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Abstract 
A part of research in engineering design consists of developing computational tools, using 
artificial intelligence (AI) techniques, knowledge-based (expert) systems, analytical 
methods, graphic modeling (wire-frame, surface, solid, features-based), etc. To be 
appropriate, these techniques, methods, technologies and systems should be adapted to 
various design stages, and the capabilities, working methods and desires of engineering 
designers. Tools are available for detail design at the component level, for analytical and 
diagnostic uses, but tools for conceptualizing (as understood by the author) seem to be 
missing. Definitions for "conceptualizing" and "design for X" are implied and offered. 

Questions, aimed at developers of computational tools, are asked based on a general 
systematic design procedure defined in Design Science. Such questions should help guide 
work into possible directions for research and development of computational tools. 
Engineering design and Design Science are outlined, and some implications for society and 
technical products are developed. This paper represents a plea for better cooperation 
between design researchers concentrating on Design Science (including theory and 
methodology), on computational tools, and on the conceptual front of artificial intelligence. 
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1 INTRODUCTION 

The impulse for this paper was found in four issues announced for this Workshop, i.e. 
among 1) "Theories:" a "Theories of design processes" and b "Theories of modeling design 
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objects, including ... "and among 3) ''Novel applications ... :" b "Early design stages" and d 
"DfX." I wish to demonstrate parts of the entire design process (and modeling) that have 
not been considered in CAD developments, and explore whether and how cooperation 
between researchers can be useful to extend the scope of CAD with intelligence and 
intensive use of knowledge. For this purpose, a description of a complete design process 
seems useful, with emphasis on the stages of conceptualizing, and showing both an example 
of execution and an outline of the theory. 

Computational tools to help during the design process have been under development for 
many years. Most of the software systems (especially the CAD/CAE-systems -
computer-aided drafting/design/engineering) were developed from "what can be done in 
computation at that time" (algorithmizability), by computer-programming experts, consider
ing the sizes, capabilities and speeds of hardware. A proportion of recent research in 
engineering design consists of developing computational tools using artificial intelligence 
(AI) techniques, knowledge-based (expert) systems, analytical methods, and graphic 
modeling techniques (e.g. wire-frame, surface, solid, and features-based methods), etc. 

To be appropriate, these techniques, methods, technologies and systems should be 
adapted to recognized stages of engineering design, for the problems and solution methods 
faced by engineering designers, and for the capabilities and desires of engineering designers 
(individuals and teams). Account should be taken of how engineering designers actually 
work, and how they could work if they follow a recommended systematic, methodical, 
structured procedures (preferably the one outlined here). 

Development of computer techniques are normally incremental, and given a direction by 
potential users or by user-oriented research. Tools should be developed to fit both the 
systematic and ad hoc (intuitive) procedures of users, rather than to force users to change to 
suit the tools. This paper attempts to indicate some appropriate directions for developments, 
by asking some leading questions. 

To explore this set of problems, a general systematic design procedure (Hubka and Eder 
1992) is outlined in section 3, a methodology which has been used to design or redesign 
(reconceptualize) mechanical systems. It is illustrated by a case example (Hubka et al1988), 
outlined in section 2. This description supports questions and suggestions to developers of 
computational tools, especially to ask for help and cooperation in such engineering work. 

The important sections (for this paper) of this procedure cover the preparation (product 
planning and design specification) and conceptual phases of designing -- conceptualizing -
and serve to delimit this term. At the more concrete levels of embodying and detailing 
(dimensional layouts, detail drawings, etc.), currently available CAD systems are useful in 
redesign of existing systems (e.g. machines), rapid prototyping, and transmission to 
manufacturing (CAM). 

For "doing" engineering design, two kinds of basic knowledge are needed. One is 
knowledge and understanding of the fundamental phenomena and their behavior. This 
includes (visuaVgraphical, verbal and symbolic/mathematical) modeling, but also an 
appreciation of how the real phenomena act and interact. The phenomena, their processes 
and physical existence, include not only the physical, chemical, material (etc.) object-related 
items, but also the social, societal, economic, human-behavioral, psychological (etc.) 
service-related ones. The second kind of basic knowledge is that of how (for an individual 
and/or a group) the design processes can be performed, informally (intuitively) and/or with 
procedures, methods and systematic, structured approaches. This includes advice about how 
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designing can be rationalized, shortened in time, made more reliable, etc., preferably based 
on a coherent and comprehensive theory. Of course, both kinds of basic knowledge interact. 

