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ABSTRACT

In industrial plant projects much of the design knowledge is lost. Design
documents typically concentrate on implementation-oriented structural
information that is required to construct the plant. The documents to a great
extent lack the functional knowledge representing the original design
intentions, formed mainly during the conceptual design stage, and
information on the design process. As a result, the design documents do not
contain answers to questions about the purpose of the design. One typically
cannot find any justifications for the design decisions, e.g. the selection of
one of several apparently sufficiently good alternatives. Yet both kinds of
information have proven to be important for effective co-operation of
designers within a project, for succeeding projects, and for the operation
and maintenance of the resulting plant. This thesis addresses the problem of
structuring, recording, and transferring the design knowledge between
designers and from the designers to the end users.

The proposed solution is to introduce formal knowledge representations
powerful enough to express the relevant concepts of the domain into the
design process. With these representations and supporting tools we aim to
structure and record the functional design knowledge at design time.
Multilevel flow modelling is used to capture the functional knowledge of
the plant. The resulting conceptual model is utilised for structuring the
informal design knowledge related to both the designed artefact and the
design process. Based on two validating industrial cases, the approach
seems able to capture this design knowledge in industrial plant projects.

On-line presentation of the functional knowledge to the plant operators is
discussed. Our work emphasises the consistent presentation of the
conceptual model created by the designers to the operators during the
training sessions, in the user interfaces and alarm systems of the plant's
automation systems, and in the on-line documentation system coupled to the
automation systems. Two operator support system prototypes, implemented
using commercial state-of-the-art automation systems and recent
information technology developments such as the World Wide Web, show
that it is feasible to implement useful MFM-based sources of information
for the operators of industrial plants, based on the information gathered
while applying the proposed approach during the design phase.
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"This is not the end. It is not even
the beginning of the end. But it is,
perhaps, the end of the beginning."

Sir Winston Churchill, 1942.
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1  INTRODUCTION

1.1  INDUSTRIAL PLANT DESIGN

The design phase of an industrial plant is extremely important: the designers
have to make decisions that affect all the phases of the plant's lifecycle. This
is illustrated in Figure 1 (VDI 2221 1987). Like any man-made system, an
industrial plant is designed to fulfil specific human needs. During the
preliminary study these needs, as well as other requirements such as the
official regulations, are clarified to represent the design goals of the plant.
The initial design phases deal with the most crucial design decisions such as
the location and operating principles of the plant. Typically, the overall
structure of the plant and its most important components (e.g. the turbine
and the boiler in a power plant) are also fixed at this point. Design decisions
in general and those during the initial design phases in particular have far-
reaching consequences throughout the lifecycle of the plant. In general, a
major part of the total construction costs of any product (75 - 85%) is
typically committed after the initial design phases even though only some
5% have actually been spent (Nichols 1990, Sheldon et al. 1990).
Moreover, more than half of the total lifecycle costs are committed and the
product quality is determined at this stage.

Design to a great extent concerns creating models of the artefact to be built.
The designers' task is to turn the requirements already set for the artefact
into a design that can be implemented. Consequently, the design process
produces a variety of design documents that describe the structure of the
artefact and how the artefact and its parts should be manufactured and
assembled. As such, the design documents most often describe only the
final outcome of the design process omitting the design knowledge that led
to the specific design. The functional knowledge representing the original
design intentions mainly generated during the initial design phases is either
vaguely and informally presented or totally missing in the documents. This
kind of knowledge includes both the goals the plant was designed fulfil and
its intended function, i.e. how the designers meant it to work.

Information on the design process -- design decisions, the rationale behind
them, and the design history -- is usually missing in the documents. The
decisions describe design issues, i.e. the design problems and the solutions
that were considered. The rationale covers the knowledge concerning why
each specific design alternative was chosen and why the others were not.
Design histories capture sequences of design selections together with the
associated rationales. In succeeding projects, this information would be
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Figure 1. The significance of design in a product's lifecycle. Design
produces important information for all the succeeding phases (VDI 2221
1987).

useful to see how the design evolved, to be able to reuse the best choices
and to avoid poor solutions that have been examined or tried earlier.

In a study on co-ordination problems in engineering design, Crabtree et al.
(1993) found that 24% of project delays were due to poorly documented
design knowledge. In general, industrial plants are not designed from
scratch every time a new plant is constructed. Substantial parts of old
designs can be reused at new plants. However, reuse of old designs is not
always straightforward due to missing information about why the design
was produced in a specific way. Designers, especially novices, spend a lot
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of time searching for the design rationale of earlier designs. To put it in
other words: to be able to make changes one should understand the original
design. The maintenance staff of a plant meets similar challenges in their
work, especially during revisions.

Design knowledge, especially that describing the intended functionality of
the product, is of great importance in multidisciplinary design projects. In
this research, we concentrated on the co-operation between process and
automation design. The automation designers found difficulties in
understanding the intended functionality of a process depicted in the
diagrams produced by the process designers. This was emphasised by the
lack of textual documents, such as system descriptions, during the
automation design.

Functional design knowledge would also be useful for plant operators.
Understanding the intended functionality of a process helps the operators to
run the process more optimally and to manage process disturbances more
quickly and safely. Regrettably, this information is sparsely shown in
current control rooms. The procedural knowledge on how to run the process
and its sub-processes that is provided in the operating manuals usually does
not explain the purpose of the actions.

In this thesis, we are especially interested in plant design knowledge that
can be used as a source for explanations in response to questions about the
design, i.e. to provide design rationale. The primary goal of the thesis is to
enhance the communication of that knowledge throughout the lifecycle of
the plant and in succeeding plant design projects. A primary prerequisite is
that the design knowledge be recorded in the design phase for later use1.
This necessitates the introduction of representations capable of capturing
the abstract design knowledge born in the initial phases of plant design.
Another requirement is computer support for the modelling effort to allow
reuse of previous designs and the associated design knowledge. The
representations should be understandable to both humans and computers. In
this work, we utilised a special modelling approach, Multilevel Flow
Modelling (MFM), for representing formal functional design knowledge
and for structuring informal design information related to both the artefact
and the design process. A final point in getting plant design knowledge into
effective use concentrates on the end-user's point of view: how design
knowledge can be displayed to the users of the plant in order to assist them
in their work.

                                             

1We want to emphasize that despite the inadequacies in recording design knowledge
industrial plants are successfully designed, constructed, maintained, and operated. The
ideas and solutions presented in this thesis are aimed at improving the current state of
affairs.
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1.2  MULTILEVEL FLOW MODELLING

The key idea of MFM is to model the plant as a man-made artefact designed
for specific purposes (Lind, 1982). In MFM, these purposes are modelled
with the concept of goals. The goals state why the system is being used.
There are three types of goal: production, economy, and safety.

A second important concept of MFM is function. In MFM, functions are
seen as the means to achieve the goals. The functions of the plant are repre-
sented by a set of mass, energy, and information flow structures at several
levels of abstraction. The physical components of the system, the devices,
are used to realise one or several functions.

MFM combines whole-part and means-end abstraction hierarchies for
structuring systems (Lind, 1990). The whole-part hierarchy decomposes a
plant into parts using the part-of relationship. It can be used to describe the
relationship between a goal and its subgoals, between a function and its
subfunctions, and between a physical system, its subsystems, and
components. The means-end hierarchy divides the plant into levels of
abstraction, with abstract concepts on the top and concrete concepts at the
bottom. Means-end relations -- such as achieved-by, achieved-by-control,
condition, and realised-by --  are used to represent the relationship between
objects at different levels of abstraction. In process engineering, the lower
levels tend to represent the physical components of a plant and the higher
levels their abstract purposes.

MFM derives its power largely from means-end information, and enhances
it by the concept of flows and their balances. At several levels of
abstraction, energy, material, and information flows are recognised. A
number of balances are defined for the mass and energy flows, allowing one
to reason about the behaviour of the system by looking at the balances. The
information flows provide a basis for designing the automation system as
well as the operators' tasks.

MFM can be utilised for capturing functional design knowledge. It offers a
formal language for explicitly representing the goals of the system, the
functions required to achieve the goals, the devices needed to realise the
functions, and their relationships. An MFM model represents the design as a
meaningful artefact, where every single function and device has a purpose
or role in the achievement of the overall goals of the designed system. Such
a presentation provides a valuable description of the whole that is typically
missing in current design documents. The benefit is obvious: the model can
be used to explain the intended operation of the modelled system and the
purpose of its components. It is important to note that MFM models are
normative, describing how the system was intended to work, not how it is
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actually working. Such models can be used to detect deviations from the
intended operation but not to predict the future state of the system.

1.3  RESEARCH PROBLEM

Design knowledge -- the intentions behind a design -- tends to be lost
because it is seldom recorded in everyday projects. There are many reasons
why design knowledge is not recorded:

1) Current design practice. In several companies, documentation is seen as
the 'inevitable evil' that has to be done with additional costs. The
documents are hastily written just in time before (or even after) the
delivery deadline, long after the actual design work. The content and
quality requirements of the documents are often neither specified nor
controlled in any way.

2) Limited expressive power of current design representations. Current
design representations are limited to describe the end result of the design
process -- the artefact -- in terms of implementation details only. Most of
the representations are informal in the sense that their semantic content is
not understandable by computers and thus do not allow for automated
reasoning on the included knowledge.

3) Lack of supporting tools. Current design tools do not support recording
(or reusing) design knowledge.

4) Lack of motivation. Designers are generally not motivated to record
design knowledge: they regard it as extra work that is of no use for
themselves (which is not true; the design knowledge would help them in
subsequent projects) or they may even fear for losing their expert status.

5) Lack of valuation. The value of proper documentation (containing
design knowledge) as a corporate knowledge base is not often seen.
Furthermore, the value of proper documentation as a factor of the quality
of a product (from the customer's point of view) is not always
acknowledged. The importance of design knowledge in the operation and
maintenance of the plant is seldom recognised.

In this research we develop representations that make plant design
knowledge explicit, tools supporting capture of design knowledge during
the design process, and ways to use the design knowledge both in
interdisciplinary design projects and during the use of industrial plants. In
our research we have adopted the use of Multilevel Flow Modelling as a
framework for structuring and recording design knowledge. The models
form the backbone of our research on presenting the knowledge to the
designers, maintainers, and operators of industrial plants.
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From the discussion above we derive our research problem:

How can plant design knowledge be structured and recorded in
order to enhance its communication in design projects and at
industrial plants?

This problem definition is rather broad and therefore needs to be further
refined into the following research questions:

Q1. Is it feasible to use MFM for structuring plant design 
knowledge?

Q2. What kind of techniques are required for presenting 
this knowledge to plant operators?

1.4  RESEARCH ASSUMPTIONS

In this thesis, we are dealing with design knowledge -- "the knowledge that
led to a specific design (solution)". It is obvious that the subject, the
designer, has a major role in producing this information. After all, it is most
often the designer who makes the design decisions and is responsible for
documenting them. This notion leads us to the following assumptions:

1) Designers act rationally. This implies that designers should be aware of
design goals, able to identify the design alternatives and criteria, and able
to evaluate the alternatives using the selected criteria.

2) Motivation. It is possible to motivate designers to record design
knowledge for later use, even though they are generally not willing to
change their working habits, especially when the change seems to imply
more work.

1.5  HYPOTHESIS

The design, maintenance, and operation of a complex system, such as an
industrial plant, are demanding tasks that could be assisted by providing the
people involved with design knowledge in addition to documents describing
only implementation details. We propose the use of multilevel flow
modelling for organising the design knowledge. We advocate the
importance of representations that enable the use of the design knowledge
in various phases of a plant's lifecycle.
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We state this as our research hypothesis:

Multilevel flow modelling can be utilised for effectively
structuring and recording plant design knowledge during the
plant design process, and for presenting the design knowledge to
operators of the plant in order to improve the understandability
of the designs.

We can specify the work needed to validate the hypothesis as follows:

1) Problem analysis: Identify design knowledge that is not recorded in
current design practice but could be acquired during the design process.

2) Design knowledge representation: Develop MFM-based representations
for plant design knowledge.

3) Tools supporting design knowledge capture: Develop MFM-based tools
to support the structuring and recording of design knowledge.

4) Evaluation: Apply the newly developed representations and supporting
tools to real-life test cases in order to evaluate their usefulness.

5) Operator support systems: Develop and demonstrate new ways to
present design knowledge to plant operators.

1.6  RESEARCH METHODOLOGY

1.6.1  Research strategy

The approach of this research is that of constructive research. As depicted in
Figure 2, it can be divided into the following three stages:

1) Problem Analysis: We analyse the operation and maintenance of
industrial plants, concentrating on the information needs of the plant
operators when performing their tasks. We analyse the design process of
an industrial plant in order to determine how communication of design
knowledge could be improved from current design practices and what
additional methods, tools, and representations are needed for this
purpose.

2) Construction: Based on the results of the problem analysis and a study of
modelling techniques, knowledge representation techniques, and existing
approaches, we develop an approach to the structuring and recording of
design knowledge as a part of a designer's routine work. This approach
includes the utilisation of MFM as a framework for recording design
knowledge and tools supporting the modelling effort.
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3) Demonstration: We validate our solutions in two industrial case studies.
We propose new ways to represent the design knowledge to the plant
staff in order to support them in their tasks.

As shown in Figure 2, the methods used for acquiring knowledge of the
current design practices (Problem analysis) were eliciting theoretical
background information on plant design from textbooks, a literature review,
a case study consisting of unstructured interviews of the plant staff and
process and automation designers, and analysis of the plant design
documentation augmented with walkthroughs with the designers.
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Figure 2. The research strategy followed.

1.6.2  Scope of applicability

This research is related to design of industrial plants. It is, however, not
targeted at developing the design process, per se. The scope of the research
is to develop and apply representations expressive enough to present the
concepts of the domain of plant design in order to make the design
knowledge explicit and to improve its communication to other people
involved during the life cycle of the plant.
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Currently, the design phase of an industrial plant produces a variety of
documents describing the plant and its subsystems. These documents are
most valuable in describing implementation details. The idea of this
research is not to replace those representations but to extend the documents
with the means-end aspect, in order to improve the quality and expressive
power of design documentation in general and the management of the whole
in particular. This is necessary from the viewpoint of making design
knowledge usable during the lifecycle of the plant.

We concentrate on the technical aspects of organising design knowledge
during the plant design process. Our research should be judged with the
following restrictions in mind:

1) Modelling technique. In this work, we are not developing the modelling
technique. MFM is used on an "as-is" principle. We have mainly utilised
the two hierarchies provided by the modelling technique: whole-part and
means-end. Modelling the normative behaviour of the plant using the
mass and energy balances of the flows and using those models to detect
process deviations is not specifically addressed in this thesis.

2) Modelling method. Multilevel flow modelling provides a way to
represent an artefact but it is not a modelling method in the sense that it
would support or guide the modelling process. A guideline for modelling
is, however, presented by Lind (1990). Regrettably, it does not provide a
clear procedure on how to recognise the goals. Developing such a
method is out of the scope of this research, even though we make some
suggestions on this topic in Paper IV.

3) Application field. Multilevel flow models are well suited for representing
process and control engineering aspects of continuous processes due to
their ability to describe flows. The flow functions are meant for
representing mass, energy, and information flows in the system. This
limits the scope of applicability of the modelling technique: it is most
suitable for representing processes dealing with real substances. In this
sense, our case studies were optimal targets for MFM, the first one
representing an energy process and the second one a process with gas
flows.

4) Experiential knowledge. As stated in Paper I, the authors are fully aware
that design knowledge is not enough for the plant operators to perform
their work. This is because the actual operation of the system cannot
always be predicted at design time and may differ from the designed
operation. Experiential knowledge of the operation of the plant is thus
required. This research is limited to storing and representing design
knowledge. In Chapter 6, however, we show how the structure imposed
by the multilevel flow model of the system can be used as a framework
to effectively store and retrieve experiential knowledge.
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5) Managerial aspect of design knowledge. We do not address the
managerial aspect on how to control the timescale, costs, and quality
aspects of design projects even though we are aware of its necessity in
real-life projects. However, improved design documentation will serve
the needs of the management by providing information on what tasks
have been performed.

6) The organisational aspect. We concentrate on the technical aspects of
recording and utilising design knowledge. We do not address the
problem of how to introduce into an organisation a novel design
approach that inevitably requires changes in the current practices both at
the individual and organisational levels.

1.7  RESULTS

This work contributes to improving the design, use, and maintenance of
industrial plants through recording and representing design knowledge in a
systematic way.

The results can be summarised as follows:

❏ Needs analysis. An analysis of the operation and maintenance of
industrial plants concentrating on the information needs of the plant
operators when performing their tasks. An analysis of the design process
of an industrial plant, in order to find out what should be improved in
current design practices and what additional methods, tools or
representations are needed.

❏ An approach and supporting tools for structuring and recording design
knowledge as a part of the designers' work using MFM as a framework.

❏ Design and implementation of a design environment that makes the
design knowledge explicit and assists the designer in reusing existing
designs.

❏ Demonstration of the use of the approach and the supporting tools in two
case studies.

❏ Design of new techniques for presenting the design knowledge to the
operators of industrial plants. Implementation of two operator support
system prototypes based on the knowledge captured in the case studies.

