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Towards an ontology of generic engineering design activities

Siang Kok Sim, Alex H.B. Duffy

Abstract This paper argues that there is no shared
understanding (i.e. an ontology) of the design activities
that designers perform in the design process. Hence the
purpose of the paper was directed towards identifying and
classifying a generic set of design activities from published
literature into what are referred to as design definition
activities, design evaluation activities and design man-
agement activities. In an attempt to achieve a shared
understanding of these activities, a set of consistent and
coherent definitions of these activities are deliberated and
presented. A knowledge level representation based on
Newell’s Knowledge Level hypothesis governed by the
Principle of Rationality is used to represent a design
activity that is motivated by a design goal of that activity
through which input knowledge is changed into output
knowledge by the design agent’s knowledge. The onto-
logical completeness, clarity and coherence of activities are
evaluated through a protocol analysis and the design
process in the domain of electronic design (in particular
System-on-a-Chip designs (SoC)).

Keywords Ontology, Design activities, Definition
activities, Evaluation activities, Management activities,
Knowledge change

1

Introduction

The design process as a phenomenon has been a topic of
design research resulting in a number of models and
theories of design. Yet, there is no consensus and wide-
spread application of them in industry (Maffin 1998) as
these models and theories do not depict the reality of
design (Hales 1987). In a survey of artificial intelligence in
design (AID) research, Smithers (1996) derived a similar

Received: 17 January 2001 / Revised: 23 May 2003
Accepted: 9 June 2003 / Published online: 25 October 2003
© Springer-Verlag London Limited 2003

S.K. Sim (D)

School of Mechanical and Production Engineering,
Nanyang Technological University, Nanyang Avenue,
639798 Singapore, Republic of Singapore

E-mail: msksim@ntu.edu.sg

AH.B. Duffy

CAD Centre, Deptartment of Design Manufacture and Engineering
Management, University of Strathclyde,

75 Montrose Street, Glasgow, G1 1XJ, UK

conclusion that there was no usable theory (or theories) of
the design process. Researchers who view design as a
cognitive process have proposed cognitive theories of de-
sign. Smithers argues that, since cognitive science as a
discipline does not have any well-established theoretical
understanding of the cognitive capabilities used during
design, the development of cognitive theories of design is
untenable at the moment. He advocated the need for a
knowledge level (KL) (Newell 1981) theory of the design
process as a practical alternative to the need for a cognitive
theory of designing. Maffin (1998) provided several rea-
sons as to why there is limited use of these models in
industry (Birmingham et al. 1997). What is common
among these models is the depiction of the design process
as consisting of conceptually distinct stages or activities
(Birmingham et al. 1997; Maffin 1998) that transform the
design from a set of requirements to a final design solu-
tion. But these models do not explicitly define the design
activities but rather the different stages of the design
process (Hansen 1995). The reason offered here is that
there is no consensus of the shared understanding (i.e. an
ontology) of what constitutes these distinct stages or
activities, and whether these models describe or prescribe
the complete extent and the nature of these activities that
designers perform. What is needed is an ontology of de-
sign activities so that proponents of models or theories of
design and practitioners have a shared understanding of
what each specific design activity entails. This paper thus
presents one perspective of such an ontology of design
activities, which is corroborated through studying a de-
signer at work. The ontology of activities of team design is
considered an avenue of future research.

Ontology is the branch of philosophy concerned with
the meaning of existence in the broadest sense (Ziman
1984) by articulating the nature and structure of the world
(Wand and Weber 1993). The subject of ontology is the
study of the categories of things that exist or may exist in
some domain (Sowa 2000). Uschold and Grundinger
(1996) define ontology as referring to the shared under-
standing of some domain of interest that may be used as a
unifying framework to solve problems. Uschold (1998)
suggests that there are in general two types of ontology,
namely, problem solving ontology and domain ontology.
While the problem solving ontology involves the activity of
identifying, formulating and obtaining a solution to the
problem, the domain ontology focuses on the subject
matter that corresponds to the domain as distinct from the
problem or tasks in that domain. Using the classification
of Uschold, the ontology presented here is that of a highly
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informal problem solving ontology. Hence, the ontology is
one particular perspective and is by no means the only
one, or necessarily general enough, to capture all aspects
of designing. It is, however, considered to present a con-
tribution towards defining a design ontology.

Hubka and Eder (1996) consider design activity as the
level of abstraction that the rational cognitive activity in
designing can be decomposed into. The perspective taken
here is that designing, as a rational cognitive activity,
occurs at the knowledge level (Newell 1981). The knowl-
edge level facilitates the prediction and understanding
of design behaviour, without having an operational model
of the cognitive processing that is actually being done
by the agent (i.e. the designer) (Newell 1981). Newell
argues that although the agent’s cognitive activities are
internal to the agent, they are relatively stable charac-
teristics that can be inferred from the behaviour and can
be conveyed by language. Hence, the approach taken here
is to develop the ontology of generic design activities
using the knowledge level as the level of abstraction. By
defining the ontology at the knowledge level it can
provide a basis for a more robust shared understanding
of the design process.

The purpose of an ontology is a systematic account of
existence of the domain under study and the organisation
of reality (Simoff and Maher 1998). Ontology addresses
issues such as categorical structure of reality. Sowa (2000)
observes that the two sources of ontological categories are
observation and reasoning. Observation provides knowl-
edge of the physical world (i.e. the world of designing),
and reasoning makes sense of observation by generating a
framework of abstractions. Hence, the questions that were
addressed are: “What are the design activities?” and “Can
these be classified into various categories?” To achieve a
consistent categorical structure of reality, there is a need to
establish a set of concepts (e.g. entities, attributes and
processes), their definitions and their interrelationships;
this has been referred to as conceptualisation. A concep-
tualisation is an abstract, simplified view of the world that
we wish to represent for some purpose (Gruber 1993).
Therefore the key steps taken towards deriving an ontol-
ogy of design activities are:

1. Conceptualisation of a generic design activity, its defi-
nition and its relationships.

2. Identification of design activities.

3. Classification of categories of design activities.

4. Definitions of related design activities using the con-
ceptualisation derived in 1.

Section 2 presents a conceptualisation of a generic de-
sign activity and suggests that designers evolve the design
by applying knowledge during the design process. Hence,
the generic design activity is conceptualised at the
knowledge level based on Newell’s Knowledge Level
Hypothesis and notions of rationality. Simoff and Maher
(1998) observe that a design ontology is characterised by
the notion of change, the change in design knowledge as
more experience is gained, and the changing model or
perception of a design while designing. A generic design
activity is described here in terms of the design goal, input

knowledge and output knowledge to depict the change in
design knowledge. Section 3 describes the identification
and classification of design activities. The classification of
these activities into three categories is based on the
manner in which these activities characterise design in
general. The categories are design definitions, evaluation
and management.

Ontologies should minimise misunderstandings and
miscommunications by establishing a coherent set of
definitions. Based on the definition of a generic design
activity, Sects. 4, 5 and 6 present the taxonomic relation-
ships of activities in the three categories and attempt to
define each activity by deriving a coherent understanding
of its usage in the published works in design research.
Section 7 discusses the presented ontology in terms of its
ontological completeness, clarity and coherence and sug-
gests further work in terms of deriving a suitable com-
putable description of the ontology. The evaluation
suggests that the ontology presented can serve as a foun-
dation for developing a shared ontology of the design
process.

2

Conceptualisation of generic design activity

An ontology is an explicit specification for a conceptuali-
sation (Gruber 1993). Embodied in a conceptualisation is a
body of formally represented knowledge consisting of the
objects, concepts and other entities that are assumed to
exist in some area of interest and the relationships that
hold among them (Genesereth and Nilsson 1987). By
suggesting that the design activity can be abstracted at the
knowledge level (Sect. 2.1), Sect. 2.2 presents a definition
of a generic design activity in terms of knowledge change
due to that activity. A conceptualisation of the design
activity in terms of input knowledge, output knowledge
and design goal(s) is given in Sect. 2.3.

2.1

Granularity of design activities

It has been shown that, as with any concept, it is possible
to describe design activities at a number of different levels
of abstraction (Duffy et al. 1995). Hubka and Eder (1996)
describe designing as a rational cognitive activity that
can be decomposed into smaller (design) steps, stages and/
or phases. The level of abstraction is to match the nature
of the design problem. Hubka (1982) has derived a hier-
archy of design activities. In this hierarchy, Hubka has
used different names to describe the design activities (e.g.
design operations, basic operations, elementary activities,
elementary operations). Each activity in a given level
comprises sub-activities in the next lower level. Included
in the list of elementary operations is a variety of activities
such as calculating, measuring, drawing, analysing and
synthesising. Hubka and Eder (1996) define a design
activity as a change of the state of information by means of
a design method.

In Gero’s model of design (Gero 1990), design is con-
sidered to consist of a number of distinct activities that are
carried out between different design states. In this model,
it is the set of design activities that transforms an initial
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design state through a series of successive refinements into
a final design state. The initial design state is described by
a set of design functions (F) and a related set of expected
behaviours (B,). The design activities transform the design
in which the design structure (S) becomes more clearly
defined until finally a satisfactory structure is obtained in
which the predicted behaviours (B,) approach the expected
behaviours (B,). The role of design activities in Gero’s
model is that of transforming the state of the design ex-
pressed in terms of its function, structure and behaviour.
However, Sim (2000) shows that design and learning
activities as cognitive activities can be described at the
knowledge level. By abstracting designing at the knowl-
edge level, the concept of a generic design activity is based
on the knowledge of the designer in the context of the
evolving design. This is distinct from relating the design
activity to the state(s) of the design according to Hubka
and Eder (1996) and Gero (1990).

2.2

Definition of generic design activity

A cognitive system at the knowledge level can be referred
to as an agent (Newell 1981; DasGupta 1994). At the
knowledge level, cognition is described or explained in
terms of goals, actions, knowledge and intended rational
behaviour. Hence, the main entities with which an agent is
concerned are goals, actions and knowledge (which in-
clude facts, beliefs, rules, laws, theories and values).

The principle of rationality, the law of behaviour at the
knowledge level by Newell (1981), says that actions are
selected to attain the agent’s goals. The Principle of
Rationality (PR) states that:

If an agent has knowledge that one of its actions will
lead to one of its goals then the agent will select that ac-
tion.

The weakness with PR is that it makes the assumption
that the agent has the requisite knowledge and that a
particular action will lead to the desired goal. In general an
agent may possess incomplete or partial knowledge con-
cerning the appropriate action to take in response to the
goal. The capacity of the agent to take appropriate action
(i.e. make a rational choice) is dependent on the tacit
knowledge (i.e. experiential knowledge) of the design
agent and explicit knowledge (see Sect. 2.3.1). Thus, a
better characterisation of the behaviour of an agent is
expressed by the Principle of Bounded Rationality (PBR)
(Simon 1982) which states that:

Given a goal, an agent may not possess perfect or
complete knowledge of, or be able to economically com-
pute or access, the correct action (or sequence of actions)
that will lead to the attainment of the goal.

