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Abstract:  The method of conducting research significantly influences its progress and
quality. Thisstudy advocates for subscribingto the scientific method of performing resear ch,
namely, generating theories, conducting experiments to support or refute them, and refining
the theories. The arguments in favor of this method are discussed in the two parts of the
paper. Part | critically reviews General Design Theory (GDT), a formal theory of design,
and discusses its relation to building experimental design systems. Part |l of the study
describes an experimental system that is built on the foundation of GDT and its experimental
testing. Theexperimental system and its performance are used to suggest modificationstothe
theory and extensionsto the experimental system itself. These important recommendations
conclude one successful scientific cycle, thereby supporting the benefits from adopting the
sdientific method. '

1 Introduction

The method of conductihg research significantly influences the research progress and quality. Two major
methods for conducting research are theoretical and experimental. The goal of this sudy isto show that
the combinaiion of the two, which is called the scientific method, is the most fruitful to pursue. Firg,
we describe the three methods mentioned; then, we briefly discussthe scope of design addressed in this

study and the organization of the sudy. _ ) _ ) -
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The theoretical method. The theoretical method is based on mathematical principles. The entities
manipulated in this method are axioms or assumptions, theorems, and proofs’. The benefits of using a
. theoretical method are manifold. First, it requires the precise specification of the assumptions underlying
the theory. Second, the objectives of the theory must be described precisely in the form of theorems.
Third, the proofs of the theorems are based on concise derivations and produce unquestionable results.
The only objection against the results is their potential scope, which heavily depends upon the scope of
the axioms or assumptions.

The outlined benefits seem to outweigh any possible deficiency that may characterize this method. Even
if the scope of the state-of-the-art theory is restricted compared to the scope of the real world, which is
in fact the state of the design theory discussed later in this paper, there may still be important principles
that can be abstracted from the theory and further studied experimentally. This tie between theory and
experimental work is crucial as discussed later.

Despite the importance of atheoretical, in-depth understanding of design activities, design theories (that
are based on mathematics) are very scarce. A notable exception is General Design Theory (Y oshikawa,
1981; Tomiyamaand Y oshikawa, 1986; Tomiyamaet al., 1989) whichiscritically reviewed in this paper.

One of General Desigh Theory (GDT) goalsis to lead to good design of _i ntelligent CAD systems. This
concern is‘in correspondence with the need to test theories in realty. Unfortunately, GDT has not been
seriously experimentally tested or compared with an experimental system. In addition, it has not been
used or adopted by other researchers or practitioners than its developers.

In contrastto GDT, that ishighly articulated as amathematical theory, some of the other theories of design
are only elaborate classifications of design problems (Eder, 1987; Rohatyﬁski, 1983) or prescriptions of
how design should be performed (Hubka and Eder, 1990; Warfield, 1990). These theories are hard to
test. In sum, design theories are rare and had almost no influence on the experimental method described

next.

Theexperimental method. Inexperimental studies, difficult problemsin design research orpractice are
tackled, solutions are generated and tested in experiments. Usually, no principled guidance is exercised
in the generation of solutions; therefore, the activity is unstructured. In reality, experimentalists adopt
a certain solution paradigm (e.g., use of grammar) and use domain knowledge to guide the solution
generation; thus introducing limited structure into the research activity.

~ Thisistill in line with Dixon's statement that theories are arrived at inductively (Dixon, 1987). If thetheory is to have any
impact on thereal world, the axioms and the assumptionsthat are the basis of the theory must be inductive statements about the
world. The consequencesfrom these axioms and assumptions can and are deduced by mathematics.
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We use the term solutions and not hypotheses, and solution paradigms and not theories, because there
is a difference between the two sets of terms. Solutions are generated for addressing a single problem.
Researchers often attempt to articul ate statements about the broader applicability of the solutions; rarely
are these statements tested. In contrast, hypotheses are statements meant to be general and tested in
several experiments.

M ost engineering design research follows the experimental method, and in many cases only in adeficient
manner. The deficiency lies in the way solution are tested in design research. It is rarely that results are
shown on alarge variety of problems and almost never are performance statistics provided. Usually, a
single demonstration is accepted as a sufficient evidence of a successful solution. '

Thescientific method. In the scientific method, hypotheses are created and tested in experiments. The
process of hypotheses generation is crucial to the success of this approach. Design theories can provide
a good mechanism for generating hypotheses, so are psychological studies of human designing. Since
there is no guarantee that hypotheses are correct?, replication of results, refinement of hypotheses and
their refutation are necessary ingredients of this method. '

The scientific method addresses two concerns raised against the two previous methods. Thefirst concern
criticizes the theoretical method for being restricted in scope and consequently irreIevanf to applied
research and practice. The second concern points to the lack of coherent guidance in experimental
research. The combination of the two methods can resolve these criticisms. Similar benefits from a
method that combines design theories and experimental design systems are discussed by Hongo (1985).

(4) Evaluate (1) Generate/modify
experimenits hypotheses
The scientific
methodology
practice
(3) Perform (2) Design
experiments experiments

Figure 1: The scientific method cycle

Figure 1 illustrates the scientific method cycle. In step (1), hypotheses are generated from inductive
observations about the world. In steps (2) and (3), experiments that attempt to refute or support the

2| fact, hypotheses can never be proved. They are only generated to berefuted (Popper, 1965).




hypotheses arc designed and executed. These steps constrain the generation of hypotheses in step
(1), only testable hypotheses arc considered appropriate. Step (4) evaluates the results, leading to the
refinement of the original hypothesesin anew application of step (1).

Design research is mostly experimental. However, research methods are not mature and often the
principles of testing, replication, and refutation are not exercised. In many cases, a descriptive account
of the work perfonned is provided, but without reporting much systematic testing. If test replications are
not performed, it will not be sufficient that a hypothesis is the product of a theoretical statement (e.g.,
design is a hierarchical refinement) for the research to be sound. The contribution of such work to the
collective knowledge of design cannot be assessed. This situation calls for a major change in research

methods for design.

The scientific approach is | ately overlooked in engineering design research (Antonsson, 1987). A quote
appearing in (Dixon, 1987) summarizes the state of (experimental) design research methodology:

"Proposals rarely advance theories or hypotheses. When they do, it is rarely atestable
theory or hypothesis. When it is testable, actual testing is rarely proposed. When atest is
proposed, it israrely well conceived.”

Emerging scientific method in design. There are some fragments of work in design that signify the
emerging of scientific method in design research. They consists of theoretical statements induced from
experience and studies that show the applicability of these theoretical statements to design.