Depending on the importance of some of the properties of the system to be designed, the 
nature of the basic knowledge elements will change. For consumer products and durables, 
the appearance and ergonomic properties (human-device interactions) are important. Neither 
of these properties has a theory-founded discipline, or is amenable to mathematical 
modeling. "Industrial design" of the marketable shape and packaging is more an "art" form. 
In contrast to designing the "inner" workings of these devices, and of devices for 
industry-use, ("exact" and approximative) mathematical formulations of the behavior, as 
well as extensive sets of heuristic advice are available. "Engineering design," whilst still 
containing an "art" component, needs a more applied "science" component. Interpretation 
and semantic use of "art" and "science" has been discussed elsewhere (Eder 1995). 

Meanings and interpretations of legends (written representations of knowledge and ideas) 
and graphical representations (sketches and drawings) are used in modeling a design 
problem and its progressively developing solutions. These are somewhat personal and 
ideosyncratic, and depend on a designer's experience and knowledge. Nevertheless, 
common procedures can be found that most designers follow, and expanded ones that are 
recommended to be followed as logical and systematic procedures. Personal and available 
knowledge (recorded, and tacit intuitive knowledge) for transforming abstract models of a 
product (technical system) into more concrete counterparts should yield various alternative 
ways of performing the task (solution proposals). Alternatives should preferably be 
generated in every phase, stage and step of developing a designed solution, and allow a 
rational selection between such alternatives based on the requirements. Selection and 
decision procedures can be based on decision theory (e.g. Suh 1989), but such methods tend 
to ignore some factors to make the equations more easily solvable. 

Open-ended problem-solving, progressive refinements and iterations of the models of the 
product to be designed, and recursive decomposition into sub-problems, constitute parts of 
the transformation processes that we call designing. 

Different portions of the system to be designed are likely to exist at different levels of 
abstraction and modeling at any one time. Some portions of the system (in its design 
development) will need to be delayed to allow sufficient information to be developed from 
progress in other portions, and different parts of the systematic procedures will therefore at 
any one time be applicable to the different portions of the system. 

The previous two paragraphs illustrate that a clear distinction should be made between 
two transformation processes. One is the (mental, physical and tool-assisted) process of 
designing, and its steps, stages, phases, methods and knowledge requirements. The other 
process is progressive development of the system to be designed, in several abstract 
modeling techniques and their transitions, see Figure 1. 

The case example in section 2 (Hubka et a/ 1988) follows systematic (methodical, 
structured) procedures and theoretical recommendations (Hubka and Eder 1992). It is based 
on a theory about technical systems, the objects to be designed (Hubka and Eder 1988), a 
coordinated theory of design processes (Hubka 1976), and a meta-theory, Design Science 
(Eder 1990, and Hubka and Eder 1996). For this example, the main assumptions are: 

• that the product (technical system) to be designed is completely new, little prior 
experience exists, but items may be selected from company catalogs where suitable; 

• that the main task for this study is conceptualizing a promising solution; 
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Figure 1 General Model of the Design Process 

• that bringing the proposals from the layouts to the detail drawings (manufacturing 
instructions) is well known, and can be done by engineering designers (and 
draftspersons) with existing CAD systems. 

The conceptual phase of engineering design, from "starting to understand and develop a 
design specification," to "starting to draw a dimensional layout," should be covered in a 
logical sequence (using a methodology) that allows an engineer full and intuitive freedom to 
think and get ideas. But it should give guidance on how to proceed, to collect and represent 
information, in a step by step fashion that reveals (and permits selection between) 
alternative solutions, to transform the specification into manufacturing instructions. 

The first of the above three assumption covers less than 5% of engineering design tasks, 
the remainder are more routine, evolutionary, variant, adaptation and redesign problems. 
Nevertheless, if a systematic design method can cover novel design problems, it should also 
be suitable (with adaptation) for the bulk of real design work. In any case, a full and formal 
methodology must be adapted by the user to suit the immediate problem, it cannot be 
applied without such adaptation. 

The third assumption should not lead to belief that layout and detail designing are trivial. 
Especially there, good engineering knowledge is needed, with careful checking of design 
documentation (especially drawings), but analytical tools are more readily available, e.g. 
DFMA (Boothroyd 1991, and Boothroyd and Dewhurst 1987). Many failures are traced to 
poor detail design, and affect reliability and quality of the product, but also a company's 
reputation, its quality image. 

