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Abstract

Collaborative engineering assumes a common understanding of the do-
main. To make joint decisions the engineers must have a common
language to start from. Standards such as STEP may be used to com-
municate engineering data but to speak about information integration
and interoperability there must be ways to expose and share concepts
as well.

By defining the concepts in a reference data library it is possible to
extend the generic information models with a more precise definition of
the content being exchanged. However, since concepts are depending on
the context (the business) they have to be identified and defined. Thus,
to reach this level of integration we must take a broader approach to
information modelling incorporating product realization concepts into
our modelling effort.

This thesis presents a new reference model for manufacturing ap-
plications. It shows how the business may be modelled to identify the
product realization concepts and how to foster a shared understanding
of the information being exchanged using available technology. The
reference model has been used and verified when developing the PIL
application; a kind of engineering process support system for machine
procurement, but may also be used in a wider sense when developing
the next generation of model driven solutions.
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Chapter 1

Introduction

In this chapter a brief introduction to the research project is given.
The initial section introduces the subject and research. The second
section contains the scope and delimitations. In the third section the
objectives and research questions are introduced in more detail. Finally
the research approach is discussed and the thesis is outlined.

1.1 Background to the research project

1.1.1 Manufacturing system development and
information management

Many researchers argue that manufacturing is one of the cornerstones of
today’s society. Without manufacturing companies the very foundation
for a well functioning society is lost.

In order for the companies to survive they must deliver products at
the right time, to the right cost, and to the right quality. Survival is
also very much depending on the organisation’s adaptability and the
ability to meet the new market demands.

One way to tackle these problems is to improve the companies’
core processes. For instance, by implementing concurrent engineering
principles in the company it is possible to develop products and the
corresponding manufacturing systems in parallel. By that the develop-
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1.1. BACKGROUND TO THE RESEARCH PROJECT 3

ment lead time can be cut considerably making the whole organization
more efficient.

Successfully implemented concurrent engineering contributes to an
increased transparency within the organisation bringing people from
different departments and disciplines together in a simultaneous effort
to reach the goals. However, as with all paradigms there are shortcom-
ings here as well. One is the explosion in terms of information.

Most of the information management systems on the market are
equipped with some kind of concurrent engineering functionality such
as workflow management modules etc. Despite this, it is hard to argue
that any solution really supports concurrent engineering in its true
sense. This is simply because they lack some of the development aspects
of the product development process and acts simply as a gateway for
sharing documents, designs, revision control, and change management
etc. Hence, the system are information centric rather than process
centric.

One way to facilitate communication, and by that support concur-
rent engineering, is to rely on open standards such as the Standard for
the Exchange of Product Data (STEP) family of standards. By using
STEP it is possible to replace the native languages (file formats) of
each application with a single standardized solution making it easier
to integrate the different systems as data does not need to be mapped
and translated. For instance, by using PDM Schema [3] - a subset of
several STEP Application Protocols (APs) functionality covering all
known industry requirements for PDM - it is possible to streamline the
applications that feed data into the PDM/PLM systems even further.

Still, however, the need to agree on a nomenclature and vocabulary
for each new project, and particularly in the context of collaborative
networks remains. Even more important we do not consider the dynam-
ics, the flow of events within a company, to be part of the information
systems architecture. All this will be elaborated later on as this is one
of the core subjects of this thesis.
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1.1.2 Collaborative engineering

Concurrent engineering has stimulated an industrial development to-
wards lower costs and better customer satisfaction and the traditional
custom of throwing decision "over the wall"’ has been replaced. To-
gether with an adequate IT support and methodologies such as quality
function deployment, and design for assembly concurrent engineering
has been successfully implemented in many companies.

From concurrent (simultaneous) engineering the step towards col-
laborative (joint decisions) engineering might seem short. Of course,
that depends on our conception of these two concepts but there is an
intrinsic difference between interactive and joint decisions (cf. Table
1.1 and Figure 1.1).

While interactive decisions only requires some insight into other
peoples work (i.e. the information needed to complete the task at
hand) a joint decision is something different because it requires ne-
gotiation between the different stakeholders of the system [4]. That
means, in order to make a joint decision the negotiating stakeholders
must have access to, and understand, the information that the other
persons possess and base their decisions upon.

In the previous chapter it was argued that concurrent engineering
increases the transparency in the organisation. This is due to the in-
creased communication that follows with concurrent engineering and is
also a necessity in distributed environments. Of course, such an intense
communication is worthless unless the ability to acquire, and interpret
the information does not keep up with the technical evolution. Hence,
in order to implement concurrent engineering it is important focus on
more than just computerized tools. To further improve concurrent

Decision Scenario Engineering Decision Style
Individual decisions Traditional (sequential) engineering
Interactive decisions Concurrent (simultaneous) engineering
Joint decisions Collaborative engineering

Table 1.1: Engineering decision styles (Adapted from [4])
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Complexity

Lead Time

Customer
Satisfaction

short

long
low high

high

Traditional (sequential) engineering (past)
Concurrent engineering (present)
Collaborative engineering (future)

Figure 1.1: Competitiveness of product development and its evolutions
(adapted from [1])

engineering systematic principles of design of product, processes and
manufacturing systems have to be developed and implemented not to
forget the importance of education, training, and teamwork skills [1].

1.1.3 Related research and research gap

A prerequisite for concurrent engineering is the smooth flow of infor-
mation between the different activities of the system. Using a broad
definition of process planning J. Nielsen [5] focuses on the interface be-
tween product development and manufacturing system development.
In this work process planning was considered to be an active part in
the concurrent development of products and manufacturing systems
and not only a discrete activity where manufacturing resources are se-
lected (i.e. the configuration).

The result is a map of the information requirements for to process
planning including the representation and utilization of product, pro-
duction process, and resource information.
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While Nielsen focuses on process planning, one of his predecessors,
M. Johansson [6], focused on manufacturing system development as a
whole by first analyzing the product realization process and then the
manufacturing system design process. The goals were to investigate the
need for sharing and communication of manufacturing system informa-
tion, find the requirements and then finally search for an information
representation to support the requirements.

As a solution matures, moving from the conceptual engineering de-
sign, to manufacturing system design, the information requirements
change as well. Being able to capture everything from customer re-
quirements to design parameters and process variables in one common
model is necessary in order to allow interaction between the different
disciplines of the company. This is what Product Lifecycle Manage-
ment (PLM) systems generally provide - a common place to store all
the information to ensure traceability and interaction over the lifecycle
of the product.

1.2 Scope and delimitations of the
research project

Given the literature survey conducted and the introduction it was de-
cided that this work should focus on finding the information require-
ments for collaborative engineering

Collaborative engineering assumes a common language with well
defined concepts. Without a common language it is very difficult to
make joint decisions especially if people from different disciplines and
backgrounds are to collaborate. Ontologies may be used to formalize
the information content and by that support information integration
and decision making.

Thus, this work is about ontologies (common definition of concepts
and terms), and the creation of context dependent languages for collab-
oration during manufacturing system development. The work should
also focus more on business processes, integration, and interoperability
issues rather than on communication.
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1.3 Research goals and research
questions

Given the introduction to this thesis, and the delimitations mentioned,
the following goals and questions have been defined for this research
project:

1. Investigate the need for sharing and communication of manufac-
turing system information in the context of collaborative engi-
neering.

The industry has a basic need to collaborate with its partners
during manufacturing system development.
How is this reflected from a research perspective where the fo-
cus is on integration and interoperability issues rather than just
information exchange?
How can manufacturing information standards be used and tai-
lored to support information integration?

2. Identify the model requirements to support collaborative engi-
neering in manufacturing system design.

If we are to support interoperability (to support collaborative
engineering during the manufacturing system design phase) then
what information has to be managed and how is it used?

3. To suggest a reference model that supports collaborative engi-
neering based on existing standards and tools.

Are there any reference models that support collaborative en-
gineering that are based on information standards for manufac-
turing? If this is not the case then can this research define one?
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Given the research goals and research questions stated above it
possible to summarize the overall problem of this research as: How to
support collaborative engineering and decision making in manufactur-
ing system design utilizing information technology and standards? The
broad objective would then be to decrease the gap between the engi-
neering design, process planning, and manufacturing phases by the use
of information standards and reference models.

1.4 Research approach
This research project was started during the spring of 2003. During
the first years a lot of the time was spent on building the PIL system; a
kind of engineering process support software for machine procurement
[7, 8, 9].

The PIL project (PIL is a Swedish acronym for the Production
Investment Pilot) was initiated by the industry. The goal of the PIL
project was to support machine procurements by highlighting best-
practices, tools, and methods for machine procurement. Another goal
was to investigate how standards and modern information management
solutions could be used and tailored to support engineering work and
to facilitate communication.

As it turned out the PIL project was a very good project for em-
pirical studies. The different partners and other interested parties had
a lot of experience in this field. More than 30 different interviews and
meetings have been arranged to find out more about machine procure-
ment.