Suh's two axioms (Suh, 1984) are one example that can be viewed as hypotheses about the quality of
designs. The two axioms have evolved from a larger set of 7 hypothetical axioms (Suh et al., 1978)
through research on the topic (Suh, 1984)—a process demonstrating the strength of the scientific method.
The axioms arc gated to be used in synthesis, but they arc best used for comparing between designs by
measuring how well do the designs satisfy the axioms. The two axioms arc used to derive 9 corollaries

that provide elaborate guidelines for the generation of better designs.

Taguchi's method for quality design (Taguchi, 1980; Taguchi, 1986) is another example of scientific work
that can also be perceived as a hypothesis about the quality of designs. This method is stated to be used
in redesign. For a given precise function and developed structure of a design, an analysis is performed
to result in parameter selections that minimize some objectivé function (e.g., minimize the cost to the
customer due to malfunctioning). A study comparing both Taguchi's and Suh's approaches (Filippone,
1989) exemplifies work required in the scientific method foreval uating competing hypotheses or theories.
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Scope of design. .After articulating the terms in the opening paragraph it is important to introduce
the interpretation of the terni "design" used in this study. Design is defined as a process. Given a.
description of adesired function and constraints, called specification, provide a description of an artifact

that produces the function and satisfies the constraints. This description is called artifact description or

artifact structure. We sometimes use the termfunction to refer to the specification.

Design isviewed as a sequential process consisting of fivetasks (Reich, 1990b): problem analysiswhich
includes the elaboration of the problem statement and the formulation of a search space; synthesis which
is the process of search in the space of alternative configurations; analysiswhich is averification that the
synthesized candidate satisfies the specification; redesign which modifies the design until it satisfies the
specification; and evaluation which augments the design by additional subjectivejudgment. The same
structure of tasks appears in different design phases such as preliminary or detail design.

Organization. This study is divided into two parts. Part |, which appears in this paper, critically
reviews a specific theory of design: General Design Theory (GDT) (Y oshikawa, 1981). It illustrates the
definitions and theorems of GDT through an example domain. The paper articulates the consequences
of GDT for building CAD systems and outlines how GDT can be implemented. The contribution of this
part istwo-fold. First, it alows understanding the theory without the need to be an expert in the theory
of topology. Since the paper, however, does not compromise conciseness, the mathematical concepts are
explained and illustrated with examples. This allows appreciating the second contribution of the paper,
namely, the criticism of the restricted scope of the theory. In addition, this part outlineshow GDT can be
partially implemented and tested. This is further detailed in the second part of the study.

Part 11 of the study (Reich, 1991b) reviews an experimental design system, BRIDGER (Reich, 1991a),
that was developed following the guidelines set by GDT (Reich, 1990a). This part compares the theory
(GDT) with the experimental system (BRIDGER) and shows the significant similarities in their overall
approach to design. This aspect corresponds to step (2) in Figure 1. BRDGER was evauated in severa
domains and shown increasingly better performance as it continued to learn from experience. The tests
with BRIDGER corresponds to step (3) in Figure 1. The evaluation of the results and the analysis of the
discrepancies between GDT and BRIDGER (correspond to step (4)) point to research directions that may
broaden the scope of GDT and improve the performance of BRDGER (correspond to step (1) in the second
cycle).

Together, both parts of the study demonstrate that the scientific method of conducting design research
offer several benefits. First, it focus work on crucial issues, thereby accelerating the development oi
increasingly better design support systems. Second, the scientific approach provides a means for growing
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a collective body of knowledge about design that can be tested and refined. Note that we do not attempt
tojustify GDT or BRIDGER as approachesto design. Rather, we concentr ate on the syner gy between these
approaches as manifested in the scientific method and the benefits that emer ge from using this method in
addition to those provided by each of the approaches separately. These benefits establish the support for

subscribing to the scientific method.

The remainder of the paper is organized as follows. Section 2 describes the domain of chairs which is
used toillugtrate the ideas discussed in this paper. Section 3 reviews the concepts of GDT, emphasizing
the important assumptions and results of the theory. Section 4 discussesthe theory and itsimplications
for building CAD systems and Section 5 summarizes the paper.

2 Thedomain of chairs

Figure 2 depictseight chairs which arc used to explain the concepts and ideas discussed in this study.
Each chairsin thefigurcisdenoted with aletter. The chair s provide somefunctionality that is summarized
in Table 1. Each row describes a different function of a chair. The + in the table denotes that a chair
provides the corresponding function, and a - denotes its lack thereof. Additional functions that chairs
may have but that are not mentioned include comfort, accessto ceiling, resistanceto fire, etc. In addition
to providing functions, each chair haspropertiesthat can be observed and ther efore describethe attributes
or thestructure of the artifact; some of theseare summarized in Table 2. Additional observable properties

that chairs may have include color, material texture, type of upholstery,.dimensions, etc.

box suspended joint scandinavian office wheel "bean-bag”
1t:lmir2 chair chair chair chair chair _
A B C D E F G H

Figure2: Chairs

Naturally, there are functionsthat are directly derived from the structure of a chair. For example, a chair
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Table 1: Functional propertiesof chairs

chair
function A B C D E F G H
1 seating + o+ o+ o+ o+ o+ o+ o+
2 Dback support + + + + + + + 4
3 revolving —  + o+ o+ o+ o+ o+ o+
4 movable + — — + o+ o+ o+ o+
5 dably Sprort bak — + + — — + + —
6 ordinary design + — — — — o+ = —
7 contemporary desgn — + + + — — — —
Table 2: Observable properties of chairs
chair
dructure A B C D E F G
1 hasseat" + +  + o+ —  ++
2 hasback support — + o+ o+ — ++
3 haslegs — — + — — o+ 4+
4  haswheels - — — — + o+ o+
5 hasvertical rotational dof — + + + — + —
6 haslight weight Cr s 4+ 4
7 ishanging — o+ o+ - -
8 has stopper —_ - - = = — %

* A seat isa horizontal giff object.

structurally stable; and chair E does not even have a physical support.
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that has wheels is movable or a chair that has a vertical rotational degree of freedom (dof) is revolving.
Notethat thisstructure-function relation may be an approximation; for example, chair C with arotational
dof does not allow for 360° rotation. Other functions may be more complex and could no be inferred
from one observable property. To illustrate, achair can provide back support although it does not have a
back. For instance, chair A provides back support due to its location near a wall. Its function is context
dependent. Also, chair E provides back support due to its complex structure although is does not have
aphysical back support. Some functions may qualify other functions. For example, the function stable
back support qualifies the function back support. This function is quite complex to assess. Chairs B and
C are stable due to static considerations, whereas chairs D and H are not stable; chairs A, F, and G are




All the previous examples have concentrated on inferring potential functionality from artifact sructure.
Thisisuseful inanalysis. Wearemainly interested in synthesiswhich isthe gener ation of artifact structure
that will satisfy a desired function. For example, the specification of a chair that will be movable and
stably support back leads to two potential designs F and G. These designs can be generated in two
ways. Thefirg way sartswith {A, D, £, F, G,H} asthe movabled%ignsand refinesthem with the stably
support back property. The second way sarts with {B,C,F, G} as the stably support back designs and
refines them with the movable property. The most concise description of the solution is chairs that have
physical back support and wheels. Of course, thisdescription can lead to chairs not depicted in Figure 2.
The design process was made easier by the use of the eight representative chairs as mediating between
the specification and the design description. In the absence of these chairs, the process is much more
difficult.

