
HELSINKI UNIVERSITY OF TECHNOLOGY

Department of  Computer Science and Engineering

Laboratory of  Information Processing Science

Timo Soininen

An Approach to Configuration Knowledge
Representation and Reasoning

Licentiate thesis submitted for official examination for the degree of  Licentiate
in Technology in Espoo on December 9th, 1998.

Supervisor: Professor Reijo Sulonen

Instructor: Professor Reijo Sulonen



2

HELSINKI UNIVERSITY OF ABSTRACT OF THE
TECHNOLOGY LICENTIATE THESIS

Author: Timo Soininen

Title of  the thesis: An Approach to Configuration Knowledge
Representation and Reasoning

Date: December 9th, 1998 Number of  pages: 110

Department:

Department of  Computer Science
and Engineering

Professorship:

Tik-76 Information Processing
Science (ZE02)

Supervisor: Professor Reijo Sulonen

Instructor: Professor Reijo Sulonen

Configuration task can be roughly defined as the problem of  designing a
product individual using a set of  predefined components while taking into
account a set of  well-defined restrictions on how the components can be
combined. A configuration task can be automated or supported by a product
configurator, i.e. a knowledge based information system.

In this work configurable products, configuration task related business
processes and their impact on product configurators were analyzed. Compa-
nies were found to have similar processes and problems. Changing the
business to configurable products may require major changes to the existing
products and processes. It is not obvious when these changes are profitable.
A product configurator is often necessary for the change to be profitable.

On the basis of  the analysis a model of  concepts for representing configura-
tion knowledge was developed. This configuration ontology synthesizes
several previous approaches and is extended with new concepts. In addition, a
partial formal model of  the computation and reasoning in configuration tasks
was defined. It can be used to represent and reason on some aspects of  the
ontology. The configuration task was analyzed on the basis of  the formal
model and found to be NP-complete.

A prototype based on the formal model was implemented and the feasibility
of  the approach was studied using two simple examples. For these examples
the implementation was efficient. It is argued that configuration tasks may be
inherently well-structured. This would mean that the worst-case exponential
computation implied by NP-completeness does not materialize in real world
cases. This assumption, the ontology and the proposed formal model should
each be empirically validated. Several extensions to the ontology and formal
model and integrating them more tightly are pointed out as future work.

Keywords: Product configuration, configurable product, product configu-
rator, ontology, knowledge representation and reasoning
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Konfigurointi on karkeasti ottaen ennalta määritellyn komponenttijoukon ja
sen komponenttien keskinäisten rajoitusten perusteella tehtävää tuoteyksilön
rutiinisuunnittelua. Tällainen tehtävä voidaan automatisoida tai sitä voidaan

teknisillä tietojärjestelmillä, tuotekonfiguraattoreilla.

Tässä työssä analysoitiin konfiguroitavia tuotteita ja konfigurointiin liittyviä
liiketoimintaprosesseja sekä näiden merkitystä tuotekonfiguraattoreille. Eri yri-
tysten konfigurointiin liittyvät prosessit ja niiden ongelmat havaittiin saman-
kaltaisiksi. Yrityksen liiketoiminnan muuttaminen konfiguroitaviin tuotteisiin
perustuvaksi voi vaatia huomattavia muutoksia yrityksen tuotteisiin ja proses-
seihin. Ei ole kuitenkaan selvää milloin nämä muutokset ovat kannattavia.
Kannattavuuden edellytyksenä on usein tuotekonfiguraattorin käyttöönotto.

Tuotteiden ja prosessien analyysin perusteella kehitettiin käsitteistö
konfigurointitietämyksen esittämiseen. Tämä konfigurointiontologia yhdistää
useat aiemmat lähestymistavat sekä laajentaa niitä uusilla käsitteillä. Käsitteis-
tön lisäksi kehitettiin osittainen formaali malli konfigurointitehtäviin liittyvästä
laskennasta ja päättelystä. Mallia voidaan käyttää joidenkin konfigurointionto-
logian käsitteiden esittämiseen ja niiden pohjalta tapahtuvaan päättelyyn. For-
maalin mallin mukaisen konfigurointitehtävän laskennallinen vaativuus osoit-
tautui NP-täydelliseksi.