The results can be viewed as a framework for systematically recording
design knowledge at design time in order to improve the understandability
of the designs both from a functional and a (design) decision-making point
of view at reuse (redesign of similar artefacts), maintenance, and utilisation
phases. We demonstrate the use of the approach with two case studies to
validate its applicability. In both cases, a subsystem of an industrial plant
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was modelled using MFM and the tools developed in this work. The first
case was a feedwater system of a power plant, and the second a gas system
of a detector experiment at CERN (from the point of view of complexity the
detector experiment can be regarded as an industrial plant). The emphasis
was on capturing functional design knowledge.

The knowledge acquired through modelling was used as a major
information source when implementing the operator support systems. The
design knowledge stored in the object hierarchy of the design tool was
automatically converted to a representation required by the operator support
systems, using the facilities implemented in the design environment.

The results are discussed in more detail in the following chapters and in the
original Papers I to IX included in the appendices.

1.8  OUTLINE OF THE DISSERTATION

This thesis concerns enhancing the communication of design knowledge,
i.e. how to capture such knowledge during the design process and how to
present it not only to other designers but to operators of the designed
artefact. The structure of this dissertation is the following:

❏ Chapter 1 states the research problem and gives a brief introduction to its
background.

❏ Chapter 2 introduces the concepts related to design that are used in this
thesis. The essence of design knowledge is discussed.

❏ Chapter 3 contains a brief survey of design representations and design
tools. Problems of current design practices are discussed.

❏ Chapter 4 gives an introduction to multilevel flow modelling and
explains how design knowledge can be captured using MFM as a
framework.

❏ Chapter 5 shows the features of a design environment that is capable of
capturing the design knowledge targeted in this research. Reuse of the
design knowledge is discussed from the designers' point of view.

❏ Chapter 6 discusses how to present design knowledge to the operators of
industrial plants. The chapter describes the principles and
implementation of the operator support systems built in the two case
studies.

❏ Chapter 7 gives an introduction to the original Papers I - IX that form the
basis of this dissertation. The papers are included as Appendices 1 - 9.

❏ Chapter 8 sums up the work done in this research and draws conclusions
about its relevance. Directions for further research are presented.
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2  ENGINEERING DESIGN

"Engineering design is a purposeful activity directed toward the goal of fulfilling
human needs, particularly those which can be met by the technological factors of our
culture." (Asimov 1974)

M. Asimov states that "A designer does not usually produce the goods or
services which immediately satisfy a consumer's needs. Rather, he produces
the model which is used as a template for replicating the particular good or
service as many times as required" (Asimov 1974). Hence, design appears
to be about the creation of descriptions (i.e. models) of physical artefacts
that perform the desired functionality. The design process produces several
kinds of models of the artefact for different purposes such as analysing the
design (e.g. simulation models) and manufacturing the artefact proposed by
the design (e.g. CAD drawings). Unfortunately, these models generally
represent only the outcome of the design process. However, there is a lot
more information related to design that both could and should be captured
and utilised.

Design can be regarded as a transformation from the functional domain to
the physical domain (Mostow 1985). Thus, design is to a great extent
reasoning about function; how to achieve the desired functionality. Yet,
these considerations are seldom represented in design descriptions that
depict only what is in the design.

A design problem can formally be regarded as a search problem in a large
space for objects satisfying multiple constraints. Only a limited number of
objects in the problem space provide satisfying solutions to the problem
(Newell & Simon 1972, Brown & Chandrasekaran 1989). Given an initial
state, the problem is to achieve a goal state, i.e. to find a path of design
moves (transitions) in the space leading from an initial state to a goal state.
Generally it is not feasible to perform a design task through exhaustive
search. Domain knowledge and heuristics can be used for drastically
reducing the search space. In this research, we view design as a process
comprising of successive elaborations of the design descriptions. Each
elaboration refines the design from the abstract to more concrete or from the
general to more detailed level until the final design is achieved. The
information related to this process -- what decisions were made, why and
under what circumstances they were made, and what alternatives were
considered -- provides a sound basis for understanding design decisions.

Design is often divided into three classes depending on the degree of
novelty present in the design (Pahl & Beitz 1988, Brown & Chandrasekaran
1989):
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❏ Original design, where the designer has to elaborate an original principle
for implementing a system.

❏ Adaptive design, which involves adapting a known system to a changed
task while the principle of solution remains the same.

❏ Variant design, which involves varying the size or arrangement of a
system.

According to Brown and Chandrasekaran, original design is open-ended,
creative design that calls for major new inventions. The average designer
seldom faces tasks requiring original design (Brown & Chandrasekaran
1989). The tasks of designers most often fall into the categories of adaptive
and variant design, the distinction between which cannot be precisely fixed.
In these categories a powerful problem decomposition already exists, and
due to the stable technology basis in process industries only a limited
number of alternative solutions are available to the subproblems. In
adaptive and variant design, prior designs or versions of a design form a
major source of knowledge. In addition to problem decomposition they can
provide optimal, necessary, or acceptable solutions to the subproblems and
information on previously tried "false turns", since they describe how the
design evolved over time.

In fact, a great part of all industrial engineering can be regarded as redesign,
i.e. making changes or improvements to earlier designs. In the process
industry, these changes primarily take place when a new plant is being
designed or during plant revisions. Regularly, earlier designs are used as a
basis for new or modified plants. In many cases, essential improvements in
design quality and productivity can be obtained. Reuse of earlier designs
also allows novice designers to apply proven solutions produced by design
experts in their work.

Reuse is often limited to the reuse of existing designs - not the knowledge
behind them. This is a natural consequence of the fact that design
knowledge is generally not recorded. This can be dangerous for two
reasons. First, there is the problem of how to recognise a similar case
among earlier designs without proper information. Applying old solutions to
implicitly similar problems is much based on the art of good guessing.
Second, two different phases should be distinguished in the revision of
earlier designs: understanding and making changes (Fischer et al. 1991).
Without understanding the original design, the designer is most probably
unable to estimate all the effects of a change.

We are interested in the essence of this design knowledge, both the hows
and whys, that leads to a specific design. The next subchapter is devoted to
discussing the concept of design knowledge.
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2.1  DESIGN KNOWLEDGE

Design knowledge is often referred to as 'the knowledge that led to a
specific design' or as 'the designer's intentions behind a design'. Briefly,
design knowledge is the expertise designers apply while making design and
implementation decisions. We share the view of Gruber and Russell (1990)
that design knowledge can be utilised as a source for explanations in
response to questions about the design, providing design rationale (DR).

In this research, design knowledge is classified into two categories:
artefact-related and design-related (Gruber & Russell 1992,
Chandrasekaran et al. 1993). It is essential to note the distinction between
these two knowledge categories: the former explains a design (i.e. the
artefact) through its functionality whereas the latter describes the design
process that led to the design. As a source for design rationale this approach
is broader than the one generally applied within the DR research community
where most researchers concentrate solely on the design process (Lee & Lai
1991, Conklin & Yakemovic 1991, Fischer et al. 1991).

We acknowledge the existence and necessity of the managerial aspect of
controlling design projects but it is outside the scope of this research.
However, the managerial aspect does have some influence on the other
knowledge categories. The management of a design project deals with
controlling the timescale, costs, and quality of design projects. Quality
assurance has a close relationship with the work done in this thesis. The
quality of design work is typically assured by following guidelines that
specify how the design work should proceed. The guidelines should
explicitly identify both the phases of the design process and the results of
each phase. Typically the results are reviewed in technical meetings as a
part of the project co-ordination activities. The work presented in this thesis
could support the managerial aspect in the sense that improved
documentation enhances communication of the project's status to the
management.

Another distinction is made regarding the formality of the design
knowledge. In this research, design knowledge is considered formal if it is
represented in a way that allows a computer to reason using it. It is
important to note that a typical CAD diagram does not fulfil this
requirement. Even though the diagram is syntactically formal in the sense
that it includes a set of unambiguous symbols that can be connected
according to a predefined syntax, its semantics is not interpretable by the
computer. Another informal representation for design knowledge is written
text. However, text can be made semi-formal, i.e. partly processable by the
computer, by introducing a structure into design documents.
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2.1.1  Artefact-related design knowledge

Initially, any man-made system is designed with one or many specific
purposes in mind, typically to fulfil specific needs. The system to be
designed has specific functional and structural requirements. The designer's
work is to turn these requirements into a design that can be implemented.
The end result of the designer's work, the design documents, thus typically
reflects the implementation issues such as the manufacture and assembly of
the system. The design documents do not lay out a trail from the design to
the requirements showing why the system was designed in a specific way.

To define artefact-related design knowledge we have to distinguish between
function design and form design. This dichotomy is recognised in the work
of several researchers, especially those emphasising a systematic approach
to design (Pahl & Beitz 1988, VDI 2221 1987, Suh 1990).

Pahl and Beitz describe function as "the general I/O relationship of a system
whose purpose it is to perform a task" on the basis of its inputs and outputs
that can be material, energy, and signals (i.e. information). The definition
given by Suh (1990) states that "function is something we want to achieve"
in design while form (i.e. the physical solution) is "how we want to achieve
it".

The concept of form should be understood in a wide sense as the physical
implementation of the artefact. As such, it includes the structural description
of the solution, topology, geometry, and material. This knowledge is often
referred to as structural knowledge.

Systematic approaches to design generally propose a phased design process.
They all consist of similar design phases even though the number and
naming of phases are somewhat different. Figure 3 shows the approach
proposed by Pahl & Beitz consisting of clarification of the task, conceptual
design, embodiment design, and detail design. The early design phases
(especially conceptual design) are more associated with function design
while embodiment and detail design mainly deal with form design.

In task clarification, the requirements of the system and the design
constraints should be identified. We emphasise that the requirements should
be quantified, if possible, and further refined to explicit goals of the system.
Conceptual design generates a function structure that is refined into a
detailed design during the embodiment and detail design phases. Deriving a
function structure from the requirements necessitates design knowledge: the
designer has to apply underlying knowledge of whether the proposed
functions are realisable within a specific technology (Leppälä 1995).
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Figure 3. The main phases of design (Pahl & Beitz 1988).

Now we can define another class of artefact-related knowledge, functional
knowledge, as a mapping among the functional requirements or rather the
design goals of the system, the overall function structure, and the detailed
design representing the form aspect. Functional knowledge explains a
design through its intended function, i.e. how the designer meant it to work.
The meaning or purpose of any part in a system can be explained via the
function it was designed to accomplish in the system.

Structural and functional knowledge represent declarative knowledge about
an artefact. Another important class of design knowledge is behavioural
knowledge. The system, its subsystems and components can be in various
states representing their behaviour. For an industrial plant such principal
states are stand by, stopped, startup, normal operation, shutdown, and
disturbance2. These states may have different goals or at least the priority of
the goals can be different in the various states. This implies that the role of
the functions (and the devices) may become dependent on the state of the
system. Behavioural knowledge, consisting of the states of the process, the
conditions for state transitions, the actions together with their conditions
and their order of execution, timing, and possible disturbances, forms a
basis for specifying how to operate the process. This information is
extremely important for the automation designer.

                                             

2Due to their complexity and relatively long duration startup and shutdown are often
regarded as states of their own even though they essentially are state transitions.
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Decomposing a design problem too complex to be solved by an individual
designer into smaller subproblems is a common way of managing
complexity in engineering. Decomposition implies that the functional (and
other) requirements of the original problem need to be parcelled out to the
specifications of the subproblems. A number of alternative decompositions
for a problem may exist, in which case a selection has to be made.
Decomposition knowledge -- D -> D1, D2, D3, ... Dn, where D is the given
problem and Di's denote the smaller subproblems -- represents a kind of
design knowledge since it can be reused during future design of similar
artefacts where it may help reduce the size of the search space (Brown &
Chandrasekaran 1989, Chandrasekaran 1992). A typical form of
decomposition knowledge is present when functional specifications can be
decomposed into a set of subfunctions (Freeman & Newell 1971). Design
plans are a special case of decomposition knowledge; in addition to the
decomposition they specify a sequence of design actions to take for
producing a piece of abstract or concrete design (Brown & Chandrasekaran
1989, Chandrasekaran 1992).

2.1.2  Design-related design knowledge

Designers are usually preoccupied with creating an artefact that achieves a
desired functionality. If the same functionality can be achieved using
various alternatives, design involves selecting one of several functionally
equivalent design alternatives (that already exist at some level of
description), i.e. making design decisions (Kannapan & Marshek 1992).
While making the decisions, the designers have to consider many other
aspects related to the artefact such as its costs, manufacture, assembly,
testing, service, and operation.

The design process involves a series of interdependent design decisions that
contribute to the development of the final design. Design-related knowledge
deals with the design process itself: both design decisions and the
underlying knowledge. The knowledge underlying these decisions is a
major source of design rationale answering the question of why a specific
alternative was preferred or rejected.

Before having a look at design as a decision-making process and the related
knowledge, it is useful to state the concepts related to the design process
which are used in this work. The concepts presented in Table 1 originate
(although slightly modified) from the ontology of design defined by Gruber
and Russell (1990).
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Table 1. Characterisation of the concepts related to the design process.

Artefact: A man-made system that has been designed with a
specific purpose in mind.

Design:
An intermediate or end result of the design process;
a description of a designed artefact.

Design alternative: A proposed design (solution) meeting the design
constraints and requirements of the design issue at
hand.

Design constraint: A limiting factor that has to be taken into account in
the design work. Constraints may pertain to the
parameters (e.g. physical properties such as
weight), to the design process (maximum duration,
cost-efficiency, etc.) or to manufacturing,
assembling, testing, and using the artefact.

Design criterion: A feature of the design alternatives that can be
used in their evaluation in order to choose the best
fit.

Design decision: A choice among design alternatives. A description
of a design decision should specify the design
issue, the set of alternatives considered, relevant
criteria, the evaluation function, and the outcome of
the decision.

Design goal: A goal or objective that the artefact under design
has to achieve.

Design intention: A typically tacit design goal of the designer.

Design history: A record of design decisions.

Design issue: A description of a design problem for which a
solution is searched among design alternatives in
order to make a design decision.

Design justification: An explanation of why a specific alternative was
chosen with respect to a set of criteria.

Design knowledge: Knowledge underlying the design process that led
to a specific design.

Design move: An action in the design process that produces a
change in the design.

Design process: The process of creating and refining a design.

Design rationale: An explanation (based on design knowledge) of
how and why an artefact is designed the way it is.

Design requirement: A functional or structural requirement regarding the
artefact.

Evaluation function: A function used for evaluation of design alternatives
with respect to a set of design criteria.
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Figure 4 shows a simplified model of design as a decision-making process.
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Figure 4. Design problem solving.

Design requirements and constraints are refined into a problem definition
explicitly expressing the design goal and constraints. Based on design
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knowledge, design alternatives fulfilling functional requirements are
generated and evaluated against a set of design criteria. Design constraints
limit the space of possible solutions by ruling out certain choices. A design
decision is made upon the evaluation of the alternatives using an evaluation
function. Finally, a design move causing a change (∆) in the design
descriptions is performed.

In a (design) decision situation, designers may have two or more
alternatives to choose from. To make a rational decision, they have to be
able to evaluate and put the alternatives into an order of preference using a
set of design criteria. The concept of utility is often mentioned in this
connection if a numeric value can be applied when comparing the
alternatives. A decision that maximises the utility is regarded as rational
(Luce & Raiffa 1957, Gruber & Russell 1992).

Usually the initial requirements of a system will contain design constraints
in addition to the functional and structural requirements. Design is all about
trying to create an artefact that satisfies this set of functional requirements
and constraints. Since some of the constraints may relate to the properties of
the artefact (such as portability), the difference between a constraint and a
requirement is sometimes hard to distinguish. We make the following
distinction between constraints and requirements (functional or structural)
as proposed by Chandrasekaran (1992):

❏ Functional requirements refer to the fulfilment of the system's technical
function, and are the primary reasons why the artefact is being designed
and implemented.

❏ Design constraints limit the space of potentially functionally adequate
solutions. They can refer to the properties of the artefact, its manu-
facturing or testing, its use, or the design process itself.

Functional requirements and design constraints also differ, in that inability
to achieve the requirements could lead to abandoning the design endeavour.
Often all the constraints can not be met, and the designer has to make
selections between constraints to be satisfied. This requires relaxing some
of the constraints and making compromises.

Decomposition seldom leads to independent subproblems. Interactions
occur between alternative design choices for the subsystems. Selections
made in one subsystem may restrict the choices in another. Sriram et al.
(1992) have separated these constraints into causal and interaction
constraints. Causal constraints stem from the physics of the system and
describe the physical interaction between the subsystems. Interaction
constraints include constraints on information flow, compatibility of
materials, and geometric alignment constraints.
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According to Seppänen (1990) three levels of recording design-related
knowledge may be used, as depicted in Figure 5. At the first level, only the
initial requirements and constraints (Cinit) as well as the intermediate and
final designs (Di) are recorded. The second level recognises the design
process; it records a design history comprising a sequence of design
decisions (Si) that led to the final result. The third level captures not only
the successful design sequence (the shaded area in the figure) but also the
alternative designs at any stage. Such an extended design history captures a
design process as a sequence of design decisions (Si) with the underlying
knowledge: the design rationale (Ri). An extended design history may also
include information on dead-ends due to poor design decisions, and the
respective backtrackings.
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D 1 D 2

D 3

D 4

D 5

S 1

R 2
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R 4
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Figure 5. Three levels of recording design-related knowledge.
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The model of the design process presented in this section is idealistic. It
assumes that designers have all the required information at hand when
making decisions. Holsapple and Whinston (1992) conclude that decisions
made by engineers and administrators range from structured to unstructured.
Structured decisions require that all the knowledge needed to make a
decision is available in an easy-to-use form. However, this is not always the
case in reality. Some issues pertinent to producing a decision may be
unclear or unknown to the decision maker which makes the decisions
unstructured. The alternatives may be vague, difficult to compare, or
difficult to evaluate with respect to the organisation's goals.

