIS system is constructed employing object-oriented
client/server technology. It consists of a general prover module
programmed in C++ with a propositional satisfiability checker as
its core component; a C++ server which maintains product data in
raw and pre-processed form and handles requests by building the
appropriate formulae for the prover; and a graphical user interface
programmed in Java, through which tests can be started and results
can be displayed. The three components communicate via CORBA
interfaces, thereby achieving a great flexibility, allowing e.g. to
place each component on a different, suitable computer or to use
multiple instances of a component (e.g. prover), if the workload
demands this. Figure 2 shows a schematic view of the BIS system
architecture.
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Figure 2. BIS system architecture.

Within the server, theUserLayer is responsible for authentica-
tion and handles user requests by starting the appropriate consistency
tests. Therefore it employs theTestLayer which in turn is responsi-
ble for managing (i.e. scheduling, starting) all consistency checks.
The data layer is used as a mediator between theTestLayer and the
EPDM system, and supports caching of pre-computed data.
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3 Extensions
�

Based on Experience

Since the first evaluation deployment of the BIS 1.0 system (and even
before), we have received a lot of feedback from DIALOG users at
DaimlerChrysler. This helped us greatly in improving the system in
various aspects. We will now describe relevant user feedback as well
as experience-induced changes in greater detail.

Figure 3. BIS system client.

The following items appeared to be indispensable for a broad ev-
eryday use:

Push-button technology: The logical prover component can be
completely hidden from the user, and it needs no assistance in
finding a proof. Interaction with the prover is done in terms famil-
iar to the operating personnel.

Graphical user interface: The BIS system offers an elaborated
graphical user interface, as can be seen from Figure 3. No cryptic
command lines have to be typed by the user.

Short response times of the system:As BIS 1.0 was used more
and more interactively, consistency checks had to exhibit short and
predictable run-times. We will describe below in more detail how
we could achieve this.

Customized special checks:Although we offered a general-
purpose interface to the prover2 which could be used to perform
a lot of non-standard consistency checks on the product doc-
umentation, acceptance of this tool was rather poor. Thus, we
implemented a set of further customized special checks and
extended the client accordingly.

3.1 Additional Functionality

We will now report on functional extensions that went into BIS 2.0.
As we already mentioned above, most of these additional tests could
in principle have been performed with the general-purpose test facil-
ity of BIS 1.0, but required some kind of – frequently almost trivial –
logical problem encoding by the user; an interpretation of the result
reported by the client; and often an annoying manual generation of a
series of tests.

�
This interface allowed queries about the existence of valid orders with spe-
cial properties, where the demanded property is an arbitrary propositional
formula.

Restricting the Set of Valid Orders

The formalization mentioned above allows the analysis of the set of
all valid orders. However, as it turned out, it is often necessary to
restrict the set of orders to be considered to some subset of all valid
orders. This may be needed, for example, to check assertions about
all valid orders of a certain country, or about all valid orders with a
special motor variant.

The formalization of order restrictions could easily be realized by
adding a formulap describing the additional restriction to the con-
structibility formula � , and running the tests on� ��p .

Valid Additional Equipment Options

Not only for an individual order, but also for a whole class of orders,
it may be interesting to know what kind of additional equipment may
be selected without making the order invalid. This can be used on the
one hand to analyze the product data, but may also serve a customer
to find possible extensions of a partially specified order. This can
be achieved as follows: Using the restriction possibility of the last
paragraph, the partially specified order serves as a restrictionp on
the set of valid orders to be considered. Then it is checked for all
codes

d
whether or not the formula� � p � d is satisfiable. If this

is the case, then code
d

is a valid extension of the partially specified
order.

Combinations of Codes

Upon creation and maintenance of parts list entries, the following
question frequently has to be answered: Given a fixed set of codes,
which combinations of these codes may possibly occur in a valid or-
der? The answer to this question decides over which parts list entries
have to be documented and which have not.

Performing this kind of test one by one for each combination man-
ually appears to be rather cumbersome. An automatic generation of
all possible combinations seems to be more appropriate. Again, this
can be simply realized by generating systematically all combinations
one after the other and checking the corresponding formulae for sat-
isfiability.

Groups of Codes

Although not reflected by the documentation structure, we found it
characteristic for automotive product data that certain codes are sym-
metrically related. We call a set

X
of codes symmetrically related

(with respect to a rule-based product documentation) if there is a
non-empty subsetp of those rules containing at least one code of setX

, such thatp is invariant under all permutations of the codes of setX
.
A typical case for a set of symmetrically related codes is a set

of mutually exclusive codes, where one of the codes must appear in
each valid order, i.e. each order must contain exactly one code of the
set. For example, in the DIALOG documentation system each order
must contain exactly one code that determines the country in which
the customer has ordered the car.

Since these kinds of symmetric relations can not be explicitly
stated in the EPDM system, but are implicitly given by several rules
formed with the binary connectivesNOT, AND andOR, we added
a possibility to check for a given list of codes (a group of codes)
whether or not each valid order contains exactly one of these codes.
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This is realized by checking the satisfiability of formula� that de-
scribes all valid orders, extended by the additional constraint that the
order contains none or at least two of the codes specified in the group.

3.2 Extending the Propositional Language

While sets of mutually exclusive codes represent the most promi-
nent example for a symmetrical relation, one can also think of situa-
tions where other symmetrical relations are applicable. For example,
a customer can choose exactly one of a set of audio systems or he can
completely dispense with audio systems. This means he can choose
at most oneof a set of options. Another example is a valid order that
needs exactly� of a set of

[
colors specified. Obviously giving these

kinds of restrictions in standard propositional logic leads to exces-
sive growth in formula size which is certainly unacceptable for user
interaction, and may even in the simplest case exhaust the available
resources. The fact that the mutual exclusiveness of country codes
in DaimlerChrysler’s current product documentation is not explicitly
stated underlines this.

To address this drawback we added – as is described in detail
in [5] – the abovementioned expressions to standard propositional
language. This extends the language by expressions of the formp���}�� � f�w�w�w�f � x , where p�� t r f��r f! kf#"Zf#$kf#% y

, � is a positive
number and� � f�w�w�w�f � x are arbitrary formulae of the extended lan-
guage. The semantics of such an expression is that exactlyp�� of the[

formulae aretrue. Thus, the fact that at most one of three possible
audio systems& � f & � and &(' should appear in an order corresponds
to the expression  *) }+& � f & � f &(' f
which is equivalent to writing

,.- & � �/& � � � ,0- & � �1& ' � � ,.- & � �/& ' �
in pure propositional logic.

A closer analysis even shows that any formula in standard proposi-
tional logic can be transformed to an equivalent formula based solely
on the additional connectives, which differs in size from the original
formula only by a constant factor. Thus, these connectives provide
us with a method to represent formulae for automotive product data
management in a compact, structure-preserving and uniform way.

As a consequence of introducing additional connectives, we re-
frain from conversion to clausal normal form (CNF) for satisfiability
checking – in contrast to most of the commonly used Davis-Putnam-
style propositional theorem provers [2]. Although this step involves
a more complex prover implementation using a tree data structure
(as opposed to integer arrays for CNF representation), its benefit is
beyond the mere compactification of formula representation. On for-
mulae generated from automotive product data our prover showed
in most cases similar or better performance. Moreover, we avoided
an additional data structure to represent the CNF of the formula and
therefore could reduce the complexity of the overall system as well
as the space requirements and improve response time, because CNF
conversion of very large formulae is non-trivial.

Even beyond consistency checking, we consider the introduction
of a logical connective that reflects symmetrical relations to be es-
sential to efficiently document product data on the basis of Boolean
constraints (see also [9]).

4 Conclusion and Future Work

We presented BIS, a system to complement DaimlerChrysler’s auto-
motive EPDM system DIALOG. BIS serves as a tool to increase the

quality of the product documentation by allowing to check certain
global consistency conditions of the documentation data base as a
whole. In BIS 2.0, the consistency assertions and the product docu-
mentation rules are translated to formulae of an extended language
of propositional logic, which additionally includes a connective for
symmetric relations.