~ As an another example, assume that in addition to the previous specification, it is also required that
the chair will have a contemporary design. There is no chair that satisfies these three functions. A
redesign process can be invoked by taking the current candidate designs {F, G} andretractingeither the
movable or the stably support back specification properties and then trying the new specification. Since
we are wor king with extensional description of the candidate designs, therewill still not be any candidate
that satisfies all the three specification properties. Nevertheless, we will have three sets of nearly good
candidates. (1) stably support back and contemporary {B,C}, (2) movable and contemporary {D}, and
(3) movable and stably support back {F,G}. If the set of designs was not confined to the eight chairs, the
second group could be made stably support back by adding a sopper. In contrag, thefirst group cannot
be easily made movable: B is attached to the ceiling and C would have to receive wheels and a stopper.

The chair domain describes issues in the preiminary design stage. It does not discuss the selection
of material and production techniques nor the sizing and proportions of various chair parts, both have
substantial influence on the aesthetic and stylistic value of chairs. These issues are briefly raised in the
theory. The incorporation of many more properties (both functional and observable) can daborate the
domain as seen in (Eastman, 1991), which discusses comfort analysis of chairs using a detailed model

that better approximatesreal chairs.

Asweshow later, thechairsdomain, in itspresent form, doesnot satisfy theaxioms of GDT. Nevertheless,
examples are extracted to show the meaning of GDT'sdefinitions and theorems. In some cases, examples

that violate the axioms or theorems are presented.




3 General Design Theory

General Design Theory-(GDT) is one of the most formal theories of design. It attemptsto cast design in
the framework of set théory. GDT gartswith assumptions about the nature of objects which are inductive
generalization about the world; in fact, they are overgeneralizations. Then , GDT attempts to prove
theorems about the nature of design. GDT makes interesting claims about design. As such, it triesto
be a descriptive theory of the world, but more importantly, a prescription for the future development of
computational support systems.

Unfortunately, GDT is not fully appreciated although at least 10 years have past since its presentation
in English (Yoshikawa, 1981). Possbly, the perceived mathematical complexity prevented researchers
from looking at the relevance of GDT toreal design.

This section reviews GDT's terminology, definitions, assumptions, and theorems while using the
chairs domain as a working example throughout. In many cases the exact wording of the defini-
tions/axioms/theoremslis maintained. While reviewing GDT, the section pointsto the most irh'portant
assumptions, how they determine the success of the theory (measured as the ability to prove theorems
about design), and how they can be relaxed.

3.1 Preview

The purpose of this preview is to motivate some of the concepts discussed by GDT. Since the theory of
topology can be viewed as a generalization of the concept of continuity (Sutherland, 1975); it is natura
to give a motivation from the area of continuousreal functions.

For the purpose of smplicity, assume that in a certain design domain, a specification is described by a
real number and the artifact is described by areal number aswell. A design process is a mapping from
the specification to the artifact description, hence can be described as a mapping/ :/?—-e/?, where R is
the sat of real numbers.

Figure 3 illugtratesan example domain. A function from the artifact description to the specification (i.e.,
analysis) is modeled as 1 + sin} from 0 to a, and by an arbitrary function that'is asymptotic to -oc at
d. The mapping from the specification to the artifact description (i.e., synthesis) is the "inversg' of this
function.

There are several important properties of continuous functions that are of interest in various design tasks
such as synthesis, analysis, or redesign: distance, continuity, convergence, and transformation.
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Specification

1L
e
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il
0 a b c d

Artifact description

Figure 3: A smplified design domain

A Distance between two specifications or between two artifact descriptions is a useful concept. For
example, distance can be used in evaluation. It can provide answers to questions such as. how close
arc two specifications/functionalities, or how far is the functionality of the candidate from the desired
functionality? In our example, both specificationsand artifact descriptionsarc described by real numbers,
ther efore, distances can be calculated by subtraction.

Continuity is a process oriented concept; it intuitively relates to the concept of distance. Continuity
guarantees that a small change in the design description will result in a small change in the artifact
functionality and vice versa. Therefore, if the current candidate differs dightly from the required
function, a small modification to the structure may be sufficient.

For example, arequired move from function g to h can be achieved by a small move from bto c. An
artifact near 0 cannot be analyzed since the function is discontinuous at O; therefore an artifact cannot
be synthesized. Arequired move from e to/ (around point a, which is a discontinuity point) cannot be
achieved by a small change in the artifact.

Convergence is also a process oriented concept; it provides a different per spective to continuity. Con-
vergence guarantees that a sequence of incremental changes (e.g., from b to 'c) will cause only small
incremental refinement changes (e.g., leading from eto/). A negative example are the small changes
when mbving from ato 0, or from c to dthat do not converge to a specific artifact description.

A transformation that conserves the continuity or convergence properties is useful in design domains

because it allows aobtaining a different viewpoint of the specification and the partial design description
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that may simplify future design steps. In topology, such a transformation is called homeomor phism.

Theseuseful conceptsappear sin ageneralized form intopology. Assuch, topology providesan interesting
" per spective of viewing design. With this motivation we turn to reviewing General Design Theory.

3.2 Preliminary definitions

DEANITION 1. An entityisareal object that existed, exists presently, or that will exist in thefuture.

EXAMALE :  Any chair that existed since the invention of the first chair and that will exist is an
entity. For the purpose of smplification assume that Figure 2 contains all these entities.

DEFINITION 2: The set of all objectsis called the entity set
EXAMPLE : The chairsdomain can beviewed as an entity set.

DEANITION 3: An attribute is a physical, chemical, mechanical, or any other propérty that can be

observed by scientific means. Each entity has values for its attributes.

The terms property and value are not defined by GDT but can be given mathematical meaning (as
suggested by T. Yagiu in the discussion following (Y oshikawa, 1981)). Note that usually property and
attribute are synonymous. However, in GDT, the term attribute has a special meaning; it is a property
that can be observed.

EXAMRALE : Thepropertieslisted in Table2 arc all attributesof chairs. They all can be observed or
measured by some scientific means. The table specifies the attribute-value pairsfor each chair.