So ideally, an agent’s behaviour at the knowledge level
is governed by PR. But in reality, in the context of design,
it is constrained by PBR. Thus, it is reasonable to suggest
that any design activity the design agent chooses in order
to attain the design goal represents a hypothesis that the
action(s) may lead to some design solution. In the process
the design agent overcomes the lack of knowledge of the
design problem by learning from the result of the action
taken. The learning process leads to an updating of the

design knowledge on the part of the agent; this is referred
to as a knowledge change of the designer in this paper.

Smithers and Troxell (1990) view design as a process of
identifying incompleteness, inconsistency, imprecision,
ambiguity and impossibility in requirements statements,
modifying and refining these to well-formed problem
statements from which to generate good solutions. Hence,
designing as a problem-solving process can be abstracted
at Newell’s knowledge level as a knowledge process. The
definition of design activity by Hubka, Eder and Gero is
based on the state of information of the design. Here the
definition of a design activity is seen as a knowledge
process in which rational action is taken by the design
agent to achieve a design goal. Hence, in this paper, a
design activity is defined as follows:

A design activity is a rational action taken by a design
agent to achieve a knowledge change of the design and/or
its associated process (i.e. sequence of actions) in order to
achieve some design goal.

2.3

A concept for generic design activity

By defining a design activity at the knowledge level, the
input and output to the activity are basically design
knowledge that can be represented by some symbolic
structures which we shall refer to as input knowledge and
output knowledge, respectively. The input knowledge to
the design activity is influenced by the agent’s perception
of the design context. The input knowledge is also influ-
enced by the tacit and explicit domain knowledge of the
design agent. Subject to the PBR, a goal prompts an action
that entails the selection of relevant tacit and explicit do-
main knowledge of the design agent. The output of a de-
sign activity may be some symbolic structure believed by
the design agent to represent a solution (or a partial
solution) to the original goal. However, because the design
agent is governed by the PBR, no such solution may be
produced; instead, a new (possibly more tractable) goal
results. This output goal prompts a new design activity to
be invoked and so the design process proceeds. In general,
a design goal may cause several design activities to be
performed in sequence, or in parallel. The process termi-
nates when the original design goal is achieved or there is
no further action being performed by the agent. Hence, the
basic elements of a design activity may consist of:

Existing design knowledge as input knowledge, Ix
Design activity, A,

Design goal, G,

Output knowledge, Oy

It is suggested that the basic elements of designing may
be related as shown in Fig. 1. In this figure, the design
agent’s knowledge and the design goal serve as input to a
design activity that results in a design solution that may
satisfy some design goal. The design agent’s knowledge
consists of the tacit and explicit domain knowledge and
knowledge of the current design context. The general goal
of the design activity is to deal with the complexity of the
design problem until a design solution(s) is finally
achieved.
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Fig. 1. Formalism for a design activity

2.3.1

Input knowledge

The input knowledge can be categorised into tacit and
explicit knowledge (Nonaka and Takeuchi 1995). Tacit
knowledge is personal, context-specific and therefore hard
to formalise and communicate. In general, there are three
types of tacit knowledge which broadly can be classified as
declarative knowledge (know what), procedural knowledge
(know how) and causal knowledge (know why). In the
domain of engineering design, the three types of knowl-
edge have been commonly referred to as design object
knowledge, design process knowledge and design rationale
knowledge, respectively. Collectively, it is also known as
experiential knowledge. Explicit or “codified” knowledge,
on the other hand, refers to knowledge that is transmit-
table in formal, systematic language. This would include
scientific and technological knowledge. Whilst the concept
of knowledge at Newell’s knowledge level was just one
undifferentiated body, the concept of knowledge adopted
here is similar to that of Smithers (1998); that is, knowl-
edge can be differentiated and structured into different
types for different design activities.

2.3.2

Goal of design activity

The design problem has been described as a goal-directed
(Dym 1995) or a goal-oriented process (Fricke 1996), al-
though the initial goals are not well-defined (Smithers and
Troxell 1990). The goals can be specified or derived.
Specified goals are goals inferred from the design
requirements that must be complied with. Derived goals
are goals invoked in the course of the design process. This
may lead to a goal sub-goal hierarchical relationship. For
example, the goal of a decision-making activity may be to
select the optimal design concept. Before a decision can be
taken, there is a need to perform an evaluation of these
concepts. This gives rise to the sub-goal of evaluating the
various concepts based on a set of criteria. Here the goal of
the design activity will be influenced by the nature of the
activity being considered. The nature and description of
the goal for each of the activities are given in the
description of each activity (see Sects. 4, 5 and 6).
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Output knowledge

The output knowledge, Oy, from the design activity stems
from the application of the appropriate activity based
upon the input knowledge, to enable the design to progress
towards the design goal and hence towards the ultimate
goal, the design solution. The output of each design
activity therefore contributes to a change in the knowledge

of the design. As such, the design agent acquires additional
knowledge of the design. With the acquired knowledge the
design agent may act rationally or competently by invok-
ing the next activity that may bring the design nearer to
the final solution. The nature of the output knowledge is
therefore dependent on the design activity and the evolv-
ing design solution. The nature and description of the
output knowledge is given in the description of each
activity (see Sects. 4, 5 and 6).

3

Identification and classification of design activities

The notion of the existence of generic design activities is
derived from the study of four sources that describe the
activities of designing. They are:

(a) Different systematic models of various design pro-
cesses: engineering design (Hubka 1982; Pahl and
Beitz 1996), product design (Pugh 1991; Suh 1990;
Ulrich and Eppinger 1995), mechanical design
(Ullman 1992).

(b) Conference and journal papers that provide a
repository of knowledge relating to design activities
and design research.

(c) Protocol analysis of design experiments in different
design domains: architectural design (Chan 1990),
mechanical design (Stauffer et al. 1987; Stauffer and
Ullman 1988; Ullman et al. 1988; Takeda et al. 1990;
Visser 1992).

(d) Case studies of large complex electromechanical
artefacts (Crabtree et al. 1997).

Table 1 shows a list of generic design activities identi-
fied from (a) and (b). This list has been further corrobo-
rated by (c) and (d) so that a consistent and coherent
meaning for each activity was established (see Sects. 4, 5
and 6 for details). Although the nature of design problems
in the domains represented may be different, each of the
activities identified has characteristics typical of that
activity. Each identified activity is considered generic be-
cause it is identified from (a), which represented different
and varied design domains and diverse sources of pub-
lished works in design research. Furthermore, by having a
consistent and coherent definition of what the specific
activities are to achieve, it is reasonable to suggest that
design activities identified are generic design activities.

3.1

Categories of design activities

The first category of design activities considered here deals
with the design problem. Design problems have been
considered as complex problems to solve (Lewis et al.
2001). Simon (1970) describes the complexity of design
problem as being ill-structured because of the lack of
knowledge or ignorance on the part of the designer. As the
designer learns, the problem that was initially ill-struc-
tured becomes well-structured through the process of
decomposition of the problem into sub-problems. To
Rittel and Webber (1973), problem formulations are con-
sidered “wicked” in that they are often solution depen-
dent; it is difficult to formulate a problem statement
without being implicitly or explicitly influenced by the
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Table 1. Identification and classification of generic design activities from sources on design processes

Design activity Hubka (1982) Pahl & Beitz (1996)

Pugh (1991)

Suh (1990) Ullman (1992) Ulrich & Eppinger (1995)

Design definition activities (function to form/structure)
Abstracting
Associating
Composing
Decomposing
Defining

Detailing

Generating
Standardising
Structuring/integrating
Synthesising

SRS KX 1«
AN N N N N N N

AN

Design evaluation activities (form/structure to behaviour/effects)
Analysing v
Decision making v
Evaluating 5
Modelling

Selecting v
Simulating v
Testing/experimenting v

Design management activities
Constraining
Exploring

Identifying
Information gathering
Planning

Prioritising

Resolving

Searching

Selecting

Scheduling

AN
SN X X KKK\«

AN
AN

4 4
4
4 4 4
4 4
4
4 4 4 4
4 4
4
4 v 4 4
4 v 4 4
4 4 4
4 4 4 4
v v
4 4
4
v v
4
4 v
v v v
4
4 4
4 4 4
v

solution. Wicked problems (including design problems)
are defined by a number of characteristics. Unlike ill-
structured problems that become well-structured with
decomposition, wicked problems have no definitive or
exhaustive formulation. Schon (1987) contends that
designers overcome problem formulation through a pro-
cess of framing and reframing the problem. The process of
framing and reframing is the designers’ decision con-
cerning what the problem is. Logan and Smithers (1990)
conclude that the fundamental objective in design is
therefore to understand the structure of the problem, with
a major part of the effort in design directed at structuring
problems and only a fraction of this effort directed at
solving them once they are structured. The different views
of what constitute design problems and how they ought to
be solved suggest that the designers are preoccupied with
the issue of how a design problem can be re-defined so
that it can lead to some potential solution. Underlying the
different views on how the design problem is reformulated
so that it is more amenable to a solution is the notion of
exploring and understanding the problem (i.e. learning);
that is, knowledge is gained of the design situation. It is
reasonable to suggest that there is a category of design
activities that designers engage in that will lead to an
increasingly clearer definition of the evolving design. This
category of activities is called design definition activities.
The second category of activities deals with the po-
tential design solutions. These activities are concerned

with the analysis and evaluation of the potential solutions
in satisfying the design requirements. Maffin (1998) ob-
served that the different models of engineering design
adopt either the problem-focused approach or the prod-
uct-focused approach in characterising the sequence in
which the design stages and activities are planned or
executed. The problem-focused approach concentrates
initially on analysis of the problem followed by a sys-
tematic concretisation process, during which a number of
possible solutions are generated and progressively evalu-
ated and refined in order to converge to the best solution.
The product-focused approach is characterised by the use
of solution conjectures to generate a solution concept so as
to gain further insights and improve the definition of the
problem. Further analysis and evaluation steps lead to
refinement and development of the solution. The common
phase that the evolving design solution(s) is subjected to
in both approaches is the analysis and evaluation of the
solution(s). Hence, there exists a category of design
activities that analyses and evaluates the performance of
design solutions against some criteria. This category of
design activities is called design analysis and evaluation
activities or design evaluation activities.