When building the PIL system and investigating the prerequisite
for such a system the need for a complete business model became ap-
parent. Of course, all process management systems are reliant on a
good business model, but we also had to identify and define the core
concepts that exist in the application domain. Only then is it possible
to represent knowledge about engineering, to support decision making,
and knowledge reuse etc.
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The resulting reference model for developing and implementing en-
gineering support systems presented at the end of this thesis support
the development of such systems. It shows how the business may be
modelled to identify the engineering concepts and how standards may
be used and tailored to really support the business process.

1.5 Disposition
This thesis is divided into three main parts; Research Method and
Research Problem, Frame of Reference and the final part Towards a
STEP Based Reference Model for Manufacturing according to Figure
1.2

The first part includes a background to this research. It defines the
scope of this research, the limitations and research questions and so
on.

The second part contains the state of art in the field of information
management. It introduces the concepts and methods of importance to
this work such as business process modelling, information modelling,

Part I
Research problem
and research method

Part II
Frame of reference

Part III
Towards a STEP
compliant reference
model for
manufacturing

Business process
modelling

Information
modelling

Manufacturing system
data management and

exchange

The integration
framework

Applicable tools
and methods

A STEP compliant
reference model for

manufacturing

Background to the
research project

Scope and
delimitations of the

research project

Research goals and
research questions

Figure 1.2: Thesis disposition
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and manufacturing system data management. Particular emphasis is
put on modelling reference data, and how reference data may be used
to extend the generic information models with a more precise definition
of the meaning. Reference data is, as will be shown, very important to
be able to speak about information integration and interoperability.

In the third part a new reference model for manufacturing appli-
cations is suggested. It shows how the business may be modelled to
identify the product realization concepts and how to foster a shared
understanding of the information being exchanged using available tech-
nology. The thesis also suggests a tentative method to accompany this
model framework.
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Chapter 2

Conceptual framework

In order to reach the aim and objective of this project it was necessary
to make a first draft outlining the major concepts, their characteristics
and relative order. Figure 2.1 shows the relationship between informa-
tion, knowledge, and competence. At the bottom of Figure 2.1 is the
information, which is usually referred to as processed or interpreted
data. Information is merely the representation of a concept, and it is
the concept that brings the meaning to the data [5]. Information used
by persons, programmes or any other type of device capable of rea-
soning and decision making, to solve a problem will be referred to as
knowledge. As a result knowledge can only exist together with inference

Tacit and Explicit
Knowledge

Core Competences
and Capability

Competitive
Advantage

Information about
Products, Processes,

and Resources

Interpretation of
information within

context

Related to

Monitoring

Figure 2.1: The knowledge system
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rules used for reasoning. Knowledge may be procedural, which refers to
knowing how to do something, or declarative, which refers to knowing
that something is true or false [10]. The ability to acquire knowledge
and make the right decisions will be referred to as competence. For
obvious reasons the ability to make decisions rely on a persons or pro-
grammes limitations. And hence, competence could also be described
as possessing the right skills and knowledge. In this project we will
assume that access and spreading of knowledge between systems with
the right capability will, eventually, create competitive advantages for
the organisation. Since decision support is so closely connected with
integrated data and knowledge management there is a need to take a
holistic, cross domain approach integrating all the parts in the knowl-
edge system presented here.



Chapter 3

Business process modelling

In this chapter process and information modelling is introduced. Com-
mon STEP modelling techniques are presented as well as methods for
process analysis and design. The aim is to introduce these modelling
techniques as a background to the later chapters and to show how they
are used in an industrial context. The machine investment process (see
Appendix B on page 67) will be used as a general theme for the exam-
ples.

3.1 On models and modelling
As this thesis is about modelling of processes, workflows, organisations,
products, and resources it is natural to seek for a more comprehensive
definition of these terms and of the basic term model in particular.

According to the etymology the word model (’representation’) is de-
rived from the Latin word modulus (’measure’, ’scale’). Modulus is on
the other hand a diminutive form of modus (’shape’, ’quantity’, ’mass’,
’manner’). Of course, the interpretation of the word model depends
on the context but it is possible to conclude that model constrains our
notion of concepts like shape or quantity. Another word with a simi-
lar meaning is Module (’standardized unit of measurement’) which is
also derived from modulus. Finally we have the word mode (’a par-
ticular functioning arrangement’), derived from modus, which refers

14
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to the state of the concept (source: Merriam-Webster Dictionary and
Nationalencyklopedin).

By combining these words we have developed a small epistemology
for common modelling terms. A model is used for representation, a
module may be used to divide the model into separate pieces, and the
mode may be used to define the state of the model - but what about
the actual use of these words? In scientific contexts the word model
concerns the representation of a phenomenon. Here it is possible to dis-
tinguish between concrete models such as a clay model for car design,
and abstract models. An abstract model is a more generic represen-
tation (of entities) where only the more distinguishing attributes have
been defined. How the model is described depends on the context.
Mathematicians use mathematical terminology to describe their theo-
ries and in this thesis different terminologies are used to describe the
various models.

The purpose of models is to deliver a message of some kind. A good
model describes the phenomenon in an unambiguous manner leaving
no room for misinterpretation. Of course, this assumes that the scope
and objective of the model have been clearly defined otherwise it is
difficult to argue against it.

These were some of the fundamental concepts related to models in
general but before continuing it is necessary to define the more applied
models discussed in this thesis. The following list describes the main
models of this thesis [11]:

• The Process Model

Is a model of a set of interrelated activities, which transform
inputs into outputs.

• The Organizational Model

Is a model an organisation chart of a business, e.g. roles
along with their properties and hierarchical dependencies
among roles.
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• The Resource model

Is a model of resources, either needed by or supplied to a
process, e.g. their types, relations, structure, and properties.

• The Product model

Is a the result of a development process, e.g. its type, struc-
ture, properties, and the relationship among its components.

• The Production Process model

Is a model of a process that deals with production and main-
tenance of a product, as opposed to the business process.

3.2 Using UML and IDEF for business
process modelling

3.2.1 Representation of activities
SADT was originally developed by Douglass T. Ross in 1969 [12]. The
methodology was then refined and introduced on the market in 1975.

Subject

Control(s)

Output(s)Input(s)

Mechanism(s)

Figure 3.1: Activity representation in IDEF0
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SADT is a textual and graphical modelling language for system analysis
and specification. It is designed to model the decisions, actions, and
activities of an organization or system. SADT is a very useful tool for
function analysis and communication.

As an analysis tool SADT supports decision making based on func-
tional analysis. It also supports customer communication as the graph-
ical language is easy to follow. In its graphical form activities are rep-
resented by the so called SA box. The SA box is built up of inputs,
outputs, constraints, and mechanisms according to the meta model in
Figure 3.1. The box itself represents a function or an activity. Under
control, input is transformed into output by the mechanism. Inputs,
controls, and outputs define interfaces between boxes. Each box may
be decomposed into its constituents on a detail diagram making SADT
more readable.

In Europe SADT is perhaps even more well-known under the name
IDEF0 (IDEF is an acronym for Integration DEFinition language).
IDEF0 [13] is a standardized subset of SADT published by the National
Institute of Standards and Technology (NIST). IDEF0 has been used
to model the purchase process and in the rest of this thesis we will
refer to this language. Figure 3.2 shows an excerption of the machine
purchase process. In this high level diagram the main activities of the
machine purchase process are outlined.

In the Pre- study activity the product model is broken down into
product functions (by the mechanism, in this case usually an produc-
tion engineer) which is then used to specify the system requirements.
An IDEF0 diagram may be further decomposed into sub-activities as
indicated by the sub-diagram ID of each activity.

The hierarchical nature of IDEF0 makes it possible to construct the
models in two different ways, either top-down or bottom-up (or a com-
bination). When developing the PIL system for procurement the model
was first sketched using a bottom-up approach (for more information
concerning PIL see [7, 8] and Appendix B). This approach seemed
to be the most appropriate (and intuitive) one as the PIL model was
based on existing models that were analysed and refined iteratively to
the required level of detail. This approach, where the observed activi-
ties are combined into higher level activities is often referred to as as-is
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modelling whereas the situation where the company’s functional archi-
tecture is being designed from scratch is referred to as to-be modelling
(for which the top-down approach is the most appropriate choice).

Altogether SADT and the closely related IDEF0 constitute a pow-
erful technique for process analysis and specification. As an analysis
tool, IDEF0 assists the modeller in identifying what functions are per-
formed, what is needed to perform those functions, what the current
system does right, and what the current system does wrong. Thus,
IDEF0 models are often created as one of the first tasks of a system
development effort [14].

3.2.2 Activity sequencing and timing
Although the activities of a IDEF0 diagram may appear to be in se-
quence this is not always the case (and it is not the intended use either).
Thus, IDEF0 does not support the specification of process related in-
formation such as the ordering of activities, nor does it capture the
time ordered constraints between activities. Also, as can be seen in
Figure 3.1 and Figure 3.2, IDEF0 does not represent the conditions
necessary to enter or exit an activity. For this there are other alterna-
tives that are more appropriate and IDEF0 is best used in combination
with other IDEF methods.