Protocol studies on designers' work conducted by several researchers have
indicated that designers usually pursue a single alternative at a time instead
of systematically considering several solutions (Akin 1979, French et al.
1993). Sriram et al. (1992) have concluded in their studies that this results
from the inability of humans to retain several alternatives in their memory,
and that the situation could be aided with proper computer support.
According to French et al. (1993), designers do not on the whole use such
systematic approaches but act rather opportunistically. Designers use their
wealth of experience, and in many cases are able to go directly to the
results. Prins & Olthoff (1993) state that designers get and reject a lot of
ideas while performing a design task. To document all the rejected ideas --
the false turns -- would require too much work and is seldom done.

Another limitation of the presented simple model of the design process is
that is does not explicitly consider the iterative nature of design: design is a
stagewise process progressing iteratively through conceptual design,
embodiment design, and detail design. In general, design is not a
straightforward process starting from some set of initial requirements and
constraints and progressing step by step to a final solution. In reality, design
involves evolution of the requirements, constraints, and the design
descriptions, and even discovery of new goals.

2.2  INTERDISCIPLINARY DESIGN PROJECTS

So far we have discussed design as a task of mapping functional
requirements to the overall function structure and, ultimately, the
implementation and also as a process of sequential design decisions. In this
section, we enlarge our view to large design projects and the problems due
to the involvement of a number of designers simultaneously working in the
same project.

The design of a complex system, such as an industrial plant, is a huge effort
requiring hundreds of person-years of work. To manage the complexity, the
design problem is typically decomposed into subproblems to be allocated to
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individual designers, teams, divisions, and organisations. Such design
projects are also interdisciplinary, i.e. they necessitate expertise in various
fields of engineering: process design, electrical design, automation design,
organisational design, safety design, etc. Other critical elements for a
successful design project are co-ordination of design activities among the
groups of designers working on different subproblems of the design and
communication between designers.

Decomposition is clearly a practical means for successfully designing a
complex system. However, problems related to the management of the
whole still remain (Korhonen 1991, Riitahuhta 1988). For example, the total
optimisation of a boiler plant is still at the same state as it was in
engineering design in the 1960's (Riitahuhta 1988). Design typically begins
with a vague notion of the desired functionality and general requirements
(Green 1992).

In many fields of process engineering there are a limited number of
established, alternative ways to implement a plant, i.e. to decompose a plant
into its rather standardised subsystems. The functional structure of the plant
is therefore fixed in the early stages of the design process and designers are
allocated to work on its subsystems. However, information on either the
goals of the plant as a whole or the rationale behind the functional
decomposition is hard to find in the design documentation. Such
information would be valuable for reminding the designers where the
requirements come from (Korhonen 1991). Thus, designers generally tend
to ignore the global effect of their design and concentrate on searching for
optimal solutions to local design problems. However, the global solution is
often more than the sum of the local solutions.

Early work on design assumed that design is decomposable with little or no
interaction between the subproblems (Simon 1981). Real plant design
projects are seldom this simple. The assumption of non-interacting or
weakly interacting subproblems rarely holds. In reality, work in any design
discipline is strongly dependent on the results of other design disciplines: a
solution in one part of the design often constrains the selection of feasible
design alternatives in the other parts. As a result, a change in one part may
necessitate changes on several other portions of the design. Green calls this
the design-in-the-large syndrome (Green 1992). Even the design goals may
alter or new goals may be discovered in the course of a design project.

The design-in-the-large view of the design process emphasises the role of
co-ordination and communication in large design projects. Co-ordination is
required to ensure that subsolutions produced by individual designers or
design teams can be integrated into a whole that fulfils the requirements set
for the system. Lack of co-ordination can cause significant useless iterative
work and costs, and generally results in a suboptimal solution. Co-
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ordination activities include design reviews where both managerial
(milestones, costs, resources) and technical issues are covered. Design
documents have an important role in co-ordination: they communicate the
status of design to the management and other interested parties.

Ideal co-operation is difficult to achieve in real plant design projects and
several kinds of co-ordination problems exist (Crabtree et al. 1993).
Activity management problems stem from the difficulty of keeping a large
project on schedule. However, a schedule is always based on assumptions
of the workload of the tasks and availability of resources. In reality, tasks
may be more demanding than expected and designers may be unavailable.
The different design disciplines generally do not advance at the same pace.
Due to the interdependence of the design tasks, a delay in one part of the
project may cause delays in others as well. Inability to make major design
decisions due to either unavailability of the key designers or a delay in one
part of the design task may leave a large group of engineers idle. Some of
these problems are caused by poor design discipline: schedules are not met;
the design documents contain premature information that is bound to
change; they do not contain the required information or they are not
delivered at all; etc.

A primary prerequisite for co-operation is that designers can effectively
utilise results obtained by other designers within the same or other fields of
expertise in their work. Design documents are the main vehicle for carrying
this information. Figure 6 portrays some of the communication between
some of the disciplines in a plant design project.
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Figure 6. Dependencies between some design areas in an industrial plant
project (adapted from Tommila et al. 1990).

The significance of functional design knowledge is emphasised in
multidisciplinary design projects. According to several studies automation
designers often find it difficult to "decode" the intended functionality of the
process based on the structural descriptions of the process (e.g. P&I
diagrams) (Tommila et al. 1990, Korhonen 1991, Tommila & Viitamäki
1991, Anon. 1992, Huuskonen & Jaako 1992, Kaarela et al. 1992).
Moreover, the control principles, i.e. how the system should be controlled to
achieve the desired functionality, are missing from the process descriptions
(Anon. 1992). Textual documents, for example system descriptions, are
typically missing during the design project. In many cases, they are written
after the design has been completed or the plant has been commissioned.
Especially in the case of an unfamiliar process, the automation designer
may misunderstand the diagrams due to inadequate explanatory
information. The growing complexity of processes makes the situation
worse (Korhonen 1991). In many projects and companies discussions
between process and automation designers have been introduced to transfer
design knowledge. However, such discussions are not a panacea. The
concepts and terminology used in the various fields of engineering are not
commonly agreed on. This may leave a possibility for misunderstandings.
Moreover, the knowledge transferred in these discussions is very seldom
written down for somebody else to see.



39

Information acquisition problems stem from the fact that design documents
do not contain all the information related to earlier designs (Crabtree et al.
1993). A typical example of this kind of information is missing design
rationale. Novice designers frequently need to ask for advice, for example a
justification for a specific design decision in an old design to be reused. The
expertise in companies is typically possessed by experienced senior
engineers. Knowledge access problems can be caused by inaccessibility of
the experts; they may be too busy to reply to questions.

Other kinds of information access problems are due to difficulties in
accessing written information such as standards, specifications,
requirements, and other documents. These problems are mainly related to
finding and retrieving a specific piece of information within a set of
distributedly stored documents.
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3  CURRENT DESIGN TOOLS AND
REPRESENTATIONS

Cost is one of the most important competitive factors of virtually any
product. In spite of its rather small share of the total costs of the product, the
design phase has also been put under scrutiny. Many kinds of computer-
supported tools have been introduced to assist the designer and to enhance
the design work, in order to cut the costs and improve the quality of the
design. However, the quality of the design documents according to their
readers leaves a lot to desire. This can in part be explained by the generally
disparaging attitude toward documentation work in some companies: it is
regarded as unproductive work. Even though a complex system could not be
operated without the manuals, only the product itself seems to matter and
the value of the design documents as a competitive factor is not
acknowledged (Bock 1992). Too little time and resources are allocated for
documentation in design projects. Another explanation for documentation
problems is that current computer tools are mainly restricted to the final
stages of the design process which deal with physical descriptions required
for manufacturing and assembling the designed artefact (Green 1992). The
design representations supported by these tools cannot capture the design
knowledge that led to a specific design. In this chapter, we discuss the
inadequacies of the current design tools and representations.

3.1  TOOLS

Current computer-aided design (CAD) tools help engineers in design work
by providing assistance for drafting and analysing solutions. These tools
focus on assisting drafting of diagrams and drawings that describe
implementional issues of the design. The addition of 3D wireframe, surface
and solid modelling, and feature-based modelling have made CAD tools
powerful in modelling the geometric form of artefacts (Green 1992, Zeid et
al. 1993). These systems typically represent the design as a set of graphical
elements that have a set of static attributes attached to them. These
attributes define how (i.e. line style and thickness, colour, etc.) and where
(i.e. co-ordinates) the element is displayed in the drawing (Warman 1993).
The semantic content of the diagrams or drawings is generally not
considered in these systems. The representations do not describe what
semantic objects are in a diagram or how they are connected to each other.

A variety of analysis packages, such as finite element analysis (FEA),
kinematic and dynamic analysis, thermal analysis, etc. have been developed
to assist in the design of complex systems. However, the use of such
analysis packages requires the existence of readily produced solutions as



41

their input data. Typically, these programs do not operate on descriptions
produced by the above CAD tools, but require the user to create additional
mathematical models.

In most CAD tools the supported representations are limited to those
depicting the end result of design. Thus the tools are able to record
information about the product geometry, materials, and topology for the
needs of manufacturing and assembly of the artefact. Similarly, corporate
design databases are mostly limited to storing numerical and device data.

Current CAD tools do not provide much for capturing design knowledge in
the sense meant in this research. Neither the designer's intentions nor design
process itself can be captured (Andersson 1993). The produced design
documents contain no information about the functionality of the design or
the design process itself. Therefore the tools are not appropriate for
answering questions about the purpose of the design or how the design
evolved. The tools do not support the early stages of plant design (e.g.
conceptual design) where the most important and expensive design
decisions are made. In fact, designers use CAD tools only after the major
design decisions have been made (Green 1992). This is due to the fact that
the tools cannot represent the design at multiple levels of abstraction. They
can only represent it at the implementation detail level. In conceptual
design, however, implementation details are suppressed and the attention is
on the functions of the artefact. Representing this functional knowledge,
much less its mapping to the implementation, is not supported.

Current CAD tools do not support systematically recording knowledge
related to the design process. The designer is thus required to turn to some
other tool to analytically compare design alternatives or record the
information related to a design decision. This surely does not attract the
designer to do either. Another disadvantage of many CAD tools is that they
do not support textual documentation. The textual documentation is most
often produced using standard word processors. The separation of the
environments contributes to the fact that the textual documents are typically
written at the last possible moment or later in many projects.

A major problem with current design tools is that the volumes of data they
generate are stored in a fragmented manner. Each tool has dedicated
representations and file formats that are isolated at tool boundaries. There is
usually no way of propagating a change or indicating a need for a change in
other related design documents when a design is changed. Remembering the
nature of an interdisciplinary project, this is a true challenge for those
responsible for project co-ordination.

The limitations of the representations supported by current CAD tools also
have some implications on the reuse of earlier designs: only the resulting
device-level solutions can be utilised in succeeding projects. CAD tools
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allow the reuse of drawings from earlier projects as a basis for new
drawings, but with a little if any background information. In other words,
reuse is based on low-level details rather than more abstract concepts of the
artefact or the design process itself.

Knowledge-based design tools are emerging for industrial use. These tools
aim at disseminating design knowledge by allowing for its storage and
reuse. Designers' expertise is stored as design rules that can be
automatically applied in future projects. However, such systems typically
fail to communicate the design knowledge hidden in their internal
representations. The knowledge is automatically applied but remains
implicit to the users. The explanation facilities in these systems that are
intended to explain why certain design decisions were made, often fail to
make the knowledge explicit. Often, the explanations only provide a
commented list of the rules that have been fired. These design tools are
aimed at routine design tasks where several successful implementations
have been reported (McDermott 1982, Riitahuhta 1988). The designer is
still responsible for creative design. The tools cannot justify or explain the
intention behind a design simply because they do not possess any
knowledge as regards creative design.

3.2  DESIGN REPRESENTATIONS

The design phase of an industrial plant produces a variety of design
documents that describe the specific decisions taken. Examples of these are

❏ diagrams: process flow diagrams, piping and instrumentation diagrams
(P&I diagrams), plant layouts, logic diagrams, control diagrams,
sequence diagrams

❏ device data: component data sheets, technical specifications

❏ numeric data: energy and mass balances, stress calculations, design
parameters

❏ textual documents: system descriptions, operation and maintenance
manuals

❏ project management data: schedules, deadlines, bids, contracts, reports.

Design documents are the main vehicle for communicating design
knowledge to other people (Suitiala 1993). Leppälä (1995) has identified
three purposes for communication via design documents. First, the evolving
design documents act as a working platform for a group of designers.
Second, the documents communicate the status of the design to the project
management. Finally, the documents transfer the content of the design to
later phases of the lifecycle of the designed artefact. The last point includes
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the use of the design documents as a corporate knowledge base. However,
design documents typically concentrate on implementation details, omitting
the more abstract design knowledge (Korhonen 1991, Tommila et al. 1990).
It has been claimed that this is due to the fact that designers avoid
abstraction and use physical concepts in their communication. Suitiala
(1993) has explained this tendency as the designer's intention to shorten the
gap between design and implementation. While this claim may in many
cases hold true, another possible reason is that in spite of its importance,
there are neither good tools nor adequate representations for the information
produced in the early design stages (Riitahuhta 1988). In the following
subchapters we study graphical and textual design representations and
consider what is missing in them.

3.2.1.  Drawings and diagrams

Graphical design representations, drawings and diagrams, are used
extensively in engineering design and generally form the core of design
documentation. The drawings and diagrams used in various fields of
engineering typically concentrate on implementation details. They are
oriented to representing the structure and the physical form of the design:
the subsystems and parts that the system is made of. These representations
are usually meant for manufacturing and assembling the artefact. Such a
graphical representation shows only the end result of the design process.
Current design representations cannot explicitly capture or represent the
artefact-related design knowledge referred to in Chapter 2. The documents
do not contain answers to questions about purpose. Yet, this information is
often believed to be implicitly transferred via design diagrams.

Figure 7 shows an example of a P&I diagram. Such diagrams are regarded
as the most common representations of process knowledge. Even though
P&I diagrams only describe the process equipment, their physical
interconnections, and some of their physical properties, the diagrams are
believed to convey functional knowledge about the process. Of course, this
may be true for experienced designers who share the same background
knowledge. The diagrams imply tacit3 knowledge available only to those
possessing general knowledge of and previous experience on similar
processes. Other persons such as novices, designers working in different
design disciplines, and the operating personnel of the plant encounter
difficulties in understanding the diagrams -- and the functionality of the
depicted process.

                                             

3The Oxford English Dictionary defines tacit as "Not openly expressed or stated, but
implied, understood, inferred".
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Figure 7. A portion of a P&I diagram of a gas system in a detector at the L3
experiment4. (Reprinted with permission from CERN)

Examples of typical questions that the tacit knowledge could answer include

❏ goals: "What are the goals of the system? What purpose was it designed
to serve?"

❏ the relationship between the form and function: "How is function F
implemented?"

❏ purpose: "What is the purpose of the device Preg1 in the system?"

❏ design alternatives: "What other alternatives were considered? Why was
a PI controller not used instead of a PID controller?"

                                             

4The example diagram successfully depicts a common problem: the use of non-standard
symbols. This makes the understanding of the diagrams even harder. Working out the
intended functionality of the depicted system is left as an exercise to the reader.
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❏ causal relationships: "What happens if Compressor 1 breaks down? What
side-effects does it have?"

A diagram depicting the structure of an artefact is not able to capture the
design process, but represents only the outcome of the process. The diagram
does not tell anything about the design decisions that have been made to
accomplish the diagram. The information regarding each design decision
could, of course, be written into textual documents, but it seldom is.
Another related problem with graphical design representations is that they
do not include the design history, how the design evolved. Even between
experts this form of tacit knowledge causes problems; design histories may
not be communicated in the diagrams and the same errors may be repeated
in succeeding projects.

3.2.2.  Textual design documents

Design documents communicate design knowledge to other designers in a
project, the users of the designed artefact, and succeeding projects. Here,
textual design documents, which form an essential part of the
documentation of any ordinary industrial project, have an important role.
Written descriptions can be used to explain the information in diagrams and
drawings. Some of the tacit knowledge in the diagrams can be made explicit
using textual descriptions. Procedural information concerning the designed
artefact that is typically presented in operation and maintenance manuals,
e.g. procedures required to operate or maintain it, is best expressed textually
even though sequences of actions can also be presented by graphic
diagrams.

Unfortunately, poor quality often plagues design documents and
deteriorates their usability both during design projects and in the operation
and maintenance phases. We judge the quality of technical documentation
by customer satisfaction: does the documentation contain all the relevant
information, are the documents easy to understand, and can the users
quickly and easily find the information they are looking for? These
questions refer to information content, writing style, and accessibility.

Using a natural language, textual documents should not suffer from the
limitations caused by the lack of expressive power of a representation.
However in practice, textual design documents seem to lack higher level
concepts regarding the design. Designers seem to avoid abstractions in
documents and concentrate on the physical implementation of the system.
Yet, according to interviews with experienced process designers, they do
consider abstract concepts, such as goals, during the early stages of plant
design, but the information is not systematically recorded in the documents.
Korhonen (1991) has pointed out that designers concentrate on the normal
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state of the process in their documentation. The exceptional states of the
process and how to recover from them are seldom explained. The rationale
for design decisions, such as selecting a specific process component, are
often written in the designers' personal notebooks but regrettably are seldom
found in the design documents (Marsh & Wallace 1995). Due to the delay
between the actual design work and the writing of the documentation, some
information is usually lost. The designers cannot remember all the details
that affected their solutions.