Questions about possible roles for computational tools (especially AI and expert systems) 
concern the provision of help and information in various design operations: 

• to flexibly following the recommended procedure, for instance prompting the 
questions for the next step, 

• in providing and preparing information in a form more suited to designers' needs, 
• for generating alternative means (solutions) to the goals (problems) at various abstract 

levels of modeling, 
• for evaluating and deciding among solution proposals at various abstract levels, 
• for communicating, storing, retrieving, tracing a history of changes, for all 

information used and generated, 



Systematic conceptualizing - with computational tools? 

Figure 2 Problem Statement for P-V-T-Apparatus (reproduced from Hubka et al 
(1988)). 

• in keeping track of progress (management of the design process), 
• for interpreting words and phrases, diagrams, sketches and drawings, and mathemati

cal/symbolic models and numbers. 

2 A DESIGN PROBLEM 

209 

The problem is presented and discussed in this section. Section 3 of this paper is intended to 
outline the relationships and implications of the design theory. 

The chosen problem, Case 4 -- P-V-T Apparatus (Hubka et a/ 1988), may be 
summarized as follows (see also Figure 2): 

A simple apparatus is required, operated by students, which permits: 
(1) seeing and watching the processes of boiling and condensation of a fluid, especially 

around its critical point; 
(2) measuring (by visual observation of direct-reading instruments) the variables needed 

to generate a pressure-volume-temperature diagram. 
Some implications for this problem (as essential parts of a design specification) may be: 

• quick and positive reading of simple instruments, and easy visibility of the observed 
phenomena is educationally more important than accuracy; 

• maintenance and preparation of the apparatus is to be done by trained technicians; 
• long-term stability of readings is necessary (over about three months); 
• only deliberate actions (by students) should move the apparatus from one state to 

another; 
• the working fluid should have low toxicity, flammability, and pollution potential; 
• high pressures, and temperatures far removed from normal, should be avoided, 

shielded, and/or contained. 
Question 1: Is it possible (or necessary) to genertlte such design specifications 
(automatically) with the help of computational techniques? If so, how can we ensure that 
designers understand them? How can designers be advised about what contents are 
needed in a design specification (e.g. by knowledge-based systems)? 

This question implies that engineering design can only be automated for a limited range 
of systems. Human interaction, at least for supervision and control, will always remain 
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necessary, but advice and guidance from computational tools are desirable. Attaching the 
information contained (for instance) in a design specification to a computer-based product 
model has received some attention (Abeln et a/1993). 

2.1 Feasibility 

This problem cannot be solved, unless a suitable working fluid (as operand of the 
transformation process) is available. Some systems for getting such knowledge have been 
developed, but creating more such systems, and keeping them current, are usually 
unsupported, unless they are commercially developed. There are differences between 
research, which aims to establish new knowledge, TRUTHS, (e.g. about the feasibility of 
performing a task in principle), design and development, which aims to generate a new or 
improved product, VALUES (Eekels and Roozenburg 1991), and the tasks of commercial 
suppliers. 

Simple calculations, based on assumptions of behavior of the chosen fluid as a perfect 
gas, are now possible. 
Question 2: Do such first "order-of-magnitude" calculations really need a computer? And 
how can we induce the schools, colleges and universities to retain (or reintroduce) this 
kind of "ordeNJf-magnitude" calculation into the curricula? 

At this stage, a full design specification can be written, but it remains as the 
interpretation of a human engineering designer. 
Question 3: Can a computer deal with meanings and interpretations? 

There can be no black-or-white answer to this question. Some meanings and 
interpretations must be written into a program. The question is aimed more at the personal 
interpretations of words and diagrams used by designers to describe their conceptual ideas. 

2.2 Transformation Process 

In the recommended procedure, the next step should be to define a transformation process 
that delivers the output, i.e. what should be done in using the future apparatus, described by 
a combination ofverb and noun (clauses) with qualifiers. In the considered problem, a first 
view is given in Figure 3. This view is incomplete, and does not show the detail to permit 
progress to the following step. Closer consideration delivers the process plan of Figure 4. 

In each block of this diagram, a technology (interaction between operator and operand) 
needs to be established. These technologies are shown in Figure S. The primary technology 
for process-block "1" allows four variations-- of which variant "A1" is probably best. 

The process plan can now be expanded as shown in Figure 6. As a result of the 

Figure 3 Simple Process Statement (reproduced from Hubka et al (1988)). 
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considerations about preparing for the experiments, the designer recognized that "the 
chamber volume must be reducible to zero, with no dead spaces, to ensure minimum 
contamination of the working fluid (operand) as it fills the chamber." This is an addition to 
the design specification, one of the typical iterative and refining after-thoughts that are 
evoked during a design process. 
Question 4: Is any procedural or declarative knowledge visible in this sequence that can 
be entered or acquired through computational tools, to help a designer? 