3.2.3 Process modelling using IDEF
Over the years the IDEF family of methods has grown considerably.
Some of the most well known IDEF methods are, apart from IDEF0,
IDEF1 (information modelling), IDEF1x (data modelling), IDEF3
(process description capture method), IDEF4 (object-oriented design
method), and IDEF5 (ontology description capture method).

IDEF3 [15] is a method for creating process descriptions that may
be used for a variety of purposes including model building, such as the
PIL IDEF0 activity model. It is usually easier for the engineers to
describe what they do rather than creating models of their domains.
That means, it easier to create descriptive models rather than more
applied models such as a functional IDEF0 model. Secondly, with a
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process description at hand, it is usually easier to find similarities from
one case to another thus enabling model reuse.

An IDEF3 process model is built using two different strategies (or
"viewpoints"): a process oriented strategy and an object oriented strat-
egy. The process oriented strategy captures the temporal and logical
relations within a scenario whereas the object oriented strategy or-
ganises process knowledge with focus on objects and the state change
behaviour in the process. In IDEF3 scenarios are used to structure the
process descriptions. Scenarios are reoccurring situations that establish
the focus of the descriptions. The graphical elements of IDEF3 used
to model the processes and objects are called schematics. The process
oriented model in Figure 3.3 shows an example of the process schemat-
ics and the object oriented model in Figure 3.4 shows an example of
the object schematics.

Process centered views

The Pre- study sample scenario shown in Figure 3.3 uses the process
schematics. It is based on the PIL machine purchase process. Each
box, labelled from 1 to 8, represents a process. According to the IDEF3
schematics these boxes are named Units of Behaviour (UoBs). A UoB
may represent an event, a decision, or a process [15]. The UoBs are

X

Create a functional
Requirement
Specfication

4.1.7

Create Project
Specification (PS)

1

Create Budget
Tender Request

4

Request Offers

5

Decompose the
product into

functions

4.1.6

Compile a Budget
Tender Request

4.1.8

Obtain Manager's
signature

3

Obtain Manager's
approval

2IDEF Ref #

Figure 3.3: Example of a IDEF3 Process Schematics
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connected using links as indicated by the arrows. The links represents
the temporal relationships amongst the UoBs. The arrows in the ex-
ample indicate that the preceding processes at the start of the arrows
must be completed before the processes at the end of the arrows starts.
The small box containing an "X" represents a junction. A junction is
the part of the process where a process splits into several processes and
where multiple parts merge. A junction is a kind of path condition
indicating the activation logic for the process (AND, OR, Synchronous
AND, Synchronous OR, XOR). The IDEF3 method also allows for
decomposition as indicated by UoB number 4 and external referenc-
ing. The referencing capability of IDEF3 makes it possible to navigate
amongst the different IDEF family models.

Object centered views

The Pre- study sample scenario shown in Figure 3.4 uses the object
schematics. While the preceding process centered view focused on as-
sertions about the processes and their ordering this view focuses on the
objects used in the process. The IDEF3 process schematics describes
how the objects are transformed throughout the process, how their
state changes, and what mutual dependencies that exists (relations)

Create Project
Specification (PS)

1

PS:
Unprepared

PS:
Prepared

PS: Approved

PS: Requiring
authorization

signature

X

Obtain manager's
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2
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X BTR: Prepared BTR: Issued

Create Budget
Tender Request

4

Request Offers

5

J1

Signature needed if
the amount

exceeds X SEK

J1/N1

Figure 3.4: Example of a IDEF3 Object Schematics
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amongst the objects of the process [15]. Objects in IDEF3 are repre-
sented by a circle. In this example the present objects are the Project
Specification (PS) and the Budget Tender Request. The boxes that
are linked to the arrows are called referents and are used to describe
the connection between objects and the UoBs. For example, during
the transition of the "PS:unprepared" to the "PS:prepared" the process
UoB entitled Create Project Specification must initiate and complete.
The junctions and links are similar to those of the process schemat-
ics, but it is not possible to model any temporal constraints. - That
information belongs to the process centered view.

Conclusions about the IDEF methodology

Altogether the IDEF family of methods constitutes an interesting tech-
nique for business modelling and description. It is well suited to help
the business modellers to understand and capture the business opera-
tions and the information system requirements.

IDEF0 is a very efficient tool for process analysis and specification.
However, IDEF0 only captures what is done in the process and not how
things are done. For this the IDEF3 method is more appropriate as
it provides a way to capture other process related information such as
the ordering of processes and time constraints.

3.2.4 Object oriented modelling
The number of so called object oriented analysis and design methods
have increased dramatically over the last decades. Only between 1989
and 1994 the number increased from less than 10 to 50 (OMG, 2001).
However, it was not until the mid 90s and the development of the so
called Unified Modelling Language (UML) that there was a complete
language for software analysis and design. UML represents a unifi-
cation of three modelling language methods: Jacobson, Booch, and
Rumbaugh [16, 17].

While the IDEF family of methods was developed primarily for
computer integrated manufacturing purposes (the origin of business
modelling) the focus of UML is slightly different. From the beginning
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UML was developed for software analysis and design. However, the
UML language has proven to be suitable for business modelling as well,
and it is now one of the most widely used methods used by business
modellers.

The UML as such represents only the language part of a method
but it may be complemented by the Rational Unified Process (RUP)
when necessary. UML consists of a comprehensive set of symbols and
rules that manage the language. The main components of the language
are: the UML architecture, the diagrams (grouped set of symbols for
a particular purpose), the constraints, and the extension mechanisms.
In this thesis we are only concerned with the business modelling parts
of the language.

UML is divided into 9 different diagrams, each with its own no-
tation and purpose. Some of most important diagrams for business
modelling include: the class diagram, the use case diagram, the state
chart diagram, and the activity diagram.

In the PIL project IDEF was used to structure and analyse the
machine investment process in general, whereas UML was used for the
software implementation. The idea was to support a changeable envi-
ronment. Although it may seem natural to consider business aspects
during software design this is not always the case. The result is a
technology driven rather than business driven information system that
makes it difficult to adapt as the business change. However, as most
developers are familiar with UML one to have balance pros against
cons in this case. Using one single language across business and soft-
ware modelling would promote consistency and communication among
modellers.

UML diagrams

As mentioned UML consists of nine different diagrams. The following
list briefly introduces the most important ones to business modelling
[16]:

• Structural diagrams
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Manager

Supplier(s)

Create Project
Specification

Perform Project
Planning

Create Budget
Tender Request

Answer Request

Project Initiation

Engineer

Actor

Use case

Relation

Project
Specification

Budget Tender Request Offer(s)

Project
Specification

Figure 3.5: Example of a Use Case Diagram

– Class diagrams. A class diagram i composed of classes and
relationships. It illustrates the static view of a system.
Class diagrams are the most common diagram in informa-
tion modelling.

– Object diagram. The object diagram represents an instanti-
ation of the class diagram for a specific situation.

• Behavioural diagrams

– Use case diagrams. The Use Case diagram describes a part
of the systems functionality (cf. Figure 3.5). A use case
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Budget TenderPurchase Directive Project PlanBudget Offer

Project Initiator

Write Purchase Directive()

Manager

Submission to Project Manager()

Write Project Plan()

Write Budget Tender()

Engineer

Submission to Supplier()

Write Budget Offer()

Submission to Customer()

Supplier

Submission to person responsible for Purchase()

Figure 3.6: Example of a Sequence Diagram

diagram shows one possible use of the system by an actor
(role of user in the system).

– Sequence Diagrams. The Sequence Diagram shows the flow
of messages between the objects of a system (cf. Figure 3.6).

– Collaboration diagrams. The collaboration diagrams are
similar to the sequence diagrams but they are capable of
showing more complex relationships between the participat-
ing objects.

– Statechart diagrams. The state chart diagram describes the
possible states of the objects of a system.

– Activity diagrams. The activity diagram describes the ac-
tivities and that occur in a system. Activity diagrams may
be used to model business processes.
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3.2.5 Conclusions
The purpose of this section was to introduce business process modelling.
Business process modelling is an essential part of all IT development. A
well documented business model which includes situations, structures,
and behaviour is a strategic asset to the companies. Unfortunately the
there are no universal solutions to business modelling, one simply has
to find the best method for the task at hand.



Chapter 4

Information modelling

In the previous chapters we have looked into the domain of business
modelling. With business models we meant such models as process
models, functional models, object models, use case models etc. Busi-
ness modelling and analyse (usually) constitutes a first step in the
software development and sets the agenda for the continuous work.
Successfully built they provide an important insight into the business,
what actors are involved, and how work is organized and performed in
general. Furthermore, the process model actually governs the evolu-
tion of the information content [18]. It tells what should by done and
by whom, and it defines the information needed to fulfil and complete
each task of the process. This is a very important point in order to
support collaborative engineering and agile businesses.