The problems related to the missing information content of the documents
may be a consequence of the fact that in many organisations the documents
have not been designed to serve their users. The company standards strictly
define the layout (format) of the documents whereas the information content
of the documents is only vaguely specified. The designers have been given
freedom to document what they want to. Often, they decide to document the
matters they find easiest to document: the implementation. Thus, the
documents describe the implementation of the system informally.

Technical documents are usually produced by a number of experts of
various design disciplines each writing in their own style. This considerably
affects the understandability of the documents. As an example, inconsistent
use of technical terms and jargon make the documents hard for the end user
to understand.

To understand the problems of plant design documentation accessibility we
must discuss the use of technical documentation. According to Steehouder
(1994), technical documentation can be used for a tutorial function, i.e. to
help novices master a system, and for a reference function, i.e. to help users
to deal with the complex functions of the system or to solve unexpected
problems. Typical use of technical documents, using them as reference,
differs remarkably from reading an ordinary textbook. Technical documents
are usually not read from cover to cover. They may be accessed only when
specific information is required to solve a problem for. Steehouder has
identified situations where a user of a technical system needs to look for
information in the documentation (Steehouder 1994):

❏ An impasse: The users cannot proceed because they do not know which
functions, procedures, or commands should be used.

❏ An error situation: Something unfamiliar and unexpected happens. The
users needs information to be able to diagnose the error and plan
corrective actions.

❏ Uncertainty: The users think they know how the system works or how to
act but want to verify the ideas by consulting the documentation.

❏ Dis-coordination: The users may be confused by detailed information
and look for information that provides an overall picture.
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Readers of technical documents try to find a piece of information relevant to
their actual problem at any one time. This makes accessibility one of the
most important requirements of technical documentation. Regrettably,
current documentation systems do not support easy access to the
information. For example, the documentation of a modern industrial plant
typically consists of thousands of pages of more or less detailed technical
information about the plant's subsystems stored in tens of folders.
Traditionally, the documentation is divided into different technology areas,
such as process technology, electrical systems, automation, etc. Each set of
documentation provides a different view of the same plant. Much of the
information is repeated in a number of documents. The documentation is
usually organised according to the process hierarchy: each subsystem has its
own system description, for example. The search mechanisms provided by
the paper documents, tables of contents and keyword indexes, are not
adequate; it is still difficult to find relevant information. Additional
problems are caused by the high number of cross-references between
documents and by the fact that information regarding a topic tends to be
scattered around the documentation.

An obvious solution is to provide the documents on line. However, this is
not very helpful: it neither improves their information content nor provides
any great improvement to their accessibility. The documentation is most
often authored, maintained, and managed at the document level, i.e. a
document stored in the file system of the computer is the smallest separately
manipulated entity. Such a document is informal; the computer does not
understand anything about its semantic content and can only handle its
content as a single text string. Poor document structure makes free text
search almost useless. A search even with a well-selected search term may
produce too many hits to be helpful. The key point here is that the
information presented in the documents is not structured -- the information
is not explicitly divided into semantic elements that could easily be
manipulated (e.g. searched) as separate units.

The maintenance of technical documentation is laborious and therefore
often neglected despite of its obvious importance. Marsh & Wallace (1995)
have studied the role of design documents for storing corporate design
knowledge. Their results indicate that the relevance of the stored design
knowledge is lost if its proper maintenance is neglected. The information
does not reflect current knowledge, state of the art technology, and "best
practices". Thus the documents do not provide certain information relevant
to designers' needs.

The difficulty of maintaining the design documents can be partially
explained by the poor structure of the documentation. Due to the multiple
occurrences of the same and related information it is difficult to make
certain that all the affected points in the documentation have been updated
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after a design change. For the same reason, any update often requires
delivering new versions of the whole paper documentation sets, which is
expensive. This may lead to a situation where several inconsistent and
partly outdated documentation sets coexist.

3.3  STANDARDS

Within all design disciplines CAD tools are used to enhance the efficiency
and quality of work. The result of the work is typically stored in a number
of data files obeying various tool-specific file formats causing difficulties in
exchanging data between different systems. A great number of direct
translators between the various CAD formats have been developed.
However, the problem of direct translators is the need for a specific
translator for each pair of systems, leading to a huge number of translators.
Obviously, a generic file format would reduce this number because only
two translators would be required for each system. This has led to the
development of international standards to allow easier data exchange: Initial
Graphics Exchange Specification (IGES) (IGES 1988) and Standard for the
Exchange of Product Model Data (STEP) (ISO 10303-1 1994). IGES is a
neutral file format that can represent the geometric information in CAD
drawings. However, IGES suffers from difficulties in translation, especially
when the functionalities of the sending and the receiving CAD systems are
dissimilar (Schumann-Hindenberg 1993). Another problem with IGES is
that it is not widely supported; in fact the data exchange file format (DXF)
of the most popular CAD tool, AutoCAD5, has gained a position of a de
facto standard to exchange two-dimensional data (Teeuw et al. 1995).

Since IGES is limited to representing geometric data, it does not aim at
solving the problems presented in the previous section. The objective of the
STEP standard is to provide a way to transfer product data throughout the
life cycle of a product in a system-independent manner. This implies that
information going far beyond pure geometric data representing part and
product models or design rationale could be represented and transferred
between systems. In theory, the representations used in STEP, such as the
EXPRESS language do not set any limits on the kind of information to be
transferred (ISO 10303-11 1994). However, current application protocols in
various fields of engineering are mostly limited to support drafting and
detailed design. No models for data of a more abstract nature representing,
for example, functional properties of the product have yet been defined.

                                             

5AutoCAD is a registered trademark of the Autodesk Company.
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There are also several standards that are related to text. The electronic data
interchange for administration (EDI) between organisations is quite well
standardised, especially for commercial data (e.g. orders, invoices, etc.).
Electronic Data Interchange for Administration, Commerce and Transport
(EDIFACT) is a standard that has been developed for EDI purposes (ISO
9735 1987). The main goal of EDI (and EDIFACT) is to structure the data
in a standardised way so that receivers can recognise the parts of the
message and use them as such in their own information systems. The layout
of the documents is ignored in EDI. Another standard that has been
developed for transferring electronic documents between organisations is
Open Document Architecture (ODA) (ISO 8613-1 1989). ODA preserves
the layout of the transferred documents; in addition to defining the logical
content of the documents, the layout is also defined in ODA. ODA is meant
to be a kind of a neutral format between various word processing systems.
ODA presupposes that special conversion programs are used to convert the
ODA messages to and from the internal representation of the word
processing system.

The most important standard related to documents is however Standard
Generalized Markup Language (SGML) (ISO 8879 1986). SGML is a meta-
language for defining the structure of documents. It is based on logical
markup of the documents; the logical parts of the document are tagged so
that they can be recognised from the text. An SGML document is attached
to a document type definition (DTD) that defines its structure, the character
set, and the tags used in the markup. A related standard is
Hypermedia/Time-Based Structuring Language (HyTime) that offers a
standardised way of expressing external links between information elements
(ISO/IEC 10744 1992).

3.4  DISCUSSION

Current CAD tools are not designed to cover conceptual design but are
restricted to detailed design. The diagrams or drawings represent the design
as a set of graphical elements (e.g. circles and lines) while the semantic
content of the diagrams or drawings is generally not considered in these
systems. Consequently, the supported representations are limited to those
depicting the end result of design, mainly for manufacturing and assembly
of the artefact, ignoring both the functional design knowledge and that
related to the design process.

New standards for both CAD (STEP) and textual documents (SGML)
provide representations that could capture the more abstract information
which has previously been ignored. However, current applications of these
standards do not generally utilise this ability.
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4  MFM AS A FRAMEWORK FOR CAPTURING
PLANT DESIGN KNOWLEDGE

This chapter gives a brief introduction to multilevel flow modelling and
presents how the design knowledge identified in Chapter 2 can be captured
using multilevel flow modelling as a framework.

In Chapter 2, two important classes of design knowledge were identified:
one related to artefacts and another related to the design process. In Chapter
3, the general drawback of current design representations and tools was
recognised: they are mainly limited to structural models that describe the
structure of the process. They only can capture the implementational issues
of the designed artefacts while omitting the higher levels of abstraction
typically considered in the conceptual design phase. Since designers' work
is to a great extent reasoning about function, i.e. how to achieve specific
functional requirements using available technology, such design
descriptions alone seem to be inadequate. Acquiring knowledge related to
the design process itself is poorly supported.

Multilevel flow modelling combines structural and functional descriptions
of a process. It provides a mechanism for representing the correspondence
between the goal structure and the resulting product structure. MFM does
not provide any support for recording design-related knowledge. However,
the formal representation of the domain concepts can be used for this
purpose.

A multilevel flow model is not a behavioural model in the sense that it
could be used for predicting the behaviour of the process it describes.
However, MFM is a normative model that describes the intended behaviour
of the system that can be used for detecting deviations from the normal
behaviour (Lind 1990). For this purpose, it utilises conservation laws for
mass and energy flows.

4.1  MULTILEVEL FLOW MODELLING

This section presents a brief description of MFM, relying heavily on the
work of Lind (1982, 1990). Originally, MFM was created for the design of
man-machine systems but has later been found useful for several other
purposes such as measurement validation, diagnosis, alarm analysis, and
plant state identification (Lind 1982, Larsson 1992, Sassen 1993, Van de
Ree 1994).
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A multilevel flow model describes a system as a man-made artefact
designed for specific purposes (Lind 1982). MFM models are normative,
focusing on the role of the various parts of the system in fulfilling the
purposes of the system as a whole (Lind 1990). In MFM, purposes are
modelled with the concept of goals denoting the objectives for using the
system. There are three types of goal: production, economy, and safety. The
second important concept of MFM is a function. In MFM, functions are
seen as the means to achieve the goals. The functions of the plant are repre-
sented by a set of mass, energy, and information flow structures at several
levels of abstraction. The flow structures are composed using a set of
elementary flow functions. The physical components of the system, the
devices, are used to realise one or several functions.

MFM provides a formal language for representing the functional structure
of a plant at several levels of abstraction. The language consists of a
grammar based on mass and energy conservation laws, a set of concepts,
and their relationships. MFM provides a set of graphical symbols that
allows models to be created and represented in an easily understandable
graphical format.

4.1.1  Whole-part and means-end dimensions

For managing complexity, MFM utilises hierarchical abstraction in two
dimensions: the whole-part dimension and the means-end dimension, as
depicted in Figure 8. The whole-part dimension, which decomposes a
system into its subsystems and into parts, is well known and commonly
used in the engineering of many kinds of man-made systems. The whole-
part decomposition utilises the is-part-of relationship.

The means-end dimension, based on means-end analysis introduced by
Rasmussen (1986), is the far more distinctive dimension of MFM. Even
though such abstraction is implicitly used in the design of almost any kind
of system, it is rarely supported in design tools. Means-end relations are
used to represent relationships between a goal and the functions required for
its achievement (achieved-by), and between a function and the physical
components required to realise it (realised-by). In addition to mandating a
set of flow functions, the achievement of a goal may require active control
or management of the flow functions involved. This implies a need for an
external controller. In MFM, such a controller is represented by a manager
function. The resulting tripartite relations between a goal, the flow structure
required for its achievement, and the manager function are described via
achieved-by-control relations. These relations are important because they
provide a way to model the control functions performed by either human
operators or automatic control systems as an integral part of the process.
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Figure 8. The dimensions of a Multilevel Flow Model.

A condition relation is used to express a dependency of a function on the
achievement of a goal. This means that the function will only be available
while the supporting goal is achieved. Examples of the above relations are
shown in Figure 9.

An MFM model is a hierarchical functional model which basically
describes the plant's intended function. It is important to note that the
functional structure depicted in the MFM model does not necessarily follow
the physical structure. This is evident because all the relations of MFM
models are usually not one-to-one mappings; one-to-many, many-to-one,
and many-to-many mappings frequently appear. For example, several
functions may be required to achieve one goal, one function may serve in
the achievement of several goals, and one physical device may be involved
in realising several functions. Moreover, the functional structure of a plant
is different in its various operational states (e.g. start-up, normal operation,
shutdown). Not all the physical devices used during start-up may be needed
at all during the normal operation of the plant. This indicates a need for a
dedicated MFM model for each operational state of the plant (Van de Ree
1994).

4.1.2  Flows

The concept of flow is important in MFM. Each function is described by a
flow structure that depicts the flow of mass, energy, or information through
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(part of) an industrial plant. The most important reason for the choice of
using flow (especially mass and energy) concepts in MFM is that "the
interchange of energy and mass is responsible for the interactions between
plant components, subsystems, and the control systems" (Lind, 1990). A
flow structure consists of basic flow functions that are meaningfully
connected according to certain rules resulting from the mass and energy
conservation laws. Table 2 shows the mass and energy flow functions of
MFM, their explanations, and the graphical symbols used in modelling
work. Means-end relations are used to connect the flow structures at various
level of abstraction to form an MFM model.

Table 2. The basic flow functions of MFM (Lind 1990).

S to rage A  property  o f  a system  to  func tion
as an  accum ula to r o f m ass or energy

B alance A  property  o f  a system  to  prov ide a ba lance
betw een  incom ing an d ou tgo ing flo w s

T ranspo rt

B arr ier

S ource

S ink

A  property  o f  a system  to  prov ide transfe r
o f m ateria l o r  energy  b etw een  tw o  system s

A  property  o f  a system  to  preven t the transfe r
o f m ateria l o r  energy  b etw een  tw o  system s

A  property  o f  a system  to  act as an in f in ite
reservo ir o f m ass or en ergy

A  property  o f  a system  to  act as an in f in ite
d ra in  o f m ass o r energy

F low
function

D escriptio n Sym bol

m ass energy

A multilevel flow model does not describe the behaviour of the modelled
system either accurately using a mathematical model or approximately
using, for example, a quantitative model (Kuipers 1986). Thus, it cannot be
used for predicting the system's future state. However, its normative
description of a process acts as a reference model of the plant's intended
operation. In MFM, the intended operation is described as a set of flow
structures each of which should obey the mass and energy conservation
laws. Thus, modelling a system with MFM yields a set of simple flow
balances describing the normal operation. Comparing the actual behaviour
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of the process to the reference model offers a way to detect abnormal
process conditions. Loss of mass or energy is an indication of a process
fault whereas the accumulation of mass or energy indicates a potential risk:
plant emergencies are usually caused by violation of these balances, e.g. by
leakage of dangerous materials.

Figure 9 shows a fraction of the MFM model of a feedwater system.
According to a standard MFM practice, the devices are not shown in the
model.

G 1 : P ro d u ce th e  requ ired
am o u n t o f  feed w ater

G 2 : M ain ta in
su ff ic ien t lev e l in
th e feedw ater tan k

C

C

A -C

AA -C

G 3 : K eep th e
pump run n ing

F 1

F 2 F 3

C 1

C 2

Figure 9. An example of a multilevel flow model.

The uppermost goal in the figure, G1: Produce the required amount of
feedwater, is to achieved through an aggregation of flow functions labelled
F1 in the figure. However, presence of external control is also required to
achieve the goal. Thus, an achieve-by-control relationship is applied in the
model. The controller is represented with a manager function C1 in the
figure depicting the information flow related to the control task. Following
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Larsson's MFM improvements (1992), the manager function is further
divided into the observation, decision, and actor functions.

Figure 9 also shows an example of the condition relationships that are
utilised in MFM models to depict the dependency of a flow function on the
achievement of another goal. For example, the storage function in F1
(depicting the feedwater tank) is conditioned on the goal G2: Maintain
sufficient level in the feedwater tank. The goal G2 is achieved by controlling
the water supply of the feedwater tank.

The goal G3: Keep pump running is achieved by the set of flow functions
F3 that depicts the energy supply to the feedwater pump.

4.2  REPRESENTING ARTEFACT-RELATED DESIGN
KNOWLEDGE WITH MFM

In Chapter 2.1.1 we defined artefact-related design knowledge as consisting
of structural, functional, and problem decomposition knowledge. Functional
knowledge was defined as a mapping among the functional requirements
(i.e. the design goals of the system), the overall function structure, and the
detailed design representing the structural (i.e. form) aspect. Problem
decomposition knowledge in turn provides information on how a complex
design problem can be divided into more manageable subproblems.

4.2.1  Representing structural and functional knowledge

Let us now consider how multilevel flow modelling could be utilised for
capturing functional and structural knowledge in a systematic design
process. The design process proposed by Pahl & Beitz (1988) consists of
four phases, clarification of the task, conceptual design, embodiment
design, and detail design. The phases are not strictly successive due to the
iterative nature of design; the latter phases may produce useful feedback to
the previous ones -- design may even involve discovery of new goals. This
iterative process has been acknowledged by the MFM community (Lind
1990).

The functional requirements of a system usually state the purposes for
which it is being designed. In MFM, the purposes (i.e. the objectives of
running a system, for example) are modelled with the concept of goals.
However, it is common in engineering design that the requirements are
rather vaguely expressed, often in qualitative terms. Such requirements are a
poor starting point for design: they do not provide the designer with any
means of deciding whether the goal is satisfied or not (Lind 1990).
Therefore, the requirements of the system should be quantified, if possible,
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and further refined to explicit goals of the system in the task clarification
phase.