DEANITION 4:  When an entity is subjected to a situation, it displays a behavior which is called
afunctional property. The collection of functions observed in different situations is thefunctional

description of the entity.

EXAMALE :  The properties listed in Table 1 are all functional properties of chairs. The table
specifies the functional behavior manifested by each chair. For example, (un)stable back supportis a
behavior manifested when a human leans at the back, e.g., chair D will swing backward, therefore, it
isnot stable. It isclear that this function is a direct consequence of thejoint (i.e, dreular) seat-base
connection; in most cases the function-gructurereationshipsis much lessclear. These relationships

are very important in design.




A real object cannot be reasoned about in the mind of designers. Designers operate on an internal
representation of the real objects.

- DEANITION 5:  The representation of an object is called concept of entity.
Wewill refer to it as entity aswell sincefrom now on, only representationsarc discussed, not real obj ects.

EXAMPLE :  Therepresentation of a chair using the function and sructure properties from Tables 1
and 2 is a concept of entity. Also, arepresentation of a chair using itspicture in Figure 2 as an icon
is a concept of entity.

The discussion has concentrated on single entities and their representation. The important concept of
classification is now introduced.

DEFNITION 6: A classification over the entity set is a division of the entities into several classes.
Each classiscalled an abstract concept. The set of all abstract conceptsis denoted by T.

EXAMPLE :  Chairs A and B can form aclass and the remaining chairs can form another class. A
more meaningful classification can be obtained by classifying the chairs based on their properties.
For example, the property has legs dividesthe set of chairs into two classes: chairswith legs (C, F,
and G) and chairs without legs (A, B, D, E, and H). A classification can be more daborate if it is
based on several properties. For example, the properties has legs and haswheels divide the set into
twoclasses: {A,B,C,D,E,H} and {F,G}.

DEANITION 7: Theset of all specifications, called thefunction space is a set of all the classifications
of the functions. It is denoted by T\

This definition does not modify the definition of specifications giveh in the introduction if the problem

congtraints are also reflected in the functions.

EXAMPLE:  In principle, the function space for the chairs domains may contain 2® specifications,
each being a different classification over the set of chairs. For example, the chairs that satisfy
support back, movable, and contemporary is a classification that singles out chair D from the whole
sat of chairs. The number of specifications, however, is not accurate since some of the potential
classifications (e.g., standard and contemporary or movable, contemporary and stably support back)

do not contain any chairs.




DEANITION 8: The set of all artifact descriptions, called the attribute space is a set of all the
classifications of attributes. It is denoted by % '

EXAMRLE  The attribute space for the chairs domain may contain 2* potential artifact descriptions.
For example, the attributes has legs and has lightweight, designate the artifact descriptions of chairs
F and G. Some of the classifications may be empty; however, it is easy to construct a new chair
that will have the classification attributes. For example, the attributes has wheels and is hanging
designate an empty artifact description; nevertheless, isis easy to hang a chair on wheels dliding on
arail that is attached to the ceiling.

3.3 GDT'saxioms

GDT's axioms convey the assumptions of the theory about the nature of qu ects and their manipulation
by humans. These axioms are the foundations of the theorems discussed later. The importance of the
axioms lie in their coherent formulation. This allows the assessment of how close GDT approximates
the real world.

AXIOM 1 (Axiom of recognition): Any entity can be recognized or described by its attributes and/or
other abstract concepts.

EXAMPLE:  Each of the chairs in Figure 2 can be easily singled out from the set of chairs by using
one or more of its artifact description attributes. For example, chair A can be recognized as the
only chair that have no vertical rotational dof and no wheels and chair C is the only chair that is not
light-weight.

The only situation in which the axiom will fail is if two chairs have the same description. In this case,
the two chairs cannot be differentiated. In reality, we often face decisions about which product to buy
and our description (i.é., knowledge) is not sufficient to differentiate between the products. The key to
remove this problem isto add attributes that differentiate between the artifacts. This entailsthat an entity
may have a large, possibly inf.inite, number of attributes to enable its recognition. This, in turn, may
require having infinite storage capacity and processing speed.

AXIOM 2 (Axiom of correspondence): The entity set and its representation has one-to-one corre-

spondence.
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EXAMPLE If each of the chairs in Figure 2 is perceived as a real object (i.e., entity) and its
descriptiongivenin Tables 1 and 2 as the concept of entity, the axiom says that there is a one-to-one
mapping between them.

The discussion on the previous axiom applies to the present axiom, therefore, to the representation of
entities. It forces the use of an unbounded representation such as an infinitely long property-value list.
Of course, thisis practically impossible. Nevertheless, the theory assumes an infinite memory capacity
and processing speed which overcome this difficulty.

AXIOM 3 (Axiom of operation): The set of al abstract conceptsis atopology of the entity st

A topology (S, T) is amathematical entity consisting of a set Sand the set T of subsets of Sthat satisfies
the following properties:

(1) <€ T andS € T,
(2) foreverys\, s, € T,s\ns, G T, and
(3) forevery $1, s, € Tys, Us, € T.

The fact that knowledge is a topology, influences both its structure (through property (1) of topology)
and the possible operations on this knowledge (properties (2) and (3)).

EXAMALE The simplest topology over the set Sof chairsis T = {<£ 5}. Another obvioustopology
isthe power set of S(having 2° = 256 elements). Aswe see later, thistopology is not too interesting.
Another topology T can be is constructed such that {<f, {AH} ,{B,C,D} ,{£,F,G} ,S} C T. The
inclusion of these subsets of Smay be caused by the need to differentiate between the entitiesin the dif-
ferent classes. To complete the topology, T must satisfy the three properties listed above. Therefore,
T={*{AJ} ,{BCD}, {£FG} , {AB,C,D,(ff} ,{BCDEFG}, {AE£FG,(ff} ,S}.

3.4 ldeal knowledge

DEANITION 9: Ideal knowledge is the one that knows all the entities and can describe each of them
by abstract concepts without ambiguity.

This definition adds another constraint to the axioms: the recognition of entities should be without
ambiguity. Furthermore, the recognition should be facilitated by the abstract concepts. This restrictive
notion of recognition is one instance of the topological concept of separation which is formalized in the
axiom of separation.
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AXIOM 4 (Axiom of Separation”®): There exists a hierarchy of separation/recognition ability:

To: Foreach paira”bin5thereisU € Tsuchthata £ Uandb & U or vice versa.
Ti: Foreachpaira®6inStheieis£/,V € Tsuchthata G Uandb & Umdb 6 Vanda £ V.
72: (Hausdorff). Similarto T\, but UnV = 0.

T3: (A regular 7i space). Satisfies Ti and for every closed set A C S(i.e., closureof S) and for every
£ € S - A there exists a pair of digoint open sets {/,V suchthatb £ Uand A ¢ V(T3 isa
generaization of T2 when A is asingle point).