The third category of activities to be considered deals
with the interrelationship between activities in the design
process. Designers need to be able to influence a design
process by strategic considerations (Brazier et al. 1998).
Expert knowledge and experience play a role in the
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selection of a strategy. There are many different kinds of
strategy in use at all of the different levels in an organi-
sation, and at different levels of details in its processes
(Fentem et al. 1998). Strategic knowledge is a basis for
expertise in domains where the management of problem
solving depends on the choice of actions to be taken. This
choice is problematic and, therefore, a matter of consid-
erable human expertise (Candy 1998). It is the knowledge
that enables the formation of strategies; plans of action
determining what kinds of knowledge and tactics should
be employed in different problem contexts. Given this,
there exists a category of design activities that govern the
choices of actions taken by designers to manage the pro-
gress of the design process. This category of activities is
called design management activities. So, the criteria for
classifying the category of activities is based on the
knowledge gained in the management of the design pro-
cess.

In summary, the generic design activities identified are
classified into three categories as follows:

- Design definition activities: these activities seek
to manage the complexity of the evolving design while
increasingly defining it, until it has all the details
required for production.

- Design evaluation activities: these activities seek
to analyse and evaluate the feasibility of potential design
solutions and, by discarding infeasible solutions, reduce
the design solution space.

- Design management activities: these activities seek to
manage the complexity of co-ordinating activities re-
lated to an evolving design and its process.

4

Design definition activities

The apex of the design definition activities is synthesis.

Synthesis is considered here as a compound activity as it

involves search, exploration and discovery of design

solutions, and composition and integration of these solu-

tions. To Hall (1995), the building blocks of synthesis are

parts, aggregation, connection, integration and system.
Figure 2 presents a taxonomy of design definition

activities in which synthesising is the result of abstracting

Abstract SYNTHESISING Concrete
Undetailed Attribute
values
S N
Y Abstracting | Associating Defining @
T
H
g Generating | Composing Detailing
|
S
I Decomposing| Structuring Standardising v
N Structure
G
Detailed
Artefact’s
attributes

Fig. 2. Taxonomy of design definition activities

and generating design concept(s) and structuring concepts
to form a whole. Figure 2 is adapted from the graphical
model of Andreasen (1991) and Hansen and Andreasen
(2002) which has two axes labelled as abstract/concrete
and undetailed/detailed. Along the axis undetailed/detailed
the number of a design’s characteristics or attributes vary.
Along the axis abstract/concrete the number of the char-
acteristics that have been given a value vary. Hence syn-
thesising is shown as a compound activity comprising the
activities shown in the figure, transforming ideas/
abstractions initially represented by its function(s) into a
concrete entity represented by its structure. The activity of
generating is supported by decomposing known solutions,
associating ideas/concepts and composing them into
overall design concept(s). Feasible design, initially unde-
tailed, becomes detailed and concrete through activities
such as defining, detailing and/or standardising. Synthes-
ising is considered to be the conglomeration of the design
definition activities and hence will be described first fol-
lowed by the other activities. Using the concept of a gen-
eric design activity, each activity is described in terms of
the knowledge input into the activity, the design goal and
the knowledge output as a result of that activity.

4.1

Synthesising

Several researchers (Alberts 1993; Flemming et al. 1992;
Ivezic and Garrett 1994) have described synthesis as a
mapping of dependencies between function, behaviour
and form. But synthesis is more than just a mapping of
dependencies. Pahl and Beitz (1996) describe synthesis as
putting together of parts or elements to produce new ef-
fects and to demonstrate that these effects create an overall
order. Synthesis as a design activity entails configuring
entities of a domain to construct a realisable system
structure that satisfies design requirements (Kannapan
and Marshek 1996). Synthesis when applied to the
designing of artificial products or systems entails the
integration of parts/systems such that the physical laws of
the domains involved when acting together in a given
environment give rise to a desired behaviour and perfor-
mance. Hall (1995), in his book entitled The Age of Syn-
thesis, states: “All of these systems', whether small or
large, involve complexity, interconnectivity, interfacing
and integration that are the handmaidens of synthesis.”

The primary aim of the synthesis activity is to integrate
concepts or parts into a whole (components to assembly/
sub-system, sub-systems into systems) so that the desired
function of the design is achieved. Tomiyama et al. (2000),
on the other hand, view synthesis as an abductive process
where entities and their properties are determined to fulfill
the desired function (Tomiyama, 2000). In short, as
Roozenburg and Eekels (1995) put it, synthesis is aimed at
the totality of the entity to be designed, not only for a
specific aspect.

In mechanical design, synthesis is seen as a systematic
construction of designs based on generic elements.
According to Hansen (1995), synthesis of a design from
generic elements given a required function consists of:

! Referring to inanimate objects made by human beings.
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Table 2. Synthesising—details of the elements of the design activity and knowledge change

Goal of design activity G4 Input knowledge I,

Knowledge output O Knowledge change

‘Totality in the
design of product

‘Knowledge of function to
behaviour to structure mapping
‘Knowledge of different
level of abstractions
‘Knowledge of the appropriate
representation of abstractions
‘Knowledge of relevant domains
for different aspects of product

‘Knowledge of the design ‘A final design that satisfies

space all the design requirements
‘Knowledge of product expressed in some design
configuration documents detailing all aspects

Knowledge of relationships
of design properties
‘Knowledge of integrating
physical building blocks

of the design for manufacture

- Decomposition of the function into sub-functions.

- Finding (assemblies of) elements that can perform these
sub-functions (concept generation).

- Combining these (assemblies of) elements into a more
complex assembly that implements the total function
(concept combination).

The synthesis process iterates through these steps,
which are interleaved with evaluations and the corre-
sponding adjustments to the resulting design descriptions
(see Table 2).

Methods to aid designers in the synthesis activity at
different levels of abstraction have been developed by
various researchers. These methods are amenable to be
developed into computer software to enhance the capa-
bility of design support systems. These methods include
schematic synthesis by Ulrich and Seering (1989) and
functional synthesis by Chakrabarti and Bligh (1994).

Describing designs in terms of schematics has been a
common practice in various domains of design (e.g.
pneumatic circuit design, hydraulic circuit design, elec-
trical circuit design, piping circuit design). Generating a
schematic description in response to a specification of
desired device behaviour is schematic synthesis. Once the
schematic description is right, the synthesis of an efficient
physical implementation can proceed. For example, in an
electrical network, synthesis is defined as the problem of
constructing a network of basic electrical elements in such
a way that the resulting behaviour includes the particular
function that the network must perform.

Design for X (DFX) is considered as a method in the
activity of synthesising in which the designer integrates
desirable features and properties in the design throughout
the design process. DFX can be generally defined as a
knowledge-based approach that attempts to design prod-
ucts that maximise all desirable characteristics—such as
high quality, reliability, serviceability, safety, user friend-
liness, environmental friendliness, short time-to-mar-
ket—in a product design while at the same time
minimising lifetime costs, including manufacturing costs
(Bralla 1996).

4.2

Abstracting

Abstracting as a generic design activity is to ignore what is
particular or incidental and emphasise what is general and
essential (Pahl and Beitz 1996). Pahl and Beitz consider
abstracting as an activity to find higher-level interrela-
tionships (i.e. which are more generic and comprehen-
sive). To Hoover et al. (1991): “Abstractions are more than

simplifications of behaviour and form; they are the result
of cognitive decisions to ignore classes of behaviour and
portions of the design object. Useful abstractions must
capture the important relations between behaviour and
form to enable designers to make good design refine-
ments.” As a result, designers use abstractions and models
to focus on various characteristics of a design and to
simplify the complex relationships between function and
form, and form and behaviour. The most useful abstrac-
tions are those which enable a designer to understand and
predict the relationship between a required behaviour and
the physical attributes of the design object. Both Ullman
et al. (1988) and Goel and Pirolli (1989) have hypothesised
that abstractions are required because of cognitive limi-
tations and problem complexity. Therefore, the goal of this
activity is to simplify the complexity of the design object
(Pahl and Beitz 1996).

Designers use various kinds of abstraction during the
evolution of the design. In the conceptual stage, the
abstraction could well be just sketches, diagrams or data
structures. In the analysis stage, the abstraction can be in
terms of some models such as geometric, finite-element or
flow models. It is therefore not surprising that the use of
abstractions has been documented in the protocol analyses
of various design processes (Chan 1990; Ullman et al. 1988;
Takeda et al. 1990). Here, a distinction is made between
abstraction, models and their related design activities
(i.e. abstracting and modelling). Abstraction is seen as a
means by which designers generate design solutions.
Models serve as a more well-defined and compact repre-
sentation of the abstraction (Barzel 1992) by which
designers communicate, control and predict the perfor-
mance of the design solution. Hence, the input knowledge
to the activity is the types of abstractions typical of that
domain and the output knowledge is an appropriate
description of the design object using particular abstrac-
tion(s). The knowledge change is a simplified definition of
the design object.

In summary, Table 3 shows the input knowledge, the
output knowledge, the goal of the desi%n activity of
abstraction and the knowledge change.

43

Generating

Generating concepts or concept generation is a generic
design activity to satisfy functional requirements that are

% Similar statements will not be made for remaining design
activities.
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Table 3. Abstracting—details of the elements of the activity and knowledge change

Goal of design activity G4

Input knowledge I

Knowledge output Oy

Knowledge change

‘To simplify the complexity
of design object

‘Types of abstraction

-‘Domain knowledge

-Appropriate abstractions
of design object

(e.g. sketches, schematics)

‘Knowledge abstraction(s)
that depict useful relationships
of the evolving design concept(s)

Table 4. Generating

Goal of design activity G4

Input knowledge I

Knowledge output Oy

Knowledge change

‘Generate solutions principle(s)/
component(s) that satisfy
function hierarchy

‘Generate solutions principle(s)/
component(s) that satisfy
function hierarchy and the
solution principles

-Generate solutions principle(s)/
component(s) that satisfy
function hierarchy

-Generate design solutions
using causal reasoning
‘Investigate concepts based
on new scientific discovery/

‘Knowledge of function/
sub-function hierarchy
‘Design catalogues which map
function to solution principle
component
‘Knowledge of function to
solution principle mapping/
structural building block
‘Knowledge of function/sub-
function decomposition

‘Knowledge of function to design

parameters to structural forms
‘Knowledge of mapping between

function and physical hierarchies
‘Knowledge of causal relationship

between function and behaviour

-‘Knowledge of rules of combination

‘Knowledge of embodiments

-‘Examples of knowledge
of function to solution
principle/component

mapping

‘Knowledge of
F - WP = §

‘Knowledge
of F —» DP

-Specific qualitative
causal and relational
knowledge of concepts
in terms of

‘A mapping of function/
sub-function hierarchy to
solution principle/component
for a given design problem

‘A mapping from function to
working principles to structure

‘A mapping from function to
design parameters
to structural forms

‘A mapping from function to
behaviour to structural forms

to explain the causal relationships

among them

technology

F > B —> S
mapping(s)

usually derived from customer requirements or a per-
ceived need. The design activity closely associated with
concept generation is concept association and/or concept
combination. Concept generation is therefore a com-
pound design activity in that it is composed of the
activities of generating and composing or combining
design concepts. Individual concepts are generated for
each function in the function sub-function hierarchy. To
derive the design solution(s), these concepts must be
combined into a single design solution. This may result
in many possible design solutions. The goal of generating
many potential concepts is to satisfy specific sub-func-
tional requirements, while the aim of combining these
individual concepts is to fulfill the overall functional
requirement.

