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Abstract

An Integrated Product Model (IPM) stands for a conceptual
model describing data of a technical product. It is used as
basic technology of enabling application systems to ex-
change and share product data. Within the IPM develop-
ment, the integration of data models is an important process.
Unfortunately, because of the model complexity, it is diffi-
cult for the IPM developer to have control of it. This paper
presents a methodical approach which is specifically de-
signed to support the IPM developer in his integration work
and to get over the complexity problem. The approach is
based on ontology engineering mechanisms.

Introduction and background

An Integrated Product Model (IPM) stands for a conceptual
model describing data of a technical product. It is specifi-
cally designed to enable application systems to exchange
and share product data in such a way that no structural
transformations are necessary whenever product data are
processed in any application context in which they were
not generated. It is therefore an essential requirement for
IPM to describe data in a semantically consistent and co-
herent form.

The IPM of ISO 10303, a development of the Interna-
tional Organization for Standardization (ISO) and also
known under the acronym STEP, may be viewed as the
world-wide most important one [ISO 1994a]. STEP is an
International Standard and organised as a series of parts. At
present, the number of STEP parts is continuously grow-
ing, and the most of already existing STEP parts are still
under development. An end of the STEP development is
not yet in sight. STEP’s initial release, i.e. the first publica-
tion of its standardised parts, appeared in 1994.

Apart from the development of STEP, there have been
many other IPM development efforts, whether at interna-
tional or national level, whether in research institutions, in
standardisation committees or in individual enterprises.
Important representative IPM development projects have
been within Europe the ESPRIT projects IMPPACT

(Integrated Modelling of Products and Processes using
Advanced Computer Technology, project no. 2165)
[Gielingh & Suhm 1992] and MARITIME (Modelling And
Reuse of Information over Time, project no. 6041) [Lehne
& Mehta 1995] (ESPRIT is an acronym for European Spe-
cific Program for Research and Development in Informa-
tion Technology), within Germany the BMBF and DFG
projects ’Qualit[itssicherung durch CIM’ [Anderl & Polly
1995] and the ’Sonderforschungsbereich 346’ (SFB346)
[Grabowski, Meis & Hain 1995] (BMBF is an acronym for
’Bundesministerium fiir Bildung, Wissenschaft, Forschung
und Technologie’, and DFG for ’Deutsche Forschungsge-
meinschaft’), for example.

Although all these approaches are different with respect
to IPM content and IPM development methodology, they
are confronted with the same problem, the complexity of
the IPM. The complexity of IPMs has mainly three critical
consequences:

¯ a lack of quality of the IPM,
¯ a lack of efficiency in the IPM development;
¯ a lack of co-operation between different IPM develop-

ments.

In the following sections we want to present a methodical
approach to develop IPMs that is specifically designed to
meet the complexity problem. It has been developed and
applied within the SFB346. Here the approach is currently
applied to support a distributed IPM development and an
adoption and adaption of STEP models. For the long term
it is planned to use this approach in the other direction,
namely to bring the IPM of the SFB346 into the STEP
development. The SFB346 approach is independent of any
IPM development specifics and can be applied to the de-
velopment of other IPM projects as well. The approach will
be demonstrated in this paper with chosen parts of the
STEP model.

The need for an integration within the IPM
development

Data models in technical domains have the tendency to be
complex. In case of IPMs, the complexity problem is inten-
sified by the fact that IPMs often have to describe product
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data from several application domains in a semantically
coherent form. Their complexity leads to the situation that
IPMs cannot be designed as a natural unit. Instead, IPMs
must be designed in a distributed form, distributed over
different people and distributed over time and place. The
IPM must be artificially created to be a unit, usually with
considerable effort. Therefore a complex IPM can always
be regarded as the result of an integration process.