Feedback from the documentation personnel showed us which fea-
tures – among others – should be preferably included into a support
tool for product documentation: ease of use via a graphical user in-
terface; good integration into existing work-flow; push-button tech-
nology; and short response times.

Although current satisfiability checkers are quite advanced and
SAT is still – and increasingly – an area of active research [4], we
could learn from the special applicational needs how to improve
propositional SAT tools and how to optimize prover techniques. Spe-
cial constructs occurring frequently in product documentation, such
as selection of one out of a set of

[
entities, are usually not appropri-

ately supported by generic Boolean SAT checkers. Therefore, we see
here a wide area of adaptations and improvements on prover tech-
nology and possibly further speed gains, brought forward by appli-
cational needs.

For the future, we assume a system like BIS to be indispensable for
electronic sales over the World Wide Web. Complex products need to
be configured and checked electronically in large numbers, and thus
the presence of a correct electronic product documentation receives
increased attention. But electronic product documentation shows up
to be complex and rapidly changing, thus making maintenance of
the product data base difficult. Electronic business may increase the
speed of product changes as well as the complexity of products, as
product cycles and life times are likely to shrink down. Moreover,
the needs of customers may vary considerably around the globe, thus
forcing a diversification of the product palette.

Additionally, as we move towards fully electronic sales, configu-
ration and on-line validity checking of even simple products may be
required to be aided by electronic support systems in the future, and
there will probably be no supporting human sales person. Such sys-
tems heavily depend on the quality of electronic product data, which
we try to improve with our techniques.
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Unified Configuration Knowledge Representation Using
Weight Constraint Rules

Timo Soininen1 and Ilkka Niemelä2 and Juha Tiihonen1 and Reijo Sulonen1

Abstract. In this paper we present an approach to formally defin-
ing different conceptualizations of configuration knowledge, mod-
eling configuration knowledge, and implementing the configuration
task on the basis of the formalization. The approach is based on a
weight constraint rule language and its efficient implementation de-
signed for representing different aspects of configuration knowledge
uniformly and compactly. The use of the language to represent con-
figuration knowledge is demonstrated through formalizing a unified
configuration ontology. The language allows a compact and simple
formalization. The complexity of the configuration task defined by
the formalization is shown to be NP-complete.

1 Introduction

Product configuration can be roughly defined as the task of produc-
ing a specification of a product individual, a configuration, from a
set of predefined component types while taking into account a set
of restrictions on combining the component types. Knowledge based
systems for configuration tasks, product configurators, have recently
become an important application of artificial intelligence techniques
for companies selling products tailored to customer needs.

Several approaches to configuration are based on relatively well-
understood general formalisms, such as constraint satisfaction, its ex-
tensions, and variants of description logics. Other approaches have
defined specific configuration domain oriented conceptual founda-
tions. These include the three main conceptualizations of configu-
ration knowledge as resource balancing, product structure and con-
nections within a product [11]. Despite the research, there are few
formal models of configuration aiming to unify the different formal
and conceptual approaches. Such models are needed to facilitate rig-
orous analysis and comparison of the different approaches.

In this paper we present an approach that facilitates formal rep-
resentation of configuration knowledge based on different and uni-
fied conceptualizations. In contrast to many previous approaches that
have developed special purpose algorithms for each conceptualiza-
tion, our aim is to provide for fast prototyping of conceptualizations
and configuration tasks based on them. This is accomplished by cap-
turing the configuration knowledge using a neutral representation
language called weight constraint rules and implementing the config-
uration task using a general implementation of such rules. Therefore,
when changing the configuration model or its underlying concep-
tual foundation, only the representation of the knowledge is changed.
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There is no need to design a new algorithm for the configuration task,
as the general implementation of the rule language can still be used.

We first briefly introduce the logic program like rule language that
has been specifically designed to allow representing knowledge on
different aspects of configuration in a uniform and simple manner.
At the same time, the computational efficiency of the configuration
task has also been taken into account. The language has a declarative
semantics providing a formal definition for the product configuration
task. The semantics captures the property that a configuration can
only contain elements that are justified by the configuration model.
This property has been identified as important in e.g. the research on
dynamic constraint satisfaction problems (DCSP) [5]. The justifica-
tion property also allows a more compact and modular representation
of knowledge than e.g. classical logic or constraint satisfaction prob-
lems [10, 9]. For example, a subset of the rule language can represent
e.g. CSP and DCSP in a simple, compact manner [10]. It also extends
these approaches with cardinality and weight constraints.

After introducing the rule language we demonstrate its applicabil-
ity to configuration knowledge representation. This is done by show-
ing how a configuration model represented using a simplification of a
generalized configuration ontology [11] covering product structures,
resource balancing, connections and constraints is mapped to a set of
rules. The rules are not used by product modelers but as an interme-
diate language that a higher level configuration modeling language
is translated to. Due to the built-in justification property of the lan-
guage, the mapping is modular and relatively simple. Extending the
representation to cover a more complex conceptualization is straight-
forward, although we discuss in brief some challenges to this. The
relevant decision problem for the configuration task is defined and
shown to be NP-complete on the basis of the mapping to rules. Fi-
nally, we discuss our approach in relation to previous similar work.

2 Weight Constraint Rules

In this section we briefly introduce the weight constraint rule lan-
guage used for formalizing configuration knowledge (for more in-
formation on the language see [7, 8]). The language extends logic
programs by offering support for expressing choices as well as cardi-
nality and resource constraints that are often useful in configuration:

Example 1. A (partial) configuration model of a simplified PC could
consist of the following knowledge: There is a known set of different
types of IDE hard disks, IDE CD ROMs, scanners and SCSI cards
that can be parts of a PC. The different IDE hard disks and IDE CD
ROMs are IDE devices. A PC must have from one to two IDE de-
vices, of which at least one must be an IDE hard disk. In addition, a
desktop publishing PC must have a scanner, which can be a flatbed or
a slide scanner. As the slide scanner is a SCSI device, including it in
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a configuration requires a SCSI card. There are two different types of
SCSI cards to select from. Furthermore, each component has an asso-
ciated price. The customer might require that the total price, summed
over the components in a configuration, must be less than $900.

The rule language aims to capture the type of configuration knowl-
edge in the example in a compact form. To do this, it is equipped
with conditional literals restricted by domain predicates for repre-
senting the different types of components and other objects and the
knowledge on them, such as the IDE devices above. Cardinality con-
straints are introduced for representing choices with lower and upper
bounds, such as for the IDE devices in the above example. Resource
constraints on a configuration exemplified by the prices of the com-
ponents above are captured in the generalized language using weight
constraints, which give the language its name.

First we consider ground rules, i.e., rules where variables quan-
tifying over a rule are not allowed. Then we introduce rules with
variables. A weight constraint rule

C0  C1; : : : ; Cn (1)
is built from weight constraints Ci of form

L � fa1 = w1; : : : ; an = wn;

not an+1 = wn+1; : : : ; not am = wmg � U (2)
where L and U are two numbers giving the lower and upper bound
for the constraint, each ai is an atomic formula and each wi a number
giving the weight for the corresponding literal (an atom or its nega-
tion). Such a rule is intuitively read as follows: if the body, i.e. each of
C1 to Cn, holds then the head C0 must also hold. The semantics for
such rules is given in terms of models that are sets of ground atoms.
We say that a positive literal a is satisfied by a model S if a 2 S and
a negative literal not a is satisfied if a 62 S. A weight constraint is
satisfied by a model S if the sum of weights of the literals satisfied
by S is between the bounds L and U . Note that ”<” could also be
similarly used in a constraint. E.g.,

30 � f part(pc1; d1) = 10; part(pc1; d2) = 20;

part(pc1; d3) = 30; part(pc1; d4) = 30 g � 40

is satisfied by a model fpart(pc1; d1); part(pc1; d2)g for which
the sum of the weights is 10 + 20 = 30 but not by a model
fpart(pc1; d3); part(pc1; d4)g for which the sum is 60.