As this thesis is limited to manufacturing the information that
flows in the system mainly concerns products, production processes,
resources.

A lot of effort has been spent on standardizing the representation of
these concepts within by the International Organization for Standard-
ization’s (ISOs) and its concerned sub-committees. The most common
standards belong to the family of Standards for The exchange of Prod-
uct Data (STEP, ISO 10303-) family of standards [19]. There are now
standards that cover almost every aspect of manufacturing and man-
ufacturing system development such as the comprehensive ISO 10303-
AP214 "Core data for automotive mechanical design processes".

27
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4.1 Representation of information
The STEP models are developed using the EXPRESS language. Ex-
press in an object flavoured information modelling language that was
originally developed to describe the information about mechanical prod-
ucts in a formal manner. EXPRESS is also one of the technologies that
have been developed as part of the STEP standard (ISO 10303-AP11
[20]).

STEP implementers may use ordinary physical files for communi-
cation according to the ISO-10303-AP21 (clear text), IS0-10303-AP28
(XML), or a centralized STEP data base solution - preferably with a
Standard Data Access Interface (SDAI), ISO-10303-AP22, a procedural
interface to express instances.

Unlike UML, EXPRESS may be used in two different ways: either
textual or graphical (the graphical form of express i named EXPRESS-
G). The main building blocks of an EXPRESS model are called entities,
properties, and attributes. An entity represents an item of interest in
the real world (or items sharing common characteristics). A property
represents an particular aspect of an entitiy (values, constraints, behav-
iour etc.), and an attribute is a special kind of property that represents
some characteristic of an entity [21].

The fundamental constructs of an EXPRESS model are called enti-
ties and types. An entity is a special kind of type that can be inherited
and has a more complex internal structure. The types in EXPRESS
include the usual primitive types such as integer and string as well as
enumeration, aggregation (bag, list, set, array) and select. User defined
types are also allowed. Entities are defined by their attributes and an
attribute has one (or none) value for each instance of the entity.

Figure 4.1 shows an excerption from ISO 10303-AP239 "PLCS" [22].
According to this STEP standard products are categorized as being
either (OneOf) parts, requirements, documents and so on. The OneOf
relationship constraint indicates that the subtypes are disjoint. Thus,
an instance of product must be a instance of one of the seven subtypes.
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Figure 4.1: Textual and graphical representations in EXPRESS

Other relationship constraints are And and AndOr (i.e. EXPRESS
does not require the subtypes of a particular supertype to be disjoint).
If no constraint is specified then the relationship amongst it subtypes is
AndOr. Abstract supertypes that cannot be instanced without instanc-
ing a subtype are labelled with the symbol (ABS) before the name of
the supertype. Both EXPRESS and EXPRESS-G are comprehensive
and expressive although there are a few differences in terms of capabil-
ity. For instance, the EXPRESS notion of rules cannot be modelled in
EXPRESS-G (the occurrence of such a rule is indicated by an asterix
in EXPRESS).

The possibility to declare constraint local and global rules and al-
gorithms in EXPRESS is important from an implementation point of
view. By using rules (EXPRESS functions, and procedures) it is pos-
sible to add constraints to the model and in that way constraining
the interpretation even further. However, EXPRESS is not intended
to model dynamics. The rule capability of express is not sufficient
to describe operations and how that state of a population changes.
An EXPRESS schema describes only a valid population, not how that
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population may be transformed into another valid population.

4.2 Reference data
The generic nature of most information standards make it impossible
to define everything explicitly. In fact, including too much context
dependent information into the standards would be to contradict the
basic principles that these standards are built upon. Take STEP as an
example. The STEP standards are built to be as generic as possible
to suite its purpose. By providing a translation mechanism to STEP
the system providers ensure smooth integration with other systems.
However, most of the information that is being exchanged and commu-
nicated only concerns basic structural information. Thus, much of the
knowledge that is built into the definition of concepts of each system
is lost during the transfer of information.

To overcome some of these problems, and to make the systems
more interoperable, a trend is to include reference data support in the
standards. This section introduces reference data, where it is found,
and how it is modelled etc. The implementation aspects are found in
Chapter 7.

4.2.1 The different sources of reference data
Examples of reference data can be found almost everywhere and the list
of possible sources is almost infinite. A biological classification system
that has become famous is Systema Naturae published by Carl von
Linné in 1758. Another example is Bloom’s taxonomy of competencies
and skills that is used within the pedagogics (Taxonomy of Educational
Objectives, Bloom, B. S., 1956).

No matter where and how it is being used reference data has two
basic objectives to fulfil: To serve as a basis for data analysis data
and to support information storage and exchange. Consider Bloom’s
taxonomy of competencies and skills as an example. By providing a
list of competencies with an example of typical "skills demonstrated"
and clues for each competence, Bloom developed an important tool for
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course development and assessment. Thus, by following this taxonomy
teachers, and educational providers, can define and compile compara-
tive curricula’s.

Reference data is also very common in the manufacturing domain.
Most companies classify their documents, they develop their own id
numbering conventions, they have predefined libraries of standard parts
in their CAD systems and so on. The objective is to keep the infor-
mation in order and to simplify engineering work. However, company
specific reference data can also lead to problems if a company is being
overtaken, has to cooperate with external partners etc. In that case the
companies have to agree on common definitions of the engineering con-
cepts before they can continue. Well defined reference data supports
the consolidation from various sources.

A lot of work is currently being undertaken to overcome these prob-
lems, at least when it comes to information standards. ISO has devel-
oped a specification for representing oil and gas production lifecycle
data (ISO 15926), a specification for representing cutting tool data
(ISO 13399), and a specification for the modelling and exchange of
pre-existing Parts LIBraries (PLib, ISO 13584) [23, 24, 25]. These
specifications generally consist of a conceptual data model and refer-
ence data. The conceptual data model and reference data enable the
information to be consolidated in one computer readable form, thus
decreasing the risk for a semantic mismatch between the data model
of one application and another.

The implementation aspects are discussed more thoroughly in Chap-
ter 5.

4.2.2 The different levels of reference data
In its simplest form reference data is nothing more than just a naming
convention. However, depending on demand, the reference data model
may be extended to include typical properties, structural information,
constraints or even arbitrary relations to form a complete knowledge
model.

In Table 4.1 an attempt is made to describe the different levels of
reference data. Following the nomenclature level the next level is the
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Level Explanation Example

1. Nomenclature List of concepts with
names

Glossaries, technical
nomenclature etc.
SAOL

2. Dictionary List of concepts with
names and definitions

Reference books, the-
sauruses etc.

3. Taxonomy
Hierarchical division
of concepts with
names and definitions

Bloom’s taxonomy
of competencies and
skills, Linné’s clas-
sification system,
Library classification
systems

4. Directory

Hierarchical division
of concepts with
names, definitions,
and typical properties

VDW’s "Red Book"
(Directory of Machine
Tool Suppliers), Busi-
ness Directories

5. Knowledge base

Hierarchical division
of concepts with
names, definitions,
properties and rela-
tions (structure)

The Process Specifica-
tion Language (PSL)
and the PSL Core
model.

6. Knowledge model

Hierarchical division
of concepts with
names, definitions,
properties and arbi-
trary relations

Machine tool capabil-
ity models (the arbi-
trary relations makes
it possible to define
the dynamic behav-
iour of machine tools)

Table 4.1: Schematic overview of the different levels of reference data

dictionary level. At this level the nomenclature is extended with defin-
itions of each concept. While Level 1 supports the naming of concepts,
Level 2 adds meaning to the concepts. At Level 3 a taxonomy is added
to the specification. A taxonomy is based upon some classification
theory and supports specialization/generalization of the concepts. At
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Level 4, the "Directory" level, properties are added to the specifica-
tion. An example of this is the well known (at least amongst metal
working and manufacturing technology specialists) VDW Red Book or
"Directory of German machine tool suppliers". In this book different
machine tools are divided according what machining processes they
support. Then, for each type machine a number of typical properties
such a number of axes have been specified.

It is not until Level 5 that structural information is added to the
specification. That is, how the different concepts are interrelated so as
to form a whole. Of course, Level 4 assumes is-a relationships, but it
is also possible that other relationship types are needed to define the
model (the capability to define typed relationships is a necessity of all
"ontology" languages).

Finally, at Level 6, it is possible to speak about a complete knowl-
edge model. I.e. a model that supports arbitrary changeable relations
to be defined. Together with constraints this model supports inference
and reasoning about the concepts at hand.

4.2.3 Representation of reference data
For the specification of reference data several alternatives exist. One is
to use PLib for the specification of component data and another one is
to use OWL, the Ontology Web Language (which itself is built on top
of RDF and XML).