That kind of integration that is necessary because of the
complexity of IPMs must not be confused with another
kind of integration which is usually mentioned in the con-
text of an IPM development. As already said, it is an es-
sential requirement for IPMs to describe product data in a
coherent form. If data come from different application
domains, creating a coherent data description usually re-
quires a particular kind of integration. This kind of integra-
tion depends mainly on what data are being described.
However the first kind of integration, i.e. the integration
needed for complexity reasons, depends mainly on how
many data are described. Both kinds of integration are
different in why they are required, but they are not inde-
pendent of each other. The second kind of integration nor-
mally includes the first one.

This distinction is important since the second kind of
integration is, from a theoretical point of view at least, not
always necessary, even if the data being described origi-
nate from different application domains. If the second kind
is needed in an IPM development, then only because of the
historic development, i.e., because the IPM development
started with a separate description of any data, or just be-
cause the coherent data description turns out as a too com-
plex task. A separate description of data however can al-
ways be avoided by a proper organisation provided that the
model complexity is no problem.

This paper now goes into that kind of integration that is
needed for complexity reasons. The other one will not be
treated further.

The nature of the integration within the IPM
development

As already mentioned, a complex IPM can be viewed as
the result of an integration process. That integration proc-
ess can be characterised as follows (s. Figure 1):

(Input) (Output)

New data r 1 °nc’0tualIImodel ~ NewlPM

Current IPM integration Y version

version

Figure 1 The functional view on the integration process within
the IPM development

¯ There is one central model, the IPM, into which other
data models are being integrated. The current version of the
IPM is input; and a new, possibly extended version of the
IPM is output of this process.

¯ The data models being integrated into the IPM are small,
and the integration process itself consists of many small
steps. If we speak of a permanent integration process in the
following, we always mean an integration process that
consists of many steps and not necessarily a never-ending
story.

¯ The integration process is of conceptual nature, i.e., it
occurs mainly in the head of the IPM developer. It is char-
acteristic for the conceptual nature of the integration that
the way the IPM developer perceives, and thinks about, the
data models being integrated plays an important role with
respect to the success of the integration.

¯ Against the background of a permanent integration proc-
ess, the set of data described in the IPM is monotonously
growing. The IPM versions before and after the integration
can be equal if all data described in the data model to be
integrated are already described in the IPM. In this case,
the integration leads to no extension of the IPM.
¯ The integration process can be divided into three se-
quential phases!
Analytic comparison: In this phase the current IPM version
and the new data model to be integrated are analysed and
compared. The result of this phase is concepts, or ideas,
about what the contents of these two models are and how
these contents are related. This phase is to a large extent
free of decisions about how the new IPM version will be
designed.

Integration decision: In this phase the integration decision
is made. The result of this phase can be interpreted as a
rule specifying how the contents and relations among them,
determined during the first phase, shall be formally re-
presented in the IPM design. This phase is still separated
from the IPM design phase.

IPM design: Result of this phase is the new IPM version.

An ontology-based IPM development
approach

In this and the following sections we want to present a
methodical approach that does support the integration
process within the IPM development in suitable and suffi-
cient manner. In contrast to existing integration method-
ologies, it supports the integration process in the prephase
of the IPM design and the evolutionary character of the
IPM development.

Abstract and formal model
The approach we want to present is based on the Semantic
Unification Meta-Model (SUMM) [Fulton & Stumps
1992]. The SUMM was developed by the Diction-
ary/Methodology Committee of the IGES/PDES Organiza-
tion (IGES is an acronym for ’Initial Graphics Exchange
Specification’, and PDES for ’Product Data Exchange using
STEP’) as means of unifying and integrating STEP data
models among themselves or with other kinds of models,
regardless of the language in which they are represented.
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The SUMM distinguishes three approaches to modelling.
The first approach focuses on the things the model is used
to represent, and the second one on the language used to
represent those things. The first approach constructs what
the SUMM calls abstract models, the second, formal mod-
els. A third approach focuses on the semantic model, i.e. on
relationships between the abstract model and the formal
model. The unification and integration of a set of models is
achieved by mapping the statements made in each of these
models, each in its own language, to a common abstract
model, which provides a superset of all the information
from any of the models.