T4. (A norma 7 or a compact Hausdorff space). Satisfies T\ and for every pair of digoint closed
setsA,B C Sthere exists apair of disjoint open sets £/, V € T suchthat A C Uand B C V.

Ts: (A completely normal T\ space). Satisfies T\ and for every pair of closed sets A , B ¢ S with
A D B = ARB = < there exists a pair of digjoint open sets (/,VeT such that A C U and
BCV. : '

Metric space: There exists a metric on the space.

It can be shown that metric =» Ts => T* => 73 == 72 => 7i => 70, and that none of these implications is

reversible. Therefore, the type of separation defines an order on topological spaces.

EXAMALE  Even though, the examples of topologies discussed before were correct, they do not
constitute ideal knowledge because they do not alow the recognition of objects without ambiguity.
To facilitate the recognition without ambiguity, each chair must be amember of T. Thisimmediately
implies T = 2°. However, to be meaningful, we want the topology to have some meaning with
respect to the domain. Therefore, the abstract concepts must be derived from properties describing
chairs. Figure 4 illustrates the classes created from the properties in Table 2. Each line in the
figure circles the chairs that satisfy the property number that is written aong the line. A number
in parenthesis denotes that the chairs have - as their value for this property. We immediately see
that some entities, such as D is not recognized by an abstract concept. The problem can be partialy
remedied be introducing other observable attributes such as: sguare seat (differentiates A), stiff seat
(differentiates//), has a height adjusting screw (differentiates F), has a horizontal seat (differentiates
£), and has two parts (differentiates D)*.

*This symbol denotes that this axiom is not a part of GDT.

“In general, the process of verifying that each object or abstract concept can be discriminated without ambiguity from the
remaining concepts can be performed using a learning program such as CN2 (Clark and Niblett, 1989). The learning program
can generate a discriminating rule based on the attribute descriptions (e.g., attributes in Table 2) of the examples comprising the
concepts.
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Figure 4: The function and attributetopologies

THEOREM 1. Theideal knowledgeis a HausdorfTs space.

This theorem almost follows from the definition of ideal knowledge. Insisting that each entity can be
described by abgract concepts without ambiguity only warrants a type-7*i separation and not necessarily
type-T2. Insisting on a Hausdor ff space is a strong inter pretation of the word * ambiguity.' It remainsto
be detennined in future work whether a weaker interpretation can still lead to provingthe same or similar
theorems abou; design that GDT proves.

EXAMPLE  In the chairs domain, using Figure 4, entities A and F cannot be digtinguished in the
Hausdorff sense. They can, however, be distinguished in the T\ sense. For example, {AH,G,E},
the abgtract concept does not have vertical rotationaldo/—denoted by (5), and {C,G,F}> the abgract
concept haslegs—denoted by 3, differentiate between them but they are not mutually exclusive. On
the other hand, entities C and G can be easily differentiated in the Hausdor ff sense.

The next definition formalizes the intuitive definition of design specification given in the introduction.

The definition isin correspondence with Definition 7.

DEANITION 10: Thedesign specification, T, designates the function of the required entity by using
abdract concepts.

Thisdefinitionsimpliesthat Tg 6 T. Shortly, we seethat a solution to thedesign problem iss 6 T *E T.
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THEOREM 21 The specification can be described by the inter section of abgract concepts.

EXAMPLE It is natural to describe the specification‘of an object by the intersection of abgract
‘concepts sincé the specification describes functions that the desired chair mug fulfill. Therefore,
a specification that a chair mugt revolve and be movable is described easily (using Table 1) by
{5.C.D.£,F,G} 0{i4,D.£f,G} = {D.£,F,G}. A solution to this design problem is any s €
{D,E,F,G}. If the specification would insist on ordinary design {A, F}, the result would be
{D,E,F,GIn{A,F}={F}

THEOREM 3. The set of design specifications 71 is a filter.
A filter allows access to an entity through a sequence of increasingly refined abgsract concepts.

EXAMALE  Ifthe set of design specifications T\ contains {A}. Then from the definition of afilter, it
contains all the supersets of {A}: {A} {AF}e {A,D,£,F}, {A,£,F,G,//}, {A,D,£,F,G,//}, and
S.

THEOREM4: T D 75and T D Tx.

Thistheorem establishesthe reationships between the concepts of function and the ideal knowledge and
the concepts of attributes and ideal knowledge.

DEANITION 11: A‘d&ign solution is an entity sthat isincluded in its specification and carries out
the necessary manufacturing infor mation.

The notion of "carries out the necessary manufacturing information” is not defined. To illustrate the
meaning, remember that ideal knowledge contains all the chairs that were manufactured and that will be
manufactured. There will be smilar chairs that will differ in the technology they are manufactured or
in the tolerances on their dimensions. In order to differentiate between these chairs by some properties
(i.e., abgtract concepts) their description must contain all their dimensions, tolerances, and manufacturing
techniques.

THEOREM 5. The entity concept in the ideal knowledge is a design solution.

This theorem dates that every entity is a design solution because it satisfies some requirements and
contains the necessary manufacturing information. The reason why each entity can have all.the man-
ufacturing knowledge necessary lies in the mathematical concept of neighborhood. A neighborhood is,
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any abstract concept that contains the entity. These neighborhoods can be accessed from the entity and
as classification based on attributes such as tolerances and manufacturing technology, they contain the
necessary manufacturing information.

EXAMPLE In the specification revolve, be movablé, and ordinary design, described before,
{F} is the design solution. The neighborhoods of F that contain the manufacturing knowledge
arc those elements in the attribute topology that contain F (see Figure 4(b)): {A,B,C,D,F,G},
{B.CD,F.G}, {CFG}> {£,F,G}, {B,CDF}, {AfI,D,£FG,/}, {ACD,EFG,/}, ad
{A,£,C,D,E,F,//}. Of course, these neighborhoodscorrespond to the attribute description of chair
F that appears in Table 2. The trandlation of these attributes to manufacturing information-is simple:
the c_hairwill be manufactured with a seat, back support, legs, wheels, etc.

THEOREM 6: The entity concept in the attribute space (S, To)® is a design solution. Each of the
attributes can be perceived as a manufacturi ng information.

The attribute space is the one that is created by the observable properties. These are the ones that are
needed to manufacture an entity. Therefore en entity in the attribute space is adesign solution. The next
definition formalizes the notion of design solution described in the introduction.

THEOREM 7: Thedesign solution is represented by the intersection of classes of Sthat belong to the
attribute space To.

EXAMPALE From Figure 4(b) it is obvious that C and G which are isolated chairs are design

solutions.