The PLib standard

The PLib architecture includes several mechanism for the modelling
and exchange of part libraries between heterogeneous systems [26].
The first one is the computer sensible representation of the concepts
involved in the digital library. For this a semantic data dictionary
model has been developed that captures the unique identifiers of each
concept (Basic Semantic Units in the model). The second one has to
do with the classification of concepts. This is a very important part of
the model that supports the definition of multiple hierarchal represen-
tations of a part (e.g. a functional decomposition that models different
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Figure 4.2: Example of an ontology [2]

discipline specific representations, or a general component class hierar-
chy that models the components classes). The third one supports the
representation geometries. The PLib standard has built in support for
parameterized geometries (in order to avoid data blow up), including
both parametric geometry and variant programming.

The ontology web language

Another language that supports the specification of reference data is
the Ontology Web Language (OWL) developed by the World Wide
Web Consortium (W3C). OWL is one of the techniques that W3C has
suggested to meet the demands of the so called Semantic Web. The Se-
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<owl:Class rdf:ID="Serial_identification_code">
<rdfs:comment rdf:datatype="http://www.w3.org/2001/
XMLSchema#string"> A Serial_identification_code is an
individual _identification_code that is used to
identify an actual product according to the
conventions and semantics of an orgnanization.</
rdfs:comment>
<dcterms:created rdf:datatype="http://www.w3.org/2001/
XMLSchema#string">2004-03-02</dcterms:created>
<rdfs:subClassOf rdf:resource=
"#Individual_identification_code"/>
</owl:Class>

Product_as_indvidual

Identification_assignment

Classification_assignment External_class
name='Serial_identification_code'

External_class_library
id='http://..//MyRefData'

items[0]

items[0]

assigned_class

external_source

Identification assignment according to PLCS PLCS reference data defined using OWL

Figure 4.3: Assigning reference data (semantic annotation) to PLCS

mantic Web is a vision for the future of the Web in which information
is given explicit meaning that will build on XML and RDF for repre-
senting data. OWL, which is a revision of DAML+OIL (a semantic
markup language for Web resources) built on RDF, will allow for even
greater machine interpretability of Web content than that supported
by XML, RDF.

The Ontology Web Language has been adopted by the OASIS PLCS
TC in the development of a reference data library for the PLCS stan-
dard [22, 27] (unlike PLIB and ISO 13399 "cutting tools" that uses
EXPRESS to model reference data). The PLCS reference data library
defines the core concepts related to the support and maintenance of
products.

While PLCS is fully compliant with STEP the PLCS Reference
Data Library has been defined using OWL instead. This, however,
does not change the basic principle that is used to integrate the refer-
ence data with the information model that defines the data. Just as
STEP can be integrated with PLib by simple referencing PLCS can
be integrated with PLCS Reference Data using external references as
shown in Figure 4.3.

In this example the product is identified by a "serial identification
code". The common way to do this is to use the entity "identification
assignment" without mentioning that it is in fact a serial code that
has been assigned to the product. However, by adding a "classification
assignment" saying that it is a "serial identification code" that has been
defined in an external class it is possible to interpret the code.



36 CHAPTER 4. INFORMATION MODELLING

The code excerption on the right hand side is extracted from the
PLCS OWL specification. The external class named "serial identifica-
tion code" in the STEP model to the left has a direct connection to the
same concept defined in the ontology to the right. Note that the "serial
identification" code is a sub-class to the "individual identification code"
which means there is only one serial number per individual. It is also
possible to assign more than one identifier (e.g. supplier id, customer
id) to the product without causing confusion.

The purpose of this brief example was to show how reference data
may be used to extend an information model and thereby adding more
meaning to the information being exchanged. Reference data may be
used to classify almost everything such as tasks, machine tools, require-
ments and so on, thus enabling a closer integration between systems or
humans participating in a development project.



Chapter 5

Manufacturing system data
management and exchange

In this chapter the focus is turned on implementation issues. Common
STEP based approaches are discussed with particular emphasis on ref-
erence data - a key component in a reference model for collaborative
engineering.

5.1 The STEP standard
The STandard for the Exchange of Product data (STEP) developed
by the International Organisation for Standardization (ISO) and its
concerned sub-committee members have grown considerably over the
last years. It is intended to provide an unambiguous representation of
product data throughout the entire lifecycle of a product.

One of the unique features of STEP is that it integrates product
data. The traditional solutions with proprietary systems lead to data
redundancy. The data redundancy was primarily caused by lack of
integration and different interpretations of data. This in its turn led
to increased cost for data management, as data had to be replicated
from system to system in order to maintain correspondence between
the systems. The lack of integration also led to traceability problems
as it was not clear which of the proprietary systems that possessed
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MANAGEMENT AND EXCHANGE

the ownership to the information and from where it originated. The
STEP standard provides a solution to all this by single solution for
data storage and exchange.

5.2 Implementing STEP

STEP is not intended to standardize the way companies get their data
into the standard representation. The STEP standard defines an ab-
stract representation for data conforming to EXPRESS schemas but
not a concrete representation for the data held in the different reposito-
ries of each application. The intention is rather to provide a migration
path from a heterogenous environment with standalone proprietary
systems to an integrated environment.

Basically the software engineers have two different solutions to choose
from. The first one is to choose a traditional file based approach for
information storage and exchange. ISO 10303 Part 21 provides such a
possibility and all it takes is a STEP translator for each end application.

A similar approach is to use STEP Part 28 that standardizes the
XML representations of EXPRESS schemas and data. The second
alternative is to use a STEP based database solution to which the ap-
plications can connect to carry through their transactions. A database
solution provides additional possibilities as the applications may read
out views of data which are different than that of a physical file. The
Standard Data Access Interface (SDAI, ISO 10303 Part 22) defines an
application programming interface to EXPRESS defined data, such as
the STEP Application Protocols.

At present the most common solution is to use the file based ap-
proach, in which transfer between the two systems is a two stage
process. In stage one the data is translated from the native format
of the originating system to the neutral STEP format and in step two
the data is transferred again from the neutral format to the native for-
mat of the receiving system (cf. Figure 5.1). However, the exchange
medium does not have to be an ascii file as STEP separates the infor-
mation model and its actual implementation.
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Figure 5.1: Standard based communication and reference data

It is also possible to use SDAI for repositories that stores the neutral
STEP information. Bindings of the SDAI to several computer program-
ming languages, including Java and C++, have been published, and
an XML binding permits the exchange of STEP information via the
internet using web services [27].

As mentioned in the previous chapters the STEP standard is written
in the EXPRESS language. EXPRESS was developed to be human
readable and computer interpretable. This means that programs can
be written that determines the STEP storage structure. The program
can also be developed with mappings between the standards entities
and attributes to the application’s data model. This approach is very
adaptable if the standard changes.

Finally, Figure 5.1 also includes Reference data. If the informa-
tion being exchanged includes references to external reference data it
is possible for the applications (or humans) to interpret the concepts
being exchanged by consulting with the RDL server. In PLCS [22], for
instance, the most commonly used reference data for support tasks has
been standardized, but it is also possible to extend the reference data
library of company, or context specific, reference data.

Another interesting characteristic of this standard has to do with
its build-up. By grouping so called capabilities (set of STEP modules,
STEP is modularised) into Data Exchange Sets (DEXs) it is possible
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to tailor the representation depending on demand. The motivation
for this is that the information model of PLCS is larger in scope than
most business processes require and by asking for a particular DEX the
contractors contract against it. Besides this, the PLCS standard has
built in support for reference data libraries making it possible to define
a language for communication on top of the generic PLCS model.
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Towards a STEP compliant
reference model for

manufacturing
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Chapter 6

The integration framework

In chapter 4 through 7 the major methods used to structure and define
the engineering process were introduced. Particular emphasis was put
on process, data, and information modelling languages and techniques
used to capture the structural and behavioural aspects of the system
at different levels of abstraction.

The idea is to support collaborative engineering by modelling the
engineering process and the core concepts of the application domain.
Table 6.1 summarizes the different models spoken about so far. The
business models (activity, workflow, and organisation models) tell not
only what is done by which actor and in what order, but also how the
information flows in the system.

Sufficiently detailed and expressive the common, shared, reference
data will support collaborative engineering and joint decision mak-
ing based on the information described by the product, process, and
resource models. Hence, the different models are all interconnected
together forming a whole.
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Main building
block Model Clarification

Business Models

Activity Model The Definition of tasks and their in-
terrelated dependencies

Workflow model
A sub- model of the activity model
that describes the time ordering and
sequencing amongst tasks

Organisational
Model

A model that describes the organ-
isational chart of a business. E.g.
roles and the hierarchical dependen-
cies amongst roles.

Data Model Reference Data
Model

A model provides an exact descrip-
tion of a particular data element and
its relationships to other data ele-
ments. Reference data is concerned
with ontologies. The ontology is a
meta data model that describes how
an actor should interpret the data.

Information
Models

Product Models

A model that describes the product
of a process, e.g. its type, struc-
ture, properties, and the relation-
ship among its components.