As the information available in concept generation is
limited, inexact and incomplete, the concepts generated
are usually described qualitatively rather than quantita-
tively. Concept generation involves any one of the fol-
lowing transformations:

(i)  The process of mapping function (F) to structure (S)
(i.e. F — S mapping) for routine designs through
the use of a morphological matrix or chart (Rooz-
enburg and Eekels 1995; Pahl and Beitz 1996).

(ii) The mapping of function to structure via different

“working principles” (physical principles and phe-

nomena) advocated by Freeman and Newell (1971),

Kota and Lee (1990) and Pahl and Beitz (1996).

The mapping from function requirements (F) to

design parameters (DP) as advocated by Suh (1990).

(iii)

(iv) The mapping of function (F) to behavior (B) to
structure (S) (i.e. F — B — S mapping) for non-
routine designs advocated by Welch and Dixon
(1994), Bozzo and Fenves (1994) and Qian and Gero
(1996).

Prior to concept generation, the functional require-
ment(s) expressed in the form of a functional structure or
hierarchy is obtained through the function decomposition
activity. The input knowledge to the concept generation
is expressed in terms of function requirements. Through
the various transformations it can be seen that the activity
of concept generation increases the knowledge of the
design in terms of mapping between function, behaviour
and structure, in terms of the definition of the working
principles, or the design structure expressed in terms of
form or design parameters (see Table 4).

44

Decomposing

Decomposing is a common problem-solving activity
whereby a complex problem and/or object is solved by
first breaking (i.e. decomposing) it into a set of smaller
problems of lower complexity that can be easily handled
(Pimmler and Eppinger 1994). Thus, it can be defined as a
process that breaks down a task/problem/object into a set
of independent entities. In general, the activity of
decomposing can be applied to the design process or the
design problem to reduce their complexity. Decomposing
itself increases complexity through adding greater
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detail, parts and interrelationships. But, for the design

of complex products involving hundreds or thousands of
parts or components, the complexity of the design prob-
lem is simplified by decomposing through focussing upon
the decomposed element (Duffy et al. 1995; Persidis 1989).
The advantage of process decomposing is that it reduces
the complexity of the process (Kusiak 1999). For the
discussion on process decomposition into tasks and sub-
tasks, see task decomposition in Sect. 6.8.

Researchers in design have identified different types of
decomposition to address different types of design prob-
lems or perspectives faced by designers. However, they
may have used different descriptions to refer to the same
concept of decomposition. For example, structural
decomposition (Kusiak 1999) or object decomposition
(Challa and Fadel 1995) refers to decomposition of the
product (or system) into assemblies, sub-assemblies and
parts to show the dependencies between assemblies, sub-
assemblies and parts. If the product is a repeat or a variant
design, structural decomposition of existing similar
products will expedite the design process especially for
complex products involving hundreds/thousands of parts/
components, sub-systems and systems.

Unlike structural decomposition, decomposition by
product modularity (Kusiak 1999) is based on the inde-
pendence of components making up the product. It ex-
ploits the independence between physical components of
the product to promote standardisation and interchange-
ability. Another type of modular decomposition known as
aspect decomposition (Challa and Fadel 1995) deals with
the decomposition of a problem into the various aspects of
knowledge or disciplines involved (e.g. mechanical, elec-
trical and software).

Most systematic design processes (Suh 1990; Ulrich and
Eppinger 1995; Pahl and Beitz 1996) use decomposition by
function as a basis for developing the design without ref-
erence to existing or known designs. Function-oriented
decomposition relies on the notion that a design has a
main function that can be broken down into its constituent
sub-functions (Hansen 1995; Pahl and Beitz 1996). The
purpose is to identify the necessary supplementary func-
tions to achieve the functionality of the composite system.
Pahl and Beitz (1996), Ullman (1992) and Ulrich and
Eppinger (1995) advocate functional decomposition based
on the understanding of the design problem in terms of
the flow of types of energy, material and information. To
Hubka (1982), function-oriented decomposition of a
mechanical system is based on the law of Hubka which

Table 5. Decomposing

states that there exist causal relationships between func-
tions and means in which functions are achieved by means
or working principle(s) to derive a function-means tree.
Suh’s concept of functional decomposition relies on the
mapping of functional requirements (FRs) to design
parameters (DPs) (Suh 1990). To satisfy these FRs, a
physical embodiment characterised in terms of DPs must
be derived. Therefore, decomposition is seen as a mapping
process from the functional space to the physical space
such that both FRs and DPs can be decomposed into a
functional hierarchy and physical hierarchy, respectively
(see Table 5).

4.5

Associating

Designers relate ideas and concepts through the cognitive
activity of associating. Associating groups related ideas
together, giving rise to a perception which usually re-
mains fixed unless being revised by subsequent activity
(Ash 1949). Association theories consider association as a
process within which links (associations) between con-
tents of thought are established (Roozenburg and Eekels
1995). For example, a picture comprising a round shape
and a red colour is first registered and then associated
with the concept of a tomato. This hypothesis was sup-
ported by Ash (1949) from his observations that the
formation of pictures is responsible for the construction
of the image by perception. Links that are new or novel
are considered as indications of the designer’s creativity.
Thus, the goal of associating is to generate novel ideas
and concepts through association of concepts and their
links.

A well-known method to generate a flood of ideas and
concepts through associating is brainstorming (Osborn
1963). Brainstorming stimulates the production of
strongly divergent associations by encouraging a number
of people to work together in a certain way (Roozenburg
and Eekels 1995). The input knowledge is methods of
generating ideas and domain knowledge, and the output
knowledge is a pool of ideas and concepts that can be
associated with one another. The knowledge change is the
novel way in which ideas or concepts can be linked that
were not envisaged before (see Table 6). So, although
associating leads to an apparent increase in complexity in
the number of ideas or concepts generated, it neverthe-
less seeks to advance the design problem a step nearer to
the design solution through the concepts defined by
associating.

Goal of design activity Gy Input knowledge I

Knowledge output Oy

Knowledge change

‘Knowledge of product
structure or product
modularity

-Existing similar product
structure in terms of part/
sub-part relationship,
system/sub-system relationship
‘Knowledge of function
requirements
-Existing knowledge
of function means mapping,
function component mapping.

‘Knowledge of functional
requirements to design
solutions

-Specific taxonomy of new
design in terms of system/
sub-system part/sub-part
dependencies or independence
-Specific taxonomy of
complex function in terms

of sub-functions mapping,
function means mapping,
function component mapping

‘Knowledge of part/
sub-part or system/
sub-system hierarchy
of a product

‘Knowledge of overall function

in terms of sub-function
mappings, function
component mapping
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Table 6. Associating

Goal of design activity G4 Input knowledge I,

Knowledge output O Knowledge change

‘Generate novel or
new ideas/concepts
through association
of ideas/concepts

‘Domain knowledge
‘Methods for generating ideas
(e.g. brainstorming, Gallery method)

‘Ideas, concepts and
their links

-‘Knowledge of novel ways
in which ideas/concepts are linked

Table 7. Composing

Goal of design activity G, Input knowledge I

Knowledge output Oy Knowledge change

-Combine ideas/concepts
through association of ideas/
concepts that satisfy overall function

-‘Domain knowledge

-Combination tables,
function modules

-Concepts or modules
that satisfy the overall
functions

Knowledge of function to
means structure
‘Modular architecture

Table 8. Structuring

Goal of design activity G4 Input knowledge I

Knowledge output O Knowledge change

-Optimal product architecture
that minimises the complexity
of co-ordination required to
develop the total product/

‘Knowledge of interfaces/
interactions between
parts, systems
‘Knowledge of specifications

‘Knowledge of product
architecture in terms of
chunks and their interactions
‘Reasons for fundamental
and incidental interactions

‘Knowledge grouping
system to system interactions
based on system similarity or

functional dependency

system components/parts,
systems of the product

4.6

Composing

Combining or composing design concepts or modules into
complete conceptual design (Ullman 1992) or modular
products (Pahl and Beitz 1996) is an important sub-
activity of concept generation. When used in conjunction
with combination tables, the space of solutions concepts
can be explored systematically and suitable combination
or composition of working principles or concepts satisfy-
ing certain functional requirements can be achieved (Pahl
and Beitz 1996). The key issue to resolve in such compo-
sitions is the need to satisfy physical and geometrical
compatibility that in turn ensures the smooth flow of
energy, material and signals (see Table 7).

4.7

Structuring/integrating

A product can be described in terms of functional and
physical elements (Baya and Leifer 1996). Functional ele-
ments are usually described in schematic form before
implementing them in specific technologies, components
or physical working principles. The physical elements
(i.e. parts, components and sub-assemblies) that ulti-
mately implement the product’s functions are typically
organised into several major physical building blocks
called chunks or modules (Hansen 1995). Hansen views
chunks as more easily designed than a composite artefact
because of their lower complexity. Because these chunks
could interact with one another in many ways, to facilitate
integration Ulrich and Eppinger (1995) identify two cate-
gories of interaction between chunks, namely fundamental
and incidental interactions. Fundamental interactions are

explicitly represented by the schematic showing the clus-
tering of elements into chunks. Incidental interactions are
due to the geometric arrangement of the chunks. By
identifying chunks with high interactions early in the de-
sign process, a design team can choose an architecture that
minimises the complexity of the co-ordination and com-
munication required to develop the system (see Table 8).
Pimmler and Eppinger (1994) present a methodology to
cluster functional elements into chunks based on the
quantification of interactions between the elements.
Knowledge of the incidental interactions can be docu-
mented using schematic and interaction graphs or matri-
ces (Ulrich and Eppinger 1995).