We use shorthands for some special cases of weight constraints. A
cardinality constraint where all weights are 1 is written as

L fa1; : : : ; an; not an+1; : : : ; not amg U (3)
and a cardinality constraint 1flg1 with one literal and 1 as both
bounds simply as a literal l. We call rules where all constraints Ci
are literals normal rules. We can also write mixed rules such as

1 fpart(pc1; sc1); part(pc1; sc2)g 1 part(pc1; sscan) (4)
The semantics of a set of rules is captured by a subclass of models

called stable models. They fulfill two important properties: (i) a sta-
ble model satisfies the rules and (ii) is justified by the rules. A rule r
of form (1) is satisfied by a model S iff S satisfies C0 at least when-
ever it satisfies each of C1; : : : ; Cn. A rule without a head is satisfied
if at least one of the body constraints is not. The technical details of
the justifiability property can be found in [7], but we explain the basic
intuition through an example. Consider rule (4). It is satisfied, e.g.,
by the model fpart(pc1; sc1)g. However, this model is not justified
by the rule since there is no reason to include the head of the rule in
the model, since the body of the rule, part(pc1; sscan), is not jus-
tified. Indeed, for the rule (4) the only stable model is the empty set
which also satisfies the rule. Suppose we add two rules

1 fpart(pc1; fscan); part(pc1; sscan)g 2  dtp(pc1) (5)

dtp(pc1)  (6)

to (4). Then each stable model of the rules (4–6) contains the atom
dtp(pc1) and at least one of fpart(pc1; fscan); part(pc1; sscan)g.
This holds because dtp(pc1) is justified by rule (6) and, hence, a
choice from fpart(pc1; fscan); part(pc1; sscan)g is justified by
(5). If part(pc1; sscan) is taken, then by (4) the choice between
fpart(pc1; sc1); part(pc1; sc2)g is justified. So this implies that
fdtp(pc1); part(pc1; fscan); part(pc1; sscan); part(pc1; sc1)g is
one stable model for the rules (4–6) but this not the case for the
set fdtp(pc1); part(pc1; fscan); part(pc1; sc1)g as part(pc1; sc1)
is not justified. We note that there is an important difference between
a rule with and a rule without a head: only the former can bring some-
thing into a stable model. The latter only exclude stable models.

For applications it is very useful to provide rules where variables
quantifying over the whole rule can be used. With the help of vari-
ables one can write rules in a compact and structured way and this
facilitates developing, updating and maintaining a rule set.

The semantics for rules with variables [7] is obtained by consid-
ering the ground instantiation of the rules with respect to their Her-
brand universe, i.e. all variable-free (ground) terms that can be built
from the constants and functions in the rules. However, in this general
case the rule language is highly undecidable. A decidable subclass
of rules with variables is obtained by considering the function-free
and domain-restricted case [7]. Here the intuition is that each vari-
able has a domain predicate which provides the domain over which
the variable ranges. Domain predicates can be defined using normal
rules starting from basic facts. Hence, it is possible to define new
domain predicates from already defined ones using union, intersec-
tion, complement, join, and projection. As an example, consider two
sets of ground facts fidehd(hi)  g and fidecd(ci)  g giving the
available IDE hard disks and IDE CD ROMs, respectively. Now both
idehd and idecd can be used as domain predicates. We can also de-
fine a new domain predicate ide as their union using the two rules

ide(X)  idehd(X) ; ide(X)  idecd(X)

where the variable X quantifies universally over a rule. Note that we
use ”;” as a separator of rules. We use the convention that variables
start with a capital and constants with a lower case letter. A rule is
domain-restricted if every variable in it appears in a domain predicate
in the body of the rule. E.g., the rule

1 fpart(X;d1); : : : ; part(X;dm)g 2 pc(X) (7)

is domain-restricted if pc(X) is a domain predicate. A simple way of
understanding the semantics of the rules with variables is to see them
as shorthands for sets of ground rules. For example, rule (7) can be
understood as a set of ground rules of form

1 fpart(pci; d1); : : : ; part(pci; dm)g 2 pc(pci) (8)

where X is replaced by each constant pci for which pc(pci) holds.
In order to compactly represent sets of literals in constraints con-

ditional literals, i.e., expressions such as part(X;D) : ide(D) can
be used in place of literals. Thus, rule (7) can be expressed as

1 fpart(X;D) : ide(D)g 2 pc(X) (9)

A rule with conditional literals is domain-restricted if each variable
in it appears in a positive domain predicate in body or the conditional
part (like ide(D) above) of some conditional literal in the rule.

When using conditional literals we need to distinguish between
local and global variables in a rule. The idea is that global variables
quantify universally over the whole rule but the scope of a local vari-
able is a single conditional literal. We do not introduce any notation
to make the distinction explicit but use the following convention: a
variable is local to a conditional literal if it appears only in this literal
in the rule and all other variables are global to the rule. For example,
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in the rule (9) the variable D is local to the conditional literal in the
head but X is a global variable. Again a rule with conditional literals
can be understood as a shorthand for a set of ground rules resulting
from a two step process. First all global variables are replaced by all
ground terms satisfying the domain predicates in every possible way.
This gives a set of rules where variables appear only as local vari-
ables in conditional literals. For example, for the rule (9) elimination
of the global variable X leads to a set of rules of the form

1 fpart(pci; D) : ide(D)g 2 pc(pci) (10)

one for each ground term pci for which pc(pci) holds. In the sec-
ond step, for each such rule, local variables are eliminated by re-
placing each conditional literal by a sequence of ground instances
of the main predicate such that domain predicate in the condi-
tional part holds. For example, in rule (10) the conditional literal
part(pci; D) : ide(D) is replaced by a sequence

part(pci; d1); : : : ; part(pci; dm)

where the ground terms d1; : : : ; dm are the only terms for which
ide(di) holds. Hence, the rule (9) can been seen as a shorthand for a
set of ground rules of the form (8). Conjunctions of form

part(P;D) : pc(P ) : ide(D)

are also allowed in conditional parts, corresponding to a sequence of
ground facts part(pci; dj) for which both pc(pci) and ide(dj) hold.

Domain predicates such as cost(X;C) giving the unique cost C
of each component X can also be used for defining weights:

 900 � fpart(X;Y ) : cost(Y;C) = Cg; pc(X) (11)

is a shorthand for a set of ground rules containing a rule

 900 � fpart(pci; d1) = c1; : : : ; part(pci; dn) = cng; pc(pci)

for each pci s.t. pc(pci) holds and where (d1; c1); : : : ; (dn; cn) are
the only pairs for which the domain predicate cost(di; ci) holds.

Example 2. Consider Example 1. Using the rule language the con-
figuration model can be represented in the following way. Basic com-
ponent types are given as corresponding facts and normal rules defin-
ing domain predicates as for ide. The rule (9) captures the require-
ment that a PC has from one to two IDE devices and a rule

 fpart(X;D) : idehd(D)g 0; pc(X)

the property that at least one of them is an IDE hard disk. The re-
quirements for the scanners and SCSI cards are captured using rules
(4–5) and the constraint on the total price of the components can be
stated using a rule like (11).

An implementation of the weight constraint rule language called
Smodels is publicly available at http://www.tcs.hut.fi/
Software/smodels/. It computes stable models of domain-
restricted rules using a precompilation technique and a Davis-
Putnam like procedure which employs efficient search space pruning
techniques and a powerful dynamic application-independent search
heuristic. The current implementation supports only non-recursive
definitions of domain predicates for efficiency, and integer weights
in order to avoid complications due to finite precision of standard
real number arithmetic. Smodels is competitive even against special
purpose systems, e.g., in planning and satisfiability problems [6].

3 Configuration Knowledge

In this section we show how to represent configuration knowledge
using the rule language. We distinguish between the rules giving
ontological definitions and the rules representing a configuration

model. The former are not changed when defining a new configu-
ration model and are enclosed in a box in the following. The latter
appear only in the examples. We further make the convention that
the domain predicates are typeset normally whereas other predicates
defining the configuration are typeset in boldface.

The representation is based on a simplified version of a general
configuration ontology [11]. In the ontology, there are three main
categories of knowledge: configuration model knowledge, require-
ments knowledge and configuration solution knowledge. Configura-
tion model knowledge specifies the entities that can appear in a con-
figuration and the rules on how the entities can be combined. In our
approach, it is represented as a set of rules. Configuration solution
knowledge specifies a configuration, defined in our approach as a
stable model of the set of rules in the configuration model. Require-
ments knowledge specifies the requirements on a configuration and
is defined as a set of rules that a configuration must satisfy.