Process Models

That part of the process that deals
with production and maintenance of
the product, as opposed to the man-
agement process.

Resource Models

A model that describes the re-
sources, either needed by or sup-
plied to a process, e.g. their types,
relations, structure, and properties.

Table 6.1: Integration framework



Chapter 7

Applicable tools and
methods

Applicable tools and methods for the models in Table 6.1 have been
examined and selected according to Table 7.1. For each type of model a
suggestion is made concerning what method to use. The list should be
regarded as an overview, as overlaps and alternatives exists. However,
in order to be compliant with the common "best practice" (e.g. with
STEP that uses IDEF0 and EXPRESS for structural and behavioural
modelling) one should consider these methods to start with.

SADT/IDEF0 is a very powerful technique for process analysis and
specification. It may be used to model the generic activities in the
engineering process. Per definition IDEF0 explains how the Input to
the activity is transformed under Control to Output by the Mechanism.
Hence, this model explains the behaviour of the system under given
circumstances. IDEF0 also shows the valid sequence of activities. An
activity can not be executed before the input is available. On the other
hand, if alternatives exist, one may specify the desired workflow using
IDEF3 (process schematics).

IDEF3 may be used to constrain the temporal extent of the activ-
ities, defining which of a set of possible alternative routings to select.
Hence, the corresponding workflow model shows a possible flow of ac-
tivities. Whereas a good activity model should remain somewhat intact
over time one may regard the workflow models as reusable roadmaps
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Model Suggested
Method Clarification Others

Activity
Model

SADT,
IDEF0

IDEF0 is a pow-
erful technique for
process analysis
and specification.
It is also used to
model the Activity
Application Models
in STEP.

Documentation of
the business
process: XML and
XSLT for web
publishing with
HTML [8, 28, 29]

Workflow
model

IDEF3
process
modelling

IDEF3 captures the
ordering of the ac-
tivities

Organisational
model UML

UML may be used
to model the orga-
nizational chart of
the business as well
as the user interac-
tions with the sys-
tem.

Reference
Data Model OWL

OWL is an xml
based language
that contains the
constructs needed
to represent refer-
ence data.

Product,
Production
Process, and
Resources
models

STEP

The STEP stan-
dards are well
suited to represent
product, process,
and resource infor-
mation to support
communication.

Table 7.1: Applicable tools and methods
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tailored for a particular companies or cases (scenarios according to the
IDEF3 syntax).

The purpose of the Reference Data model is to provide a language
for collaboration. In the case of machine purchase reference data may
include such things as requirements (e.g. cost, flexibility, or quality),
purchase directives, technical regulations, and catalogue information
etc. of importance to the business.

Sufficiently detailed reference data supports the communication both
internally and externally as it decreases misunderstandings and fosters
a shared understanding of the domain. It may also be used to transfer
knowledge from one project to another, incrementally increasing the
awareness and knowledge about the subject in question (possible to
trace the decisions made in the previous projects).

If one uses a standard based solution for communication one may
choose one of the existing RDLs. However, if the existing libraries are
not sufficiently expressive or extensive it is also possible to create own
libraries. The alternative is to extend the existing models or to create
a standalone library.

Concerning the representation of reference data several alternatives
exists. If the reference data is not too complex one may choose OWL
for the representation. OWL is a very powerful xml based language
that contains most of the constructs, such as classes, instances, and re-
lationships between instances, needed to model and represent reference
data. However, one may also use PLIB, PSL, or EPISTLE languages
to represent knowledge about the domain in question - depending on
what information to represent.

Finally there is the pure static information model needed to rep-
resent the core concepts like product, productions processes, and re-
sources. At this level the suggestion is to use STEP/EXPRESS for
the representation. An interesting detail here is the development of
so called Data Exchange Sets (DEX) in PLCS [30]. A Data Exchange
Set Represents a subset of the PLCS standard for a particular busi-
ness scenario, including an Application Activity Model (developed in
IDEF0), the necessary capabilities to formalise the information to be
exchanged, and relevant reference data to support this communication.
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Object State /
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Information
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Who, does what, in which order, given what information, and according to which constraints?

Figure 7.1: A process chain diagram

7.1 Model interactions - an example
By compiling the different models the reference model is beginning to
appear as illustrated by process chain diagram [31] in Figure 7.1. The
process chain diagram shows the execution of the business process and
how the different models are related to one another. The example is
taken from the machine investment process intended to illustrate the
model interactions.

To the right is the information, which decisions are made upon.
When making these decisions one may refer to the reference data,
where the basic definitions are defined. For instance, the reference
data library may include a definition of requirements. This makes pos-
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sible for the suppliers to interpret the requirements of the requirement
specification (appended to the order) to avoid misunderstandings. Usu-
ally when buying equipment yet another document is appended to the
order defining the requirements and what other regulations that apply.
This document is very comprehensive and still not applicable in all
cases. Hence, a context sensitive, or modular approach, to requirement
modelling could simplify machine purchase a lot.

The next column to the left contains the process. The process shows
what should be done by each actor and in what order. After completing
an activity this causes an event to occur which changes the state of the
information object. The actual work is executed by the mechanism,
or actor (human or system) defined by the organisational model. The
broken line illustrates the build-up, and rationale, of a Data Exchange
Set in PLCS.



Chapter 8

A STEP compliant reference
model for manufacturing
applications

The previous chapters introduced the models, the tools, and the meth-
ods of importance to this work. In this chapter a reference model is
introduced [32]. The reference model is a compilation of the different
parts needed to develop and deploy model driven solutions.

8.1 Model overview
The reference model in Figure 8.1 on the next page is a compilation
of the different parts needed to develop and deploy model driven so-
lutions. Read top-down it shows a typical process modelling workflow
from business process modelling (domain, business model) via require-
ments analysis (system model) to system deployment and development
(physical model). Read left to right it shows how the different models
at each level are interconnected and what purpose they fulfil.

The idea to structure the information into organisation, workflow,
and activity related information etc. as in the model was influenced by
framework models such as Zachman [33], CIMOSA [34], and ARIS [31].
The structure these kinds of models provide can be beneficial to support
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Product and
service
catalogues,
business goals
etc.

Product and
service portfolios
etc.

Business
interaction
diagrams etc.

Delivery Plans,
order books etc.

Major
organisational
units

"External"
Domain Model

(Business
Coordinator)

"Internal"
Business Model
(Domain Expert)

"Internal"
System Model
(Information
Engineer)

"Internal"
Physical Model
(Programmer)

Lists of concepts
important to the
business
- Requirements,
products etc.

Product,
production
Process, and
production
Resource models

Job instructions
etc.

Schedules and
plans etc.

- Tollgate models

Organisational
units

- Organisation
chart of business

Data elements

E.g. OWL or PLIB
Reference data
models

Information
entities

E.g. EXPRESS
Models/STEP

Sequencing of
activities

E.g. IDEFØ

Time ordering of
activities

E.g IDEF3 Process
Schematics

System users

E.g. UML

Organisation Workflow Activity Information Reference Data

X  

 

STRING

 
 

STRING

 

 
 

Reference Data
Library

E.g. PLCS RDL,
or company
specific

Standardized
information

E.g. according to
STEP Part 21 or
28 (xml)

Standardized API
to access the
information in the
different
proprietary
systems
E.g. PLM web
services

Call and event
controller that
governs the
evolution of the
information
content

User interface and
presentation of
information

I II III IV

V VI VII VIII

Aggregated information

Figure 8.1: A STEP compliant reference model for manufacturing ap-
plications

of information integration. Hence, the resulting reference model is an
adoption to our needs that also shows how new emergent technologies
such as reference data libraries and PLM Web Services [27] may be
used to support information integration in collaborative networks. The
framing is similar to Zachman but the content is different.

8.2 Model components
The reference model shows the information from different viewpoints
and at different levels of abstraction at the same time.

The highest level of abstraction is called the domain level. At this
level the business is modelled from an "external" point-of-view. The
information found at this level basically shows how the companies in-
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teract with their external partners. The organisational charts and lists
(e.g. a supply list) contains the information about the major organisa-
tional units. Workflow related information can be found in the delivery
plans, activity information in the agreements etc. Information com-
municated at this level is typically product and service specifications.
Because the reference model shows the business from an information
point of view we omit such things as material flows that also, of course,
follows the information.

The next level of abstraction is called the business level. At this
level the business is analyzed from an "internal" point-of-view (Busi-
ness Process Modelling). How is the business organised to fulfil its
commitments? At this level organisational information corresponds to
the different business functions of the company. Process related infor-
mation may be found in schedules (when) and job instructions (how).
The way the company should operate is defined in schedules and plans
etc. At this level Information corresponds to the PPR models and
reference data to requirements etc (at level one and two the actual
communication mediums are omitted).

The third level is called the system level. At the system level the
business is observed from an information engineer’s point-of-view with
the implementation aspects in mind (Requirements Analysis). For an
information engineering the organisational models simply shows what
actors are involved, the workflow models the temporal aspects of the
system, and the activity models the functional requirements.