4.8

Detailing

Detailing evolves a design that meets the functional
requirement to be more specific. It leads to a design pre-
pared for production in that the arrangement (i.e. system
sub-system structure, part structure and all the parts),
form dimensions and tolerances, material and surface
properties of all the individual parts are finally specified,
and all the drawing and production documents produced
(Pahl and Beitz 1996). The eventual output from detailing
is the complete manufacturing information; typically detail
drawings, part lists and instructions for assembly, testing,
adjustment, maintenance etc. (Hubka and Eder 1996).
Pugh (1991) points to the importance of good and sound
detail design in relation to good and sound conceptual
design. This is because a poor or indifferent detail design
can ruin a good, even brilliant concept; conversely, bril-
liant detail design will never rescue a poor or ill-conceived
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Table 9. Detailing

Goal of design activity G4 Input knowledge I,

Knowledge output O Knowledge change

‘Remove all ambiguity and
uncertainty related to the
manufacture and assembly
of the design

‘Domain knowledge relating
to the manufacturing,
assembly and testing of product
‘Design requirements

‘Detail drawings in terms
of part structure

‘Knowledge of the design
expressed in drawings or
documentation for
‘Documentation (e.g. design manufacture, testing, etc.

specification, assembly

procedure, etc.)

Table 10. Defining

Goal of design activity G, Input knowledge I

Knowledge output Oy Knowledge change

‘Definitive decisions
representing milestones

in the design process that
have influence on downstream
activities

-Summary of design decisions
made at the end of design
iterations or milestones
in the design process

‘Knowledge of design requirements

-Various statements of
specifications (e.g. specification
of requirements, product
specification, interface
specification, bill of materials)

-Specifications that
satisfy design requirements

concept. Hence, detailing as an activity evolves a design
concept until a final detail design is achieved.

In general, the goal of the detailing activity is to remove
ambiguity and uncertainty in the interpretation of the
product description to facilitate the manufacturing and
testing of the product. Typically, this requires the input
domain knowledge relating to manufacturing, assembly and
testing of the product that satisfies the design requirements.
This results in the output knowledge of the product ex-
pressed in detail drawings and documentation specifying
procedures for assembly, testing, etc. (see Table 9).

4.9

Defining

Defining is a generic activity used throughout the design
process (Thomson 1996); from defining the purpose of the
artefact, the design problem, design speciﬁcation3 and
design tasks, to the details of defining relationships of
concepts/components, and dimensions of design objects.
The outcome of this activity provides information for
downstream design activities and ultimately for creating
the desired artefact (Thomson 1996). But defining is often
preceded by analysis and evaluation. For example, in order
to define the design specification, customer surveys may
be analysed and evaluated. In defining which size and type
of structural member to use, strength analysis is per-
formed to derive the required moduli and different
structural sections evaluated.

The goal of defining is to make definitive statements or
descriptions of the design so as to remove uncertainty
(i.e. vagueness, imprecision and incompleteness) in the
description. The commitment ensures that other down-
stream activities can be pursued. The input knowledge is
dependent on the current description of the design. For
example, it may be a commitment to comply with a par-
ticular regulation or international standards or to specify
the use of a material in the design. The output knowledge

> Other terms used are performance specification, product design
specification, design requirements, engineering specification.

is various statements of specifications relating to the de-
sign. This results in reducing or removing uncertainty in
the description of the design (see Table 10).

4.10

Standardising

Standardising is a special kind of selecting activity that is
peculiar to the detail design phase and may be considered
as one of the design strategies in an organisation. The
choice is guided by the principle of uniformity provided
functional and performance requirements are satisfied.
Designers should attempt to utilise as many of the existing
parts and components as possible in the design to promote
uniformity. Ulrich and Eppinger (1995) refer to this as
internal standardisation. External standardisation occurs
when designer(s) use externally supplied component(s)
and part(s) that are commonly used by manufacturers of
similar product lines. This will lead to standardisation of
manufacturing and assembly processes. Standardisation
has many advantages. Bralla (1996) lists benefits such as
elimination of development costs of new components,
reduced start-up costs of equipment and machinery, re-
duced lead time, reduced tooling costs (since tools are
already available from previous manufacture of similar
parts) and higher production quantities leading to econ-
omies of scale. Just-in-time arrangements are made easier
due to larger usage quantity and reduction in number of
parts/components.

Standardising can be considered as a sub-activity of
detailing in that it seeks to define the details of a design
through the principle of uniformity in order to minimise
manufacturing time and cost. Hence, it is considered as a
design definition activity. Given the detail design of the
product and the knowledge of catalogues of standard
components and parts as the input knowledge, standar-
dising will result in output knowledge of standard com-
ponents and parts selected and the rationale for the choice
(see Table 11). Through standardising the complexity in
terms of number of parts and components used will be
reduced, especially for large engineering projects.



S.K. Sim, A.H.B. Duffy: Towards an ontology of generic engineering design activities

Table 11. Standardising

Goal of design activity G, Input knowledge I

Knowledge output Oy Knowledge change

‘Reduce complexity in terms
of the number of components
and parts used in the design
‘Minimise manufacturing time
and cost of products

‘Knowledge of detail design
of the product

‘Knowledge of specifications
of components/
parts of the product
‘Knowledge of classes of
standard components

‘A set of standard
components selected

‘Knowledge of nature
of the standardisation and
the basis for it (i.e. standardisation
-Criteria or explanation based on similarity)

for the standardisation

5

Design evaluation activities

The aim of design evaluation activities in general is to
reduce the complexity of the design solution space.
Through activities such as evaluating and decision mak-
ing, infeasible or less optimal solutions are ruled out,
hence leading to a reduction in the search space of the
design solution. The design evaluation activities are re-
lated as shown in Fig. 3. Decision making is a compound
activity that involves the activity of evaluating alternatives
and the act of choosing one or more alternatives (i.e.
selecting) based on some design criteria. Modelling and
simulating are activities used to represent the design
solutions in terms of their function and/or structure so
that their performance in terms of behaviour can be
analysed, evaluated through testing in a real world of full-
size or scale models, or simulated in possible worlds. The
arrows indicate the typical sequence of the activities.

5.1

Decision making

Eekels (1990) defines decision making as an activity of
choosing among a number of alternative possibilities.
There are two basic types of design decisions. The first
type is process oriented; that is, the decisions are made to
advance the design. The second type is product oriented;
that is, decisions are made to effect changes to the state of
the design.

Throughout a decision-making process, the designer
identifies issues, establishes criteria and provides evalua-
tion statements, until an explicit decision is made to
proceed with a particular alternative. Dwarakanath and
Wallace (1995) observe that many decisions taken were
determined by a single dominating factor*. This factor
(real or imaginary) has to be identified to understand the
influences that affect the decision-making chain. They
identify two main types of decision-making process. In the
first type, several alternatives are generated and compared
against a set of criteria to arrive at a decision. This type of
parallel comparison of alternatives was observed only in
the early phase of the design process. In the second type of
decision making, an alternative was evaluated as and when
it was generated, which was subsequently modified or a

* In a design experiment (Delft Protocol Workshop), a spherical
ball was identified as a potential design solution with many
advantages. But the designer repeatedly returned to the apparent
difficulty of manufacturing a spherical ball and this totally
dominated the decision to reject this alternative.
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Fig. 3. Design evaluation activities and their relationships

new alternative generated. This was a strongly coupled
process of generate and evaluate.

Good progress towards the design goal occurs when
design agent(s) make quality design decisions and act
upon them. Quality decisions are those that minimise
uncertainty in the design process and are crucial to the
success of the design project (Starkey 1992). These deci-
sions have effects that have far-reaching consequences in
that they predetermine many of the constraints that will be
placed upon future decisions, as yet unmade. Starkey
called these fundamental decisions, from which large
numbers of dependent, relatively less important decisions
(called intermediates) may spring forth. Following these
intermediate decisions will come a vast quantity of almost
unimportant decisions, each springing from decisions al-
ready made. Fundamental decisions can be identified as
those that are irretrievable without catastrophic redesign.
Intermediate decisions are extensions and supplementary
to fundamental decisions that have significant impact on
the design should they be retrieved, usually leading to
significant redesign in associated areas. Relatively, minor
decisions are usually concerned with design details. They
cover decisions with regards to component geometry,
materials, finishes, processes, tolerances, etc. Their re-
trieval therefore has less impact on the design.

The goal of decision making is to choose the best
alternatives based on a set of criteria. Given the knowledge
of design requirements expressed as design criteria,
knowledge of the alternative designs and knowledge of
appropriate methods of analysis, the output from a
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Table 12. Decision making

Goal of design activity G, Input knowledge I

Knowledge output O Knowledge change

‘Choose the best alternative(s)
from a set based on some criteria

‘Knowledge of design alternatives

‘Knowledge of the appropriate
analysis method and/or experimental/

simulation techniques

‘Knowledge of design requirements

‘Knowledge of given criteria,
introduced or derived criteria
‘Knowledge of fundamental
decisions made (i.e. design
rational)

‘Knowledge of selecting the
appropriate methods

and analysis methods/
techniques to support analysis

‘From a potential
set of design solutions,
the knowledge of the
rationale for the choice
of best design(s)

Table 13. Evaluating

Goal of design activity G, Input knowledge I

Knowledge output Oy Knowledge change

‘A measure of the quality or
value of the design solution(s)
with respect to a given criterion

‘Knowledge of design
specification and objectives
‘Knowledge of the appropriate
evaluation method and/or
experimental/simulation
techniques

‘Knowledge of the behaviour
performance of the artefact
compared to the design
specification

‘Knowledge of the assessment
and rationale of the quality
of design solution(s)

decision-making activity is the best design chosen or the
most appropriate method of analysis. The knowledge
gained by the designer is the design rationale (see Ta-
ble 12). Decisions made regarding the design object reflect
the design rationale of the designer (Mostow 1989; Mostow
et al. 1992). The information recorded in a design rationale
includes the alternatives, the evaluation criteria, the pros
and cons and the decision made. The knowledge of the
design decisions becomes crucial for design reuse or de-
sign modification/refinement.

5.2

Evaluating

Evaluating as a design activity is concerned with assessing
the suitability of design(s) to satisfy the aims and objec-
tives of the design specification. This is a compound de-
sign activity that involves the activity of identifying,
measuring and comparing. Reasons for evaluating include
checking to make sure that the proposed system is unlikely
to fail, comparing proposed systems to find the best for the
situation, and/or comparing a candidate system to an
“ideal” to establish its potential quality (Hubka and Eder
1996). In some cases, evaluation is only possible through
full-scale testing. The result of the evaluation process may
initiate other activities such as modifying, standardising
and optimising.

Evaluating needs criteria: statements about acceptable
performance related to the desired properties—tolerable
limits, maxima or minima (Hubka 1982). Some objective
criteria for evaluating will consist of values or mathe-
matical relationships expressing limits of physical phe-
nomena (e.g. critical buckling strength of plate, the
resonance frequency of a structure), but others will be
(more or less) subjective, depending on human judgement.
These sets of design criteria differ in scope and content for
the different phases of design (McGinnis and Ullman 1992;
Dwarakanath and Wallace 1995). In order that important
criteria are not omitted, Pahl and Beitz (1996) summarise

two separate checklists for evaluation during the concep-
tual design and embodiment design phases.