3.1 Types, Individuals and Taxonomy

Most approaches to configuration distinguish between types and in-
dividuals, often called classes and instances. Types in a configuration
model define intensionally the properties, such as parts, of their indi-
viduals that can appear in a configuration. In the simplified ontology,
a configuration model includes the following disjoint sets: compo-
nent types, resource types, port types and constraints. The types are
organized in a taxonomy or class hierarchy where a subtype inherits
the properties of its supertypes in the usual manner. For simplicity we
only allow individuals of concrete, i.e. leaf, types of the taxonomy,
which unambiguously describe the product, in a configuration.

Individuals of concrete port and component types are naturally
represented as object constants with unique names. This allows sev-
eral individuals of the same type in a configuration. Types are rep-
resented by unary domain predicates ranging over their individuals.
Since a resource of a given type need not be distinguished as an indi-
vidual, there is exactly one individual of each concrete resource type.
The individuals that are included in a configuration are represented
by the unary predicate in() ranging over individuals.

The type predicates are used as the conditional parts of literals to
restrict the applicability of the rules to individuals of the type only.
This facilitates defining properties of individuals (see below). The
type hierarchy is represented using rules stating that the individu-
als of the subtype are also individuals of the supertype. This effects
monotonic inheritance of the property definitions.

Example 3. A computer is represented by component type pc (PC),
which is a subtype of cmp, the generic component type. For each
individual pci of component type pc in a configuration it holds that
pc(pci). Component type ide (IDE device) is also a subtype of cmp.
A type representing IDE hard disks, hd, is a subtype of ide. Actual
hard disks are represented as subtypes of hd, namely hda and hdb.
IDE CD ROM devices cda and cdb are subtypes of type cd, which
is a subtype of ide. Software packages are represented by type sw.
Software package types swa and swb are subtypes of sw. Port and
resource types are introduced in the following sections. The follow-
ing rules define the component types and their taxonomy:

cmp(C) pc(C) ; ide(C) hd(C) ;hd(C) hda(C)

cmp(C) ide(C) ; ide(C) cd(C) ;hd(C) hdb(C)

cmp(C) sw(C) ; sw(C) swa(C) ; cd(C) cda(C)

sw(C) swb(C) ; cd(C) cdb(C)
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3.2 Compositional Structure

The decomposition of a product to its parts, referred to as composi-
tional structure, is an important part of configuration knowledge. A
component type defines its direct parts through a set of part defini-
tions. A part definition specifies a part name, a set of possible part
types and a cardinality. The part name identifies the role in which
a component individual is a part of another. The possible part types
indicate the component types whose component individuals are al-
lowed in the part role. The cardinality, an integer range, defines how
many component individuals must occur as parts in the part role.

For simplicity, we assume that there is exactly one independent
component type, referred to as root component type. An individual
of this type serves as the root of the product structure. In a config-
uration there is exactly one individual of the root type. Component
types are also for simplicity assumed to be exclusive meaning that a
component individual is part of at most one component individual.
Further, no component type can have itself or any of its super- or
subtypes as a possible part type in any of its part definitions or the
part definitions of its possible part types, and so on recursively. This
implies that a component individual is not directly or transitively a
part of itself. These restrictions are placed to prevent counterintuitive
structures of physical products. In effect the compositional structure
of a configuration forms a tree of component individuals, and each
component individual in a configuration is in the tree.

The fact that a component individual has as a part another compo-
nent individual with a given part name is represented by the tertiary
predicate pa() on the whole component individual, the part compo-
nent individual and the part name. A part name is represented as an
object constant and the set of part names in a configuration model are
captured using the domain predicate pan().

A part definition is represented as a rule that employs a cardinality
constraint in the head. The individuals of possible part types in a
given part definition of a given component type are represented using
a domain predicate ppa. It is defined as the union of the individuals
of the possible component types.

Example 4. The root component type pc has as its parts 1 to 2 mass-
storage units (with part name ms) of type ide, and 0 to 10 optional
software packages (with part name swp) of type sw. Note that using
an abstract (non-leaf) type, such as ide, in a part definition effectively
enables a choice from its concrete subtypes. The fact that pc is the
root component type and the part names and possible part types of
PC are represented as follows:

root(C)  pc(C) ; ppa(C1; C2;ms) pc(C1); ide(C2)

pan(ms) ; ppa(C1; C2; swp) pc(C1); sw(C2)

pan(swp) 
The part definitions for the mass storage and software package

roles are represented as follows:
1 fpa(C1; C2;ms) : ppa(C1; C2;ms)g 2 in(C1); pc(C1)

0 fpa(C1; C2; swp) : ppa(C1; C2; swp)g 10 in(C1); pc(C1)

The ontological definitions that exactly one individual of the root
type is in a configuration, and that other component individuals are
in a configuration if they are parts of something are given as follows:

1 fin(C) : root(C)g 1  

in(C2)  pa(C1; C2; N); cmp(C1);

cmp(C2); pan(N)

The exclusivity of component individuals is captured by the fol-
lowing ontological definition that a component individual can not be
a part of more than one component individual:

 cmp(C2); 2 fpa(C1; C2; N) : cmp(C1) : pan(N)g

3.3 Resources

The resource concept is useful in configuration for modeling the pro-
duction and use of some more or less abstract entity, such as power
or disk space. Some component individuals produce resources and
other component individuals use them. The amount produced must
be greater than or equal to the amount used.

A component type specifies the resource types and amounts its
individuals produce and use by production definitions and use defi-
nitions. Each production or use definition specifies a resource type
and a magnitude. The magnitude specifies how much of the resource
type component individuals produce or use.

A resource type is represented as a domain predicate. Only one
resource individual with the same name as the type is needed, since a
resource is not a countable entity. A production and a use definition
of a component type is represented using a tertiary domain predicate
prd() on component individuals of the producing or using compo-
nent type, individual of the produced or used resource type and the
magnitude. Use is represented as negative magnitude.

Example 5. Disk space is used by the software packages and pro-
duced by hard disks. Disk space is represented by resource type ds.
Each subtype of type sw uses a fixed amount of disk space, repre-
sented by their use definitions: swa uses 400MB and swb 600 MB.
Hard disks of type hda produce 700MB and of type hdb 1500MB
of ds. The following rules represent the ds resource type and the
production and use definition of component types:

prd(C; ds;�400)  swa(C); res(R)  ds(R)

prd(C; ds;�600)  swb(C); ds(ds)  

prd(C; ds; 1500)  hdb(C); prd(C; ds; 700)  hda(C)

The production and use of a resource type by the component individ-
uals is represented as weights of the predicate in(). The ontological
definition that the resource use must be satisfied by the production
is expressed with a weight constraint rule stating that the sum of the
produced and used amounts must be greater than or equal to zero:

 res(R); fin(C) : prd(C;R;M) = Mg < 0

3.4 Ports and Connections

In addition to hierarchical decomposition, it is often necessary to
model connections or compatibility between component individuals.
A port type is a definition of a connection interface. A port individ-
ual represents a ”place” in a component individual where at most one
other port individual can be connected. A port type has a compatibil-
ity definition that defines a set of port types whose port individuals
can be connected to port individuals of the port type.

A component type specifies its connection possibilities by port
definitions. A port definition specifies a port name, a port type and
connection constraints. Port individuals of the same component indi-
vidual cannot be connected to each other. For simplicity, we consider
only a limited connection constraint specifying whether a connection
to a port individual is obligatory or optional. Effectively an obliga-
tory connection sets a requirement for the existence of and connec-
tion with a port of a compatible component individual.