Työssä kehitettiin prototyyppikonfiguraattori esitettyyn formaaliin malliin
perustuen. Prototyypin todettiin toimivan tehokkaasti kahdella yksinkertaisella
esimerkkituotteella. Konfigurointiongelmat näyttävät luonnostaan olevan
rakenteellisia. Tämän takia NP-täydellisyydestä johtuva pahimmassa tapauk-
sessa eksponentiaalinen laskennallinen vaativuus ei näyttäisi toteutuvan todelli-
sissa tehtävissä. Tämä oletus, konfigurointiontologia ja esitety formaali malli
tulisi kukin validoida kokeellisesti. Jatkotyöksi ehdotetaan useita laajennuksia
ontologiaan ja formaalin malliin sekä näiden yhdistämistä.

Avainsanat: Tuotekonfigurointi, konfiguroitava tuote, tuote-
konfiguraattori, ontologia, tietämyksen esittäminen ja päättely
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1 Introduction

1.1 Background

The design and production of  goods1 that satisfy specific needs of  individual
customers are of  central interest to the European and especially Scandinavian
companies. The major trends in the business environment of  these companies
include diminishing lifetimes of  products, increasing complexity and number
of  variants of  products, and shorter lead-times in the sales-delivery processes.
Moreover, there is increasing pressure to adapt product individuals according
to customer requirements.

One way to cope with the changes in the business environment is to de-
velop and deliver configurable products. A configurable product can be character-
ized by the following properties:

• Each delivered product individual is adapted to meet the requirements of  a
customer.

• The product has been pre-designed to meet a given range of  different
customer requirements. It is not meant to be adapted to meet requirements
outside this range.

• Each product individual is specified as a combination of  pre-designed
components. New components are not designed in the sales-delivery proc-
ess to adapt the product.

• The product has a pre-designed general structure.

• The adaptation in the sales-delivery process requires only routine design
and can be done in a systematic manner.

A configurable product typically has a large number of  variants. It allows
systematic adaptation, configuration, through which the customer-specific
variants are specified. The goal is to do this while keeping the adaptation easy,
routine, and manageable, and the lead-time of  the sales-delivery process short.
In other words, a configurable product aims at combining some of  the benefits
of mass-produced and one-of-a-kind products. This type of  operation has
sometimes been called mass-customization (Hales 1992; Carson 1997).

A product configurator2, or configurator for short, is an information system that
configures a product or supports a human in doing it. The configuration task can
be roughly defined as the problem of  designing a product individual using a set

                                               
1 In the following, the term “product” encompasses both physical and logical products, such as
software, and services.
2 The word “configurer” is sometimes used with the same meaning. There seems to be no
standard terminology. The word “configurator” is used in this thesis for an information
system. The word “configurer” is reserved for a person that does the configuration task,
possibly supported by a configurator.
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of  pre-defined components while taking into account a set of  well-defined
restrictions on how the components can be combined. The inputs of  the
problem are a configuration model, which describes the components that can be
included in the configuration and the rules on how they can be combined to
form a working product, and requirements that specify some properties that the
product individual should have. The output is a configuration, an accurate enough
description of  a product individual. The configuration must satisfy the
requirements and be correct in the sense that it does not break any of  the rules
in the configuration model.

Product configurators have been used as an aid in the sales-delivery proc-
ess at least from the beginning of  the 1980s (McDermott 1982). In the last five
years the number of  vendors of  product configurators has bloomed and the
configurator business has grown to hundreds of millions of  dollars annually
(Richardson 1997). There are at least a dozen commercial systems available3

(Richardson 1997). The commercial success of  the field is also witnessed by
the growing number of  companies that have taken a configurator into use
(Richardson 1997; Faltings and Freuder 1998).