At the lowest level of abstraction, the physical level, the actual
embodiment of the system takes place (System Deployment). A pro-
grammer or database specialist may interpret the higher level models
to build a business process management system. The next section will
focus on the content of cell I through VIII to show how the models may
be combined and used in order to support information integration and
by that collaborative engineering.
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8.3 The system models
To realize any business process management system one has to struc-
ture and define the different processes, in which order they are to be
executed and so on (cell I). By utilizing e.g. IDEF3 process schemat-
ics it is possible to define such temporal constraints. IDEF3 object
schematics makes it possible to trace the state of the objects as they
evolve throughout the process. This information is necessary in or-
der to realize an event driven controller governing the evolution of the
information content (cell V).

The next step is to define the activities or "functions" needed to
realise the system (cell II). In a workflow management system such
as PIL the activities corresponds to engineering tasks that need to be
carried out during procurement.

The activity model reveals what information is needed to execute
an activity, and what information that comes out of that activity [35].
From a system point of the activities could correspond to the informa-
tion interface or Web Service API of the concerned systems (cell VI,
given that it is possible to atomize the process)[32, 27].

The final step is to define the information (cell III) and the reference
data (cell IV). By utilizing e.g. STEP is possible to define the informa-
tion on a neutral format that simplifies system integration. The STEP
standard as such is very extensive and suitable for almost any setting.



Chapter 9

A tentative method for
information integration

In this chapter a tentative method for information integration is intro-
duced. The suggested method has been used to structure and describe
the information in the production investment pilot, a configurable Web
based handbook or in general terms a kind of software for engineering
process support, and to analyse existing investment processes. The tech-
nology behind the production investment pilot is described more thor-
oughly in Appendix C. The machine investment process, on the other
hand, is described more thoroughly in Appendix B.

9.1 Business analysis
In order to develop an engineering process support system such as PIL
one has to take into account the process, that defines what is done
and by whom, the data that is being exchanged and consumed in the
process, and how this data is being exchanged in accordance with the
information model.
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Phase 1 - Business Process Modelling

The main purpose of this phase it to map the business process. What
activities are needed to achieve the expected outcome? And how to
arrange the activities in a collaborative engineering environment? The
activity model constrains the valid configuration of the activities by
stating what input is needed from the preceding activity/activities in
order to perform the tasks.

In most cases the activities are predetermined by the context. The
workflow model, on the other hand, may be adapted to best suit the
company/companies involved. The workflow model shows the optimal
configuration based on a set of valid configurations as defined by the
activity model. It defines the temporal extent of the activities that
may be executed simultaneously.

Step 1: Sketch the engineering process using for instance the IDEF0
method. This provides an important insight into the business and how
things are related (bottom up, top down)

Step 2: Identify the main stakeholders and try to come up with an
optimal work order using, for instance, the IDEF3 process schematics.
IDEF3 object schematics may be used when developing state driven,
or model driven, engineering systems.

Phase 2 - Business Data Modelling and Analyse

The main purpose of this phase is to identify and describe the data
that is used throughout the process. By modelling the core concepts
of the process in focus a common understanding of the domain can be
achieved, supporting negotiations and joint decisions to be made.

As described in chapter about reference data (chapter 4.2) there are
plenty of sources of reference data available already such as PLCS RDL
but very often one has to model the reference data oneself (in order
to be included in a standard the reference data must be very stable,
otherwise its not possible to include in a standard).
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Step 3: Analyse the information being exchanged and model the ref-
erence data. Are there any company or branch specific concepts that
should be defined once and for all? Try to categorise and explain these
concepts. Model the reference data in, and take advantage of, owl -
the ontology web language. It is also possible to reuse, and build upon,
existing sources of reference data such as PLCS RDL.

Ontology editors such as Protegé developed by Stanford Medical In-
formatics at the Stanford University School of Medicine have graphical
viewers included to simplify communication with the domain experts.

Phase 3 - Information Modelling

The purpose of this final phase is to structure and define the infor-
mation in question.

Step 4: Structure and define the information identified during the pre-
vious steps by using, for instance, the EXPRESS language (chapter 4).
Where appropriate, try to use STEP as much as possible. The Data
Exchange Sets in PLCS [30, 22] are convenient in some cases as they
define a standard set of information for particular business scenarios.





Part IV

Discussion and future
research
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Chapter 10

Summary and conclusions

Collaborative engineering assumes a common language with well de-
fined concepts. Without a common language it is very difficult to
make joint decisions especially if people from different disciplines and
backgrounds are to collaborate. Ontologies may be used to formalize
the information content and by that support information integration
and decision making.

In this thesis a number of relatively new technologies related to
information management and communication are brought forward to
help overcome this problem. How standards such as STEP may be
tailored through concept modelling to support information integration
and decision making, and by that collaborative engineering, has been
a constant theme in this thesis.

When building the PIL system and investigating the prerequisites
for such a system the need for a complete business model became ap-
parent. Of course, all process management systems rely on a good
business model, but one also has to identify and define the core con-
cepts that exist in the application domain. Only then is it possible
to represent knowledge about engineering, to support communication,
information integration, decision making, and knowledge reuse etc.

This thesis presents a new reference model for manufacturing ap-
plications that is one main outcome of this work. It shows how the
business may be modelled to identify the product realization concepts
and how to foster a shared understanding of the information being ex-
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changed using this technology. The reference model has been used and
verified when developing the PIL application; a kind of engineering
process support system for machine procurement. It may also be used
in a wider sense when developing the next generation of model driven
engineering solutions.



Chapter 11

Suggestions for future
research

Building engineering process support systems such as the PIL system
requires a good understanding of the business process in focus. On-
tologies may be used to define the most important concepts of the ap-
plications domain. In fact, without well defined concepts and a library
of concepts it is impossible to represent engineering knowledge.

Well defined and agreed upon concepts may be used to mediate
knowledge between engineers and to help reach a common understand-
ing of a domain. Hence, one may argue that it is crucial in order to
support collaborative engineering.

By using ontology languages such as owl, the ontology web lan-
guage, to represent concepts it is possible to make the ontologies com-
puter interpretable. With data access, and information interfaces the
systems can exchange data. But to really make the systems interop-
erate we need to expose some of the internal business rules and logics
of each system. Ontologies provide such possibilities. Only then is it
possible to speak about interoperating systems.

This thesis has investigated the technical possibilities to achieve
such an integration based on common best practices, standards, and
tools. Systems integration also assumes information integration. To
realize this on a fully scientific base demands future research.
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Appendix B

Case Study Report - The
PIL project, 2003-2005

This report describes machine procurement. The report served as refer-
ence material when developing PIL [8]; an engineering process support
application for machine procurement developed by the author.
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B.2 Introduction

The PIL (Swedish acronym for the Production Investment Pilot) project
was started during the spring of 2003. The purpose was to support ma-
chine investments by highlighting best-practices, tools, and standards
related to machine procurement. One of the long term goals was to
reduce project lead time from start-up to delivery and installation by
50%. Of course, such an ambitious goal requires more than just scat-
tered contributions and the project was started on a wide front.

This report introduces the machine investment process used by the
PIL system (Figure B.1); an engineering support system for machine
procurement.

B.3 The machine investment process

The machine investment process has very much in common with the
development process of many industrial companies. Volvo Car Corpo-
ration and Ford Motor Company have the Global Development Process
(GDP) and Scania AB has the Scania Basics. Both processes can be
seen as high level project control methods (or "Standardized Business
Processes") that are applicable on all kinds of development work. As
a subset to these high level processes both companies have developed
local working procedures and guidelines to meet the demands of the dif-
ferent functions of the company (that of course should conform to the
high level strategic business processes like the GDP). A good example
of such a process is Scania’s Production Equipment Investment Process
(PEIP) which is used very frequently by the company’s employees.

The PEIP process comprises 7 main steps, guiding the engineers all
the way from project initiation to warranty follow-up (cf. Table B.1).
The idea is to support investment work by providing the employees
with information about legislation issues, technical regulations, check-
points etc. Although this "handbook" for machine investments is very
comprehensive it is possible to generalise into workshop design and
purchase, delivery preparations, and delivery and installation.
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Figure B.1: Screenshot from PIL

Workshop design and preparation
This phase is very important to the final result as decisions made at
this point can be very expensive later on. Is it really necessary to invest
in new equipment or can the existing system be adapted somehow to
meet the new requirements? Is the technology really mature enough
to invest in? Of course, there are no definite answers to such questions
but each time a new project is initiated it should be preceded by a
thorough investigation.