Port types are represented as domain predicates and port individ-
uals as uniquely named object constants. Compatibility of port types
is represented as the binary domain predicate cmb() on port individ-
uals of compatible port types and a rule that any two compatible port
individuals can be connected. The connections are represented as the
symmetric, irreflexive binary predicate cn() on two port individuals.
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A port individual is connected to at most one other port individual.
The following rules represent these ontological definitions:

0 fcn(P1; P2)g 1  in(P1); in(P2); cmb(P1; P2)

cn(P2; P1)  cn(P1; P2); prt(P1); prt(P2)

 prt(P1); 2 fcn(P1; P2) : prt(P2)g

 prt(P1); cn(P1; P1)

Example 6. The configuration model includes port types idec and
ided that are subtypes of the general port type prt. These types rep-
resent the computer and peripheral device sides of IDE connection.
The compatibility definition of idec states that it is compatible with
ided. Correspondingly ided states compatibility with idec. The fol-
lowing rules represent the port types and compatibility definitions:

prt(P ) idec(P ) ; cmb(P1; P2) idec(P1); ided(P2)

prt(P ) ided(P ) ; cmb(P1; P2) ided(P1); idec(P2)

A port definition of a component type is represented as a rule very
similar to a part definition, but with the tertiary predicate po signi-
fying that a component individual has a port individual with a given
port name. The pon predicate captures the port names.

Example 7. Component type pc has two ports with names ide1 and
ide2 of type idec for connecting IDE devices. Component type ide
has one port of type ided, called idep, for connecting the device to a
computer. The idep port has a connection constraint that connection
to that port is obligatory. In rule form:

pon(ide1) ; pon(ide2) ; pon(idep) 

1 fpo(C;P; ide1) : idec(P )g 1  in(C); pc(C)

1 fpo(C;P; ide2) : idec(P )g 1  in(C); pc(C)

1 fpo(C;P; idep) : ided(P )g 1  in(C); ide(C)

 ide(C); ided(P1);po(C;P1; idep); fcn(P1; P2) : prt(P2)g 0

The ontological definitions that a port individual is in a configuration
if some component individual has it and that port individuals of one
component individual cannot be connected are also needed:

in(P )  cmp(C); pon(N); prt(P );po(C;P;N)

 cmp(C); pon(N1); prt(P1);po(C;P1; N1);

pon(N2); prt(P2);po(C;P2; N2); cn(P1; P2)

3.5 Constraints

All approaches to configuration have some kinds of constraints as
a mechanism for defining the conditions that a correct configuration
must satisfy. Rules without heads are used for this in our approach.

Example 8. In the PC configuration model, there is a constraint that
a hard disk of type hd must be part of PC:

 pc(PC1); fpa(C1; C2; N) : hd(C2) : pan(N)g 0

4 Computational Complexity

We make the following assumptions. A configuration model CM
represented according to the ontology is translated to a set of rules
CM as in Section 3, including the rules for ontological definitions.
Then, a set of ground facts S is added, providing the individuals that
can be in a configuration. S is constructed out of the domain predi-
cates representing the concrete types in CM and unique object con-
stants for the individuals of concrete types. The set of rules CM [S
is all that is needed for representing the product, and subsequently
configuring it. The requirements are represented using another set of
rules R.

The set S can be thought of as a storage of individuals from which
a configuration is to be constructed. The set S thus induces an upper
bound on the size of a configuration. This is important since if such
a bound cannot be given, the configurations could in principle be ar-
bitrarily large, even infinite. However, for any configuration model
CM agreeing with the ontology in Section 3, a finite, bounded set
maxi(CM) containing the maximum number of individuals of any
concrete type can be shown to exist. It can be constructed using the
following observations. For each concrete resource type there is ex-
actly one individual. Every concrete component individual is a node
in the maximal compositional structure tree rooted at the unique root
component individual. The tree can be constructed by going through
the part definitions starting from the root component type. Finally,
the number of port individuals is bounded by the number of compo-
nent individuals. Now, a set S defining enough individuals for any
correct configuration w.r.t. CM can be constructed by adding a fact
t(ij)  for each individual ij in maxi(CM) whose concrete type
is t.

We further make the assumption that the number of variables in
the rule representation of each constraint in CM and each rule in R
is bounded by some constant cl. This is based on the observation that
even checking whether a constraint rule or requirement rule of ar-
bitrary length is satisfied by a configuration is computationally very
hard. This would be contrary to the intuition that checking whether
a constraint or requirement is in effect in a configuration should be
easy. Since the ontological definitions in CM have at most five vari-
ables, this assumption implies that there is a bound c = max(cl; 5)

on the number of variables in any rule of any CM and R.
The above assumptions lead to the following definition of the de-

cision version of the configuration task:

Definition 9. CONFIGURATION TASK(D): Given a configuration
model CM translated to a set of rules CM , a set of ground facts S,
and a set of rules R, where the number of variables in any rule of
CM and R is bounded by a constant c, is there a configuration C, a
stable model of CM [ S, such that C satisfies R?

Theorem 4.1. CONFIGURATION TASK(D) is NP-complete in the
size of CM [ S [R.

Proof. (Sketch) Task is in NP: For CONFIGURATION TASK(D)
there is the following polynomial time non-deterministic algorithm:

1. Guess a configuration C. It holds thatC is of polynomial size w.r.t.
jCM [ S [Rj since C is a subset of the Herbrand Base (HB) of
CM [ S and jHB j is at most polynomial w.r.t. jCM [ Sj. The
latter holds since the number of variables in any rule of CM [ S
is bounded by c and the size of the Herbrand Universe of CM is
bounded by jCM [ Sj.

2. Check that C is a stable model of CM [ S. This is accomplished
by instantiating CM [S with its Herbrand Universe, thus obtain-
ing the set of ground rules (CM [ S)G, and checking that C is
a stable model of (CM [ S)G. Since the number of variables in
any rule of CM [ S is bounded by c and the size of the Her-
brand Universe of CM is bounded by jCM [ Sj, j(CM [ S)Gj
is polynomial w.r.t. jCM [ Sj and the instantiation can also be
computed in polynomial time. Checking if C is a stable model of
a set of instantiated rules can be done in polynomial time [7].

3. Check that C satisfies R. This can be accomplished in polynomial
time similarly as in Step 2 by instantiating R[S with its Herbrand
Universe and checking that C satisfies (R [ S)G.

NP-hardness: The NP-complete 3-SAT problem of whether a
propositional sentence (l1 _ l2 _ l3) ^ : : : ^ (lm�2 _ lm�1 _ lm)
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is satisfiable can be reduced to the configuration task e.g. as follows:
Introduce in CM a root component type r and add a distinct compo-
nent type for each variable that appears in the sentence. Add to r a
part definition for each variable such that the component type is the
same as the variable, and the cardinality is [0; 1]. For each clause
(l1 _ l2 _ l3), introduce the constraint rule  t(l1); t(l2); t(l3),
where t(li) = not in(X); vi(X) if li is a positive literal and
t(li) = in(X); vi(X) if li is a negative literal, where vi is the vari-
able in li. Finally, construct S by including a fact r(r1)  and the
facts vi(vi1) for each variable vi. Now, the sentence is satisfiable
iff there is a configuration of CM and S satisfying R = ;.

5 Previous Work

There are several approaches that define a configuration oriented lan-
guage, a mapping to an underlying language, and implement the con-
figuration task using an implementation of the underlying language.
Our approach differs from these in the following respects. The un-
derlying languages do not always have a clear declarative semantics
or their implementations are incomplete. They were usually not de-
signed for configuration typical knowledge representation. Finally,
the complexity of the configuration task has not been precisely clas-
sified. The last issue holds also for the approaches discussed next.

Some exceptions to the above pattern exist. In [1], a formal defini-
tion of configuration as constructing a Herbrand model of a descrip-
tion logic-like language is given. Another approach defining (implic-
itly) configurations as models of a language is described in [4], where
a component and connection based ontology is formalized using On-
tolingua. In [1], the ontological foundation of configuration is not
explored, whereas in [4] the ontology is more restricted than ours.

The approach with perhaps the most similar goals to ours is de-
scribed in [2, 3]. A similar configuration domain oriented conceptu-
alization and a configuration model are given a formal semantics us-
ing a restricted variant of predicate logic extended with set constructs
[2]. This definition is then mapped to a generative constraint satisfac-
tion problem (GCSP), and implemented using its implementation. In
our approach, the formalization is done directly using the language
that provides the implementation. In contrast to our approach, the
configuration task is cast as the task of finding a subset minimal set
of sentences representing the configuration such that the union of
the configuration model and the configuration together with require-
ments is consistent. The subset minimality condition is a stronger
form of justification than ours based on a fixpoint definition [7].