MFM does not provide any support on how to recognise the various goals
of an artefact to be modelled -- it only provides a means of representing the
goals and how they were meant to be achieved. Paper IV presents some
elementary ideas on how to recognise the safety goals of an industrial plant.
We utilise checklists for recognising known potential hazards -- a well-
known method within safety analysis research (Toola 1992). Safety goals
are formulated to prevent or mitigate the potential hazards.

According to Pahl & Beitz (1988), one of the major tasks of conceptual
design is establishing alternative function structures fulfilling the goal of the
system6. The function structures show the combination of individual
subfunctions required to perform the overall function. Since the functions
are generally based on the flow of energy, mass, and information, MFM
seems a good alternative for representing such function structures,
especially in the case of continuous processes. In MFM, the functions can
be described as an interrelated set of mass, energy and information flows
using the concept of flow functions. Modelling the information flows
deserves a special mention. The information flows are related to cases
where the achievement of a goal requires the active operation of an external
controller. The information flow models the external controller in terms of
the process variable(s), the control algorithm, and the actuator. It is
important to note that a control algorithm may be implemented by either an
automation system or a human operator. In this sense, the model provides a
basis for allocation of control tasks between the automation system and the
human operators.

In Pahl and Beitz's approach (1988), design issues related to form are
mainly taken care of in embodiment and detail design. In MFM, the lowest
level of the means-end hierarchy, the devices, represents a part of the
structural knowledge of the artefact reflecting the functional structure of the
system. However, it is important to note that MFM models the functional
structure of the process which may differ from its physical structure. MFM
does not provide any specific graphical presentation of the devices, and it is
common to leave the device-level solutions out of a multilevel flow model
for reasons of clarity. Furthermore, current domain-dependent
representations (e.g. P&I-diagrams in process engineering) are both well-
suited and commonly used for this purpose. However, the realise

                                             

6Pahl & Beitz use the term "technical function of a system" to define the objective of the
system. We use the term "goal" to avoid confusion with the concept of function in MFM.
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relationships between the function and device level of the model should be
recorded since they provide an effective way to structure the information.

4.2.2  Representing problem decomposition knowledge

There are two widely used approaches to managing complexity in
engineering design: abstraction and decomposition. When using abstraction,
complexity is reduced by hiding the details and concentrating on the
essentials. Decomposition utilises the divide-and-conquer principle: the
problem is divided into smaller subproblems that are easier to solve. Most
systematic design approaches generally emphasise the importance of
problem decomposition (Pahl & Beitz 1988, VDI 2221 1987).

In many domains of industrial engineering (e.g. design of a power plant),
the overall decomposition has remained relatively invariant for several
decades (Riitahuhta 1988). Introduction of new technologies does not
generally change the decomposition but affects the way the subproblems are
solved. This implies that decompositions that are found effective can be
reused.

MFM's whole-part relationships can be effectively used to describe problem
decomposition at various levels of abstraction: goal, function, and device.
An MFM model can be regarded as representing a kind of a design
sequence (i.e. plan) that is structured according to the design goals (for
achieving <goal>, use <plan>). In MFM, goals are typically divided into
subgoals to be achieved by a number functions and their subfunctions. The
model thus represents valuable problem decomposition knowledge showing
a clear trail from the original design problem to its final solution. Each
subgoal (and a function or subfunction, respectively) may have a number of
design alternatives to choose among. A design decision describing the
selection of one of the alternatives represents a step in the design sequence.

Decomposition does not generally result in a set of independent
subproblems. Respectively, the solutions -- e.g. the subsystems of an
industrial plant -- do interact. For example, a small drop in the temperature
of live steam in the boiler of a power plant will lower the efficiency of the
turbine. On the other hand, too high a temperature of the steam could
damage the turbine. In an industrial process, these causal interactions
between subsystems are typically based on the interchange of mass and
energy. In MFM, such a process is described as an interrelated set of mass,
energy and information flow structures. These structures are composed of
flow functions that are connected together at boundaries. A boundary is
characterised by a set of variables shared by the connected functions.
Conservation laws for mass and energy are applied to model the interactions
between the flow functions through the boundaries. A violation of the
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conservation laws indicates a disturbance or a failure. Furthermore,
accumulation of mass and energy indicates a potential source of risk in plant
operation (Lind 1990, van de Ree 1994).

In addition to process interaction via boundaries, a flow function can be
conditioned by another goal. This means that the function will not be
available if any supporting goal is not yet achieved. MFM has a special
relationship for representing these interactions; the condition relationship
(Lind 1990).

4.3  USING MFM FOR STRUCTURING DESIGN-RELATED
KNOWLEDGE

A design process can be regarded as a sequence of interrelated design
decisions. Each design decision causes a design move, i.e. a change towards
the final design is made to the design descriptions7. MFM does not directly
support the recording of design-related knowledge, i.e. descriptions of the
design process itself. However, an MFM model of the final design of an
artefact in essence represents a sequence of design decisions that led to this
specific design. In this work, we use MFM for modelling artefacts during
their design which generally proceeds from abstract to concrete and from
general to detail. A transition between the levels in either of the two
hierarchies is essentially a design move preceded by a well thought out
design decision. For example, choosing to achieve the goal "raise enthalpy"
via two abstract functions "raise pressure" and "raise temperature", is a
design decision. Thus each object in the model represents a design decision.

The MFM model of an artefact represents only a part of the design process:
the sequence of successful design decisions that led to the design. The
MFM model, per se, does not contain any information about alternative
solutions that were considered or the design rationale. However, the model
provides a framework to structure and store the otherwise typically informal
design knowledge: the model identifies the design decisions, each of which
involves both related design knowledge such as other alternatives that were
considered and design rationale. Linking the informal design knowledge to
the formal representation provided by the MFM model makes the
information semi-formal: parts of the representations can be interpreted by
computers which makes the use of the information a lot easier. This can be
augmented with the introduction of templates or forms indicating what
information is expected to be filled in by the designer.

                                             

7As stated earlier in Chapter 2, a real design process is seldom if ever that simple; it also
includes poor design decisions that have to be reconsidered and often reversed.
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Figure 10 shows schematically how design-related knowledge can be linked
to an object of the model.
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Figure 10. Design-related knowledge in an MFM framework.

4.4  DISCUSSION

The importance of functional design knowledge in industrial plant projects
has been recognised by several researchers. The bottleneck between process
and automation design caused by missing information about the plant's or
its sub-system's functionality and control principles has been a prime
inspiration for many techniques. For example, improved content models of
process descriptions have been proposed (Tommila et al. 1990, Tommila &
Viitamäki 1991, Korhonen 1991, Anon. 1992).

There is a large variety of representations for modelling the functionality of
systems. Keuneke (1991) has presented a device representation language in
which the functions of the device represent its purpose. In her model, the
functions are achieved by behaviours that are represented as causal
sequences of states. MODEL.LA is a modelling methodology for interactive
or automatic definition of chemical processes (Stephanopoulos et al. 1990a,
1990b). It is based on a declarative object-oriented approach. It allows
multi-faceted modelling by providing multiple views of the process in terms
of structure, topology, and behaviour. Padalkar et al. (1991) have presented
a system which performs an alarm analysis of the target process. The
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process is described by hierarchical tree structures with a functional
representation of functions and subfunctions, and a representation of the
system's structure. Constraints are used for searching the faulty nodes.
Lower level causes are searched by propagating the information downward
in the hierarchies.

The foundations of this thesis lie on the MFM modelling technique (Lind
1982, 1990) that is used to record the conceptual knowledge of the plant in
a formal manner. An MFM model can be used to represent a plant design
resulting from the work of several design disciplines including process,
automation, instrumentation, electrical, and organisation design. Thus, an
MFM model provides a common conceptual model for several design
disciplines. As such, it provides a basis for implementing a shared design
database enabling the concurrent engineering approach (Reddy et al. 1992).

This thesis introduces the idea of using MFM for structuring the informal
design knowledge related both to the artefact and to the design process. As
for recording design-related design knowledge, our work utilises the
research results obtained within the design rationale community. Our
approach for describing the design decisions is similar to the ISAAC
structure used in Design Journal (Conklin 1987). However, the formal
representation of the design provided by the MFM model is used as a
framework to identify the design decisions and to structure the knowledge
related to those decisions. A similar approach has been presented by Prins
& Olthoff (1993) who use a morphological design approach to structure the
design process instead of MFM. Malmqvist (1995) uses a function-means
tree for the same purpose. The advantage of having such an abstract design
representation as a basis for storing the design-related information is that
many design decisions in general, and those in the conceptual design in
particular (e.g. concerning functionality), are more naturally connected to
the more abstract objects of the domain (Malmqvist 1995).
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5  A DESIGN ENVIRONMENT PROTOTYPE

In this research, a prototype of a design environment capable of structuring
and recording design knowledge was implemented. The main point of the
design environment is to make both artefact-related and design-related
design knowledge explicit. For this purpose, the environment should be able
to

❏ represent the design at multiple levels of abstraction

❏ capture design decisions and their rationale

❏ support structured documentation

❏ support efficient reuse of earlier designs and design knowledge

❏ export the design knowledge to other applications.

Undoubtedly, the most important requirement is the first one: to be able to
represent the design at multiple levels of abstraction. The representation
should be formal since several tasks call for computer-supported reasoning
about the knowledge.

A multilevel flow model is in essence a semantic network that describes a
system as objects at various levels of abstraction and their relationships.
According to the KADS8 terminology, it represents the domain knowledge,
or conceptualisation of the domain (Wielinga & Breuker 1986). We are not
acquiring the domain knowledge with a specific task in mind. Rather, we
share the view that a considerable part of the domain knowledge is useful in
a number of tasks (Abu-Hanna & Jansweijer 1994).

Our goal was not to build a knowledge-based design tool that would
automate the use of the domain knowledge. Our tool was not designed to
capture the knowledge-use level of expertise: the strategic, task, and
inference layers in KADS.

Traditional CAD tools are constructed on the basis of graphical entities (e.g.
lines, circles, etc.) rather than on the basis of objects. The entities may have
attributes but they have mainly been used for defining graphical properties
of the elements (e.g. thickness, line style, etc.) (Warman 1990). Such an
approach is not adequate for representing the design as an object hierarchy.
The conceptual design phase especially suffers from this inadequacy.

                                             

8KADS is an approach to knowledge engineering developed in the KADS project
(ESPRIT-I) P1098.
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Object-oriented databases are well-suited for engineering applications
(Warman 1990). In addition to the static knowledge contained in a semantic
network, they can incorporate the behaviour of the objects. One of the
strengths of the object-oriented approach is that the objects identified in
conceptual modelling can be seen in the implementation (Kim 1991). In
multidisciplinary projects, an object-oriented database which stores all the
design data as objects and their attributes and relationships can be seen as a
gateway between different design disciplines. A design change in one
discipline can immediately be seen by designers in the other disciplines
(Paasiala et al. 1994).

A prototype of the design environment was built on top of a commercial
knowledge-based object-oriented design tool, Design++ from Design
Power, Inc. (Harmon 1990, Katajamäki 1991), and one of its applications,
P&ID. The most important reason for selecting Design++ was the object-
oriented facilities provided by the tool. Furthermore, our industrial partners
also had interest in Design++, and one of them had already developed a
successful design system using the same environment.

The object system of Design++, based on the KEE environment by
Intellicorp (KEE 1986), is used to store the knowledge about the product
and the design9. Geometry tasks, such as drafting and three-dimensional
visualisation, are carried out by the AutoCAD system (Autodesk, Inc.),
which is transparently linked to Design++. There is also an interface to a
relational database which contains component data and allows
communication with other design environments.

P&ID is a knowledge-based design tool for supporting the initial phases of
boiler design from boiler balance calculations to process dimensioning. It
has been developed on top of Design++ by Tampella Power, Inc., a Finnish
boiler manufacturer. The aim of the system is to capture some of the
designers' know-how in the system's design rules and libraries and to reduce
the time spent in the boiler design phase. With the tool, final P&I diagrams
of the boiler can be produced more quickly. The diagrams contain
automatically generated component labels and more information about the
process variables. The system's knowledge base can be used to produce
various component data listings and specifications automatically.

                                             

9We used an early version of the software. In more recent versions, KEE has been
replaced with a C++-based repository.
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5.1  REPRESENTING THE DESIGN AT MULTIPLE
LEVELS OF ABSTRACTION

P&ID was a good basis for our design environment because it readily
featured a way to represent structural product knowledge. In the tool, the
concept of product structure is essential: components are arranged in a tree
hierarchy in which more abstract components reside at higher levels and
more detailed ones at lower levels. The product structure thus provides a
way of representing the whole-part relationships of the product. The
knowledge about the components' properties is stored in the objects'
attributes. In addition to static properties, each attribute may have an
associated design rule that can be used to infer the value of the attribute.
The design rules are coded in Common Lisp.

However, the product structure was limited to representing the form of the
design (the topology of the system and the properties of its individual
components). We expanded the representation capabilities of the system by
introducing two new hierarchies for representing the function and goal
levels in the MFM models (Figure 11). Using the extensions, it is possible
to create the higher levels of abstraction in the MFM models and the means-
end relationships between the levels. The relationships between the levels of
hierarchy have been omitted for clarity in Figure 11.

Goals

Control-fw-flow
Produce-flow

Raise-pressure
Raise-temperature

Devices

Functions

Fw-preheating
Fw-pressure-elevation

Fw-storage
Injection-water-generation

feedwater-system

hp-superheating-spray-system
storage-deaeration

piping-system

pump-system
pump.1
pump.2
discharge-line.1
discharge-line.2Design++

Figure 11. Extensions made to the P&ID-tool.

5.2  DESIGN-RELATED KNOWLEDGE

The design process of a large industrial plant can be regarded as a series of
design decisions. These decisions range from fixing the type, size, location,
and layout of the plant at the early design stages to selecting among a set of
alternative components during detailed design. The importance of these
decisions cannot be overemphasised, keeping in mind that some 75 - 85%
of the total costs may have been fixed after the design stage (Nichols 1990,
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Sheldon et al. 1990). It is clear that design knowledge behind these
decisions is of great interest during plant operation and maintenance
(especially during revisions) and when designing similar plants. However,
the information is generally not available because it is not systematically
recorded. Even though designers may use analytical methods while making
the decisions (which is not always the case) they usually only make
informal personal notes. Such information is not available later for other
people or even for the designer.

Clearly, the design environment should support analytical decision making
and systematic recording of knowledge related to the design process. The
original intention was to integrate a tool supporting analytical decision
making into the design environment and to import the information
generated by the tool (e.g a matrix describing the decision process) into the
design documentation. For this purpose, a tool developed at VTT
Electronics named Requex, based on the Quality Function Deployment
method (QFD) (Akao 1990) and the Analytic Hierarchy Process (AHP)
(Saaty 1983), was evaluated and several matrices supporting various kinds
of design decisions were created (Väisänen 1994). Due to the use of
different platforms the workload and the cost were estimated as too high
and the software was not integrated into the design environment. Moreover,
the feasibility of such an approach in general and the availability of all the
data required for the matrices in particular was heavily questioned by the
professional designers. This implies that design decisions are often not
structured enough to allow the use of such an approach (Holsapple &
Winston 1992).

A semi-formal approach was chosen for capturing the design rationale,
based on the use of forms indicating the expected information regarding
each design decision. The use of such semi-formal structures serves two
purposes: they assist the designer to concentrate on essential information
regarding the decisions and they make the informal information partly
processable by computers (Conklin 1987). As suggested in Section 5.3
design decisions have a close relationship with MFM modelling: refining
the MFM model to a more detailed level in any of its two hierarchies
(means-end or whole-part) should be preceded by a well thought out
decision. During the design work, the designer is requested to fill in a form
(a document template) regarding each object in the model. The forms
include slots for

❏ design issue

❏ alternatives that were considered

❏ solution: which alternative was chosen

❏ design rationale: why one alternative was chosen and why the others
were not.



65

The design issue is a description of an object to be decomposed into parts
belonging to a more detailed level. It denotes the function of the object and
it is typically written when the object is created. Therefore, it is typically
not written when the decision is made but automatically retrieved from the
database of the design environment. The other slots (alternatives, solution,
design rationale) are filled in when the object is further decomposed.
Concerning rationale slots of such forms, it is possible to provide a menu
selection of possible rationales for the designer to choose from. At the
device level, such a function seems necessary: decisions are numerous and
the designer does not have time to justify each decision with written text.
Some possible rationales for such choices are technical performance, cost,
reliability, safety, and durability.

Technically, the support for recording the design-related knowledge was
implemented using the features of the design environment supporting
structured documentation described in the next section.

5.3  STRUCTURED DOCUMENTATION

In Section 3.2.2 we recognised problems related to technical documentation.
During the projects, the late creation and delivery of documents to other
parties forms a severe hindrance for effective co-operation. The poor quality
of documents, in terms of their information content and semantic structure,
reduces their usability during both the design projects and the operation and
maintenance phase.