In the conceptual design phase, evaluation of concepts
is qualitative in nature using methods such as concept
screening (called Pugh’s concept selection (Pugh 1991)).
During concept screening, rough initial concepts are
evaluated relative to a common reference concept using a
screening matrix (Ulrich and Eppinger 1995). Concept
scoring is used when increased resolution will better dif-
ferentiate among competing concepts. By weighing the
relative importance of the selection criteria, the concept
scores are determined by the weighted sum of the ratings
(Pahl and Beitz 1996). Because of the need to assign
influence values and weight to the evaluation criteria based
on arbitrary scales, the evaluation is to some extent sub-
jective (Hubka and Eder 1996).

In the embodiment or detail design phase, evaluation of
the design goes beyond meeting the functional and per-
formance requirements. In adopting the DFX approach,
many additional aspects of the design have to be considered
in the design and manufacture of the product. The design
properties considered and integrated during the synthesis
activity for the product must be evaluated in accordance
with the requirements adopted in the DFX approach.

The primary goal of the evaluation activity is to
determine (measure) either qualitatively or quantitatively
the quality or value of a design solution with respect to a
given objective or set of criteria. Given the appropriate
method of evaluation, the input knowledge of the design
specification and objectives, evaluating will result in the
output knowledge of performance of the alternative design
solutions including the optimal solution(s) against a given
objective or a set of criteria (see Table 13).

53

Selecting

Selecting is a design activity that involves choosing a de-
sign object that satisfies design requirements from a
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Table 14. Selecting

Goal of design activity G, Input knowledge I

Knowledge output O Knowledge change

‘To choose a feasible
design solution or activities
from a set of alternatives

‘Knowledge of attributes
of alternatives
‘Knowledge of attribute-
defining requirements
‘Knowledge of choice criteria

‘Knowledge of object selected ‘Knowledge of the optimal
choice for a specific

‘Knowledge of criteria used design or the process

Table 15. Analysing

Goal of design activity G4 Input knowledge I

Knowledge output Oy Knowledge change

‘Prediction of the
behaviour of a design

Knowledge relating to:

of accuracy required

‘The structure/form of the design

‘The physical phenomena and theories
‘The constraints, assumptions made and degree

‘Knowledge of the
behaviour of the design

‘Knowledge that a
particular design
in terms of form
displays behaviour(s)
that meets design criteria

-The working environment of the design
‘Methods of analysis related to the physical phenomena

specified set of alternatives. The term object is used in a
general sense, covering, for example, the selection of a
working principle for a device, a material type, a compo-
nent from a catalogue (Ullman et al. 1988), a functional
module, a completed design, or a design goal (Chan 1990).
However, selection is usually preceded by evaluation.
Selection occurs in all phases of design. Design selection
requires the knowledge of attributes of the alternatives,
attribute-defining requirements and the choice criteria to
define optimality in selection (Kannapan and Marshek
1996) (see Table 14).

5.4

Analysing

Analysing as a design activity involves the use of models
of physical phenomena to answer questions about

an engineering product—typically about its behav-

iour. Gero (1990) defines analysing as the means by
which the behaviour of a design structure can be
predicted.

Finn (1993) considers analysis as consisting of three
interrelated activities, namely modelling, simulating and
evaluating. Modelling involves reasoning about a design
structure (or physical system) with the aim of abstracting
an analysis model. This model provides the basis for the
simulation activity, the mechanism by which qualitative or
quantitative results that describe the behaviour of the
physical system are obtained. Evaluating is the activity by
which these results are verified with respect to the analysis
model and validated with respect to the physical system.
For example, in finite element analysis, the model of the
structure to be analysed is first constructed of arrays of
finite elements. The behaviour of the model subjected to
various loading under different environmental conditions
is then simulated using the finite element method (FEM) to
calculate the stress-strain behaviour of the structure. The
stress—strain behaviour can then be validated against a set
of design criteria to determine its acceptability as a feasible
design solution.

Although one would normally associate analysis with
quantitative aspects of the design, analysis encompasses
both qualitative and quantitative aspects. In fact, Finn
(1993) classifies analysis techniques into three categories:
qualitative techniques, approximate techniques and de-
tailed techniques.

Qualitative analysis is generally motivated by the need
for a behavioural or functional understanding of a physical
system. The type of reasoning used can range from shallow
surface reasoning using engineering heuristic knowledge
and experiential knowledge to deeper reasoning based on
engineering laws and first principles.

Recognising that the nature of the information
provided by qualitative analysis techniques may be
inadequate to advance the design further, approximate
analysis can provide the additional quantitative informa-
tion but avoiding the complexities associated with detailed
analysis. Essentially, approximate analysis involves the use
of engineering formulae and correlation (and all their
inherent assumptions) to give quantitative estimations of
the expected magnitudes of the phenomena being analysed
(Duffy 1986; Kerr 1993).

Detailed analysis techniques are generally numerical
techniques that are performed to give precise solutions at a
fine level of granularity over a domain. As in approximate
analysis, detailed analysis can provide sufficient informa-
tion to permit a design to be reformulated should the need
arise.

The goal of analysis is to predict the behaviour of a de-
sign. In order to perform an analysis, the input knowledge
includes the knowledge of the physical phenomena and
theories on these phenomena, the assumptions made and
the accuracy required, the methods of analysis to be applied,
the structure/form of the design and the working environ-
ment of the design. The output knowledge is the behaviour
of the design subjected to various scenarios of working
environment that the design is likely to encounter. This
leads to a better understanding and definition of the design
in terms of structure and behaviour (see Table 15).
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Table 16. Modelling

Goal of design activity G, Input knowledge I

Knowledge output O Knowledge change

-Appropriate modelling of the
design dependent on the
perspective required for the
current design activity

‘Knowledge of the appropriate
modelling techniques for the
types of analysis required

‘Knowledge of the appropriate
models

‘A more detailed description
of the design depending on the
type of analysis

Table 17. Simulating

Goal of design activity G4 Input knowledge I,

Knowledge output Oy Knowledge change

‘To form an image or imitation
of the behaviour and properties
of the artefact using
appropriate models

‘Knowledge of design
of the appropriate
simulation models

‘Knowledge of the design
requirements

‘Knowledge of the expected
behaviour under certain
testing environment

-Conditional predictions
of the expected behaviour
of the artefact

Table 18. Testing/experimenting

Goal of design activity Gy Input knowledge I

Knowledge output Oy Knowledge change

‘To verify actual behaviour
against expected behaviour

‘Design specification
‘Testing criteria

‘Test results (e.g. resistance
against speed curve)

‘Knowledge of design’s
compliance with specification

5.5

Modelling

The activity of modelling pervades throughout the design
process. Duffy et al. (1995) view models as central to
current design methodologies as they allow a de-coupling
of the experimentation process from the artefact itself,
provide a means of communication, control and predic-
tion of the performance of a design and, most importantly,
serve as an abstract representation of the design. A model
is therefore a means by which designers represent some
aspects of the intended product to focus their attention on.
Designers can use many different models to represent the
state of the design. A model starts out as some cognitive
notion (a mental model) (Johnson-Laird 1983) that is
eventually developed into a concrete entity. Through dif-
ferent types of design activities, the mental model is
transformed into various other models (e.g. functional,
behavioural or structural models). Functional and
behavioural models are needed to reason about the func-
tion and behaviour of a system or product. Physical
modelling involves the application of modelling idealisa-
tions so that a representative physical model can be cre-
ated. Mathematical modelling involves describing the
physical model in terms of mathematical equations or
theories to reflect physics that support the determination
of a design’s predicted behaviour. The modelling activities
described by Finn (1993) addressed the evaluation of the
behaviour of the product or system when the structure or
form of the product is known.

The goal of the modelling activity is the abstract rep-
resentation of the design to serve as means of communi-
cation, control and prediction of the performance of a
design. Given the input knowledge of the appropriate
modelling techniques for the types of analysis required,

the modelling will result in knowledge of a specific model
of the design that is required for the activity of analysis
(see Table 16).

5.6

Simulating

Roozenburg and Eekels (1995) define simulating as
forming an image or imitation of the behaviour and
properties of the artefact by reasoning, and/or testing
models preceding the manufacture and actual use of the
artefact. It leads to expectations about the actual proper-
ties of the new artefact in the form of conditional pre-
dictions. Where applicable in a design process, simulation
comes between synthesis and evaluation. Depending on
the behaviour under study, there is a wide variety of
simulation models, from mathematical models to true-to-
nature material replicas of its original in its environment.
Typically, the conditional predictions are evaluated against
the design specification (see Table 17).

5.7
Testing/experimenting
Most designs require some form of testing either during
the design process, e.g. model testing of hull resistance, or
after manufacture. Products for the consumer or engi-
neering markets usually require a factory test to verify the
quality of the product and its compliance with the design
specification (Pugh 1991). Unlike the activity of analysis,
in which the behaviour of the design is derived through
simulation, in testing/experimenting the behaviour of the
design is derived through measuring the various parame-
ters describing the behaviour.

The goal of testing or experimenting is to measure and
verify the actual behaviour in terms of some design
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parameters (e.g. speed) against some predicted or speci-
fied parameters (e.g. contractual speed). Hence, the input
knowledge to the activity is some specific design specifi-
cation that the design must comply with and the output
knowledge is the outcome of meeting the design specifi-
cation (see Table 18).

6

Design management activities

The design management activities (DMA) can be further
classified into two groups: activities that manage the evo-
lution of a design problem into design solution(s) and
activities that manage the design process as the design
evolves. The key activities identified in managing the evo-
lution of a design problem are constraining, identifying,
information gathering, exploring, resolving and selecting.
The management of the design process involves schedul-
ing, which has four sub-activities of decomposing, prior-
itising, selecting and planning of tasks. These activities
that manage the complexity of the design problem pervade
throughout the design process. Therefore, the purpose of
design management activities is to streamline the design
process to meet design time constraints and to manage the
complexity of the design solution space. Figure 4 shows
the co-evolution of the design problem and the corre-
sponding design solution. Through activities of identify-
ing, information gathering, exploring and searching, an
initially ill-defined or ill-structured problem is trans-
formed into a well-defined and well-structured problem
for which design(s) can be generated through the synthesis
activities (described in Sect. 4). Through the activities of
resolving conflicts and constraining the design solution
space in which there could be many potential solutions, a
few or one final solution may be selected. It also shows the
typical activities used to manage the design process
especially for large design projects.