Although the use of  configurators in companies started and is probably
most wide-spread in the USA, already at least a dozen Finnish companies have
taken a configurator into use. Several Finnish companies have also developed
and delivered configurable products for some time without configurator
support (I). This is natural as products that can be adapted to customer specific
requirements are very important for the Finnish industry. It seems that the
Scandinavian companies are among the first in Europe to acquire product
configurators. There are also a few Finnish companies that produce configu-
rators, one of which was recently acquired by a major US company.

This thesis is organized as follows: In Section 1.2 previous research on
configuration is briefly discussed. The research problem and goals of  this
research are defined in Section 1.3. The scope of  the research and the research
methods are discussed in Sections 1.4 and 1.5. Then, in Section 2 brief
summaries of  the annexed publications are given. In Section 3 some conclu-
sions are given and further work is outlined. The publications annexed to the
thesis follow as appendices.

1.2 Research in Configuration

Numerous theoretical models of  product configuration tasks and reports on
implemented configurators have been presented (see, e.g., Cunis et al. 1989;
Heinrich and Jüngst 1991; Mittal and Frayman 1989; Faltings and Freuder
1996; Baader et al. 1996; Faltings and Freuder 1998; Hales 1992; Darr,
McGuinness and Klein 1998; Schreiber and Birmingham 1996). In these, the

                                               
3 The configuration homepage at http://www.cs.unh.edu/ccc/config/ provides a list of
references to the homepages of  vendors of  commercial systems under the heading Who’s
Who/Companies.
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configuration task has been usually characterized as a subclass of  design that
can be done in a routine manner. The term “product configuration” has
usually been used for this type of  routine design that take place in the sales-
delivery process, whereas the term configuration design may also encompass more
design-oriented activities that take place in the product development process.

Configuration tasks and product configurators have been studied within
the field of  artificial intelligence (AI) for at least two decades. Most of  the
research has concentrated on problem solving methodologies, such as
constraint satisfaction-type (Haselböck and Stumptner 1993; Mittal and
Falkenhainer 1990; Gelle and Weigel 1996; Weigel and Faltings 1996; Sabin and
Freuder 1996), resource-based (Heinrich and Jüngst 1991) and propose-and-
revise type approaches (Balkany, Birmingham and Tommelein 1993; Schreiber
and Birmingham 1996). Knowledge-based systems (KBS) employing tech-
niques such as constraint satisfaction, its generalizations and description logics
have been successfully applied to real world product configuration tasks
(Faltings and Freuder 1996; Faltings and Freuder 1998). The reason for the
success of KBSs in this area is that the relevant knowledge is usually well-
defined and complete.

In addition to the AI-centric study of  product configuration, configurable
products have recently emerged as a new field of  study more closely linked to
the research on product design and industrial management. The study of
configurable products includes analyzing what types of  products are configur-
able, how easy it is to configure a product, what factors affect the feasibility of
operating with configurable products and what are the methods and processes
that companies use to develop and deliver configurable products (Tiihonen et
al. 1998; Jorgensen and Raunsbaek 1998). The importance of  this research
field has become apparent due to the commercial success of  product configu-
rators, although configurable products were important already before configu-
rators became successful.

Despite the research there is no widely accepted model of  configuration
tasks that would cover all the relevant aspects in a satisfactory manner. The
theoretical models presented so far have different viewpoints. Most of  them
also lack a sound formal basis that would allow a rigorous analysis of  the
configuration tasks and comparison of  the models. Notable formal exceptions
are (Najman and Stein 1992), (Klein, Buchheit and Nutt 1994), some of  the
approaches in (Baader, Bürckert, Günter and Nutt 1996) and the constraint
based approaches mentioned above. In addition, there has been relatively little
research on configurable products. The differences in the models, lack of
formal models, and the practical significance of  the field make further research
on configuration tasks, product configurators and configurable products
important. This has lead to a surge of  new symposia, workshops and journal
issues devoted to configuration in the past few years (Faltings and Freuder
1996; Baader, Bürckert, Günter and Nutt 1996; Faltings and Freuder 1998;
Darr, McGuinness and Klein 1998).
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1.3 Research Problem and Goals

The problem that this work tries to partially solve was twofold:

• What are the requirements posed by real-world configuration tasks on
product configurators?