To overcome the above problems with plant documentation, the design
documents should be structured according to the information they contain,
not their physical layout. In other words, a document should not be seen as a
bunch of paper obeying some predefined formatting rules (Figure 12 a) but
as a collection of interrelated pieces of information. We propose that plant
documentation should be structured according to the MFM model depicting
the plant (Figure 12 b). At each level, the information is further broken
down into a set of information elements. The information elements are
connected to the objects of the model. Introducing a semantic structure into
design documentation makes the documents semi-formal. This implies that
the documents are partly interpretable by computers which allows their
efficient computer-supported use. Moreover, such a model -- the explicit
definition of the goals of the plant and the relationships between the goals,
functions, and devices -- defines both the issues to be documented and their
relationships. The relationships can be used as navigational links when
searching for a specific piece of information.
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Figure 12. Two ways of managing the information in the documentation: a)
documentation is managed at the level of documents, and b) the information
is explicitly divided into semantic elements from which the documents can
be generated. (Adapted from Weich 1992)

We have implemented a documentation support system to demonstrate the
use of structured documentation during plant design. The idea is to allow
the designer to write small fragments of structured text regarding each
object in the MFM model as the design work progresses. The support
system features a pop-up editor for writing these texts. The editor is
automatically invoked whenever the designer creates a new object in the
MFM model. For each type of object, the editor automatically imports a
template showing the designer what to document. The text elements are
explicitly marked up using SGML (ISO 8879 1986) and stored in a
database. When applicable, a code for the object generated by the design
tool is used as a unique identifier for each text element. The markup
facilitates their identification and easy retrieval for different purposes, e.g.
for producing printed or electronic documents or for explaining the design.
The approach for supporting documentation resembles that of Concordia
(Walker 1988, 1989) and RADIO (Arango et al. 1993).

The database containing the text elements can be regarded as a set of
information depicting the plant (Smith 1992). Moreover, together with the
other representations of the design, the text database could be seen as a
corporate knowledge base. Ideally, both on-line documentation and
traditional paper documents could be automatically configured from the text
elements much in the same way that software is linked from the program
modules. This is of great importance since several documents contain
redundant information. For example, operation and maintenance manuals
derive descriptions of the functionality and structure of the subsystems of a
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plant from the system descriptions written by the designers. Even though all
the material for all the documents is very unlikely to be created during the
design phase, the material produced will greatly assist in creating the final
documentation.

Let us consider the task of building a hypertext-based on-line
documentation system. There are two important concepts in hypertext:
nodes and links. The nodes represent the information elements and the links
represent the relationships between them. The problem of creating hypertext
is identifying the information elements needed by the intended user and
recognising their relationships. These tasks are far from trivial, and current
design documents hardly provide any assistance. The notion of markup
plays an important role here: the document markup most often depicts only
the layout structure of the document, i.e. how the document is formatted.
This indicates that the markup in the document can be used for recognising
parts of texts that have a specific graphical appearance (e.g. font type, font
size, etc.) (Coombs et al. 1987). Such a markup does not assist in the task of
recognising the essential -- the information elements. Conversion of text
with a layout markup into hypertext only yields an electronic copy of the
manual or design document in question.

The other major task in hypertext creation is that of generating the links
between the information nodes. Conversion based on the layout markup is
missing the point: the resulting links do not represent semantic
interrelationships between the nodes. Entering the links manually, on the
other hand, is very laborious and error prone. Furthermore, without any
systematic approach for creating the links, they easily become somewhat
arbitrary, reflecting the author's conceptions and even misconceptions about
the target system.

In our approach the information elements are readily recognised and stored
in the database. Moreover, the MFM model can be utilised to automatically
incorporate the semantic links between the elements in a hypertext
documentation. In our view, utilising an information model for generating
hypertext links yields good results. First, the process produces links that
have a semantic meaning. Second, the process is systematic, leading to a
consistent structure of the documentation. Third, this approach improves
maintainability: changes to the information model can be reflected in the
documentation by simply relinking the documents.

5.4  SUPPORT FOR REUSE

Reuse is often limited to the reuse of existing designs - not the knowledge
behind them (Figure 13 a). We propose that reuse of earlier designs could
be made more dependable by systematically storing the related design
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knowledge in addition to the earlier designs and providing the designers an
easy access to this knowledge (Figure 13 b).
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Figure 13. Reuse of designs vs. reuse of designs and design knowledge.

Our design environment supports reuse in two ways,

❏ reuse of complete or partial MFM models

❏ explaining existing designs.

The first alternative supports top-down design. Complete MFM models or
individual higher level objects (goals or functions) can be reused. The
model and its objects store decomposition knowledge, e.g. how the system
can be decomposed into subsystems. In bottom-up design, the design
knowledge stored in the environment has mainly a supportive role. It can be
used to explain the existing designs and to assist the designer in estimating
the effects of a change made at the implementation level. The latter
alternative would serve the needs of the maintenance staff of industrial
plants.

5.4.1  Reuse of complete or partial MFM models

MFM starts by recognising the goals of the plant to be built. For example, a
model of a previously constructed power plant could be used as a basis for a
new plant. This is due to the fact that the goals of power plants tend to be
the same: producing electricity economically and safely. However, the
priorities of these goals can vary a great deal. As an example, environmental
safety goals are today much more important than a few decades ago.
Furthermore, the goals and functions of a power plant intended to run only
during energy consumption peaks are somewhat different from those
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intended to run constantly at the same nominal power. The function level of
the model explicitly records the designer's intention: how the plant is meant
to reach these goals. Due to the stable technology base in the process
industry and the limited number of alternative designs this information is
very likely to be reusable in succeeding projects.

An MFM model or any of its higher level objects store reusable
decomposition knowledge both in graphical and object-oriented
representations. The object-oriented representation of the model allows us
to record several attributes describing the model's objects and their
interrelationships. The tools that we have developed make it possible to
reuse the information in the models. Both complete MFM models and their
individual objects are stored in libraries where they can be retrieved for
reuse. The structured documentation stored in the database is linked to these
objects and can therefore be easily accessed.

Generally, a reuse support system should address

❏ design representation

❏ design storage and retrieval

❏ design adaptation and reuse.

Our design environment does not go that far. It does not feature any
facilities for automatic retrieval of similar cases or their adaptation to fit the
current problem. The main goal of our design environment was to make
both artefact-related and design-related design knowledge explicit -- not to
automate its use. This information is believed to assist the designer both in
the retrieval and the adaptation of designs.

5.4.2  Explaining existing designs

The design knowledge stored in the environment can be utilised in
explaining the implementation issues of a design. This is important because
the designer may want to consider changes directly at this level. Since all
the effects of a change may be hard to predict, the functional knowledge and
the interactions between the subsystems provided by the MFM models can
assist the designer in this task. Justifications regarding design decisions
offer information that can help in not repeating previous errors.

We view explanation as navigation in the two hierarchies of a multilevel
flow model (Huuskonen 1992). This view is based on the assumption that
the upper level object in a multilevel flow model can give a purpose to the
connected objects at the lower levels. Explanations can be found either
explicitly, as structured text referring to the item under consideration, or
indirectly, through its relations to other items. We define two ways of
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explaining designs: explicit explanations, referring to general design
knowledge, and derived explanations, referring to related design choices.
This is a straightforward approach to modelling design knowledge that does
not allow for automatic understanding of the design, but will suffice for the
purpose of explaining the knowledge.

Explicit explanations are structured text that can be attached to objects, their
attributes, and to design rules. They contain a number of predefined
keywords giving rationale for individual items, and freeform text for less
formal definitions. A justification can be derived by traversing the network
formed by the means-end relations. Indirect explanations are derived from
other items through relations as shown in Figure 14. An item may possess
explicit justifications of design knowledge, in which case the justifications
are simply shown to the user. If an item does not have an explicit purpose,
its neighbouring objects are searched recursively until an explicit purpose is
found.

Pump_system
Type: assembly
Purpose: -
Realizes:
Part-of:

Fw-pressure-elevation
Type: function
Purpose: -
Realizes:
Part-of:

Pump.1
Type: device
Purpose:  -
Realizes: -
Part-of:

Type: goal
Purpose:(INCREASE 
      PRESSURE-251)
Realizes: -
Part-of:  -

Raise-pressure

Explicit justifications

Derived via means-ends-relations

Derived via structural relations

11
22

22

33
11

22

33

Figure 14. Explanations derived through relationships of an MFM model.

If means-end links (‘realises’ relation in Figure 14) are not defined for an
item, the purposes can be derived through structural decomposition
(part/subpart relations). The search continues until an explicit justification is
found. Means-end relations are given the priority and, if they are not
explicitly defined, an implicit relation is derived through part-of hierarchies.
The number of potential relations is decreased, since several items can
inherit a common purpose from their superiors.
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5.5  CONVERSIONS

To enable the use of the knowledge in the MFM models in other
applications, we developed conversion programs that convert the object-
based representations in the design tool to data structures in C++ , Prolog,
and ASCII files using special delimiters.

Building the on-line documentation system presents an interesting example
of how the conceptual model created in the design phase (the MFM model)
can be utilised at the later stages. For automatic generation of hypertext
links into the on-line documentation, a hypertext linker was implemented
(Paper VIII). The linker requires the conceptual model of the target system
to be input in Prolog. Hypertext links are generated according to this
information model to depict both the concepts of the domain and their
interrelationships.

5.6  DISCUSSION

The need for support for conceptual design phase is apparent and several
kinds of tools have been proposed. However, the proposed tools have
remained at the level of research prototypes. The tools built so far vary
along two axes. First, the systems vary in respect to the intended degree of
automation of the design tasks. The systems range from the design expert,
which uses a "traditional" expert system approach in which the tool takes
care of the design task after the user has input the requirements, to "passive"
storage of design information. The tools also differ in respect to the
knowledge they represent, store, and handle. At one extreme the systems
model only the designed artefact, at the other the design process.

Several automatic tools have been built for the mechanical engineering field
(Taleb-Bendiab 1993, Zeid et al. 1993, Iivonen & Riitahuhta 1994). In
process engineering, a good example is the Design-Kit tool
(Stephanopoulos et al. 1987). It was built for the design of preliminary
process flowsheets, the synthesis of plantwide control configurations,
planning process operations, and the analysis and diagnosis of real-time
operations. In addition to providing both a graphic and an object-oriented
representation of the hierarchical models of processes, the system also
features production rules and reasoning mechanisms for building
knowledge-based applications.

A more recent example of a tool for conceptual design of chemical design
processes is ConceptDesigner (Han et al. 1995). ConceptDesigner captures
and utilises both declarative knowledge of the domain and procedural
knowledge of the design process. The procedural design knowledge is used
by a set of manager and design agents that are used to co-ordinate or solve
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the subtasks of the design problem. The human designer is allowed to
define the scope of design, guide the direction of design evolution, and
select among competing designs.

Andersson (1993) proposes the use of a design language called CANDLE
for supporting conceptual design. The language is formulated upon the
concepts that the designers use for describing and discussing the design
tasks and solutions. The vocabulary of the language, together with its design
grammar, is expected to supply designers with guidelines for how the
design solutions should be created.

Bañares-Alcántara et al. (1994) emphasise the importance of modelling the
process of design. They have developed an experimental design support
system, KBDS, that models the design process as the histories of design
alternatives and design objectives coupled with the evolving description of
the plant.

Larsson has developed a graphical tool for building expert system
applications based on MFM models (1992). The aim of his tool is thus
clearly different from that of ours -- recording the design knowledge behind
the designs. The tool, called the MFM toolbox, has been built on top of the
commercial expert system development environment G2, and utilises its
graphic features for the modelling. It also includes a rulebase for checking
the syntax of the created MFM models and a set of rulebases allowing
diagnostic reasoning once a model has been completed.

Our design environment is not intended for automating any design tasks. Its
only purposes are to make artefact-related and design-related design
knowledge explicit and store it for later use. Reuse of the stored designs
together with the associated knowledge is manual: no support for retrieving
similar cases is provided. However, reuse of earlier designs is supported by
providing explanations based on the stored design knowledge.

The design environment built in this research does not explicitly model the
design process, e.g. the design phases and their results. Therefore it does not
provide guidelines for the designer on how to proceed in a design task in
order to accomplish a specific design phase. Similarly, the tool does not
provide direct means for project management. However, the document
templates utilised by the tool supporting structured documentation do
provide guidance on what to document.

Recording informal design knowledge using structured documentation
provides a way to close the gap between the actual design work and the
documentation. The idea of structuring the documentation of a technical
system according to the product model is not new (Weich 1992, Magnusson
1994). However, the product models applied so far have been lacking the
higher levels of abstraction present in the MFM models. As to recording the
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design history, we utilise the form-based approach of Design Journal
(Conklin 1987). Our approach is different from theirs in the sense that
design knowledge capture is integrated in the design environment and not
done using a separate tool.
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6  PRESENTING DESIGN KNOWLEDGE TO
INDUSTRIAL PLANT OPERATORS

According to a literature review and interviews with plant operators
performed during the TIESU project, industrial plant operators face many
kinds of problems in their work, especially during process disturbances and
other unexpected events. Several of these problems seem to be due to
inadequate functional knowledge of the plant possessed by the operators
(Paper II, Rasmussen 1985, Rasmussen 1986, Stassen et al. 1988,
Huuskonen & Jaako 1992, Kaarela et al. 1992). The problems will be
discussed in detail in the following sections.

This chapter describes our experience on how design knowledge could be
presented to the users of an industrial plant to assist them in accomplishing
their tasks. We present an approach that was utilised for implementing an
operator support system prototype for two industrial cases. The first case
was a feedwater system of a power plant (Paper VII, Leiviskä et al. 1994),
and the second a gas system of a detector experiment at CERN (Paper VIII).
The prototypes were built using mainly the information that could be
obtained during the design phase using the approach for capturing design
knowledge presented in this thesis. Capturing a major part of the knowledge
required for such a system at design time is of primary importance, because
the knowledge acquisition bottleneck has generally been accepted as the
biggest obstacle to implementing operator support systems from scratch
(Johannsen & Alty 1991).

A factor obstructing large-scale introduction of such systems has been the
use of unfamiliar or exotic tools in the implementation of laboratory
prototypes. The resulting systems in many cases are hard to integrate into an
industrial automation system. Our prototypes were built upon a new
generation automation system using mainly its standard features.

The prototypes of the operator support systems were not intended to take
over some of the operators' tasks, which is the goal of several knowledge-
based support systems (Hollnagel 1991). In our approach, the support
system has a supportive role making some of the design knowledge explicit
and easily available while human operators make the decisions. The
emphasis was on functional knowledge that portrays how the plant was
intended to work. Such knowledge is important in a great variety of
operator's tasks that call for understanding the functional properties of the
system as well as prediction of the consequences of the planned actions.
Such tasks include fault diagnosis, planning of future activities, and
explaining events in the process. The tasks often deal with unfamiliar
situations, where learned skills or rules do not exist or do not suffice.
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Problem solving is goal-oriented and often includes generation of
alternative plans and selection among them. According to Rasmussen
(1985, 1986), functional reasoning based on a mental model representing
the internal structure of the system is typically required to perform these
tasks. Stassen et al. (1988) share this view and state that an operator must
possess a mental model10 of the plant, the tasks, and the statistics of
disturbances to successfully operate a complex plant. Such a
conceptualisation allows the user not only to plan actions for novel
situations but also to explain why a particular action produces the result it
does (Carroll & Olson 1988).

Norman (1983) has presented a framework including a target system, a
conceptual model about the target system, a mental model, and a scientist's
conceptualisation of the mental model. This framework can be applied in
transferring design knowledge to the operators. Designers have a mental
model of the system they are designing which contains higher levels of
abstraction even though their work most often results in documents
describing only the implementation aspects of the target system. The model
augmented with actual information about the target system could be
expressed as a conceptual model using proper modelling techniques. The
conceptual model created by the designer could then be used by other
people (designers, operators, maintenance staff, etc.) when forming their
own mental model of the system. However, in reality the situation is not
that simple. The formation of a mental model is a complicated process that
takes place whenever the user is interacting with the system. A mental
model can not be transferred from one person to another but its formation
can be affected by providing proper information that is learnable,
understandable, and usable (Norman 1983).

According to Norman (1983), building the entire human interface on the
same conceptual model would support the users' formation of mental
models that are consistent with that conceptual model11. Our approach in
presenting design knowledge to the operators is based on this notion. The
information in a multilevel flow model (especially that represented in the
means-end hierarchy) forms a conceptual model that has been created by
the designer. To efficiently support operators in adopting this conceptual
model while forming, complementing, or replacing their own mental
models of the plant, the information in the conceptual model is consistently
presented in the display hierarchies, alarm systems, and easily accessible
on-line documentation, all of which are structured upon the same model.

                                             

10Stassen et al. use the term internal representation instead of a mental model.

11Norman calls a user interface based on the conceptual model a system image.
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6.1  USER INTERFACES

6.1.1  Problems with current user interfaces

The operating personnel of an industrial plant are responsible for the
achievement of the goals of their plant. Ironically, these goals are seldom
explicitly presented in the control room. Information representing the higher
levels of abstraction in terms of goals, functions, and equipment seems to be
missing or sparsely shown (Rasmussen 1985). The user interfaces of the
process automation systems have typically concentrated on the presentation
of measured process data depending on the one sensor-one indicator
principle (Rasmussen 1985). They mostly reflect structural design
knowledge (Korhonen 1991).

The automation systems rely heavily on the concept of direct manipulation -
- objects of interest (sensors, controllers, etc.) are continuously represented
in the displays and they can be manipulated directly using a pointing device
(such as a mouse or a trackball) and menus instead of commands obeying a
complex syntax (Shneiderman 1987). Unfortunately, direct manipulation
systems that are built based on device-level descriptions of the process (e.g.
by dividing the P&I diagram into pieces of proper size) lack the semantics:
it is the responsibility of the user to learn the purpose of the components of
a graphic representation. For example, the operator must know what the
effect of closing a valve will be. Thus, the advantage of direct manipulation
without the semantic knowledge is limited to reducing the need for syntactic
knowledge on how to manipulate the components.