The next definition formalizes the intuitive definition of design given in the introduction. Its two
subsequent theorems establish the nature of design in the state of ideal knowledge. Note that in the ideal

state design is similar to synthesis.

DEANITION .12:  Design process is the designation of adomain in the attribute space (5, To) which
corresponds to a domain specifying the specification in (S, T).

THEOREM 8: If the function space is a subspace of the attribute space, then design is complete when
the specification is provided.

5(5, T) is the mathematical notation of a space, we sometimes use T to denote a space as well.
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EXAMPLE Let the specification be to design a chair that stably supports the back and that is
movable. Specification 1 (a chair that stably supports the back) is {A,fl,C,£,F,G}. The addition
of specification 2 (a movable chair), {C,D,E,F,G}> generates the specification {C,E,F,G}. The

_only way that adesign solution existsis that there is a class in the attribute space that is a subset of
{C\£,F,G}. Inthechairsdomain, {C},{G},{C,F,G}, and {£,F,G} aresubsatsof the specification
and therefore may be design solutions. Unfortuhately, both {C,F,G} and {£,F,G} do nat contain
all the necessary manufacturing information. For example, {C,F,G} does not specify whether it
should have Whedé and {£,F, G} doesnat specify whether it should have legs.

THEOREM 9. In the ideal knowledge, design is completed immediately when the specification is
described.

EXAMPLE  Let the specification be to design a chair that stably supportsthe back, ismovable, and
isstandard. Specification 1 (a chair that stably supportsthe back) is {A,B,C,E,F,G}. The addition
of specification 2 (a movable chair), {C,D,E,F,G}, generates the specification {C,E,F,G}. The
further addition of specification 3 (standard), {A,F}, leads to the combined specification {F}. At
this stage all the specification have been described and the resulting design solution is {F}. '

The next definition refinesthe previous Definition 12.
DEANITION 13: Design is a mapping between the function space to the attribute space®.
THEOREM 10: Theidentity mapping between the attribute space to the function space is continuous.

The interpretation of the theorem isthat To 3 71. Intuitively is suggests that any class in the function
spaceisequal or contain several classesfrom the attribute space; therefore, if a pecification isdetermined
there will always be at least one candidate solution.

THEOREM 11: If two design solutionscan be discriminated functionally, then To C T\.

Thistheorem, however, does not hold if design is possibleunless both topologies are equal, because then,
from Theorem 10, T, D T\. '

Summary of ideal knowledge. The gate of ideal knowledge is characterized by the ability to separate

between entities. This separation may require the use of infinite descriptions of entities. The separation

®Remember that the function and attribute spaces are topologies over the same set of objects.
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between entities and the requirement . that the knowledge gructure be a topology guarantee that design
would terminate.with a solution after a specification is given. The operation on large decription ofl
entities by the set operations that manipulate the topology may require infinite memory capacity and
processing speed. -

To summarize, GDT-DEAL, denoting the state of ideal knowledge, restricts the nature of knowledge to
havetwo perfect properties, but can then guaranteethetermination of design. Real design never hasthese
properties and therefore, its termination cannot be guaranteed. Nevertheless, several design strategies,
and additional assumptionscan guarantee design in alessideal gate called GDT-REAL. Theseissues are
discussed next.

35 Real knowledge

The real knowledge cannot be gructured as a perfect topology and cannot be manipulated by infinite
resources. Thesediscrepancies from the state of ideal knowledge require two important modifications to
thetheory. Firdt, only finite descriptions of entities can be manipulated. Second, instead of assuring the
successful termination of design, alternative models of design must be devised to allow solving design
problems. The alternatives rely on the identification of a mapping between the function and the attribute
topologies which are now imperfect.

For example, designing a chair that will seat and be of contemporary design, stably support back and
movable isimpossibly. The intersection of the classes corresponding to therequested properties does not
contain any chair although the existence of such chair is guaranteed by GDT-IDEAL. The design can be
accomplished by the addition of a stopper to chair D to make it stable. Thishowever, involvesenhancing
the topologieswhich is a creative action.

The remainder of this section reviews the definitions, assumptions, and theories of the extension of
GDT toreal knowledge denoted by GDT-REAL. Since, most of the effort in this part of GDT goes into
proving smilar theories about design as in the state of ideal knowledge, examples will be limited to the
distinctionsbetween GDT-IDEAL and GDT-REAL.

DEFANITION 14: A physical law isadescription about the reationship between object properties and

its environment.

EXAMPRLE  Physical lawsinclude: gravity which establishesthe lightweight property, vision which
establishesall the properties that can be observed, etc.
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DEFANITION 15; An attributeis a physical quantity which isidentifiable using a set of finite number
of physical laws

This definition is in correspondence with Definition 3 except for the addition of the finite adjective.
Insisting on a finite number of laws has an important implication that islater given a precise meaning in
Hypothesis 1. This hypothesisis one of the core assumptions of GDT-REAL.

EXAMPLE  All the observable properties in the chairs domain can be identified by physical laws
such as gravity or vision, therefore they are attributes.

DEHANITION 16: A concept of physical law isan abgract concept. It isformed if entitiesare classified
based on physical manifestations due to physical laws.

If each physical law corresponds to one and only one observable property, the topology of physical law |
isequal to that of the attribute space, otherwise it may be dightly different.

GDT now makes a distinction between 5, the set of entity concepts, and 5 which is the set of entities
that do not contradict physical laws. This distinction is not too important since Sis the representation of
existing entities via one-to-one mapping. Therefore, S contains only feasible objects. The distinctions
between the two sets is ignored hencesfter.

DEFINITION 17: A feasible abject is an object that does not contradict physical laws.

EXAMPLE A feasible object is an object that can be realized. Since all the chairs are examples of
existingdesigns, they are all feasible. ‘

THECREM 12: Thetopology of physical law, Ty, op éisasubspaceof T0.

The fact that T, is a subspace of TO guarantees that anything that can be expressed by physical laws
will be realizable as an artifact. Therefore, if specifications can be described by physical laws, design is
possible.

HYPOTHESS 1: Thereal knowledge is the set of feasble entity concepts which are made compact
by coverings selected from the physical law topology.

EXAMPLE: Any finitespace (e.g., the chairs domain) or a space with afinitenumber of open setsis
compact.
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Conceptually, this hypothesis says that the description of entities isredtricted to a finite number of
properties. Formally, insisting on a compact space is a very redrictive hypothesis. It demands the

existence of a finite subcover for each cover of the space. From the formal per spective, this hypothesis
' is asimportant foundation of GDT similar to the assumption that the sructure of knowledge is topology
(Axiom 3). It almost immediately deter mines all the properties discussed henceforth.