The essential feature of the abstract model is that its
structure is independent of the language used to express it.
This independence allows the same model to be expressed
in more than one language. If a modeller concludes that
they are alternative representations of the same model, he is
taking the abstract approach to models. The SUMM itself
makes no claim about the nature of the abstract model
except to say that it is describable using the language of
sets and memberships in sets.

used fore’used for

classificati7

Abstract level

Formal level

Figure 2 The role of the ontology within the IPM development

The ontology is an important element of the abstract
model. Ontology stands here for a particular set of object
types. Our approach however uses the term ontology in
accordance with the Ontolingua approach [Farquhar et al.
1993]. Correspondingly, an ontology in our sense is a
specification of axiomatic logical theories. An ontology
specification consists of a vocabulary of non-logical terms
(symbols) and a set of axioms that constrain the acceptable
interpretation of those terms. Non-logical terms are the
atoms that name things like classes, relations, functions,
and constants. An ontology of the Ontolingua approach
corresponds to an abstract model of the SUMM. Con-
versely, the ontology of the SUMM methodology corre-
sponds to a special kind of ontology of the Ontolingua
approach.

Our approach is based on the Ontolingua approach in
order to be able to give the abstract model a formal repre-
sentation. The Ontolingua tool is a system for defining and
maintaining ontologies in a portable form. This portability
of ontologies is achieved by a single source / multiple
translation mechanism. Source ontologies are defined on
the Ontolingua tool in a system-specific language, the
Ontolingua-language.

Characterisation of ontological concepts
In our approach, the ontology is treated as abstract model,
whereas the IPM and the data models being integrated into
the IPM are treated as formal models. According to the
SUMM, an abstract model consists of a collection of facts
about a collection of real-world objects, whereas a formal
model consists of a set of model constructs that represent
those facts. The SUMM methodology speaks here of sen-
tences instead of model constructs, however this is not of
relevance in this context.

Now, a fact contained in an abstract model says whether
an object satisfies a given criterion or not. The specifica-
tion of such a criterion is called ontological concept.
Within the integration process, an ontological concept has
two roles:
¯ it defines a class of real-world objects;
¯ it defines the meaning of an identifiable and interpret-

able model construct, whether of the IPM or of data
models being integrated into the IPM.

Semantic relationships between the data models being
integrated and the ontology are established by mapping
constructs contained in them onto ontological concepts,
whereas semantic relationships between the IPM and the
ontology are established by generating the IPM from the
ontology.

Use of ontological concepts
Ontological concepts are concretely used during the single
integration phases as follows:
¯ During the analytic comparison phase, ontological con-
cepts are used threefold. First of all, they are used to cap-
ture the meaning of constructs contained in data models
being integrated. This is achieved by mapping those con-
structs onto ontological concepts. Then, ontological con-
cepts and its established relationships to constructs of the
IPM are used to retrieve all existing constructs whose
meaning is defined by those ontological concepts. Lastly,
ontological concepts are used to relate constructs, whether
within one data model or across different data models. For
example, if two constructs are mapped onto the same on-
tological concept, they have the same meaning according
to SUMM. Other kinds of relations among model con-
structs can also be established by ontological concepts.

¯ During the integration decision phase, rules are specified
how the IPM design shall be designed. Here ontological
concepts are used to specify what shall be designed.
¯ During the IPM design phase, the ontological concepts
and the IPM design rules, which are based on ontological
concepts, are applied to the IPM design, whether for model
generation or validation purposes.