• Is there a formal model of  real-world configuration tasks? Which aspects
of  them can be efficiently supported by computers?

The first problem is related to the practical processes and methods through
which companies manage and deliver configurable products, i.e. research on
configurable products. The second problem is more related to developing a
conceptual and computational model of  real world configuration tasks. The
model should be analyzed from computational complexity (see, e.g., Papadimi-
triou 1994) point of  view to characterize how hard the configuration task is,
whether it can be done efficiently on a computer, and to identify which aspects
make the problem hard or easy.

The primary goals of  this work were to:

• Analyze and describe the processes in companies through which configur-
able products are developed and delivered, the factors that affect the con-
figuration related processes, and their impact on the required information
system support. (Addressed in (I) and (II).)

• Develop a model of  the configuration concepts, i.e. a configuration ontology, that
can be used to represent configuration models, configurations and re-
quirements. The model should enable accurate communication of  the
knowledge and its computer based manipulation. It should synthesize the
previous research. (Addressed in (III).)

• Develop a formal model of  configuration tasks, i.e. of  the computation
and reasoning required in them. In addition, the computational complexity
of  configuration tasks should be analyzed on the basis of  the formal
model. (Addressed in (IV).)

• Implement a prototype that carries out configuration tasks on the basis of
the formal model to study the feasibility of  the approach. (Addressed in
(IV).)

1.4 Scope

The results on configurable products originate from the Finnish discrete
manufacturing industry. The companies studied were interested in developing
their processes, products, information systems and knowledge management
related to product configuration. They were neither a random sample nor a
collection of  state-of-the-art companies. This restriction was caused by the
pre-study nature of  the research due to limited understanding of  the problem,
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which did not allow a more rigorous statistical study. It was not clear what the
relevant parameters were and how they should be measured.

Only few companies had begun using a configurator. Others had config-
urable products and were only beginning to consider product configurator
support. This means that the whole impact of  product configurators may not
be covered by the research. Only those impacts that can be logically expected
could be identified, but unexpected side effects could not yet be seen.

In developing the configuration ontology a product configuration point of
view was taken. This means that the ontology may not cover all the things
required for configuration design. Nor does it cover the geometry, pricing and
optimality of  configurations, which are important for some products. Con-
struction and control knowledge on how to accomplish the configuration task,
i.e. what actions and in which order can be taken to configure a product
(Günter, Cunis and Syska 1990) were also excluded. These restrictions were
made to simplify the problem to a manageable size. It is assumed that the
lacking aspects can be defined on top of  the ontology developed in this work.

The formal model of  configuration tasks and its implementation was also
based on a simplification of  the real world configuration tasks and the
configuration concepts. It is assumed that the more complex tasks and
configuration concepts can be defined on top of  this model. The justification
for this restriction was again the complexity of  the whole problem. The
implementation was tested on a few small examples only instead of modeling a
set of  real world products. This was done to get preliminary results on the
feasibility of  this approach fast before proceeding with any more large scale
experiment.

1.5 Method

The analysis and definition of  the processes and methods by which companies
develop and deliver configurable products was a synthesis of  a survey of  ten
companies that deliver configurable products and experiences gained in joint-
projects with half  a dozen other companies that use or plan to use product
configurators (I; Soininen 1996; Tiihonen 1994).

The development of  the configuration ontology was based on a synthesis
of  a set of  previously presented theoretical models, which had little in
common except the central notion of  a component. These models were
chosen because they all have gained popularity in the research community or
have been used in commercial applications. Experiences on configurable
products had indicated that a synthesis of  these models is needed to compactly
and adequately represent the knowledge on products. The ontology was
defined using the Frame Ontology of  the Ontolingua approach to ontology
development (Gruber 1992).