Toillustrate, compactness guar antees the feasibility of a specification (e.g., theinter section of the classes
representing the specification properties is not empty) if they can berepresented as closed sets and if
the specification is feasible for any finite collection of properties. This is formalized in the following
theorem (Christenson and Voxmén, 1977; p. 67):

THEOREM 13 (t): A space Siscompact if and only if for each collection C = {C\\A € A} of closed
subsetsof 5with thefiniteinter section property, HCA A€A jt <t>

Another immediateresult isthat the compactness property with the Hausdor ff property of real knowledge,
determines the metrizability of real knowledge. This implication is further discussed later.

The following three theorems are sated for completeness but are not discussed fUrther.
THEOREM 14: Thetopology of T'o on the set of feasible concept Sis a compact Hausdor ff space.
- THEOREM 15. Thereal knowledge is second countable (i.e., has a countable basis).

THEOREM 16. Thereal knowledgeis a closed subset of the (ideal) set of entity concept S.

THEOREM 17: If a continuousfunction/ :S->R exigts in thereal knowledge, this function has the

maximum and minimum value.

This important theorem says that continuous functions have finite values ranging between two limits.

Thisproperty is necessary when dealing with functions that represent properties of physical objects.

The next theorem is stated for completen&sé since it is used in proving later theorems. Intuitively, a

Lindelof space is a less regtrictive notion of a compact Hausdorff space.

THEOREM 18: Therea knowledge is a Lindelof space.

DEANITION 18: Let T be the topology of absract concept and A acountablé set. Feasible design

specification, T = ngeATx(TX e T, Ty = <t>\ isdefined by the following condition: nr ft <t>.
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This definition addsto Theorem 2 the regtriction on a countable inter section of abgract concepts. This
guarantees that the specification will be feasible (i.e., contain candidate designs).

THEOREM 19: Any feasible specification in the real knowledge has a cluster point.

Thisconclusion isequivalent to Hypothesis 1 (see (Schubert, 1968); p. 69). The sat of candidate designs
will be a set of entitiesthat also contains the cluster point. The next theorem shows how a converging
subsequence can be built that will arrive at a single solution. The proof postulates the existence of a
function that can select oneentity from a set. The existence of such function is guaranteed by the Axiom
of selection. In design terminology, it correspondsto the style a designer has. '

THEOREM 20: In the redl knowledge, it is possible to make a conver ging subsequence from any
design specification and to find out the design solution for the specification.

Thisand the next theorems restate Theorem 9 for the sate of real knowledge.

THEOREM 21: Inthereal knowledgethe design specification conver gesto one point, if it is possible
toget a directed sequence of points from the specification. '

The following definitions and theorems deal with the important concept of models. The key idea is
that models are described by finite number of attributes. Thisisin correspondence with Hypothesis 1.
Intuitively, models are some abstraction of entities that focus on few properties. In many cases, models
are then subjected to some analysis based on atheory to find behaviorsthat are attributed to the original
entity. '

DEFINITION 19: A metamodd MA is defined as r\EAM\,(M\ € %\ A is finite.

EXAMPLE Modding the chairs as two dimensional entities and the application of statics laws lead
to estimating the behavior of chairs A, D, £, and Has not stably support back and chairs B, C, F, and
G as stable.

DEANITION 20: The metamodel set, M, is the set of metamodels that are formed by finite inter sec-

tions.
THEOREM 22: The metamodd st is a topology of the real knowledge.

THEOREM 23: Inreal knowledge, themetamode set isatopology weaker than the attributetopology.
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Theterm weaker means that the metamode set can only approximate the attribute topology.

THEOREM 24: Inthereda knowledge, the necessary condition for designing is if the topology of the
metamode set is sronger than the topology of the function space.

SinceTQ D M, thenifM D T\then% D M D T\. ThisimpliesTQ D T\ which isthe condition for the
ability to design.

THEOREM 25: Ifdesigning is possible, the identity mapping from % to M is continuous.
Thistheorem issmilar to Theorem 10 in GDT-DEAL.

THEOREM 26: If the identity mapping from M to T\ is continuous, the identity mapping from 70 to
T\ iscontinuous.

THEOREM 27: If we evolve a metamodel, we get an entity concept as the limit of the evolution.

Theorem 21 is used to prove this theorem, except that here, the limit is an element of M. Theref'ore, it
may only be an approximation of the true design solution.

DEANITION 21: Afunction of an entity is a physical phenomenon caused by the physical laws
governing the situation.

Thisisthe intuitive notion of a behavior of an object when exposed to a physical situation, for example,
push achair and see whether it i's stable. Thisdefinition dightly differs with Definition 4. This definition
is directed towar ds defining function by attributes and concept by a finite number of physical laws (e.g.,
length, weight, or color).

DEANITION 22: A function element is a metamode nxeaM A, (Af « € %, A is a finite set), such that
VMaAfL € T\ € A)

The next theorem is the one corresponding to Theorem 9 in GDT-DEAL. It does not guarantee arriving
at a solution when the specification is described, but guarantees the finding of an approximate design

solution.

THEOREM 28: If we choose function elements asthe metamode, design specification isdescribed by

the topology of metamode, and there exists a design solution that is an element of this metamoded.
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THEOREM 29: Therea knowledgeis anormal space.

This theorem says that the topology of real knowledge is finer than what originally perceived (i.e., a.
retype space instead of a *-type space). Shortly, it is proved that it is even finer (i.e,, it is a metric
space).

THEOREM 30: Inthe real knowledge there exists a distance between two different entities.

The topology of the real knowledge is "fine" enough to alow the calculation of ametric. This is one
of the most important results of GDT. The distance in a metric space supports incremental refinement
and easy redesign. A simple example of the benefits from properties derived from a metric (continuity,
convergence, etc.) was discussed in Section 3.1. Such afine topology supports the construction of
knowledge by metrization (Taura et al., 1989). The ability to create a metric, however, can be derived
from less restrictive assumptions. The least committing theorem on metri'zability is:

THEOREM 31 (Nagata (1950) and Smirnov (1953),t): A space Sismetrizableif and only if 5is 73
and has a a-locally finite basis.

The next theorem restates that if a space is metric than the distance measure can be used to assign values
to each of the attributes describing an entity.

THEOREM 32: Inthe rea knowledge an attribute has aval ue.

The following definition and theorem states that the characteristics of real knowledge do not allow a
specification that will result in a single design. Therefore, the candidates designs have behavior that is

not specified or unexpected.

DEANITION 23: When adesign solutionis materialized, although it is exposed to a specific situation,
it may have behaviors different from the specifications. These behaviors are called unexpected
functions.

THEOREM 33: In the real knowledge the design solution has unexpected functions.