The selecting activity can be considered as a special
activity that occurs throughout the design process. For
example, in the detailing design phase, the selecting
activity may be used to select a particular component to

implement a design concept or a particular manufacturing
process to shape the ultimate form of the product. The
selecting activity is also a sub-activity in the decision-
making process (see Fig. 3). Thus, the activity of selecting
that affects both the design definition activities and the
design evaluation activities is included under design
management activities.

6.1

Constraining

The aim of the constraining activity is to limit the explo-
ration of the design solution space. Constraints imposed
by the design agent could arise from design requirements
(Pahl and Beitz 1996; Ullman 1992), engineering codes and
standards, design office procedure (Chan and Paulson
1987), knowledge and experience of the design agent or
design decisions made during the design process (Ullman
1992). Pahl and Beitz (1996), however, warned against
applying constraints during the problem formulation
phase of the design process as it may lead to fixation of
design solutions. However, as the design is being evolved,
it is inevitable that constraints are being applied in order
to cope with the complexity of the design by ensuring that
the design solution is always kept within the bounds of
feasibility (Chan and Paulson 1987). Constraints intro-
duced based on well-informed design decisions are
dependent on the designer’s knowledge and experience.
Methods of constraining include enforcing hard’ con-
straints at all times and relaxing soft constraints should
there be any violations.

The goal of the constraining activity is to reduce the
complexity of the design solution space by setting limits of
the space to explore. The knowledge of the design speci-
fication that determines what are the hard constraints to
enforce and what are the soft constraints to relax serves as
input knowledge to the activity of constraining. The

® Hard constraints are constraints that must be met at all times;
they represent constraints imposed by strict regulations, engi-
neering laws or spatial requirements.
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Table 19. Constraining

Goal of design activity G, Input knowledge I

Knowledge output O Knowledge change

‘To reduce the complexity
of the design solution space

-Specific design requirements

‘Knowledge of types of
constraints applicable

‘Knowledge of specific
constraints (hard or soft
constraints) applied
‘Rationale for applying
the constraints

‘Knowledge of the feasible
design solution space

Table 20. Exploring

Goal of design activity G, Input knowledge I

Knowledge output O Knowledge change

‘To explore the design
space without committing
to some solutions

‘Knowledge of past designs
and solutions
-Client and design brief

‘Knowledge of problem
structure and any missing
information and knowledge

‘Knowledge of potential designs
as candidates for solutions
‘Knowledge of design strategies
to choose from

Table 21. Identifying

Goal of design activity G, Input knowledge I

Knowledge output O

Knowledge change

‘To mark the relevant
and the essential in order
to manage the complexity
of the design problem

-Domain knowledge
-Past design cases
‘Design methods/

methodology

‘Relevant domain knowledge
-Specific design case
-Specific design
method(s)/methodology

-‘Knowledge of
important issues that
influence the design leading
to a better design strategy or design

output knowledge is the knowledge of specific types of
constraints that are applied for the given problem and the
rationale of applying these constraints (see Table 19).

6.2

Exploring

Reitman (1994) noted that in many open-ended practical
problems like design, the start states, the goal states and
the transformation functions are radically under-speci-
fied. Because of the ill-structured nature of the design
problem space, exploring as a design activity helps
designers to define the structure of the problem space
and the potential design solutions (Smithers and Troxell
1990). This is achieved through decomposing the space
of possible design solutions into sparsely connected
modules and developing each of them incrementally, but
without any need to make irrevocable commitment to a
particular solution (Goel 1994). The development of a
design solution has several distinct phases. Goel makes a
distinction between the problem structuring/problem
framing and problem solving. The aim of exploring is to
structure the design solution space (Smithers and Troxell
1990). Problem structuring is the process of drawing
upon knowledge to compensate for missing information
and using this knowledge to construct the problem space
(Goel 1994). From protocol analyses involving architec-
tural design, mechanical design or instructional design,
the problem structure is associated with how the artefact
may be used and what resources are available to form it.
Problem solving is associated with the specification of
the function and form of the artefact (Goel 1994). On the
one hand, designers need to keep their options open as
the design emerges, so as not to crystallise too soon.

They also need to make, record and propagate com-
mitments so as to bring the design to closure. The client
and design briefs are important sources of knowledge
during problem structuring. This is consistent with the
purpose that problem structuring is to bring new
information into the problem space. This is done
through the “add and propose” mechanisms (see Ta-
ble 20).

6.3

Identifying

Designers manage the complexity of the design problem
by identifying the relevant domain knowledge required,
any past design cases relevant to the current design
problem and the type of product (i.e. repeat design, variant
design, innovative or strategic design). They identify
which aspects of the design to focus on during the current
state of the design problem (e.g. identifying customer
needs and wants (Bruce and Cooper 2000), success factors
for new product development (Bruce and Cooper 2000),
essential design problems (Pahl and Beitz 1996), interac-
tions of sub-systems and constraints). They also identify
what design methods or methodology to use for the
activity of analysis and evaluation, or what computer
software or tools to use (Araujo and Duffy 1997).

The goal of the activity of identifying is to mark the
relevant and essential in order to manage the complexity
of the design problem and the relevant means (i.e. de-
sign methods, tools or software, etc.) to manage the
problem. The input knowledge consists of the domain
knowledge and knowledge of past designs or methods
used. The output knowledge is the relevant domain
knowledge, design case or method, or issue that can lead
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Table 22. Information gathering

Goal of design activity G,

Input knowledge I

Knowledge output Oy Knowledge change

“To provide up-to-date knowledge
that may progress the design to the
next stage or lead to a concrete definition

‘In-house or vendor’s depository
of information/knowledge

-Specific knowledge/
information related
to the design

-Additional knowledge
of the design or the process

Table 23. Resolving

Goal of design activity G4 Input knowledge I

Knowledge output O Knowledge change

“To resolve conflicting interest, ‘Knowledge of possible
requirements and viewpoints type of conflicts
‘Knowledge of conflict
resolution strategies

‘Knowledge of hard constraints
enforced and/or relaxation
of soft constraints

-Specific knowledge of
conflict resolution relating
to the design or process

to a better management of the design problem (see Ta-
ble 21).

6.4
Information gathering
In any design task, information relevant to the task has to
be gathered from a variety of sources (Cross and Cross
1996). It has been shown that engineering designers spend
as much as 30% of the time searching for and accessing
engineering design information. In trying to reduce this
“non-productive time”, engineering designers tend to use
the information that they already possess. This may result
in designs being generated without the benefit of infor-
mation that does exist within the enterprise, but is too
time consuming to find, or exists within the domain of the
supplier which is even more time consuming to track
down. This may ultimately lead to a reduction in pro-
ductivity. Worse still, crucial design decisions will be
based on incomplete data and assumptions, and are
therefore likely to be sub-optimal. Hence, the need for
relevant and up-to-date information is crucial to the de-
sign and development of new products and systems.
Information gathering is thus seen as an important design
activity that enables designers to keep up with new tech-
nical developments that have impact on their design(s).
Information transformation that may take place concur-
rently with information gathering is an activity whereby
meaning is assigned to the information gathered, thereby
transforming it into knowledge (Bruce and Cooper 2000).
The goal of information gathering is to provide
designers with up-to-date information that leads to the
improvement of the design or speed up the design process.
The input knowledge comes from the in-house or vendors’
depository of information/knowledge but the search is
guided by the goal of the activity, i.e. the acquisition of
information/knowledge to be used for a downstream
activity (see Table 22).

6.5

Resolving

Conflicting interest, requirements and viewpoints are
inherent in design. Conflicts exist in individual agent’s
design or in a collaborative design effort (Brazier et al.
1995; Oh and Sharpe 1995). Conflict resolution or

resolving conflicts is an important design activity that
pervades throughout the design process. Brazier et al.
(1995) posit that detecting, resolving and managing
conflicts requires extensive knowledge of conflict man-
agement strategies. Brazier et al. classify four conflict types
based on manipulation of requirements, design object
description, single agent’s design process and the design
process co-ordination between the agents and individual
agents’ design process. Oh and Sharpe (1995) identify
technological or task-level sources of conflict for
interdisciplinary design to manage and exploit them
effectively (see Table 23).

6.6

Searching

Searching is similar to the exploring activity but with an
expected end result (Thomson 1996) within a well-defined
solution space. Successful searching is usually accom-
plished by search strategies applied to identify search
fields. Ulrich and Eppinger (1995) classify the search
activity into two categories, external search and internal
search. External search for solutions is essentially an
information-gathering process and the sources include
lead user interview, expert consultation, patent searches,
literature searches and competitive benchmarking. Inter-
nal search involves a process of retrieving a potentially
useful piece of information from the designer’s memory or
that of a team of designers and adapting that information
to the problem at hand (see Table 24). In searching for
design solutions, Hubka (1982) suggests two methods,
namely, discursive methods (e.g. analogies, aggregation,
similarity laws, structuring, inversion method) and intui-
tive methods (e.g. brainstorming, synectics).

6.7

Decomposing

Often associated with a design project is a document
reflecting a project plan which defines the tasks that need
to be completed in order to solve the design problem
(Ullman 1992); that is, the design problem is decomposed
into tasks and sub-tasks. Each task/sub-task with definite
goal(s) and time constraints is assigned to appropriate
design agent(s). Hence, a design task represents a design
effort that must be performed in order to achieve key
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Table 24. Searching

Goal of design activity G, Input knowledge I

Knowledge output O Knowledge change

“To satisfy some
requirement of the
design problem or solution

‘Knowledge of search
strategy
‘Knowledge/information sources
(e.g. patents, lead user
interview etc.)

‘End result of the search
(e.g. information, patent,
component etc.)

‘Knowledge that contributes
to the definition of the design

Table 25. Decomposing

Goal of design activity G4 Input knowledge I

Knowledge output Oy Knowledge change

‘Maximise decoupling

of design activities into tasks/
sub-tasks so as to reduce design
iteration(s)

‘Minimise information flow
between activities

‘Knowledge of interrelated
activities and their
precedence orders

‘Knowledge of algorithms for
clustering activities

(e.g. triangularisation algorithm)

‘Knowledge of sequencing
of decoupled and/or
coupled activities

‘Knowledge of how
to sequence an interrelated
set of activities into tasks/
sub-tasks to reduce design iterations
for a given design project

Table 26. Prioritising

Goal of design activity Gy Input knowledge I

Knowledge output Oy Knowledge change

-Focus on important goals
that have influence on
downstream design activities

importance of goals

‘Knowledge of relative

‘Knowledge of the information requirements
of each sub-task and resource

‘Knowledge of agenda
of goals in order
of priority

‘Knowledge of specific

ordering of goals and

sub-goals for a design
task/project

milestones in a design process. A task or sub-task may
require a sequence of interrelated activities. Task decom-
position simplifies the design process and allows one to
determine a potential group of tasks that might be per-
formed simultaneously.