The mapping from the conceptualization to the formalization in
[2] is more complex than in our approach. This is partially due to a
more complex conceptualization, but there are also other significant
differences. First, unlike in [2], our mapping is modular in the sense
that each type, property definition and constraint can be formalized
independently of other things in the configuration model. The struc-
ture of the product is represented in [2] using ports and connections,
which leads to more complexity. Furthermore, defining the configu-
ration as a stable Herbrand model eliminates the need for ”closure”
axioms required in [3, 2] to restrict the set of sentences correspond-
ing to a configuration to be complete and not to contain extraneous
things. In addition, the weight constraints allow a compact represen-
tation of things which require complex predicates in [2].

It is relatively easy to extend our representation to cover a more
complex conceptualization such as those in [11, 2]. These include
additional concepts for representing attributes and functionality and
additional definitions for the concepts. However, some aspects can-

not be captured in a straightforward manner. E.g., the implementa-
tion does not yet include arithmetic for reals which is useful for ex-
pressing, e.g., attribute values and resource amounts. However, inte-
ger arithmetic is included as built-in functions.

6 Conclusions and Future Work

We have presented an approach to formally defining different con-
ceptualizations of configuration knowledge, modeling configuration
knowledge, and implementing the configuration task on the basis of
the formalization. The approach is based on a novel weight constraint
rule language designed for representing different aspects of configu-
ration knowledge uniformly and in a straightforward manner. Using
the language to represent different aspects of configuration knowl-
edge is demonstrated through formalizing a unified configuration on-
tology. The language allows a compact and simple formalization.
The complexity of the configuration task defined by the formaliza-
tion is shown to be NP-complete.

However, the language does not allow real number arithmetic. Ex-
tending the implementation with these and further aspects of config-
uration and formalizing a more extensive configuration ontology are
important subjects of further work. In addition, the computational
complexity of different possible conceptualizations should be further
analyzed, and the implementation performance should be tested.
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aKTpXdJ|D0HKZ[^rNdPqDjXdB�D'XQB=f{DGFYTMa\XdJ|DyN>BYT3`rT)HKBIg�DGFYT3Z[N>J|D'HKZ[^rNdPqDjXQB�Dpk

�M9cb;d2br7�e�8�efb;gih1jDLIµ$µlk ²u¸G± µ�ªr¨jµ$©|Ê °{¸G±�°§Â ¶\µU³[©p´�µW¶.©|Ê °$d¯ © ® ªr´
�
�0��Ã ¯ © d¯q° ³ ²u¸�m!n «C¨G©d³}Ãr¶\µ ± µ�o
�M9cbpbFqj?�lOFIHKJ'^YPGNd^rN>JqHmDGHKN>BEHKJ'^YPGN;¦§Tpf6H\B�»K¼"�d½õk r
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DGFYTUZ[N�fYTWa�c�PGN>Z DGFYTU^YPGNdgdPjXdZ DGFIXQD�fYT�e=BITWJ3HKD�HKJ3DGF=X;D3DGFITU^_PGNdz
gQPjXdZûZ$X)n�F=Xp¦§TUX�JqTWD]NdcyXQiYV_HKa\H\X;PqnoX;DGN>Z[JMDGF=X;D�fYN�BYNdD]F=Xp¦§TUX
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IPAS: An Integrated Application Toolsuite for the
Configuration of Diesel Engines

Dr. Carlo Bach
�

Abstract. In the presentation the application toolsuite IPAS for con-
figuring and offering diesel engines will be demonstrated.

While IPAS provides a complete set of applications for the quo-
tation and order taking process we will mainly focus on the con-
figuration process as seen by the end user and the product model
developer. The highlights of the configurator as parallel configura-
tions and reconstruction of old configurations will be explained. An
integrated development environment to build up, test, and maintain
product models is described as well.

Experiences made during the project will be discussed.

1 THE IPAS PROJECT

Motoren- und Turbinen Union GmbH Friedrichshafen (MTU [3]) in
Germany, together with its subsidiaries, forms the Diesel Propulsion
Systems Division in the DaimlerChrysler Group and is one of the
worldwide leading manufacturers of large diesel engines and com-
plete drive systems. Diesel engines in the 35 to 7,400 kW power
range are manufactured for marine propulsion, heavy vehicles, power
generation and railroad applications.

In order to handle the growing demand for customer specific con-
figured diesel engines MTU initiated a project called IPAS (Integri-
ertes Projekt Abwicklungs System) in 1996. IPAS provides a com-
plete suite of applications to handle the quotation and order taking
process. At its heart an interactive configurator masters the technical
complexity of the diesel engines.

In late 1998 the applications went into productive use at the head-
quarter. Meanwhile several improvements especially in the manage-
ment of the configuration knowledge could be realized. Currently the
system is going to be deployed at MTU’s subsidiaries world-wide.
The tool suite is in daily use by about 70 users.

1.1 The Application Domain

MTU offers not only single diesel engines but complete propulsion
systems for various application domains. As illustrative example we
will concentrate in the following, however, on a marine application.

A typical quotation for a shipping company handles a fleet of two
to four ships each consisting of several diesel engines and controlling
equipment. E.g. a ship needs normally two engines for propulsion,
one engine for power generation and computer systems for steering.
All these engines have to be configured differently to cope with the
individual requirements.

�
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For example the location of an engine in the hull - wether it is on
the left or the right side - decides on which side the oil dipstick has
to be mounted (right and left). Of course, an oil dipstick on the left
side of the engine is a different part than one on the right side and the
engines itself - although very similar - are quite different in terms of
the parts involved.

The configuration results in a hierarchical parts list which can be
calculated and printed as Microsoft Word documents.

As this small example shows, the engines have a great variance
and are therefore quite complex. A single engine consists in a fi-
nal configuration of about 400 parts out of several thousand possible
parts.

Besides of the technical complexity an offering process may take
from some weeks to several months or even years. During this period
of time already configured engines have to be reconfigured because
of new customer requirements or since the diesel engine type itself
has changed technically. Therefore adaptation of old configurations
is an integral element of the tool suite.

To handle this complexity MTU decided to develop a quotation
system consisting of a configurator and all the applications needed to
smoothly deal with the quotation and ordering process.

1.2 Application Overview

IPAS provides sales people at MTU with the following six highly
integrated applications:

� PO: is the so called project folder (Projekt-Ordner). It offers a
hierarchical view on projects, subprojects and all the documents
generated by the other applications. PO allows to access project
information at all subsidiaries and is responsible for the distribu-
tion of the relevant application data between different locations. It
also stores versions of quotations and orders.

� ADMIN: is used for the management of customer and project in-
formation common to all applications.

� CONFIG: is the main application for the technical configuration
of ships with several engines. It is used alike for quotes and for
orders.

� CALC: calculates prices based on the detailed technical configu-
ration generated with CONFIG and prints detailed price lists.

� TERMS: prepares a written offer based on text components. Vari-
ous parameters can be extracted from the technical (CONFIG) and
the commercial (CALC) configuration.

� NOTE: manages the order taking, the production, and the delivery
of the ordered engines at MTU itself.

To work properly these end user applications need a lot of
basic data which are maintained with several other applications.
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The central application for the management, test, and maintenance
of the configuration knowledge is PMADMIN (Produkt-Modell-
Administrator).

1.3 Application CONFIG

With CONFIG sales people can interactively configure diesel engines
for a fleet of ships and manipulate them afterwards. The application
supports the following main features:

� The user has first to select an engine type which will determine
the prodcuct model. Each product model exists in several versions
depending on how much it changed over time.

� CONFIGpresents always a complete and technical correct solution
as far as the configuration knowledge is valid. Choices technically
forbidden by the configuration knowledge can not be selected. All
selections are performed really interactively in typically less than
one second.

� The user can configure the engines based on a sales model and/or
on an engineering model. The sales model lists about 30 to 60 easy
to understand properties each of them with several alternatives. In
the engineering model 2000 to 6000 parts describe the detailed
assembly of an engine with all its variations.
It is always possible to switch between these two views since the
configuration engine propagates changes in both directions.