The formal model of  configurations tasks was defined through developing
a rule-language for expressing typical configuration knowledge elements and
giving it a formal declarative semantics. The language was defined with the goal
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that some of  the concepts in the configuration ontology can be straightfor-
wardly represented in it. In addition, the aim was that it should be possible to
represent the rest of  the concepts by extending the language. For formalizing
the language, techniques developed in non-monotonic reasoning and logic
programming research (see, e.g. Przymusinska and Przymusinski 1990) were
relevant. The complexities of  the main decisions problems for the language
were analyzed using the techniques developed in the field of  computational
complexity (see, e.g., Papadimitriou 1994).

The semantics of  the rule language was found to be closely related to the
declarative semantics of  logic programs. This relation was exploited in
developing the first implementation of  the language, which is based on an
existing logic programming system. In order to estimate the feasibility of  this
approach two simple imaginary configuration problems were studied.

2 Summary of  Publications

2.1 Configurable Products and Configuration Processes

2.1.1 State of  the Practice in Finland

In (I) product configuration is argued to constitute a broader subject of
research than had previously been studied. It is noted that there was surpris-
ingly little research on the way product configuration problems are understood
in the industry.

A framework for characterizing and analyzing product configuration was
developed. The framework consists of  five problem areas that are further
refined into a number of  factors characterizing the areas. The problem areas
cover the economic importance of  product configuration, the complexity of  the
configuration task, the nature of  the configuration process, long term management of
configuration related product knowledge and the interfaces to other processes and
systems. The proposed framework can be used to analyze product configura-
tion tasks and processes. The framework can also be utilized as an extended
checklist when assessing the usability of  proposed models, solutions and tools.

The proposed framework was used in a survey of  ten case studies. The
areas, factors and related questions proved to be useful in collecting data from
the companies and subsequently analyzing the cases. The preliminary results of
the survey indicated that configurable products and the related configuration
processes were important to many companies in Finland. The main reasons for
operating with configurable products were the ability to meet a wide range of
customer requirements, increased control of  production and reduced lead
times in the delivery process. All the companies had room for improvement in
at least one area, usually several.

The companies had approached configurable products from both mass-
produced products and one-of-a-kind products for different reasons. The
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annual number of  delivered product individuals varied from a few dozen to a
few thousand. In addition to configurable products, many companies delivered
tailored products that involved both configuration and innovative engineering
design.

The configuration activities and related knowledge were usually not sys-
tematized. The companies lacked good methods and tools to represent the
configuration models. Typical concepts that were used to describe products
were the components of  the product, their compositional structure, requires
and incompatibility relations between these, and the functions that the product
provides to the customer. Some customer requirements were given as a
functional specification, while some other requirements were formulated as
component selections. There was a clear need for a general methodology and
tools for representing configuration knowledge. It seemed possible to develop
a general model that would be feasible for a range of  companies.

Most companies did not even attempt to reconfigure existing product
individuals using the same methods as in configuring new ones. Rather, the
reconfiguration task was done on a case by case basis. Long term management
of  configuration models was also a problem for all the companies. The
processes that developed the products usually did not create the configuration
related information as a part of  the development effort. Rather, this was an
additional task done by persons that are not product experts. This may lead to
loss of  data and erroneous configuration knowledge being used in the
configuration process.

The configurations were manually checked by product experts or by sales
persons. The case companies were not yet using product configurators, but
nearly all of  them intend to have computer support within the next few years.
There was considerable variation in the maturity of  the companies to make this
transition. Companies had relatively strong disbelief  in and bad experiences
with expert systems. The long term management of  products and product
knowledge was considered a risk factor.

One of  the primary motives for building a support system for product
configuration was to assist in the transfer of  up-to-date product configuration
knowledge to the sales units and to enforce its proper use. Another driving
force for automated product configuration was the desire to reduce the
number of  errors to improve quality.

It was argued that the general configuration problem cannot be solved
solely with better models and tools. Flexible configuration of  products must be
considered already while products and components are designed. (Design for
Configuration). Modularity of  a product seemed to have a favorable effect on the
complexity of  the product configuration task.