This question can be repeated for most other steps. 

2.3 Division of Tasks and Function Structure 

For each of the operations in the process, Figure 6, some of the operations can be performed 
by a human operator directly, some must be performed by a (new or existing) technical 
system, and some need cooperation between human and technical system. This division of 
duties should now be established, and determines the outputs of the technical system. 

The main tasks for the technical system to be designed are to drive the process-blocks 
marked by symbols in the top-right comer of the block. The functions can now be derived 
from the process and expanded into detail, and variants identified, as shown in Figure 7. 
Functions should always be stated as a combination of verb and noun (clauses), with 
qualifiers where needed. (In figures 7 and 8, the functions were translated from German, 
therefore the verb appears as the last word). 

2.4 Solution Principles and Organ Structure 

Each function inside the technical system (and connecting to the boundary -- receptors and 
effectors) can be performed by different organs (function-carriers, especially the form or 
shape of the contact surfaces between groups of components) which can then be combined 
into proposed outlines (concepts) of solutions. A suitable way of showing such organs is by 
a morphological matrix. The above sequence demonstrates how these functions can be 
generated in a systematic procedure for use in a morphological matrix. Each function is 
solved separately, as if it were independent of the others. The resulting scheme is shown in 
Figure 8. Finding suitable partial solutions is possible (at present only in German) from the 
published design catalogs (Koller 1985, and Roth 1995). Transforming such design catalogs, 
suitably systematized, into advisory expert systems for designers would be useful. 

Individual solutions may not be feasible, they must be evaluated. This evaluation 
eliminates the round and flexible tubes as potential solutions for functions "a", they cannot 
withstand the internal pressures. A commercially available sight-glass, Figure 9, can be 
modified. This decision would eliminate any type of solid internal piston in the viewing 
chamber. Rethinking the problem delivers the idea of using a liquid to transfer motion and 
pressure to the interface of the working fluid -- the additions are shown by asterisks. The 
most suitable transfer liquid is mercury (Hg), but stainless steel should then be used for the 
containments, and provisions must be made for vacuum out-gassing of the interior and the 
mercury -- further iterative additions to the design specification are therefore needed. 
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l 
Figure 7 Finalized Function Structure and Alternatives (reproduced from Hubka et al 

(1988)). 
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Figure 10 Choice of Organs and Concept (reproduced from Hubka et al (1988)). 

Now the remaining partial solutions (organs) can be chosen, one from each function, and 
combined into candidate concepts. This results in potentially hundreds to thousands of 
combinations, but many will contain conflicts. The most promising combination (concept) is 
shown in Figure 10. This concept deals mainly with the (functional) contact surfaces 
(organs and function-carriers), and their relative space arrangement. It does not deal with 
how the various component groups must be given form (for possible manufacturing) to 
produce and connect these surfaces, although the example hints at such embodiments. 

2.5 Sketch Layout 

Several considerations are needed before a layout can be made. Critical items are (a) the 
configurations of the top of the experimental chamber, (b) the displacer unit to move the 
interface of the working fluid (via the transfer fluid, mercury), (c) the minimum sizes of the 
drive spindle, etc. Some of these are illustrated in Figure 11. This design work deals with 



Systematic conceptualizing - with computational tools? 

~tion 
.. l)elioflt"' 
lloll\c. 
FRIDN ~t-1~0< 

215 

~-I 
Figure 11 Some Lay-Out Investigations (reproduced from Hubka et al (1988)). 

connections between functional surfaces, and the forms of the individual components for 
manufacture, assembly, etc. Here is the point where conventional CAD techniques can be 
employed. Dimensional layouts can be produced, modified, and chosen for detail design 
work. From a suitable (audited, checked and approved) layout, the detail and assembly 
drawings (e.g. their numerical computer representation) can be generated. During this work, 
further modifications will be needed in the layout -- the assembly drawing is usually 
different from the layout in some substantial details. 