These tasks are organised to decrease the product
development life cycle by analysing the interdependency
between design activities. Kusiak and Wang (1993a) rep-
resent the relationships among the design activities using
an activity-activity incidence matrix and the correspond-
ing directed graph. By analysing the nature of the inci-
dence matrix using a triangularisation algorithm, design
activities can be categorised into uncoupled matrix, de-
coupled matrix and coupled matrix. Knowing the de-
coupled activities leads to reduction in the number of
iterations in the design process.

Using the incidence matrix to represent relationships
among tasks, Kusiak and Wang (1993b) presented a
methodology for decomposition of a design task resulting
in minimum interaction density among groups of
design tasks. The interaction density is defined as a
measure of dependency among groups of tasks. A cluster
identification algorithm is used to recognise groupings
among tasks. Two types of dependency, serial dependency
and interdependency, were investigated. Knowledge of the
interdependency of related tasks and their sequencing will
enable management of the design project to assign
appropriate resources for timely completion.

Here, the goal of decomposition is to deal with the
complexity of the problem/process by decomposing these

into smaller but manageable problems. The input knowl-
edge is the knowledge of interrelated activities, their pre-
cedence orders and the knowledge of algorithms for
clustering activities. The output knowledge is the knowl-
edge of the coupled and decoupled activities which may
lead to better management of parallel and sequential tasks
(see Table 25).

6.8

Prioritising

Duffy et al. (1995) consider prioritising as the ordering of
goals on the basis of their importance to and general
strategies for the solution process. The inputs to this
activity are:

- The knowledge of the relative importance of goals, the
implications of not achieving them and the effect they
have on limiting the possible solutions.

- The information requirements of each sub-task and its
resource.

The output is an agenda of goals in order of priority.
The knowledge change is a knowledge of a specific
ordering of goals and sub-goals for a given design task/
project (see Table 26).

6.9

Planning

The planning activity organises resources for the design
process in terms of the order of tasks, the assignment of
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Table 27. Planning

Goal of design activity G, Input knowledge I

Knowledge output O Knowledge change

‘Minimise time to market by
streamlining design
tasks

‘Design tasks, resources

design software)
-Planning method/algorithms (e.g.

(e.g. design staff), tools (e.g. CAD systems,

-Sequence of design tasks
and allocation of resources
and tools

‘A specific sequence
of tasks for a given
design project that

PERT) minimise design iteration

Table 28. Scheduling

Goal of design activity Gy Input knowledge I

Knowledge output Oy Knowledge change

‘Minimise time to market
by streamlining design tasks

‘Design tasks,
resources (e.g. design staff),

tools (e.g. CAD systems, design software)

-Scheduling method/algorithms

-Sequence of design tasks
and allocation of resources
and tools in terms of time
stamps and due dates

‘A specific sequence
of tasks for a given
design project that minimise
time to market

Table 29. Design activities identified in the protocol analysis

Design definition activities * Design evaluation activities * Design management activities *
Abstracting Modelling Constraining v
Associating :: Analysing :: Exploring :;
Composing v Evaluating v Identifying v
Decomposing v Decision making v Information gathering v
Defining v Determining Planning v
Generating Stimulating Prioritising
Standardising v Testing/experimenting Resolving v
Structuring v Scheduling
Synthesising v Selecting v
Searching v

"Design activities identified in the protocol analysis are marked by

personnel and tools for each task (Thomson 1996) and also
the activities related to the manufacturing of the product
such as purchasing, production, logistics etc. For repeat
and variant designs, such plans may be available for reuse
with some modification. For innovative and strategic de-
signs, decomposition of the design problem into design
tasks and ordering these tasks can be achieved by using
the triangularisation method of Kusiak and Wang (1993a)
(see Table 27).

6.10

Scheduling

Scheduling differs from planning in that actual time
stamps and time duration (starting and ending time) are
specified for each task. Time-sensitive tasks that lead to
a critical path can be identified using critical path
analysis (Coates et al. 2000; Whitfield et al. 2000) (see
Table 28).

7

Discussion

The process of deriving the ontology of generic design
activities has been based on an evaluation of published
literature on design and corroborated by design practice as
recorded in case studies and protocol recordings. The
main difficulty in identifying generic design activities lies
in the level of abstraction of these activities. By defining

v

the level of abstraction at the knowledge level, the generic
design activities identified are rational actions that design
agents take to achieve design goals resulting in a knowl-
edge change of the design.

71

Evaluation of the derived ontology

The criteria for evaluating ontology should include onto-
logical completeness, clarity and coherence (Wand and
Weber 1993; Uschold and Gruninger 1996). Hence, these
criteria in relation to the ontology derived in this paper are
discussed below.

7.1.1
Ontological completeness
Two approaches were used to evaluate the ontological
completeness of the ontology presented here. In both ap-
proaches, the design domains involved were not part of the
design domains covered in the literature of published
works.

The first approach involved the analysis of a
protocol recording (2 h 45 min) of a ship designer at
work. Using the definitions given in Sects. 4, 5 and 6,
design activities performed by the ship designer were
identified in the protocol recording. Table 29 shows a
comparison between the ontology of design activities in
the three categories and those identified in the protocol
analysis (Sim 2000).
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Table 30. Design activities identified in the SoC design

Design definition activities * Design evaluation activities * Design management activities *

Abstracting v Modelling “: Constraining v

Associating Analysing Exploring

Composing Evaluating v Identifying v

Decomposing v Decision making v Information gathering

Defining s Determining v Planning v

Generating Stimulating Prioritising

Standardising v Testing/experimenting v Resolving v

Structuring/configuring v Scheduling v

Synthesising v Selecting v
Searching

"Design activities identified in the protocol analysis are marked by v

The comparison shows that some of the design activi-
ties are not identified in the protocol recorded, namely
abstracting, modelling, testing/experimenting and sched-
uling. This may be due to the fact that the video recording
was taken of a designer engaged in a particular type of
design task, in this case that of general arrangement® of a
ship design. Unlike conceptual design in which abstracting
of ideas or concepts is used in generating designs, for
general arrangement or configuration design, the systems,
sub-systems and design objects have been predetermined.
So, the design task was how to achieve an optimal layout
or arrangement of spaces and equipment that can satisfy
all the design requirements. This may be the reason that
design activities such as abstracting have not been iden-
tified in the protocol recording of this particular case
study.

The second approach was to review the design process
in the domain of electronic design (in particular System-
on-a-Chip designs (SoC)). A SoC design involves the
synthesis of tens of millions of transistors on a chip. The
synthesis involves the integration of reusable hardware
and software macros addressing interconnect issues, floor
planning and timing design to satisfy the requirements for
clock speed, power and area. The design activities for SoC
based on a Reuse Methodology Manual (Keating and
Bricaud 1999) are identified and compared with the
ontology of design activities presented here (see Table 30).

Whilst most of the activities listed in the ontology can
be found in the design methodology of SoC, the activity of
verification (i.e. system verification) is not listed in the
ontology. System level verification is the one fundamental
activity of the design of SoC. It involves block-level veri-
fication, interface verification, data and behavioural veri-
fication, and functional verification. The purpose of
system verification is to find conceptual, functional and
implementation errors before the design is committed to
silicon. Verification can be considered as a sub-activity of
testing.

The evaluation of the ontological completeness
involving different design domains, from what have been
used in its derivation, shows that the ontology presented in
the paper is sufficiently expressive in eliciting the shared

® The general arrangement of a ship can be defined as the
assignment of spaces for all the required functions and equip-
ment, properly co-ordinated for location and access.

meaning of the design activities. Hence to some extent it
verifies the ontological completeness of the ontology pre-
sented in this paper. An ontology should also be extensible
so that one can define new terms for special uses based on
existing vocabulary (Gruber 1993). Hence, verification as
an activity in SoC design is an example of extensibility in
the ontology.

7.1.2

Ontological clarity

Ontological clarity is concerned with the interpretation of
meaning of the design activities. By categorising these
activities gleaned from the published works in design re-
search and design practice, the aim of this paper has been
to derive a shared understanding of the meaning of each of
the design activities identified. This has been achieved by
comparing and contrasting the descriptions given by dif-
ferent authors and resolving ambiguity that arose, and as a
result we derived a consistent definition of each activity.
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Coherence

The design activities identified have been classified into
different categories, depending on the main role these
activities have been seen to play in resolving the com-
plexity and uncertainty related to the design and associ-
ated process. By describing the taxonomical relationships
of these activities for each category (i.e. design definition,
design evaluation and design management activities), it is
intended that the meaning of each activity has been clearly
and consistently defined and the relationships between the
activities identified. Hence, it is reasonable to suggest that
the ontology of design activities presented here displays
ontological coherence.

7.2

Future work

Uschold and Gruninger (1996) have identified key phases
of a methodology for developing an ontology as purpose
and scoping, capture, representation, evaluation and
documentation. The focus of this paper has been primarily
on ontology capture in order to achieve the ontological
purpose of a shared understanding of design activities.
Further work envisaged should focus on identifying and
evaluating a suitable grammar of representational
model(s) for coding of the design activities in order to
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derive a computational model. The grammar for onto-
logical representation of design activities should be eval-
uated for its ontological expressiveness. For example,
Weber and Zhang (1996) are able to evaluate the onto-
logical expressiveness of various representational models
(entity-relationship model (ERM), data flow models
(DFD) and Nijssen’s Information Analysis Method
(NIAM)) for generating conceptual schema diagrams,
using the ontological model proposed by Bunge-Wand-
Weber (Wand and Weber 1990). The Bunge-Wand-Weber
model is a modification and extension of the ontological
model developed by Bunge (1977, 1979). Wand and Weber
had evaluated alternative ontologies and chose the Bunge’s
model for three reasons. First, they contend that Bunge’s
model is better developed and better formalised than any
competing ontology they have encountered. Second, it
models the world as a world of systems using concepts that
are fundamental to computer science and information
systems domains. Third, they argue that they have been
able to use Bunge’s ontology to produce useful theoretical
and practical results (Wand and Weber 1993). Similar
evaluation of the ontological expressiveness of various
representational models using the Wand-Weber-Bunge
model or alternative representation ontologies can be
performed so that a good representational grammar can be
derived for a computational model.

8

Conclusion

This paper has presented an ontology of generic design
activities based on published literature and corroborated
by design practice. It categorises the activities as design
definition, evaluation and management. The ontology of
generic design activities is seen as providing a consistent
and coherent description of the interpretation of typical
design activities upon which design education, system
developers and design researchers can further work in
design research and practice. More specifically, the
ontology can contribute to the development of effective
and efficient design support systems and hence promote
design reuse and design productivity, and act as a base to
develop a shared ontology of the design process.
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