2.1.2 Configurable Products

In (II) the types of  configurable products and configuration related processes
that can gain the most from utilizing product configurators are analyzed. It was
noted that configurable products transfer much of  the design work from the



14

sales-delivery process to the product development process. This requires
systemizing the product and the related product knowledge. The systemized
product knowledge produced by the product development process can be re-
used several times in the sales-delivery process.

However, in order to accomplish this the product should be relatively easy
to configure. A modular product architecture (Ulrich and Eppinger 1995)
seems to facilitate this, whereas an integral one (Ulrich and Eppinger 1995)
seems more difficult from the configuration point of  view. It is also crucial to
identify the most common requirements to which the product needs to be
adapted through configuration. This knowledge should be documented in the
early stages of  the development process.

The sales-delivery process of  configurable products has in general two
stages: sales and engineering configuration. In the sales stage the product
individual may be specified in terms of  the abstract functions or modules that
satisfy the customer requirements, which results in a sales specification or
order. In the engineering stage the output of  the preceding stage is used in
connection with the configuration model for this stage to produce a more
concrete definition of  the product individual. The configuration process in a
company may not contain all these stages, for example all of  the configuration
task may be done in the sales or engineering stage.

Companies had moved to configurable product from mass products and
one-of-a-kind products. This direction affects the necessary changes to the
processes of  the company. When making the transition from one-of-a-kind
products the main effort probably goes to pre-designing and systemizing the
products so that they are configurable. The investment is profitable only if  the
volume of  delivered product instances is high enough.

Introducing a configuration process to a delivery process which has previ-
ously operated with fixed mass products can cause problems, as more of  the
specification work is expected to be done by the sales persons and in the
engineering configuration. The problems in the transition to configurable
products from either direction are to large extent due to the fact that the
increased effort and the benefits gained are experienced by different functions
within the company.

The product and process-oriented view was used as a basis for discussing
product configurators. Configurators with up-to-date product knowledge allow
non-product-experts to make error-free sales specifications and production
orders. The reduction in the lead-times of  the sales-delivery process was
analyzed. Most of  the reduction is caused by reducing the number of  the
iterations between customers, sales persons and engineers in producing a
correct configuration. In this respect a configurator functions as an essential
enabler for business process re-engineering (Hammer and Champy 1993).

Long-term management and maintenance of  the product knowledge as
product models and product individuals evolve was identified as the major
problem that can prohibit successful use of  a configurator. The long term
management capability of  configurators was analyzed. The current commercial
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systems were found to support only few aspects to varying degrees. Support
for reconfiguration of  product individuals was almost non-existent.

The underlying thesis in (II) is that product configurators on their own are
not enough to make the sales and order fulfillment processes more efficient.
The success of  a configurator in any company is based on adequate systemiza-
tion of  the product, in some cases even re-designing the product for configu-
rability, and the systemization and reengineering of  the configuration related
processes. If  these aspect are properly accomplished, a product configurator
can be a major reengineering asset whose benefits can be truly dramatic.
However, choosing between the different commercially available configurators
is not easy as they operate on different principles and ideas. Long-term
management of  products should be a major criterion in this.

2.2 Configuration Ontology

In (III) a configuration ontology is presented. It was argued that a general
ontology is needed to re-use and share configuration knowledge. Despite the
research on configuration, such an ontology had not emerged. It was further
argued that a general ontology of  configuration is an equally important
research issue as the problem solving methodologies for configuration tasks.
These issues are connected, as the ontology affects the computational methods
that can be used to carry out the configuration task and vice versa, but they
should be given equal attention.

The ontology presented is a synthesis of  the main approaches to configu-
ration. It consists of  a set of  concepts for representing the knowledge on a
configuration and the restrictions on possible configurations. The concepts
include components, attributes, resources, ports, contexts, functions, con-
straints and relations between these. Earlier approaches were extended with
new concepts arising from practical experience on configurable products. The
main extensions were in the detailed conceptualization of  knowledge on
product structures and in extending the resource concept with contexts for
limiting the availability and use of  resources. The concepts were treated
uniformly with respect to classification, which had not been the case in
previous work. In addition, constraint sets representing different views on the
product were introduced.