3 COMMENTS TO THE SYSTEMATIC DESIGN PROCESS AND 
EXAMPLE 

As indicated in the example, the recommended procedure can be divided into four main 
phases, seven stages, and additional steps. These deliver intermediate "products" 
(information, and system models) from the design processes performed within these stages: 

PROBLEM DEFINITION- Exploring and clarifying -- products include: 
I . Design Specification 

Ia. Feasibility study (see section 2.1 above) 
CONCEPTUAL DESIGN- Conceptualizing -- products can generally include: 
2. Processes and process structure (see section 2.2) 

2a. Division of tasks between human and technical systems (see section 2.3) 
2b. Effects (external) needed from the technical system, technology of interaction 

between technical system and process 
3. Functions (internal to technical system) and function structure 
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3a. Division of (internal) functions between different kinds of systems, working 
principles, e.g. for control tasks -- this is an entry to Mechatronics 

4. Organs (function-carriers) and organ structure (concepts) (see section 2.4) 
EMBODIMENT or LAYOUT DESIGN- Laying Out-- products include: 
5. Preliminary (sketch) layout (see section 2.5) 
6. Dimensional layout (component structure) 
DETAIL DESIGN- Detailing -- products include: 
7. Detail and assembly drawings, parts lists, etc. 

These are also intermediate levels of abstraction for the problem and its solutions. There 
is no evidence about the levels of mental effort needed for these phases of designing, it 
probably depends on the nature of the problem, the design situation. Evidence from the 
economies of various countries suggests that in most cases too little mental effort is 
expended in the conceptual phase. Designers' tasks in these phases, stages and steps can be 
broken down into hierarchical levels (of difficulty, responsibility, and scope), see Figure 12. 
The main phases of design appear at level 1. The intermediate products of designing are 
listed at level 2, which is also indicated in Figure 1, as "progress ... " 

The third level in Figure 12, open-ended problem-solving, is also indicated in Figure 1 
(the vertical lines of text), which is discussed in section 3.2. 
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problem solving operations at level 3 Basic Operations . 
..full!: 'thinkin~· is not included in this hierorchy, this process takes place inside the ht.imon and is not directly observable 

or verifiable by documentation (e.g. written or graphical records). Thinking could be incuded at level 4 Elementary Activities. 

Figure 12 Hierarchical Structure of Design Process Operations (reproduced from 
Hubka and Eder (1996)). 
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3.1 Design Prof;edure 

In a real design problem, the full procedure is only useful if the problem is regarded as 
completely novel. For redesigning or modifYing an existing system, the procedure can (and 
must) be modified and adapted, depending on novelty and complexity of the system to be 
designed, and many other factors. These factors summarize the design situation. 

Stage 1 (leading to a design specification) should at least be reviewed, but preferably 
reworked. Then entry into stage 7 may be possible for minor modifications in detail, to 
stage 6 for a more comprehensive modification, to stage 5 for a revision of the component 
structure (especially assembly and sub-assembly redesign), to stage 4 to revise the internal 
working principles and modes of action, to stage 3 to review the internal functions of a 
technical system, or to step 2b to revise the technology. Alternatively, abstracting from an 
existing solution ("reverse engineering") is possible to generate the more abstract models, 
and then revise in this systematic pattern. 

A full procedure is intended to "get it right first time," and to "avoid back-tracking 
where possible." Nevertheless, designers being human, and problems at higher levels of 
abstraction usually needing some information to be developed from work at lower levels of 
abstraction, back-tracking, reviews, recursions and iterations are inevitable. They are 
encouraged by the feed-back loops indicated in the procedural model of design (Hubka and 
Eder 1992, and 1996, Hubka et a/ 1988), which may reach back as far as revising the 
problem statement, or even modifying the product planning. There are differences in this 
feed-back between mass-produced items (product planning precedes the reaction from 
customers), and items built to order (customers set the requirements ab initio). 

During designing, the system to be designed (and the process it is intended to implement) 
can be modeled in various abstractions, Figure 13. Each of these abstractions was used 
within the example in section 2. 

When transforming a more abstract model into a more concrete one, the relationship 
between elements of each model may be l:n, or n:l. A single function (in the function 
structure) may need two or more organs to implement it (in the organ structure), or two or 
more functions may be combined into the task of one organ (see the morphology, Figure 8). 
Similar relationships exist between organs and components. In addition, each transformation 
from a more abstract model (as the goal) to a more concrete one (as the means for achieving 
that goal) can yield a number of alternative principles and ways of solving that part of the 
problem, a 1 :m mapping. Potential complexity of the field of candidate solutions can be 
reduced by (analytical) evaluations and decisions, retaining a small number of solutions 
(that are promising or near-optimal) to be taken into the next more concrete stage. Some of 
this evaluation and selection can be helped by techniques from decision theory (Sub 1989). 

The example of systematic design also demonstrates the importance of sketching and 
rough representations, especially for mechanical engineering (Eder 1991). By interacting 
with diagrams, designers can ''talk to themselves," see the results, and modify their work. 
Question 5: Is it useful to perform these sketches on a computer system? Could these 
sketches be "cleaned up?" What advantages would be gained, and at what (conceptual 
and monetary) cost? 