In current automation systems, the evident complexity resulting from a huge
number of indicators and alarms has been attacked by designing a series of
hierarchical displays each of which represent a limited amount of
information related to a specific process area. The information includes both
continuous analog measurements (direct or abstracted) and discrete data
about the states of various devices (e.g. the on/off state of a motor). Trend
displays may be used to represent the time dependency of certain variables.
The displays often are mimic diagrams depicting the physical or logical
layout of the process. Such display hierarchies typically reflect the process
hierarchy. Each of the lower level displays represents a specific part of the
process while the upper level displays act mainly as an index for the lower
level displays (Korhonen 1991). Such a hierarchy is based on aggregation
along the whole-part decomposition of the process and can be used for
identifying the state of the process in a bottom-up manner (Rasmussen
1985, 1986).

Aggregation alone cannot solve the problems resulting from complexity; it
can not be used for reducing complexity -- it can only be used to group
specific measurements together, for example according to a hierarchy,
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usually the process hierarchy. Without abstraction the number of
measurements remains the same. Operators are in fact expected to infer the
state of the process -- in relation to vaguely specified goals -- on the basis of
a set of measurements. They monitor values of process variables that they
think best reflect the status of the process and look for indications of
familiar states of the system. In fact, such an abstraction represents a part of
their mental model. While this kind of a strategy may be effective during
normal operation, it will fall short during unfamiliar plant states
(Rasmussen 1986). Moreover, differences between the mental models of
individual operators lead to different ways of controlling the process. This
implies less-than-optimum performance during some shifts.

6.1.2  MFM-based user interfaces

The user interfaces of automation systems so far have primarily depicted the
structure or topology of the process. Since several of the operator's tasks,
especially those which relate to knowledge-based behaviour, require
functional knowledge of the process, it is reasonable to assume that not all
these tasks can be optimally supported by providing only a single view of
the process. In our work, we concentrated on providing another view of the
process by explicitly displaying the means-end hierarchy to the operators
and using it for abstracting the status of the process on the basis of the
process measurements.

The user interfaces of the two prototypes facilitate representation of both
functional and structural knowledge of the plant. In the prototypes, the
means-end information is represented as a set of hierarchical displays
(Figure 15). The highest level of abstraction represents the safety, economy,
and production goals of the system (A). At the next level, there is a display
for each goal category (safety, economy, and production) showing a
detailed goal hierarchy (B). The next hierarchical level represents the
abstract functions required to achieve a goal (C). Such a display consists of
a graph of connected symbols that denote the functions. Finally,
conventional displays based on device or process hierarchy (whole-part)
represent the actual devices (e.g. pumps, valves, pipelines) that implement
the abstract functions (D).

Traversal up and down the display hierarchy is performed using links
corresponding the relationships of the means-end hierarchy depicting the
system. Such a feature is useful in a user interface because the relevant level
of consideration will vary among different tasks requiring knowledge-based
behaviour such as diagnosis or planning of future actions (Rasmussen
1986). Switching between the levels is done simply by positioning the
cursor on the object and clicking the activation key. Alternatively, the
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Figure 15. A display hierarchy built upon an MFM model.

operator may choose to have a simultaneous view of the various levels of
abstraction by opening multiple windows.

Conventional displays representing the process or device hierarchy act as
the basic displays of the system. These displays are basically piping and
instrumentation diagrams of which the details have been omitted for clarity.
All the direct manipulation commands (e.g closing a valve or changing a
setpoint) are performed using these displays. The means-end information is
presented to the operators using multiple windows providing additional
information that the operator can turn to at will.

The key point of display hierarchies built upon a MFM model is that they
raise the level of abstraction of the operators' work. The number of
indicators to be monitored by the operator can be greatly reduced through
abstraction in the means-end dimension. The goal level display makes it
possible for the operator to monitor the process at the level of these explicit
goals. Colour codes are used to indicate the achievement of goals both at the
highest level (A) and at the level of the detailed goal hierarchy (B).

The introduction of such higher level displays presupposes that information
processes to abstract the measured process parameters into higher levels of
abstraction are defined (Lind 1991). This implies a clear definition exists for
the working condition of every higher level node in the MFM graph which
specifies via which measurements and calculations the achievement of a
goal can be verified. The MFM model hierarchy ultimately shows what
measurements are related which goal -- the information processes describe
how they are related. The working condition of each node is checked at
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predetermined intervals, and the availability of the node is expressed with
the colour coding of the respective object in the display (see the next
section).

The strength of such a systematic approach is that the information processes
become explicit and can thus be discussed and developed to indicate the
state of the process in the best possible way. Another advantage is that the
information processes become common to all operators.

6.2  ALARM PROCESSING SYSTEMS

6.2.1  Problems with current alarm processing systems

Alarms form an essential part of the user interface of a process automation
system. Their purpose is to notify the operator of unexpected events related
to the process itself, the process devices, or the control systems. The alarms
are typically indicated on the mimic displays of the automation system
screen. Automation systems often keep a log of the alarms, possibly with
additional information on the related process area, priority, or time of
occurrence. Dedicated alarm list displays can be used to browse the alarms
grouped according to their chronological order, priority, or the process area
they belong to. This information often proves valuable when trying to find
the cause of an alarm or a burst of alarms.

Alarms cause several kinds of problems for the operators. First, it is often
difficult for the operator to determine what the actual purpose of the alarm
is and what to do with it. This indicates a need for additional information
about the alarm: why the system is alarming, the severity of the alarm, the
consequences of the alarm, the side effects, and the correct recovery
procedure. Second, during abnormal conditions alarms often come up in
bursts making it difficult to differentiate between the primary and
secondary, i.e. consequential, alarms.

Despite the large body of research done within the field of alarm processing
and the technical facilities provided by modern automation systems,
systematic approaches for alarm design seem to be missing and the alarms
are designed in a bottom-up fashion. For example, alarms based on
measurements of analog process variables are generally built using the one-
sensor-one-indicator principle in which each measurement is equipped with
a number of predefined alarm limits. The limits may refer to either the
absolute value of the measurement, or its first or second derivative.
Generally, the limits are fixed and do not take into account the varying
situations in the process (e.g. operational states of the process). An alarm is
raised whenever a process variable exceeds such a limit. Of course, current
automation systems do provide means for coping with alarms that are
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dependent on the operational state of the process, subprocess, or device. The
alarms can be either conditioned (i.e. they are generated only in a specific
state) or suppressed (alarms are generated and collected into an alarm log
but not displayed) using the features of the automation systems. Another
approach is to set the alarm limits individually for each operational state to
avoid (state-dependent) false alarms (Doyle et al. 1989). Summary alarms
combining several more detailed alarms are often used for reducing the
number of alarms to be displayed to the operator. Corsberg has proposed an
approach for alarm filtering that uses a network of connected alarms
indicating their causal relations (Corsberg 1987, Bray & Corsberg 1994).
Using four types of causal relations (level precursors, direct precursors,
required actions and blocking conditions) it is possible to dramatically
suppress the number of alarms displayed to the operator. Model-based
alarming is based on several process variables and a model of their
interaction. A potential fault is detected and an alarm is given if the actual
process values differ from those predicted by the model.

6.2.2  MFM-based alarm processing systems

Multilevel flow models provide two important means to enhance current
alarm processing systems. First, the hierarchical nature of the means-end
model facilitates a way to manage complexity. Alarms can be generated and
displayed at several levels of abstraction. At the goal level, alarms are given
to inform the operator if the system fails to achieve its goals -- not when any
individual measurement exceeds a predefined alarm limit. Of course, the
operator is able to view the device-level alarms at will. Since alarms are
basically always based on measurements of process variables higher level
alarms require processing of the measurements (Lind 1991). Second, the
mass and energy balances of the individual flow functions provide a
reference model of the plant's intended behaviour. This information can be
used for detecting deviations from the normal operation of the plant and
recognising the primary and secondary alarms in case of an alarm burst
(Larsson 1992, Sassen 1993, Van de Ree 1994).

The means-end hierarchy also provides a guideline for a more
comprehensive alarm design. Instead of designing an alarm and alarm limits
independently for each control circuit one could take the approach of
checking the achievement of goals as a starting point. An MFM model
explicitly states what functions are required to achieve a goal, and what
devices (including the control circuits and the measurements) implement
each function. This means that the availability of all the functions attached
to a goal are a precondition of its achievement. The availability of the
functions depends on device-level objects that can be monitored using
process measurements.
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In the prototypes, we demonstrated the use of higher-level alarms based on
the means-end hierarchy. For each object in the higher-level displays, a set
of alarm limits (low alarm limit, low notification limit, high notification
limit, and high alarm limit) was defined. The value of the object was
calculated using the definition of its working condition referred to in the
previous section. Crossing an alarm limit is indicated with a change in the
colour of the object in the display (green indicating the normal state, yellow
indicating a minor deviation from the normal state, and red a disturbance).
In the prototypes, only the safety-related alarms were implemented. In the
cases considered, a failure in any of the related functions caused an alarm at
the goal level. The information processes for abstracting the alarms were in
this case simply logical OR-functions.

Such an alarm system using the MFM-based displays supports the operator
in diagnosing process disturbances. If something goes wrong, the operator
can find the cause and effects of a disturbance or device failure on the
overall goals by following the display hierarchy based on the relationships
in the MFM model from the abstract goal level displays to the more
concrete levels. In an alarm situation, the hierarchy supports the operator in
the analysis of the cause of the problem in question, using the traversal of
the alarm tree indicated on the display. Figure 16 shows an example of a
detailed goal hierarchy where the sub-goals that are not achieved are shown
in a different colour on the automation system screen.

Figure 16. A display depicting the traversal of an alarm in the goal
hierarchy.
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6.3  ON-LINE DOCUMENTATION

6.3.1  Problems with current on-line documentation systems

On-line documentation systems, especially hypertext-based ones, have been
regarded as promising alternatives in improving the accessibility of plant
documentation. However, such systems are not yet very common in
industry. There are two main reasons for this. First, the systems are
expensive to build and maintain using the existing paper documents as the
primary source of information. Second, most on-line documentation
systems so far have not been accepted by the users due to difficulties of
their use.

Most on-line documentation systems built so far have been separate systems
with dedicated user interfaces. The operator has to turn away from the
control system to obtain information from another system. This is not
desirable, especially during disturbance management when the need for
information would be most urgent. The second user interface adds to the
operators' cognitive load: they have to learn how to use it. For these reasons,
separate systems with dedicated user interfaces are doomed to be neglected
by the operators no matter how useful they could be (Pernu 1992).

Typically, a hypertext system is used by browsing through the document
following the links between its nodes. The purpose is to search for relevant
information without knowing what exactly should be searched for or where
it is located. User disorientation -- getting lost in a hypertext document -- is
a commonly recognised problem related to browsing. A related problem is
cognitive overhead resulting from the need to make decisions of which link
to follow (Conklin 1987). Both problems are important for technical
documentation for industrial plants, due to the huge amount and complexity
of documentation.

The disorientation problem is closely related to the problem that the readers
do not possess a sufficient understanding of the domain -- the process they
are assigned to. Their mental model of the system does not cover all the
concepts of the domain, not to mention their interrelationships. This holds
true especially in the case of complex technical systems (Tyrväinen 1994).
Inadequate knowledge of the domain concepts and terminology limits the
usability of the search mechanisms provided by several hypertext systems.
Badly selected keywords or index terms in user-generated queries often
result to either no or too many links to follow.

In industrial plants, documentation is typically needed to solve technical
problems. Operators need the information quickly, especially during
emergencies: there is no time for timely seeking operations. Clearly, neither
browsing nor keyword or index-based search mechanisms sufficiently
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support a user's retrieving information from technical documentation. A
promising approach is to support the user with a model representing the
domain. There is a well-known analogy between hypertext and semantic
networks with both representing concepts and their interrelationships
(Conklin 1987, Carlson 1989, Snaprud & Kaindl 1992, Rada 1992, Jonassen
1993, Tyrväinen 1994). This provides a way to support the user in
navigating in the hypertext. A semantic network portraying the domain
knowledge can be represented to the user as a graph to support finding a
relevant node (Halasz 1988).

6.3.2  An approach for improving on-line documentation

We propose the introduction of hypertext-based on-line documentation
systems into the control rooms to improve the accessibility of the plant
documentation. To overcome the operator's problems of using an on-line
documentation system that is separate from the primary tool -- the
automation system -- we propose that the documentation be displayed on
the automation system display.

Our work differs from prior mainstream development efforts in several
aspects. A key point of our approach is to utilise the results of the design
phase. Using the approach and tools discussed in the previous chapters,
much of the material to construct a hypertext on-line documentation system
is readily available after the design phase. The conceptual model born in the
design phase is utilised for structuring the hypertext, creating semantic links
between the nodes of the hypertext, and assisting the user in the task of
searching relevant information.

The approach taken in this work emphasises the opportunities permitted by
the similarity of semantic structures of the hypertext documentation and the
user interfaces. In our work, the semantic structure is that of the means-end
hierarchy of the multilevel flow model representing the target process. The
hierarchy depicts functional design knowledge of the process. The purpose
of displaying this semantic structure in the user interfaces is to provide
assistance for the users when navigating in the information space: it
supports them in finding the desired pieces of information. It is believed to
lessen the cognitive overload of the operators: they do not have to memorise
the relationships between the concepts in the documentation. The developed
prototypes pursue this goal by two means,

❏ the use of the automation system's displays as graphical maps to the
documentation

❏ the presentation of typed links (based on the information model) to the
user.
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Presenting the same conceptual model in both the user interface of the
automation system and in the structure of the on-line documentation system
allows the use of the automation system displays as graphical maps to the
documentation: for each object in the display hierarchy there is a node (or a
set of interrelated nodes) in the documentation. The document can be
accessed by simply pointing and clicking on the object in the display as
depicted in Figure 17.

Automation 

display 

system

Hypertext 

documentation

Figure 17. An automation system display as a graphical map to the on-line
documentation.

Structuring the hypertext according to a conceptual model corresponds to
providing it with a high-level semantic structure. Displaying the type of the
semantic link to the user is essential because it can provide the reader with
information about the content of the destination node. According to Halasz
(1988), such links support the reader in navigation. The items of the
bulleted lists in Figure 18 represent some examples of such typed links12.
The bulleted lists have been automatically generated using the hypertext
linker based on the means-end hierarchy of the multilevel flow model. The
items 'ACHIEVES' and 'HAS-SUBPARTS' denote the links starting from
the function 'PREVENT OVERPRESSURE'. Thus, 'PREVENT OVER-
PRESSURE' has a subpart 'ADD FRESH GAS' and achieves the goal
'PROTECT CHAMBERS'.

For clarity, only the hypertext window is displayed in Figure 18. In the
prototypes, the hypertext window would typically be shown on the

                                             

12The example is taken from the gas system documentation of the L3 experiment at
CERN authored by David Peach (1992). It was used as the source material for
developing the demonstration system for the CICERO project at CERN. Published with
permission from CERN.



85

Figure 18. A view of automatically generated hypertext links in the L3 Gas
System Documentation.

automation system monitor. However, the use of general purpose software
for the implementation of the on-line documentation system allows easy
access to plant documentation from any computer connected to the plant
network. The implementation of the prototype systems is described in Paper
VII.

Functional knowledge about the plant alone is not enough for the operators.
They need procedural information about their tasks. As described in
Chapter 4, an MFM model can be used as a basis for allocating the control
tasks between the automation system and the human operators. The
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developed on-line documentation system provides a structured way to store
procedural knowledge on how to perform the tasks of the human operator.
The tasks often consist of a set of actions that have to be executed
sequentially. Such sequences of actions can be easily represented as
structured text. The on-line documentation system provides ready access to
the information. For example, in the case of an alarm the respective alarm
procedure is just one mouse click away -- the procedure can be accessed by
clicking the symbol of the alarming measurement.

Figure 19 shows an example of an alarm procedure giving detailed
instructions to the operator of the L3 experiment at CERN in case smoke is
detected within the L3 magnet13.

                                             

13The example is based on the paper version of the alarm procedure authored by Mr. J.
Pothier of CERN. Published with permission from CERN.
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Figure 19. An example of task-related knowledge: an alarm procedure.

6.3.3  Storing experiential knowledge

This research focuses on design knowledge. However, not all the
knowledge related to a plant is available as a result of the design phase.
Operators and other staff in the process industry gain a great amount of
experiential knowledge, especially related to disturbances of the process,
malfunctions of its devices, or ways of recovering from them
(Stephanopoulos 1987). Up until now, there has been no structured way to
store such information. The knowledge mainly remains the property of
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individuals. Some of it may be communicated orally, some written on notes
or in computer-supported logs. Because of the importance of this kind of
knowledge the above means of recording it seem insufficient. Information
told by one operator to another may easily be misunderstood and is bound
to be forgotten. Notes written on paper tend to get lost and, even if properly
stored, are hard to access as their number increases. Computer logs are
typically poorly organised -- in some cases they are just sequential files
where each new note is added at the end. Search for the notes relevant to the
current situation easily becomes a major task.