The ontology was compared with previous work on configuration. It was
found be the most generic ontology presented so far in the sense that it
covered all the principal approaches to configuration, i.e. connection-based,
structure-based, resource-based and function-based approaches. In addition,
the ontology made as few commitments as possible to enable extending and
refining the ontology. This was accomplished through flexibility in the
dependencies between the different concepts.

It was noted that the ontology contains overlapping concepts for repre-
senting some phenomena. In particular, the concepts could be shown to be
overlapping in the sense of  formal expressiveness. However, this was argued to



16

be less important than preserving the clarity of  configuration models, which
should not be compromised by minimizing the number of  concepts in a
modeling language.

2.3 Formal Model of  Configuration

In (IV) a partial formal model of  product configuration tasks is developed. A
rule-based language was proposed for expressing typical forms of  knowledge
elements in configuration models, i.e. choices, dependencies between choices,
optionality and defaults. These knowledge elements seem to underlie many of
the models of  configuration tasks. The developed formal model can be
considered a common denominator of  several models of  configuration tasks.
Consequently, the fundamental aspects of  these models can be represented in
the proposed language. It was also a goal that the language can be extended to
cover other aspects of  configuration. Several constraint based formalisms CSP,
DCSP (Mittal and Falkenhainer 1990) and GCSP (Haselböck and Stumptner
1993) can also be considered such denominators.

The language was equipped with a simple declarative semantics that pro-
vided formal definitions for the main concepts in product configuration, i.e.,
configuration model, requirements, configuration, satisfiability of  requirements
and validity of  a configuration. A key feature was that the semantics ensures
that valid configurations are tightly grounded in the configuration rules without
resorting to an explicit minimality condition on configurations. This type of
groundedness had not been considered in previous work on product configu-
ration. It is important that the elements of  a configuration are grounded in the
configuration model, i.e. that they have a justification for being in a configura-
tion. Otherwise, a configuration may have superfluous elements that are not
needed for the product to function and satisfy requirements.

The use of  groundedness instead of minimality conditions had a favorable
effect on the complexity of  the configuration tasks. For example, the validity
of  a configuration as well as satisfiability of  requirements can be decided
efficiently, in linear time, and also other computational task remain in NP (see,
e.g., Papadimitriou 1994), which has been the usual computational complexity
of  the formalisms used for configuration tasks. Formalizing groundedness as
minimality would have lead to higher computational complexity, where even
the problem corresponding to the validity of  a configuration cannot be
efficiently solved. For practical configuration tasks, it is a minimal requirement
that the validity of  a configuration and satisfiability of  requirements can be
decided efficiently.

It was argued that from a knowledge representation point of  view the
rule-based language is more attractive for representing configuration knowl-
edge than constraints. This is done by showing that CSP and dynamic CSP
(Mittal and Falkenhainer 1990) can be embedded in the proposed language, but
the mapping in the other direction is not straightforward. This is due to the
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difficulty of  capturing justifications in CSP and to more expressive rules that
seem difficult to capture in DCSP.

The semantics of  the rule-based language was shown to be closely related
to the stable model semantics of  normal logic programs (Gelfond and
Lifschitz 1988). This connection was exploited in the first implementation
which is based on a translator from rules to normal programs and on a high
performance implementation of  the stable model semantics, the Smodels
system (Niemelä and Simons 1997).

In order to estimate the feasibility of  this approach two simple configura-
tion problems based on an example presented in (Mittal and Falkenhainer
1990) were modeled and solved. Such examples were found to be straightfor-
ward to model in the language. The implementation exhibited reasonable
performance for interactive applications on the examples.

There are indications that the proposed formal model provides a basis for
solving practically relevant product configuration problems. Experiences in
other domains have shown that efficient implementations of  the stable model
semantics are capable of  handling tens of  thousands of  ground rules.
Compiling a practically relevant configuration model from a high-level
representation based on the configuration ontology (III) into the rule language
would seem to generate rule sets of  approximately that size.