Aspects of the outlined procedure that could be incorporated into a design advisory 
system include prompting the designer to take the essential parts of systems into account. 
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I) 

II) Mt 

IV) 

V) 

Part Seven Design Process 

TS Purpose l: Ef ---3 Od 
1 Realizing the interaction between 

operand <---> operator, in order to achieve the 
desired transformation of the operand. 

Delivered effects (Ef) conform to the technology used 
for the transformation. 

Legend: 
TS ... technical system 
Ef ... effect 
Od ... operand 

Od 1, Od 2 states of the operand 

TS Process Model -- Process Structure 
..-- TS in working state -- operating. 

/-::_ / Internal transformation of inputs to the TS (desired 
and undesirable) into desired outputs (Ef = effects) 
plus secondary outputs (SecOut = secondary effects). 

Effect --> product (output) of the chain of internal 
transformations (Tr = mode of action based on laws 
of nature, e.g. physics. chemistry. biology, etc.). 

I 
I 

I 
Legend: 

Mt 
En 
Sg 
Tr 

material 
energy 
signal (lnf ... information) 
internal transformation 

Tr i one of the n transformations of the 
process structure 

SecOut ... secondary output, secondary effect 

TS Function Model -- Function Structure 
': '- TS in state of being capable of working. 

' Fpnction --> task (capability) of performing the 
/ TS-internal transformations, or permitting them. 

1function corresponds directly to the internal process. 
' Relationship between functions. 

Legend: 
Fu ... function 

Fu i ... one of the n functions in the function 
/ structure 

/ TS Organ Model -- Organ Structure 
! - - TS in state of being capable of working. 

Organ --> means to realize functions. Main features 
of organs are the action spaces, surfaces, lines, etc. 

- Group of organs --> organism. 
- Relationship between organs. 

Legend: 
Or ... organ 

TS Component Model -- Component structure 
- - - -rs in assembled state. 
-- - -constructional element (component) --> means of 
_ _ realizing organs. 

' __ --constructional group (sub-assembly, machine element). 
--connection between constructional elements. 

Legend: 
CE ... constructional element 

Figure 13 Abstract Modeling of Technical Systems - Part 1 of 2 (reproduced from 
Hubka and Eder (1996)). 

IV) 
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Example: machine vice in operational state -- state of 

capability of working. CONCRETE MODEL 
ABSTRACT MODEL 

I) PURPOSE Design specification Contract specification 

Requirements specification -- company level 
Designers' working specification 

-- designers' approved 
interpretation 

-- from customer, or 
potential 

Action principle: 

Workp~ece Action motion {translation) -I I Holding 

11~ 
W//1///$/,/////,//,///; 
Action surface; work-bench 

Workpiece 
free Ho\din9 workpiece n.,Jd 

II) 

Ill) 

not illustrated -- elements of the function structure and the . 

PROCESS STRUCTURE p!"ocess structure are in one-to-one correspondenc~, each funct•on 

implements the capability to perform the correspond1ng process. 

l)oot> ORGAN 

Function.-

IV) 

Organ-

Orgon group 

V) STRUCTURE (ANATOMIC STRUCTURE) 
~"-!.!."-.0"-'c:'=:'::-'-~~=~ 1 8 5 12 

6 13 

Constructional 
element 
(component) 

8 Jaw plate (hardened) 
9 Handle 

10 Handle knob 
11 Screw 
12 Screw 
IJ Screw 

' ,._ "">-/-- "1 
- I 

I 

Detail drawings 
Parts lists 

/ ' 
I I 

Purchased components lists 
etc. 

Figure 13 Abstract Modeling of Technical Systems - Part 2 of 2 (reproduced from 

Hubka and Eder (1996)). 
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OPERANDo 

Idees 
Needs 
Requirements 

Pan Seven Design Process 

1-----~ Dockets 
Wage slips 
Plans 
Jigs, tools, 

fixtures ... 

1----tll~ TS realized -
in possession 
of manufacturer 
ot location of 
manufacture 

~--------------------~ 

1------~ ~~s~;si~nn of 
the consumer ot 
the location of 
operation 

.------------:------' 
Operand 
(of the TP 
using the TS), 

in Stole 2 
-- Purpose of 

the TS 

Waste 
Re-cycling 

---> material 

Figure 14 Life Cycle of Technical Systems (reproduced from Hubka and Eder (1996)), 

When generating a process structure, prompts could signal the operations of preparing (and 
receiving operands), executing, and finishing (and delivering transformed operands} for each 
transformation of the operand, and the necessary control/regulating/feedback, energy and 
material delivery (to the process), and support and connection processes (Hubka et a/1988). 
Similar prompts are useful when generating a function structure (Hubka et al 1988). 
Prompts for an organ structure should include receptors, effectors, main transformation 
organs, energy organs, regulating and control organs, auxiliary organs, and connection and 
support organs (Hubka and Eder 1988). 