The first step (Initiation) is to write the assignment directive. The
purpose of this document is to introduce the project in general terms.
What is it the customer wants to manufacture? And how does the
intended equipment fit into the existing system? Usually projects are
categorized as being either a (or combination of); replacement due
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Customer process Specifications Typical requirements
Initiation Product - Product mix

- Geometries
- Tolerances
- Grip surfaces
- Control measurements

Pre- Study Function - Layout
- Number of details
- Capacity
- Performance
- Technical regulations

Preliminary design Technology - Processes
- Equipment
- Control system

Purchase Purchase conditions - Payment plan
- Fine clauses
- Delivery times

Delivery follow-up Delivery conditions - Time plans
- Fundament
- Education
- Test items
- Tools design
- Programming

Installation Acceptance test - Inspection
- Capability test
- Capacity test

Project follow-up Warranty follow-up - Follow up routines

Table B.1: Information Exchange during the Machine Investment
Process
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A1

Initiation

A2

Pre- Study

A3

Preliminary
Design

A4

Purchase

Demand Assignment
Directive

Product Model

Human Resources and
Information Systems

Tender Request
- Detailed Requirement Spec.
(Product, Layout, and
Process Spec.)
- Covering Letter

Order

Offers and
Solutions

Local Purchase
Directives and

Technical  Regulations

Safety
Regulations

Model of the Existing
Man. System

Budget Tender Request
- Requirement Spec.
(Product andFunctional Spec.)
- Covering Letter

Figure B.2: Overview of the Workshop Design and Purchase Phase

to wear investment, rationalization investment, capacity investment,
quality investment, new products or product family investment, envi-
ronment and safety investment.

The next step (Pre- study) is to develop a requirement specification
for the budget tender request. The requirement specification should de-
scribe product that is to be manufactured and the functional require-
ments. The fundamental principle here is not to limit the solutions
space too much leaving it for the suppliers to find an optimal solution
to the problem. The requirement specification is then appended to the
tender request and sent to the suppliers.

Hopefully the tender requests in a number of technical solutions.
Then the next step is to evaluate what technical solutions are the
most promising from a technical, economical, and environmental point
of view. The solutions that qualify are then ready for the next step
Preliminary Design. During this step the requirement specification is
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further detailed with functional requirements (requirement allocation)
like capability and capacity requirements and the process plan is being
developed.

The last step in the preparation phase has to do with the purchase
itself. Usually, at this stage of the process, there are only a couple of
suppliers left to select from. The negotiation that follows has a lot to do
with delivery times, payment plans, fine clauses etc. A good example
has to do with consignment storages. What happens if a breakdown
occurs during the warranty period? Will the supplier have enough spare
parts to repair the equipment within a reasonable period of time?

At the end of this phase all the question marks should have been
sorted out, the supplier chosen and the time plan for the rest of the
project established.

Delivery preparations

The next step is delivery follow up and delivery preparations. The cus-
tomer has to make sure that everything is ready before the equipment
arrives. The fundaments must be ready for installation, the electric
supply ensured etc. Other important things remember are education,
tools design, programming etc.

Before the equipment is shipped it is also very common to pay the
supplier another visit, this time for the acceptance test (which is re-
peated after the equipment has been installed in the delivery test).
During the acceptance test the equipment is tested under normal con-
ditions. The test follows a standard procedure to make sure that every-
thing works as planned. Besides a series of functional tests the process
distribution is controlled by measuring the resulting item. The process
capability can then be calculated and compared against the require-
ments in the requirement specification (assuming that the capability
definition also is agreed on before - otherwise it might be very difficult
claim that the equipment is not performing as expected).

At the end of this phase the equipment is installed and handed over
to the customer (something that may take some time after the equip-
ment has been put into operation due to legal and safety concerns).
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Project follow-up
During this final phase of the project the system is monitored for any
disturbances. Another important task here is to write the project
follow-up report to be consulted the next time equipment is purchased.

B.4 Summary and conclusions
The machine investment process introduced in this report describes the
major steps when purchasing machine tools. Many companies have
developed their own procedures and guidelines, as machine purchase
requires a lot of knowledge and experience. To support continuous
improvement and knowledge reuse on has to structure and define the
engineering process.

The report has been used as a reference material when developing
PIL; a kind of engineering support software for machine purchase.



Appendix C

The PIL system for
procurement

This report introduces the technology behing PIL; an engineering process
support application for machine procurement.

75



76 APPENDIX C. THE PIL SYSTEM FOR PROCUREMENT

C.1 Introduction

The PIL system for procurement (cf. Figure C.1) is based on a generic
workflow model that controls the execution of the engineering process.
It defines the basic data to execute a task and the expected result.

As the process model is instantiated the order of work is determined
by the definition of the tasks. For instance, a task such as "create
project specification" should always precede a task such as "create re-
quirement specification" because the later is dependant on the output
from the preceding task.

Most of the existing systems in this field are either information
centric, such as PLM systems, or process centric, such as workflow
management systems. However, the unstructured nature of collabora-
tive engineering makes most of these systems unsuitable. It is simply
not sufficient with predefined processes or scenarios as the environment
changes continuously.

The engineers also need tools that help them to navigate in the
information as well as the process. In collaborative networks, when
engineers from different backgrounds get together in order to solve a
problem the need for a common solution that defines a language for

Navigation
for each
phase

Process Phases (navigation between the phases)
Pre- study -> Main study -> Purchase -> Installation

The Production Investment Pilot

Configurable handbook, based on type of
investment and user etc.

 Checklists
 How to's
 Tools
 Templates
 Expected results, and basic data
 References (standards, literature)

Figure C.1: Overview of PIL
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collaboration as well as a common workflow becomes even more impor-
tant. Such a solution should also support information integration and
decision making. A methodology that enables the integration of infor-
mation by translating the information into an ontology representation
is therefore desirable.

C.2 Information management and
engineering process support

Communication in the process can be supported by information stan-
dards for manufacturing. By using for instance the STEP family of
standards almost any kind of manufacturing information may be rep-
resented in a uniform manner simplifying systems integration and com-
munication a lot.

STEP, however, covers mostly general structural information. To
define a language for communication and decision making one needs
to consider ontologies. The use of ontologies together with STEP is
discussed further in [32].

One important aspect of ontology languages is the possibility to
define typed relationships. The PIL ontology should define the state
transitions as an object evolves over time. For instance, a require-
ment specification may have the state "planned" before it is has been
signed and "approved" after it has been signed. Furthermore the on-
tology should also allow for other types of relationships such as "based
on" or "according to" to record the evolutionary dependencies amongst
entities.

It is important to have in mind that the ontology should only define
the content and not the order in which the information is created [18].
Of course, an ontology could also be used to define time dependencies
saying that the "project specification" should always be created before
the "requirement specification" and so on. However, such relationships
should be avoided as it makes the ontology too project specific.

The PIL model should coordinate the execution of the engineering
tasks and govern the evolution of the information content. To support
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Activity

- Title
- Description
- Purpose
- Sequence no.

Task

- Title
- Description
- Purpose
- Task Method
- Sequence no.
- Organisational unit
- Applicable projects

- Sales
- Production
- Product Design
- Market

<<enumeration>>
Organisational unit

- Sales
- Production
- Product Design
- Market

<<enumeration>>
Project Type

Document

Test protocol

Inquiry

Technical
Regulations

Offer

Commercial
Conditions

Requirement
Specification

Product
Specification

Project Plan

Functional
Specification

Purchase
Directive

Order

Figure C.2: Extraction from the PIL information model

the execution of a certain task the system should be able to consoli-
date all the necessary information and provide a clear definition of its
meaning.
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C.3 The PIL system for procurement

To support this a rough class model was created in UML according
to Figure C.2. According to the model activities consist of activities
and/or tasks. According to the model a task is something an engineer
should solve or "do" whereas activities are used to group tasks (gener-
alization). For each task a description or "method" how to solve it may
be defined as well as associated roles and project types.

Almost everything may be configured according to which kind of
project it is. If the task is to purchase a turning machine only the
relevant standards and directives are presented to the user.

The main objects and properties relevant to machine procurement
have also been mapped and defined to form a kind of data dictionary.

After completing the class model it was mapped to a data model
in xml according to the xml schema. Per definition the ordering of
tasks is described by the information (the definition of tasks according
to input/output). A controller engine may iterate among the different
tasks to form a valid sequence of tasks (sequential tasks). In the case
of decoupled or coupled tasks one can define the order of execution of
these as well by assigning a sequence number.

At present there is no workflow management, or change manage-
ment, functionality in the PIL system telling the users that the infor-
mation is available to execute a task, such a simple notification service.
Neither is the system equipped with a perfect ontology, although initial
attempts to develop a reference data server (managing the ontology)
for the PIL system have been successful. The system simply tells what
information is needed to execute a certain task so that the users can
search for it.

C.4 Summary and conclusions

Ontologies make it possible to formalize the information content. Based
on ontologies transition rules and task definitions can be instantiated
that describe all possible solution paths to achieve a certain goal, not
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only one or two which is the case of traditional process or scenario
based approaches.

This allows for knowledge reuse and traceability from one project
to another. The first step is always to identify the main concepts and
then to connect these concepts to tasks.