Principles of ontology design
To realise the ideas explained in the section before, some
important principles are applied to the ontology design.
These concern:
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Ontology representation: the ontology- our ontology is
modularly structured but we speak only of one ontology -
is represented in the Ontolingua language [Knowledge
Sharing Laboratory]. The Ontolingua language is based on
predicate logic and was chosen because of its expressive-
ness and powerfulness. It was moreover chosen because its
application is supported by the Ontolingua tool, which
allows to define and maintain an ontology as abstract
model according to the SUMM.

Conceptual classification: The definition of the ontology is
based on mechanisms of conceptual classification. Con-
ceptual classification means that process, or mechanism, in
which concepts, here meant as units of the human knowl-
edge and memory, are constructed by classifying objects.
Conceptual classification is a mental activity of human
beings that is responsible for the efficient and reliable
identification of objects as well as for the efficient and
reliable retrieval of objects.

The conceptual classification is very important for our
approach since the conceptual integration of data models is
a special aspect of conceptual classification. In our ap-
proach, ontological concepts are constructed by classifying
constructs contained in data models or in the IPM, respec-
tively. As natural consequence from the application of such
principles, the ontology supports both the process of identi-
fying model constructs and the process of retrieving model
constructs.

Since the ontology is specifically designed to support the
conceptual classification, it mainly contains terms referring
to classes, to instances of classes and to relations among
instances of classes. The instance of a class corresponds to
all construct of data models whose meaning it defines. A
class can have zero, one, or more instances. A relation
defines how constructs are related, regardless to which data
model they belong.

The way in which the ontology classifies and relates the
model constructs is to a large extent independent of how
they are formally represented in the IPM design. Con-
versely however, the ontology can, and does in our ap-
proach, be used as basis for making decisions about how
some construct shall be represented. The most knowledge
about how some content shall be implemented is not con-
tained in the ontology itself but separately from it in the
form of IPM design rules.
2-phases-design of the ontology: The design of ontological
concepts is divided into two phases. Within the first phase
the basic concepts, within the second phase the other kinds
of concepts are defined. Basic concepts are those concepts
that are defined by at most one specialisation or partition
relationship but not by any functional (or also called syn-
tactical) relationship to other concepts. For example, let us
look at the model in Figure 3. It is an extract from the
STEP Integrated Resources. If we would classify the entity
construct product definition simply as a definition, that
ontological concept that defines its meaning would be a
basic concept. However, if we would define the product
definition as a definition with an object relationship to
product, the corresponding ontological concept would be

no basic concept because of its relationship to product,
which is a functional one.

In iterative design processes, the modification of the set
of basic concepts, e.g. the extension by a new one, requires
always the re-consideration of all complex concepts.

Systematic treatment of basic concepts: Basic concepts are
acquired, documented and organised in a particular way
because they not do have much formal semantics. One
strategy is that basic concepts are chosen and documented
in such a way that their description can be understood and
their names be remembered easily, and that they can be
used within a given context relatively unambiguously.
Another strategy is to order and group basic concepts in
such a form that an efficient retrieval of all ontological
concepts and over those concepts of all IPM constructs (c.
[Buchanan 1979]) or that an efficient IPM design (c.
[Gielingh & Suhm 1992]) is supported.

Duality between the 1PM and the ontology: According to
the SUMM approach, the abstract model and the formal
model should be duals of each other. However this does
not necessarily apply to our approach. Our approach allows
that the meaning of not all constructs contained in the IPM
is captured by an ontological concept and, conversely, that
not each ontological concept defines the meaning of a
modelling construct. The first case can be the consequence
from any abstraction processes during the conceptual clas-
sification, the second case can be the consequence from a
situation in which one and the same ontology is used for
the development of different IPMs.

So, we can conclude that it is not always possible to
automatically generate the IPM design from the ontology
and, conversely, to automatically reconstruct the ontology
from the IPM.