� The configuration engine supports the parallel configuration of
diesel engines. By default all engines are configured together. But
the user can deliberately select a subset of engines and can even
change the set any time during the configuration process.
An individual instance of the configuration engine is created for
each element in the set of selected engines. The user interacts with
a so called leading engine in the set. All changes in the leading en-
gine are duplicated whenever possible in the other configurations
in the set. Conflicts are reported to the user.
This feature reduces the configuration time for large quotations
dramatically.

� The user can modify existing or insert new components in the
product model on a per offer basis. The configuration engine in-
tegrates them for the current user session into the product model
although it can not test if they are appropriate and technical com-
patible with the product model.

� Configurations can be reconfigured at any time, e.g. if a customer
calls for modifications.

� The configuration engine can adapt configurations based on older
product models to new models. Conflicts are reported to the user.
The configuration engine uses the following method for this re-
construction process: When a configuration is stored an identifier
of the product model used and only the explicit choices made by
the user are written to the data store. All selections made by the
system are left aside.
If a configuration has to be restored with the same product model
as stored the configuration engine selects first the choices done by
the user last time. Afterwards all other selections are done auto-
matically again. In the case just described the reconstructed con-
figuration is absolutely the same as the original one and no con-
flicts can arise since the same unmodified product model is used.
The same mechanism is used for the reconstruction with a differ-
ent version of the prodcut model (typically a more actual one). In
this situation, however, several conflicts can occur.
First, if a choice is not available in the new product model any
more this conflict situation is written to a log and the system will

postpone the decision upon which variant should be selected until
all other choices are reconstructed.
A second conflict situation has to handle choices of parts which
are not available at the same place in the parts list hierarchy but
have moved. In this situation the system refines the configuration
stepwise and tries to find the choice after each step again.
Finally, the original configuration is compared to the reconstructed
one. All differences are written to the log and presented to the user.
This reconstruction mechanism works best if product models
change only slowly over time. Since it is based on the naming
of properties and components it is important to keep the naming
conventions while the product models evolve.
This feature is mainly used for long running quotations or orders
where ships are delivered over a long period of time, e.g. one ship
per year.

1.4 Application PMADMIN

PMADMIN is an integrated development environement for the man-
agement, test, and maintenance of product models. It is used mainly
by the diesel engine engineers who have deep knowledge about their
products.

Since the creation of product models is similar to the program-
ming of application programs PMADMIN provides a lot of features
analogous to those known to software engineers from visual devel-
opment environements. The users of PMADMIN, however, are not
very familiar with software construction. Therefore the application
provides all tasks in a visual attractive fashion.

The product model used by CONFIG is a result of a transforma-
tion into the configuration engines own language and a compilation
process.

PMADMIN supports the following features:

� Creation and modification of product models: PMADMIN pro-
vides three categories of components: properties, parts, and rules.
Each category represents one aspect of configuration knowledge
for the diesel engine engineers, although internally these cate-
gories are not differentiated.

� Modularization: Product models are divided into so called li-
braries. Libraries can be reused.

� Versioning: PMADMIN keeps track if product models are used in
active configurations. These product models can not be changed
any more since the reconstruction without conflicts could not be
guaranteed.
If changes are necessary PMADMIN creates a new version of the
product model keeping as much parts unchanged as possible. A
new version has to be explicitly released for use.
To get a fast overview PMADMIN can show differences between
product models.

� Views: Several views on the configuration knowledge are possible.
E.g. a user can look at different aspects of the product model like
the sales and the engineering model.

� Searching: PMADMIN provides extended browsing, searching,
and crossreference capabilities. Since the product models grow
very fast (up to 6000 components) good filtering and searching
techniques are needed to keep an overview of the parts involved.

� Run-time debugging: With the run-time debugger the developper
can follow in detail the configuration process. Whereas in CONFIG

rules are not shown to the user in PMADMIN this configuration
knowledge is available.
It is always possible to look at the current solution state and the
dependency information.
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Since the product models are very large stepwise debugging is
normally to time consuming. Therefore, the debugger supports so-
phisticated break points and watches statements.

2 CONFIGURATION ENGINE

IPAS uses a domain independent configuration engine [1], [2]. The
knowledge representation language applies techniques known from
constraint, logic, and object-oriented programming. The language is
completely declarative. As basic language constructs aggregation,
generalization, and constraints similar to [4] are applied.

The inference engine searches an AND/OR-lattice with a back-
tracking method. To improve the search efficiency problem depen-
dent heuristics can be employed additionally.

In case of conflicts a dependency based backtracking algorithm is
called, minimizing the changes in the current solution and keeping
as much user choices as possible.

3 EXPERIENCES

The applications in IPAS evolved over the project period and the con-
figuration process was refined iteratively several times as end users
but also product model developers gained experiences with configu-
ration tasks.

It has shown that powerful and flexible configuration engines are
needed to react in a timely manner to changed user requirements. In
our case it was used to adapt the configuration process as seen by the
end user without the need to change the configuration engine itself.

Another lesson learned is that the power of a configuration en-
gine can be overwhelming to the product model developers as well
as the end users. It is therefore absolutely necessary to provide prod-
uct model developers with programming conventions to guide the
development process.

We introduced naming conventions which not only improved the
communication between developers but also had a positive effect on
the reconstruction process in CONFIG. We also provided predefined
patterns for typical configuration problems. Most important, these
rules are supported by PMADMIN either in form of visual entry
masks or as check routines.

Nevertheless the full power of the configuration engine can always
be exploited if the need arises.

4 IMPLEMENTATION

The whole IPAS system is realized as a multi-user distributed client-
server system. It runs under Microsoft Windows 95, 98 and NT. The
front-end applications are written in Visual Basic and access data
stored on a Microsoft SQL-Server 7.0 relational database. For print-
ing an integration to Microsoft Word was implemented. The config-
uration engine is written in C++ and is available on Windows and
Unix plattforms.

5 CONCLUSION

The IPAS system consists of a complete application toolsuite for the
fast and reliable management of quotations and orders in a technical
complicated domain. At its heart stands a powerful domain indepen-
dent configuration engine.

As in the software development process programming conventions
are necessary to master the complexity of the configuration task.

The IPAS system is in daily use at MTU for almost two years now.

The configuration engine was not designed exclusively for the
IPAS system but is used in other applications as well, e.g. it also
configures switching equipement in a batch process at the mobile
networks division of a big Telecom company.

ACKNOWLEDGEMENTS

I would like to thank Michael Feldmann and the computer
science departement from MTU Motoren- und Turbinen-Union,
Friedrichshafen.

REFERENCES
[1] ISE Software AG. Configuration Master User’s Manual.
[2] C. Bach,An Interactive Knowledge-Based Shell for Configuration Tasks,

Hartung-Gorre Verlag, D-Konstanz, 1994. also published as Ph.D. thesis,
ETH Zuerich.

[3] MTU Friedrichshafen. www.mtu-friedrichshafen.com.
[4] H. Meyer auf’m Hofe, ‘Construct: Combining concept languages with

a model of configuration processes’, inPapers from the AAAI Workshop
on Configuration, (1999).

93



EngCon
A Flexible Domain-Independent Configuration Engine

Oliver Hollmann, Thomas Wagner
�

and Andreas Guenter
�

Abstract. The knowledge-based configuration engineEngConis
presented which is developed in a cooperation of TZI Bremen and
LENZE GmbH & Co KG Hameln, Germany.
We discuss the system architecture and the configuration techniques
used inEngCon. In our demonstration we try to focus on the differ-
ences to the LISP prototypeKONWERKwhich was developed at the
University of Hamburg, Germany.