For a problem of more-than-elementary complexity, where a team is performing the 
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Closs~s 1 cmd 2 refer to tlu: Purpose of the TS 
Classes 3, 4, '· 6 and 7 refer to the Life phases 

of the TS 

221 

All properties of technical systems moy be included in a comp!ete s~t of 
classes. Each property may affect one, two or more classes Fn venous 
ways, the boundaries between classes ore not well defined. Every such 
dossificotion serves a particular purpose. for instance the 12 classes of 
properties most suitable for the purposes -:Jf designing (design work) ore: 

Classes B, 9, 10 and 1 1 rtJfer to Humans and society 
Closs 12 refers to designing tiM TS to ochiere 

THE ENVIRONMENT WAKES DEMANDS 
ON THE TECHNICAL SYSTEM 
which are reflected 
in the 
EXTE:RNAL PROPERTIES - -
of the TS, i.e. properties: 
-- that the technical 

system carries 
-- that the customer 

con see and judge 
-- that the design 

engineering must 

~:~:;;~i~eg b(i,e. 
by establishing 
the properties 
in class 12) 

QUALITY -- suitability 
and appropriateness 
of the perceived 
and measured values 
of properties {all, or on 
appropriate selection). 
Sources of quality ore~ 
- quality of design 
- quality of manufacture 

and assembly 
- quality ot 'ervice 

and us<JQe 
- etc. 

the required external propertitJS 

(1) FuPr 
EIINCTIONS pROPfRDfS 
Fulfilling of: 
- working functions 
- auJ(iliary functi011l!l 
- propelling functions 
- regulating, controlling functions 
- connecting fum:::tions 

PR P R I 
- Strength - Hardness 
- Stiffness - Noise emission 
- Corrosion - etc. 
- Pollution 

(12) DesPr 
F! fMENTARY QESIGN PROPERTIES 
- Structure - Componl!nts 

- Arrangement 
- Abstradion of moclelling 

- Elements = ~?r:n~:~~~ (~~~=~ 
- Materials, mcnufooturlng 
- Surface and tolerances 

(6) DPP• .llf.l.lllD!Y 
& pi ANNING pROpERTIES 
O.livery capability 

~;~nd commitments 
Quality assurance and 

management 
Culltomer service 
Market reseor¢h 
etc. 

Figure 15 Properties of Technical Systems (reproduced from Hubka and Eder (1996)). 

design tasks (the usual case in industry), the problem (or a proposed solution at an 
intennediate level of abstraction) may be decomposed -- recursion. Different decomposi
tions will be useful at the various levels of abstraction. At stage 7 of the design process, 
decomposing takes place into components (detail parts), to produce the detail drawings (or 
their computer-data equivalents, as break-out from the product model). Each sub-problem is 
a (recursionary) design task to be handled by parts of the systematic procedure. 

3.2 Open-ended Problem Solving 

The conventional view of open-ended "problem-solving" is a detail procedure to be repeated 
many times within the overall design procedure (Hubka eta/ 1988). This "micro-process," 
embedded in the systematic design process, may be described by a cyclically repeated 
sequence, Figure 13, hierarchical level 3. Conscious separation of these tasks is 
recommended from investigations in psychology, although experienced engineering 
designers are probably not aware of differences in attitude and operation of these steps. 

The combination of problem-solving with the stages of development of a system during 
designing can be illustrated as shown in Figure 1. The process of designing is driven 
(perfonned) by the operators: engineering designers, working tools (including computers 
and programs), a base of information (knowledge), management and the system of goals set 
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for the project, and the working environment. 
Analysis tools (by hand or computer) are most useful during the "evaluate, select and 

decide" section of problem-solving, Figure 12, level 3. They estimate adequacy of each 
proposed solution, and give hints on improvements available by altering the instantiated 
variables. Few analytical tools are available for conceptualizing, compared to those for the 
phases of layout and detailing. 

Person-power for designing typically increases drastically during layout and detail 
designing, and production of detail and assembly drawings. This is probably the most 
visible factor from casual observation of engineering design. Mental effort is not 
proportional to person-power (even if assisted by CAD and other tools). 