Generic attributes: Conceptual classification always inclu-
des any kind of abstraction. We distinguish two kinds in
this connection. The first kind of abstraction occurs when
not all constructs of data models are conceptually classi-
fied. This was explained above. The second kind of ab-
straction occurs when attributes are being associated to
ontological concepts. Let us look again at the model in
Figure 3. We could conceptually classify the entity con-
struct product in two ways, for example. We could classify
this construct simply as object or we could classify it as an
entity in the sense of the modelling language EXPRESS, in
which the STEP integrated resources’are represented [ISO
1994b]. The attribute simply to be an object in the first
classification is called generic since it is absolutely inde-
pendent of how the construct is or shall be represented. The
attribute to be an entity in the second classification howe-
ver is a specific since it includes information about the
representational structure of the IPM. Generic attributes
lead to a higher reusability of ontological concepts in other
IPM development projects, whereas specific concepts lead
to a higher efficiency in the IPM generation and validation.
In our approach, we try to avoid using specific attribute as
much as possible.
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Figure 3 Model extracted from STEP lntegrated Resources

Formal attributes: Formal attributes are those attributes
associated with ontological concepts that are of relevance
for how an ontological concept is being implemented into
the IPM design, i.e., how an model construct whose
meaning is captured by an ontological concept is integrated
into the IPM. For example, let us look at the entity con-
structs representation relationship and product definition
relationship in the model in Figure 3. The classification of
these constructs as object relationship according to the
annex of STEP part 41, would be enough information
within the STEP context to decide how these constructs are
represented, namely as an entity with two attributes, both
referencing to the same entity. Therefore the attribute to be
an object relationship is a formal one. In IPM develop-
ments however in which the IPM is not represented in the
EXPRESS language, this attribute needs not to be formal.

Whether an attribute is a formal attribute or not depends
only on the fact whether an applicable or checkable rule
exists that specifies how an ontological concept shall be
implemented into the IPM design. Correspondingly, spe-
cific attributes also need not to be formal.

IPM design: Our approach supports not only the definition
of an ontology but also of rules specifying how the IPM
shall be designed. These rules are based on the ontology in
so far as the ontological concepts are used within these
rules to specify what the potential contents of the IPM is.
The rules as a whole then specify how some content is
implemented into the IPM design.

There are two kinds of using IPM design rules. The first
kind is to generate (parts of) the IPM design from the on-
tology. The second type is to check whether the IPM is
correct after it is designed. The rules are specified in a
LISP-like manner in semi-formal or rigorously formal
form.

Potential of the ontology engineering
approach

The ontology engineering approach presented so far sup-
ports the development of complex IPMs. The basic idea
underlying this approach is to regard the IPM development
as a permanent process of integrating small data models
into one central model, the IPM. The ontology is used in
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this approach to make the prephase of the IPM design in
which the decisive part of the conceptual integration occurs
explicit and to formalise. The integration process as a
whole becomes by that less error-prone and more efficient.

The presented approach has a number of features that are
important from a theoretical point of view. These concern:

Analytic modelling processes: The ontology design is
based on principles of conceptual classification. For exam-
ple, these support for the integration important, analytic
processes, like the identification or the retrieval of model
constructs,.

Decision finding: The decision of how data models are
integrated into the IPM results only from the insight that
the IPM developer gains from the analytic comparison of
those data models. Our approach supports the analysis-
based decision finding, and it allows to document made
integration decisions separately from the IPM design.

Semantics: To integrate data models correctly, the IPM
developer must correctly interpret those data models. The
ontology, in its role as abstract model according to the
SUMM, helps to formalise the semantics of data models
being integrated. The conceptual classification principles
applied to the ontology design moreover support the de-
termination of the meaning of model constructs.