3 Conclusions and Future work

There seems to be a general model of  developing and delivering configurable
products. This model is followed by the numerous companies for whom
configurable products are important. Changing the business to follow the
model may require major changes in the business processes and practices of  a
company. There are significant potential benefits of  such operation compared
to delivering fixed mass products or one-of-a-kind products. These include
capability to fulfill a wide range of  customer requirements and shorter lead
times and increased quality in the sales-delivery process.

However, it is not clear when operation with configurable products is
more profitable or when it is useful to acquire a product configurator to
support in configuration tasks. It is also not evident how a product should be
designed to be configurable. The model presented in this work indicates some
aspects that are prerequisites for operating with configurable products. One
important topic of  further work is to analyze more thoroughly the issues that
make configurable products feasible for a company. The relevant issues that
should be studied in real world cases include requirements posed by the
business environment and organization, degree of  systemization of  product
development and sales-delivery process with respect to configuration related
activities, modularity of  product, degree to which product knowledge in
configuration models can be re-used, complexity of  the resulting configuration
model and pace of  changes to the configuration model.
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There was a clear need for configuration knowledge representation meth-
ods and product configurators. However, there is no generally accepted
commercial or even theoretical solution that would cover the different
products and needs of  companies. The configuration ontology presented in
this work shows that the previous approaches can be unified in a flexible
manner to cover the practical needs better. Like the previous approaches, the
ontology and the formal model of  configuration task presented in this work
are still only partial ones. The formal model does not even cover the ontology
presented. They should be both developed further and integrated to adequately
cover configuration knowledge and the configuration tasks in a formal model.
This would facilitate a rigorous analysis of  the ontology and different modeling
languages based on subsets of  the ontology. The computational complexity of
the configuration tasks for such languages should be studied.

A more general ontology and model of  configuration task should include
geometric, pricing, scheduling and optimality related issues and the knowledge
on how to configure a product. There is also a need to extend the formal
model to cover interactive configuration, where the user makes the hard
decisions and the computer only the efficiently computable ones. This may be
the only feasible alternative for very large or complex problems. In addition,
this type of  assistance in configuration tasks seems to be more acceptable to
companies than completely automatic configurators. Another important
extension would be to extend the ontology and model to cover the long-term
management of  configuration models and configurations. This aspect, which
may be orthogonal to the other extensions, seems very important for the
practical applications.

The ontology and formal model and their extensions should be validated
by empirically modeling different kinds of  products and testing how the
implementation approach scales for larger, real world problems. The relevance
of  the ontology depends mostly on how easy it is to model different kinds of
products. The relevance of  the formal model and its implementation is
determined by whether it can be used to efficiently configure real products.

In the proposed formal model a computer can efficiently check whether a
configuration is correct and satisfies a set of  requirements. The configuration
task, however, is NP-complete, which means that in the worst case the
configuration task cannot probably be done efficiently by a computer. The
extensions to the formal model should be designed so that it remains effi-
ciently computable to check if  a configuration is correct and satisfies a set of
requirements. This implies that the configuration task must be in NP. If  this
goal is not achieved, the formal model may become irrelevant for practical
purposes, as a minimum requirement of  a practical system is that the checking
tasks can be done efficiently.

On the other hand, even though the configuration task is NP-complete,
the simple test problems were solved satisfactorily. Experiences from other
domains indicate that the approach taken here scales up to larger problems. It
may turn out that configuration problems are also so well structured that the
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exponential worst-case behavior implied by NP-completeness does not
materialize. This structure could be a result of  the product being designed by
humans. Designers very often recursively decompose a design problem into
relatively independent parts. Thus, a product is typically not an ill-structured
system where everything depends on everything else. Further research is
needed to validate this assumption.

The approach taken in this work was to translate a configuration specific
language to another formalism which is used in the problem solving. It may be
possible to develop a more efficient algorithm for configuration tasks that
avoids the overhead and loss of  information incurred by the translation.
Devising such an algorithm would be an interesting subject of  further work. A
practically important task would also be to identify additional syntactically
restricted but still useful subsets of  the language that would allow more
efficient computation.
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