1 INTRODUCTION

The configuration of products with a wealth of variants has enor-
mously gained in relevance over the last years. Customers increas-
ingly expect consideration of their individual requirements on a prod-
uct. There was a paradigm switch frommassproductionto masscus-
tomization. Intelligent configuration and design tools support sales
managers, engineers, and customers to layout and configure individ-
ual, innovative, and complex products.
The implementation of a knowledge-based configuration engine in a
company leads to more transparency and efficiency in the usage of
expert knowledge. The specific configuration knowledge of a domain
expert can be used by colleagues or customers directly.
In the automobile industry, for example, a customer can configure a
car directly on the internet page of a company3 4 and can order it
without any personal contact to a dealer. An overview of online con-
figurators is given in [Boehm et al., 1999].
In this paper we discuss the domain-independent, knowledge-based
configuratorEngCon. The main idea of the tool is methodically based
on the LISP prototypeKONWERK(see [Guenter, 1995]). But in de-
tail there are some differences and extensions.
The next section provides a short introduction to knowledge-based
configuration. Section 3 shows the configuration engineEngCon. We
discuss the knowledge representation, problem-solving methods, ar-
chitecture and system integration with CRM- and ERP-systems. Fi-
nally, a short summary and some future directions ofEngConare
given in section 4.

2 KNOWLEDGE-BASED CONFIGURATION

Solving a configuration task means selecting, parametering, and
composing a system from single components to a valid solu-
tion according to all requirements and constraints [Sabin, 1998]
[Guenter, 1995]. A configuration task consists of a problem
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HITeC e.V., University of Hamburg, D-22527 Hamburg, Germany, email:
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representation and algorithms generating a solution. There are
several problem-solving methods for configuration problems (e.g.
logic-based, structure-oriented, ressource-oriented, associative and
function-oriented) which were discussed in [Brinkop, 1999] and
[Guenter, 1995].
The domain-independent configuration tool EngCon
[Arlt et al., 1999] works with the structure-oriented configura-
tion method. The tool is successfully used for the complex product
configuration of electronic drives.EngConis implemented in Java
and has an ontology for representing domain knowledge. Domain
concepts can be defined with parameters and relations in a concept
hierarchy. Modeling descriptions for taxonomic (is-a), partonomic
(has-part) and user-defined relations can be used. The action of
the configuration engine can be controlled with declarative control
knowledge. Requirements and restrictions between configuration
objects are represented with constraints.

3 ENGCON TECHNOLOGIES

The domain-independent, knowledge-based configuratorEngConis
successfully used for the configuration of electronic drive systems.
The structure-oriented configuration method is well suitable for tech-
nical domains with a wealth of variants and relations between the
components. The user can develop step by step the solution guided
by the configurator (see figure 1). In this section we discuss the tech-
nologies ofEngConin detail.

Figure 1. EngCon System
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3.1 Kno
�

wledge Representation

The domain knowledge is represented in an object-oriented concept-
hierarchy. Domain objects are defined with parameters and relations.
EngConprovides thetaxonomic(is-a) andpartonomicrelation (has-
part).

(def-do
:name <name>
:super-concept <name>
[:parameters (<parameter>[<facette>]*)]
[:relations (<relation>[<facette>]*)])

A facette might be for example a default value or a measurement
unit. The representation of concepts is equal to the frame-based rep-
resentation inKONWERK (see [Guenter, 1995]).
The configuration process inEngCon can be structured in dif-
ferent phases which are described by control knowledge (see
[Guenter, 1992]). In a strategy we can focus the agenda generation
on specific configuration objects. The processing of the agenda can
be controlled with agenda selection criteria. You can define a stack of
calculation methods (see subsection 3.2) for the evaluation of a con-
figuration step. Strategies are changed if the current agenda is empty
or the start condition of a strategy with a higher priority is true.
The control knowledge ofEngCon describes the funcionality of
an intelligent assistant. A user can configure either interactively or
guided by the tool.
Other than inKONWERK, the look and feel of configuration objects
in a user interface can be defined with declarative presentation con-
cepts:

(def-presentation
:name <name>
:super-presentation <name>
:concept <concept-name> | <task-name>
[:strategy <strategy-name>]
[:parameters (<parameter>*)]
[:relations (<relation>*)])

A parameter of a presentation concept might be for example an icon
of a component which should be presented for a configuration object
in a specific situation of the configuration process. Depending on
an interacting user, it is possible to describe different configuration
modes (e.g. novice and expert) and present detailed informations.

3.2 Problem-Solving Methods

The configuratorEngConworks agenda-based and provides several
calculation methods to determine the value in a configuration step. In
a top-down design a configuration object can beparametrized, spe-
cializedanddecomposedinto parts. In a bottom-up or mixed design,
components can beintegratedin complex configuration objects, too.
A configuration decision can be made by:

	 user-interaction	 default-value-takeover	 dynamic-default-calculation (e.g. min/max value)	 calculation functions	 constraints	 taxonomic inferences

Constraints are used to check the consistency of a partial solution
and to restrict and propagate values. There are different constraint

relations provided inEngCon(tuple, function, java, specialize, de-
compose) which are defined in a conceptual way. The bindings of
constraint pins are defined with variable-pattern-pairs. The constraint
relations are instantiated incrementally during the configuration pro-
cess. Only the constraints for actual configuration objects are in the
scope of the constraint propagation.

(def-conceptual-constraint
:name <name>
:variable-pattern-pairs ((<var><pattern>)*)
:constraint-calls ((<cons><var><slot>)*))

Tuple constraints can be defined directly in a relational database sys-
tem. The evaluation is done by SQL-queries via JDBC.
It is possible tospecializeor decomposeconfiguration objects auto-
matically via constraints.
JAVA constraints are a flexible and powerful way to define cus-
tomized constraint relations. The functionality of a constraint can
be implemented in a JAVA method with an clear API to theEngCon
constraint-solver. With this powerful mechanism the availability of a
component for example can be checked through a request to an ERP-
system.
If the values of a configuration object are restricted in a way that
there is only one possible specialization in the concept hierarchy,
the specialization step will be automatically done by the taxonomic-
inference mechanism ofEngCon. Complex configuration objects
will be decomposed automatically to the minimum number of com-
ponents defined in the knowledge base.

3.3 Integration

The concept hierarchy ofEngConcorresponds to a company’s prod-
uct model. In the knowledge acquisition process the concept defini-
tions for the bottom levels of the concept hierarchy can be generated
automatically from the database of an ERP-system (see figure 2).
The higher levels of the concept hierarchy have to be modeled by a
domain expert and knowledge engineer.
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Figure 2. EngCon ERP-Integration

The solution of the configurator can be directly integrated in a sup-
ply or an order.EngConprovides interfaces to CRM-systems. The
configuration process can be initialized by a CRM-system and the
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output can be exported and included in the supply text or order text.
A closer integration with an ERP-system of a company can be
achieved by the implementation of JAVA constraints which initiate
specific transactions (see subsection 3.2).

3.4 Implementation

The configuratorEngCon has a flexible component architecture
based on JAVA-2 technology. The platform-independent JAVA tech-
nology allows the usage of the configurator in heterogeneous soft-
ware environments and provides a good basis for internet configu-
ration. The interface ofEngConcan be bridged for example with
JAVA-RMI, and the user interface might be an Applet.
The kernel ofEngConcan be integrated in domain-specific user in-
terfaces. It is possible to embed the configurator via middleware tech-
nology in non-JAVA environments.
In an early phase of our project we integrated the configurator via
SUN MicrosystemsActiveXBridgein a Visual Basic user interface.

4 SUMMARY AND FUTURE DIRECTIONS

The configuratorEngConis successfully used in technical domains.
A future extension might support 3-D configurations with spatial
constraints.
Another task for the future will be the storage of solutions and their
case-basedretrieval. Time-intensive configuration processes can be
saved, if the tool provides traditional solutions to a configuration task
which can be reconfigured.
We are actually working on an online solution for the internet. There-
fore the knowledge representation should be transformed to XML
which seems to be the standard representation in eCommerce. There
are several XML-approaches to represent product data in electronic
catalogues5 or to define interchange formats6 which can be integrated
in EngCon.
One more extension is the development of alternative (partial) solu-
tions and their assessment for decision support during a configura-
tion. This will be interesting for online configuration, too, because
there is no expert available to influence the customer in his decision.
Configurations have to fit different heterogeneous requirements
which can lead to various conflict assessments. There is a conflict
resolution framework described in [Hollmann et al., 2000] which can
be integrated inEngConfor multicriteria evaluation support.
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