Integration knowledge: The IPM developer needs much
expertise for the integration. The ontology can be viewed
as integration knowledge at the level of an abstract model
according to the SUMM, the IPM design rules together
with the underlying ontology can be viewed as integration
knowledge at the formal model level. Because of their
formalised representation, these two kinds of integration
knowledge can be reused, whether for the IPM develop-
ment in another project or for the further IPM development
in the same project.
Evolutionary character of the 1PM development: The de-
scription of what is represented in the IPM, in the form of
the ontology, separately from the description of how
something is represented in the IPM, in the form of IPM
design rules, is a factor that makes the IPM development
flexible with respect to future modification and extension
of the IPM. These two kinds of descriptions also make the
redesign of the IPM more efficient in as far as parts of the
IPM are stable with respect to future modification. Can a
stability of parts of the IPM in this respect be achieved,
parts of the ontology and of the IPM design rules can be
reused. Both the flexibility in the IPM development and the
efficiency in the IPM redesign support an evolutionary
IPM development process.

Further, the presented approach has also a number of fea-
tures that are important from a more practical point of
view. These concern:

Extent and complexity: An ontology can be viewed as a
conceptual representation of the IPM, with the IPM being
understood as an implementation. Conceptual classification
principles allow to systematically reduce the content of that
conceptual representation. The systematic reduction of

contents of models is a mechanism to get control of the
complexity of those models.

Distributed development: The IPM development is usually
organised in a distributed form. This distributness impedes
a conceptual model integration, which however is required
in the IPM development to get a semantically consistent
and coherent model description. The use of a common
ontology and of common IPM design rules are capable of
realising a conceptual integration despite of a distributed
model development.

Standardisation: Integrating new data models into an IPM
is no structure-preserving process. The integration even of
small data models can lead to big restructuring work.
Therefore the standardisation of an IPM and the continua-
tion of the IPM development pursue two opposing strate-
gies. Our approach forces the standardisation of an ontol-
ogy and of the IPM design process based on that ontology
instead of the standardisation of the IPM itself. The stan-
dardisation of an ontology is easier to practise than the one
of the IPM since an ontology according to our approach is
by nature less implementation-oriented. In the short term,
our approach allows, to a limited extent, to make state-
ments about the future stability of (parts of) the IPM design
what as well is an important aspect of standardisation. In
the long term, the standardisation of the IPM development
process leads in a natural way to the standardisation of the
IPM, too.

lnteroperability: There have been world-wide several ap-
proaches of an IPM development (see the first section
’Introduction and background’). The IPMs of these ap-
proaches are not interoperable since the knowledge and the
design principles applied to their development are too
different. Our ontology contains integration knowledge
applied to the IPM development. The formalisation of this
kind of knowledge about the IPM development can be
viewed as a first step and as a basic mechanism to establish
an interoperability between IPMs of different approaches.

In sum, we can state that our IPM development approach
has a number of features that are suitable to improve the
quality of IPMs, the efficiency in the IPM development,
and the co-operation between different IPM development
projects.

Summary and discussion

This paper described the ontology-based IPM development
approach of the SFB346. First, it discussed the need for
and the nature of the model integration within the devel-
opment of complex IPMs. Then, it explained the essential
features and the potential of the SFB346 approach.

The major disadvantage of the presented approach is
surely the additional effort that is required to design and
maintain an ontology and IPM design rules. This disad-
vantage is still intensified by the fact that an ontology
needs not to be less complex and extensive than an IPM,
and that the design and maintenance of an ontology needs
not to be less difficult than the one of an IPM. However,
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we think that these disadvantages to a large extent or even
completely are compensated by the showed advantages that
can be taken from this approach. Within the scope of the
SFB346, the first experiences with this approach have been
gained. Without jumping to conclusion, we can already say
that the approach does surely not completely remove all
integration problems within the IPM development but it is
capable of considerably reducing the extent of these prob-
lems. The approach is useful exactly to that extent to which
the conceptual data integration causes problems, problems
with respect to the complexity and extent, distributed de-
velopment, standardisation, or whatever. It is exactly a
feature of the approach that it allows to be applied only in
crucial phases of the conceptual data integration. It should
not be forgotten that the integration is mentioned in the
most IPM development projects as that problem that makes
the biggest trouble.
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