An MFM model provides a structured means of collecting and
disseminating experiential knowledge emerging during the use of the plant.
By structuring the documentation of the plant according to the MFM model,
a framework for recording some of the experiential knowledge in a
structured manner is created. Such an on-line documentation system is
extensible: users can attach annotations to the documentation at will. With
the semantic structure of the documentation, the annotations are
systematically linked to the concepts of the MFM model. It is therefore
possible for the users to get a view only of those notes related to a specific
valve, for example. The approach is especially suitable for recording
disturbances, their causes, and procedures taken to recover from them.

6.4  TRAINING

Newcomers at an industrial plant receive training for their new position.
The purpose of training is to give them sufficient knowledge of the plant to
be able to successfully operate it. Especially in the case of new plants the
operators and other staff attend courses where the operating principles of
the plant and its subsystems are taught. Process simulators are frequently
used for training, especially in safety-critical, e.g. nuclear power, plants.
With new plants, the commissioning process has been found to be an
effective time for training the operating and maintenance personnel at site.
During the commissioning the plant and its operating procedures are
thoroughly tested. Commissioning generally includes running the plant in
production use before its approval by the customer. Commissioning
provides a good opportunity for the operators to get acquainted with their
plant and get expert advice from the representatives of the vendors.

Such training often concentrates on teaching procedures of how to act in
different situations. For example, the startup and shutdown procedures are
thoroughly clarified to the operators. This kind of training is particularly
useful for teaching the normal operation of the plant. The trainees can
familiarise themselves with the expected operational sequences required in
the operation of the plant. However, the operators may later encounter
difficulties when meeting unexpected situations where the learned rules do
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not apply and knowledge-based behaviour is required. To reduce these
difficulties, training should concentrate on better understanding of the plant,
i.e. improving the operator's mental model of the plant (Stassen et al. 1988).

Norman (1983) emphasises the relationship between a conceptual model of
a system and the mental model of its user. Training can be regarded as
teaching the conceptual model to the user who will form a mental model
that hopefully is consistent with the conceptual model. This can be best
achieved if all the training material and instruction is based on that
conceptual model. From the point of view of the formation of a mental
model, the training phase is of great importance, especially if the trainee has
only little prior knowledge of similar plants.

Training the operators of a complex plant is not a one-shot effort. The
operators may not be able to assimilate all the information at once and they
may forget it if they do not need it for some time. Their mental model
evolves as they operate the plant. Much of the knowledge of the plant
comes only with its operation and maintenance. Therefore, training should
be supported throughout the plant's operation. The on-line documentation
system presented in Section 6.3 provides easy access to plant
documentation and an effective way to disseminate the experiential
knowledge gained during the plant's operation among the people involved.

6.5  EXPLANATION MECHANISM

Chapter 5 presented a facility of the design environment for explaining
existing designs to the designers. The system is capable of producing
explanations of the plant functionality, its structure, and the design
decisions based on the MFM hierarchies, through structured text. Since
maintenance includes making changes to existing designs, such an
explanation facility embedded in an automation system would be useful for
the maintenance staff of industrial plants, to provide them with currently
missing information on the original design intention, purposes of process
and automation equipment, and justifications of design decisions.

Such a system could be embedded in an automation system fairly easily.
The MFM model hierarchy can be converted into a C++ class hierarchy
using the conversion tools of the design environment. The algorithms
originally written in Lisp could be coded in C or C++ to allow embedding
within the automation system.
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6.6  DISCUSSION

Representation of functional knowledge to plant operators was one of the
main reasons for developing the MFM modelling technique. Vicente
(1992a) presents a comprehensive study of the  large body of work done
with MFM-based user interfaces and alarm processing systems. Several
researchers have proposed the presentation of means-end information to the
operators in addition to the information provided by the conventional
displays (Rasmussen 1985, Rytoft et al. 1990, Lind 1991, Duncan &
Praetorius 1992, Easter 1992, Larsson 1992, Sassen 1993, Vicente 1992a,
Vicente 1992b, Bisantz & Vicente 1994). Larsson (1992) and Sassen (1993)
have used the MFM models as a basis for diagnostic reasoning about the
process. Bisantz & Vicente (1994) have applied the abstraction hierarchy to
provide the user with explanations regarding the diagnostic reasoning.

Our approach for presenting the information to the users was similar to the
earlier work. However, the case applications were implemented in a state-
of-the-art automation system using its standard features such as support for
multiple windows. This allows the use of simultaneous multiple views of
the process at several levels of abstraction relieving the operator from
having to switch back and forth between the levels. It also allows the
operator to have a constant view of the conventional displays and to get
supportive information from the higher level displays.

Compared to other work developing MFM-based user interfaces, this
research introduces an on-line documentation system structured according
to the same conceptual model as the automation system's displays. The
approach was evaluated in a test that was performed as a part of the
CICERO collaboration (Takalo 1995). The evaluation concentrated on the
efficiency of use of the documentation, the criteria being the average time
required to perform a set of information retrieval tasks and the correctness
of the answers to the questions presented in the tasks. The results showed an
improvement both in the access time and correctness of the answers by the
testees using the system developed according to the principles developed in
this research as compared to paper documentation and a hypertext version
following the layout structure of the paper documentation. However, due to
the limited number of testees the results can only be regarded as suggestive.

The use of on-line documentation in automation systems has also been
studied by Vanhainen & Paunonen (1994) and Rytoft et al. (1990).
However, their approaches neither emphasise the structure of the hypertext
nor its systematic creation during the design phase. Tyrväinen (1994) has
proposed the use of domain and task models to assist the user in finding the
relevant documentation. His work does not stress the creation of the models
or structuring the documentation accordingly at design time.
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7  INTRODUCTION TO THE PAPERS

This chapter gives an overview of the papers that form the basis of this
thesis. In the following sections, the content of each paper is briefly
discussed.

7.1  PAPER I, AN OVERVIEW (ICARCV '92)

Paper I is an introductory paper reflecting some initial ideas behind this
research. Prior to this research, the author's main interest was that of
building embedded knowledge-based systems. This can be seen in the
problem setting: the difficulty of knowledge acquisition is highly
emphasised in the paper. The knowledge acquisition bottleneck led the
author to consider improving the recording of design knowledge at design
time. The main points in Paper I are:

❏ the need for systematic knowledge acquisition during the design process

❏ goal-oriented definition of the tasks of the automation system and the
operator

❏ Structured knowledge representations (e.g. object databases) allow the
use and refinement of the design knowledge throughout the design
process and even at the plant during its utilisation phase.

7.2  PAPER II, NEEDS ANALYSIS (ICO '93)

Paper II presents the results of a study conducted at the beginning of this
research. The study concentrated on the information needs of designers in a
multidisciplinary design project, and the operators and maintenance staff of
an industrial plant The study was performed via unstructured interviews of
the process and automation designers, the operators, and maintenance staff
of a 150 MW peat power plant built jointly by our industrial partners a few
years earlier.

The main points found in the study are:

❏ Poor design practice (discipline) leads to delayed, false, or missing
information.

❏ Incompatibility of concepts, representations, and design tools existed
between organisations participating in a joint project.

❏ Work distributed among several organisations causes consistency
problems in the absence of a common design database.
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❏ Designers concentrate on implementation details when writing the
documentation.

❏ Current representations for design knowledge are not expressive enough.
They cannot convey higher level concepts regarding the design, such as
the purposes of the process or its subsystems or interdependencies
between various parts of the process.

Paper II proposes a systematic knowledge acquisition procedure for the
design process to remedy some of the problems found in the study. The use
of multilevel flow modelling is proposed for capturing the higher level
knowledge behind a device-level design. The supporting tools developed in
this research are also described. Our ideas continued to develop since the
writing of Paper II, so that Paper III describes our current approach to
design knowledge more accurately.

7.3  PAPER III, ORGANISING DESIGN KNOWLEDGE (IFIP '94)

Paper III sums up our work on capturing design knowledge using MFM as a
framework. The most important notion in this paper is that in addition to
representing artefact-related or functional knowledge (i.e. how an artefact
was meant to work) MFM can also be utilised to store design-related
knowledge, i.e. knowledge about the design process: design issues,
alternatives considered, design constraints, and evaluation criteria.

Paper III describes the tool developed during this research to support the
modelling effort. The tool is based on a commercial knowledge-based
object-oriented design tool. Our tool features

❏ storage of the model in an object hierarchy

❏ a graphical tool for drafting MFM models

❏ structured documentation of the model's objects

❏ versatile conversions of the model information to other languages such as
C++ and Prolog to facilitate its use in other applications.

The results of a case study in which the tool was applied are reported.

Paper III also briefly discusses the role of design knowledge in the reuse of
existing designs.
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7.4  PAPER IV, RECOGNITION OF SAFETY GOALS
(SAFEPROCESS '94)

Paper IV proposes the use of MFM to represent the safety-related
information during the course of the design process to enhance its
communication among designers, safety analysts, and the operating
personnel of the plant. The explicit documentation of the safety-related
aspects (possible hazards, safety goals, and measures taken to achieve the
goals by preventing or limiting specified hazards) makes the designs
understandable and appropriate for open discussion and constructive
criticism.

Unfortunately, MFM does not provide any support for recognising the goals
of an artefact to be modelled -- it only provides a means of representing the
goals and how they were meant to be achieved. In Paper IV, we present
some elementary ideas on how to recognise safety goals of a system, in this
case an industrial plant. Even though these ideas are well-known within
safety analysis research, representing safety-related information in the
MFM framework throughout the design process and during the operation
and maintenance of the plant differs from the approach generally applied
within the safety community.

7.5  PAPER V, EXPLAINING DESIGN KNOWLEDGE (HCI '95)

Reuse of earlier designs is common in industrial design. To improve
efficiency and quality of design work, earlier designs are regularly taken as
a basis for new ones. To be able to safely modify a design, one should be
aware of the original intentions behind the design, its design knowledge.
This is regrettably not always the case: novice designers reuse and make
changes to earlier designs with "the art of good guessing".

Paper V describes a possible way to explain design knowledge through the
hierarchies of a multilevel flow model. An explanation facility was
integrated into a design tool to allow the designers to ask for explanations
about the design. Such an approach could have a major impact on the nature
of reuse: reuse would be based on design knowledge -- not just the end
results of the design work.

7.6  PAPER VI, PRINCIPLES FOR REPRESENTING MFM
INFORMATION TO OPERATORS (HCI '93)

Paper VI forms the backbone of our ideas of how to represent design
knowledge to the users of an artefact. The principal idea of Paper VI is to
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build the entire human interface of a system based on a conceptual model to
support the users of the system in forming a consistent mental model of the
system. In Paper VI, the concept of a user interface consists of

❏ the displays of the automation system

❏ the on-line documentation of the system

❏ a mechanism capable of explaining the system's functionality based on
the design knowledge.

7.7  PAPER VII, AN OPERATOR SUPPORT SYSTEM BASED ON
MFM INFORMATION (HICS '94)

In Paper VII, a demonstration system based on the approach represented in
Paper VI (except for the explanation mechanism) is presented. The
demonstration system features:

❏ an MFM-based display hierarchy

❏ an MFM-based alarm system

❏ an integrated on-line documentation system.

The demonstration system was implemented in an industrial automation
system environment and the principles developed are thus easily applicable
in similar applications.

7.8  PAPER VIII, ON-LINE DOCUMENTATION

Paper VIII presents a demonstration prototype developed for CERN,
emphasising the work done within the field of structured documentation.
The main point is the use of the multilevel flow model of a system for

❏ structuring the documentation of an industrial plant

❏ generating semantic links between the various parts of the documentation

❏ using the displays of the automation system as a means of graphically
accessing the documentation.
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7.9  PAPER IX, EXPLAINING DESIGN KNOWLEDGE TO
OPERATORS (IEA&AIE '95)

In Paper IX, the explanation of control logic in industrial plants to plant
operators is discussed. Explanations are considered to fall into three main
categories: explaining the meaning, explaining the behaviour, and providing
speculative help (what-if analysis). Of these, the first category is closely
related to the topic of this thesis. The paper proposes the use of the means-
end information of a multilevel flow model to explain the meaning or
purpose of control logic. This is derived from the assumption that the
purpose of any part of a system can be explained through the function it was
designed to serve in the system. Through the use of a simple algorithm, the
relationships in a multilevel flow model can be followed to answer such
queries.
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8  CONCLUSIONS

Industrial plant projects suffer from problems in communication among
designers. The differences in the expertise, concepts, vocabulary, and
representations of the various design disciplines often lead to problems in
understanding and misconceptions of each other's design documents. The
representations and tools used in industry normally allow for representing
merely the end result of the designers' work, i.e. the physical
implementation of the artefact, ignoring much of the design knowledge that
led to the specific design. In this research, design knowledge was divided
into two categories: artefact-related, depicting the intended functionality of
the resulting design, and design-related, recording the design decisions and
their rationale. The goal of this research was to improve the recording and
expand the utilisation of design knowledge.

We hypothesised that multilevel flow models can be used for structuring,
recording, and presenting design knowledge. The given hypothesis is
supported by our developing an approach and supporting tools for recording
and structuring design knowledge using an MFM framework. Multilevel
flow models allow formal representation of the functional knowledge about
the artefacts via means-end hierarchies. Our work emphasises that the
models should be created during the design process as a systematic part of
designers' routine work. The thesis shows that a multilevel flow model can
be used for structuring and recording the typically informal knowledge
regarding the design decisions by attaching the knowledge to the objects of
the model as structured text elements.

A prototype design environment supporting the developed framework was
built as an extension of a process design application implemented on top of
a commercial software package. The process design application utilised a
product model stored in an object-oriented database to record design
information. The product model was, however, restricted to representing the
physical structure of the artefact, i.e. the devices. Our prototype adds the
goal and function levels of MFM, allowing the representation of conceptual
functional design knowledge. To shorten the gap between the design work
and the writing of design documents, a structured documentation system for
recording descriptions of the concepts of the domain, design decisions, and
their rationale was implemented in the environment.

A primary goal of our design environment was to make design knowledge
explicit. The design environment was not intended to automate design, but
to make reuse of earlier designs more efficient and dependable by providing
the designers with relevant information about both the original design intent
and the design history. For this purpose, the design environment was
facilitated with a mechanism capable of providing explanations based on the
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MFM models of the designs. The explanations assist the designer in
recognising similar cases, altering a design to meet the new situation, and
predicting the effects of a proposed change.

The approach and tools presented in this thesis have so far been used in two
industrial cases which concentrated on subsystems representing limited, yet
significant, parts of whole plants. The resulting models consisted of 1600
and 400 objects, respectively. As the plants already existed, the MFM
models were reverse engineered using design documents and interviews
with designers as information sources, and validated via walkthroughs with
the designers. Such situations can be regarded as typical in several fields of
process engineering since a high percentage of new projects aim at
modernising existing plants.

According to the experience gained, modelling systems with MFM requires
thorough expertise in the application domain, which should not pose a
problem for professional designers. Problems could, however, be caused by
having to learn the new modelling technique and the absence of guidelines
of applying it. Consequently, the introduction of the approach presented in
this thesis into an organisation would require both education of designers
and the creation of MFM guidelines.

The case studies indicate that the approach presented in this thesis is able to
capture design knowledge in industrial plant projects. To obtain more
accurate information on the applicability of the approach for comprehensive
industrial design projects in general, and for modelling the interactions
between the subsystems of a plant in particular, would require the
application of the approach in a large-scale industrial project.

The design environment developed in this research concentrated on process
design. Since a multilevel flow model of a plant can also represent concepts
related to several other design disciplines, MFM could provide a basis for
concurrent engineering of industrial plants. Developing a system for
supporting concurrent engineering remains an interesting topic for further
research.

Two operator support system prototypes were developed, using the
approach reported in this dissertation, to show the usability of MFM
information at the plants. The value of presenting the means-end
information to the plant staff in the displays of the automation system has
been shown by several studies (Duncan & Praetorius 1992, Sassen 1993).
As a new feature, our research introduced a hypertext-based on-line
documentation system structured according to the MFM model of the plant.
The system facilitated direct access to the documentation from the
automation system's displays and semantic hypertext links based on the
MFM model of the plant. Our study of providing on-line documentation
reflecting the MFM structure of the system to the users gave encouraging
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results (Takalo 1995). The testees using our system could find more correct
answers to the test problems in less time than those using a paper version of
the documentation or a conventional hypertext version.

The prototypes showed that it is feasible to implement MFM-based sources
of information for the operators of industrial plants using commercial state-
of-the-art automation systems and recent information technology
developments such as the World Wide Web. The resulting solutions are
directly applicable in other applications. More work remains to be done on
how and when to represent MFM-related information to plant operators.
The user interfaces demonstrated in the prototypes only provide a good
starting point.

Our development of the two operator support system prototypes indicates
that the cost of developing such systems, which is generally regarded as the
biggest obstacle to their construction, can be significantly reduced when a
systematic design approach is followed in the plant design project. The
design knowledge recorded using our approach constitutes a major part of
the information required for supporting many of the operators' tasks,
especially those which relate to knowledge-based behaviour. The
knowledge was readily obtained for the prototypes from the object-oriented
database of the design environment presented in this thesis. The automatic
generation of semantic hypertext links based on the MFM model of the
plant was found especially useful.

The research described in this thesis has already found some practical
applications. We are currently re-implementing three on-line documentation
systems for industrial organisations representing three quite different
application fields: telecommunications, heavy machinery, and process
industry. The on-line documentation systems to be found in these
applications rely heavily on the information model concept described in this
work. The concepts of goals, functions, devices, and their relationships have
been found useful in the fault diagnosis and maintenance applications. The
integration of control systems and on-line documentation that forms the
cornerstone of our approach has been found essential in such applications.
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