Decisions in designing (e.g. selecting an alternative solution, or instantiating a dimension 
or variable) affect everything "down-stream" in the life-cycle, Figure 14, including 
designing, manufacturing, delivering, using, and eliminating the future product. Designing 
commits between 70 and 85% of life-cycle costs, even before any material is cut or formed 
into a component -- design accounts for 5 to 15% of expenditures towards the costs. 

The usual purpose of designing is to define the data for manufacturing a product (a 
technical system). Whether it is actually manufactured is a political/economic decision. The 
designed product may or may not be optimal, or even adequate. Nevertheless, designers 
usually try to achieve the best possible product to fit the customers' needs (for performing 
the process that the customers wish), and try to define these in the design specification. 

A customer will assess the suitability of an offered (or tendered) product from its 
external properties, Figure 15. The sectors marked Functions, Operation and Realization 
may be combined under the catch-phrase .fUnctionality. The quality of the product is 
assessed as the values of the external properties, compared to those values that are best for 
the customers' needs. This assessment involves (a) setting limiting values for various 
properties, beyond which that property (and the technical system) become unacceptable, and 
(b) producing a suitably weighted sum of all properties to compare to the needs (Hubka and 
Eder 1992). Multiple assessments of subjective values (Pugh 1981) may be useful, to avoid 
biassed opinions. We do not usually try to achieve highest possible quality in functionality, 
it is likely to be too expensive (the economic property "cost" would be degraded because of 
high price, compromising the customer's assessment of quality). 

This list of classes of properties (Figure 15), together with the life cycle (Figure 14) and 
the operators of technical systems (see Figures 1 and 14) are the appropriate input and 
classification method for generating a working design specification for the designers' use. A 
computer prompting system asking for general contents of design specifications could be 
useful. Quality Function Deployment (QFD) can be used to feed the customer's wishes into 
this specification. The design specification should include criteria for selecting (deciding) 
among the alternatives at any abstraction level of modeling. Only a limited set of these 
criteria is usable for evaluations, until a real technical system (prototype) is available. 

As shown in Figure 15, quality is related to designing, manufacturing, and using a 
system. Techniques of QFD, Total Quality Management, Taguchi Methods, and others 
(Eder 1993, 1994a, 1994b, and Ferreirinha et a/1993) aim primarily to improve the quality 
of manufacture, but with good design management they can also influence design quality. 
Designers, during their evaluations, should look for ways to improve their products, e.g. by 
reducing the variances of property values, and then aiming for the needed average values. 

Engineering designers have primarily the Elementary Design Properties (including the 
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features) under their direct control, see the middle sections of Figure 15. These are 
represented in the detail and assembly drawings, parts lists, etc. To achieve the desired 
external properties, designers must create these elementary design properties. For this 
purpose, they are assisted by the General Design Properties and the Design Characteristics 
(the other internal properties), which represent the knowledge and experience about "how to 
design for ... "the external properties (the "X" in "design for X"), including the life cycle. 

Engineering designers thus face very difficult, onerous, challenging tasks, which provide 
rewards in satisfaction and exhilaration at the accomplishments, even if recognition within a 
company or the broader society is often lacking. Their work is the basis for the survival and 
success of many businesses, not only the manufacturing company, but also distributors, 
repairers, etc. Companies are subjected to "laws of supply and demand," which gives 
possible choices to company management, among them: 

• increase demand, e.g. by advertising and/or reducing prices, 
• reduce supply, e.g. by increasing quality and technical level of supplied products, 
• find a market niche with less competition, 
• go out of business (die). 

In general, buyers define the objectives for designing, sellers (and their suppliers and 
designers) define the path, and buyers judge the results -- after a time. Society and business 
are dynamic systems, which may be unstable. Not least, the time to market of new products 
is now becoming shorter -- will we soon reach instability in feed-back to designers? 

4CLOSURE 

Question 6: Under all these circumstances, where and how can computational tools 
effectively help each stage of engineering design? Are cu"ent research efforts going in 
useful directions? What other directions could usefully be undertaken? 

These questions aim not only at the research needed to elucidate AI methods and 
techniques, but also at the larger tasks of preparing reliable tools needed by designers in 
engineering practice. A major emphasis must be placed on the adjective "reliable." 

Three communities must reach a measure of agreement and cooperation on their 
respective tasks: researchers and developers of computational tools, design researchers 
(design scientists), and practicing engineering designers, especially if they hope to influence 
designing in industry. The author hopes that this paper contributes to the discussions. 

End note: An earlier stage of developments in Design Science was presented (Eder 1990) 
at a previous IFIP meeting (Yoshikawa and Warman 1987). 
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