Summary of real knowledge. The state of rea knowledge is an adaptation of the concept of ided

knowledge to the real world. Entities are described by a finite number of attributes that can be measured
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by physical laws. Therefore, these descriptionscan be manipulated in finitetime and requirefinite storage
capacity. The main assumption of the topological nature of knowledge remains intact.

Designin the gate of real knowledge requires the ability to continuousy model the designed artifact until
it evolves into a candidate that satisfies the specification. A mode is an abstraction of the actual entity
and serves as a focus for the current stage of the design. The use of models guarantees an approximate
solution in the gtate of real knowledge.

Essentially, GDT-REAL. issmilar to GDTHDEAL with the addition of the restriction to finite properties,
and the introduction of models as mediator s from the specification topology to the attribute topology.

4 Discussion

A strong motivation of GDT isto provide a better prescription for building design support systems. The
contribution of thetheory can be assessed by itsinfluence on the design of future design support systems.
Three issues establish this influence. Thefirst issue is concerned with the scope of the theory, namely,
how many domain can it describe?. The second issue is concerned with a set of general guidelines for
building design systems that GDT offers. The third issue is concerned with the possibility of actually
implementing a system that.operates smilar to GDT. This section elaborate these issues.

4.1 The scopeof GDT

General Design Theory proves strong theorems about d&igh (e.g., Theorems 9 in GDTHDEAL and 28 in
GDT-REAL). It arrivesat thesetheoremsby imposingrestrictionson design knowledge. Therequirements
on infinite processing speed and memory capacity laid in GDT-IDEAL are relaxed in GDT-REAL at the
expense of obtaining solutions that are close approximations of design solutions. Since the latter is
sufficiently detailed to allow manufacturing, the only remaining restriction isthe representation of design

knowledge.

The restrictions on knowledge representation emerge from the assumptions of GDT. Some of these
assumptions can be rdaxed. Fire, in GDT-IDEAL, the definition of ideal knowledge can be interpret
as a less redrictive notion of the Axiom of separation. Second, in GDT-REAL, the hypothesis that redl
knowledge is a compact space is also redtrictive. In particular, since the important results of GDT-REAL
are proved using the Lindelof space property, which insist on a countable and nat finite subcovering of

any existing cover, there is no need to assume compactness. Third, the desire to prove metrizability of
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real knowledgeis noi necessary. In part Il of the study we show that without the use of a metric space,
hierarchical knowledge structures can be generated and support effective design.

These three potential relaxations can still maintain sufficient ground for proving the same theorems that
GDT proves. Moreover, we are interested in consi dekably less restrictive assumptions that can support
less promising but useful and more redlistic predictions about designability. Such relaxations will be
discussed in Part 11 of the paper. |

To summarize, the scope of GDT can be broaden by insisting on less restrictive assumptions. The extend
to which these assumptions can be relaxed depends on the ability to use them effectively in proving
results similar to those currently obtained.

4.2 Guidelinesfor building design systems

Even if GDT has a restricted scope, it is still useful for guiding the construction of design support
systems. This section draws on the papers describing GDT and others, by Tomiyama, Y oshikawa, and
their colleagues, discussing related issues. The guidelines are organized along the representation and

process aspects.

Representation. Two potential representations exist for representing objects: extensional and inten-
tiona. Intheextensi onal representation, an attribute isexpressed as the set of objects having this attribute.
This representation of the chairs domain appears in Figure 4. In the intentional representation objects
are described by the set of attributes characterizing them. Tables 1 and 2 describe the chairs domain
intentionally. Axioms 1 supports the use of intentional representation of entities, and Axiom 3 and the
way design process is executed (i.e., by the intersection of abstract concepts) demand the use of an
extensional representation of abstract concepts’.

Each of thetwo representations have advantages and disadvantages which can be summarized as follows
(Tomiyama and Y oshikawa, 1986; Tomiyama and ten Hagen, 1987). An extensional description of an
object can be easily modified but may hardly convey the complete meaning of the object description. In
contrast, an intentional description of an object is hard to modify but its meaning can be easily understood.
These differences, in addition to the ease of computer implementation of intentional descriptions, demand

"Studies on GDT sometimes disagree on this issue. For example, Tomiyama and Yoshikawa (1986) say that (p. 5) "It
is that the description method of an entity concept must be extensional or denotative, but not intentional nor connotativc.”
(boldface in the original manuscript). In contrast, Kunimatani and Y oshikawa (1987) say that (p. 724) " Axiom 1 guarantees
the possibility of recognizing an entity by its connotation instead of its denotation/'
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the use of both rqoféentations in design support systems. This is in complete agreement with our
understanding of GDT.

Figure 5 summarizes a discussion in (Tomiyama and Y oshikawa, 1985) suggesting that extensional de-
scription are best at the beginning of the conceptual design phase sincethey facilitate easy transformation
from functions to artifact description. In the detail design phase, -objects are detailed with additional
attributes, thereby preferring an intentional representation.

5&55?\33”9 Preliminary l ljgfgegs'“g
flexibility H'\ miormanon
Decreasing i \ Increasing
suitability of Detail \ suitability of
extensional \ intensional
representation : \ representation
Production \

Figure 5. Representation for different design phases.

The second aspect of representation of knowledge is the overall organization of concepts and entities.
GDT is based on atopological structure of the universe of entities. Nevertheless, it recognizes that in
real design topological structure does not exists. Therefore, Hypothesis 3, discussed shortly, postulates
that hierarchical knowledge structure is the representation used by human designers.

Process. In hisoriginal English paper, Y oshikawa addresses the issue of real versus ideal knowledge.
Real knowledge does not lead to a design solution when the specification is described. Y oshikawa
suggests to remedy the shortcomings of real knowledge by providing a mapping between the function
and the attribute topologies. This mapping can be generated by one of the following methods:

(1) Correspondence methods. These methods provide limited, but direct mapping between the
function and the attribute topol ogies.

(1) Catalogue. This method can be realized in an information retrieval system that
provides a solution from the best available solution. Inthe chair domain, it means
selecting an existing chair that can best satisfy the requirements. In rea design,
rarely will a catalogue contain exactly the desired item.

(2) Calculation. In this method, numerical procedures are used to derive a design
solution. Thecalculations are expected to be in the form where attribute properties
are calculated from functional properties. This method is applicable to simple
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design problemswere amathematical mode can be formulated and solved.
(3) Production. Inthismethod, functionsaretranderred into attributesby production
rules. Currently, thismethod is also applicableto smple design problems.
(2) Convergence methods. In thisprocess functions are added incrementally and the design
- gradually converges to having the desired behavior.

When applicable, the correspondence models should be employed since they provide direct mapping
between function to attribute description. In general, however, the conver gence process is the most
promising. Thisisduetoitsevolutionary nature which doesnot requireto arriveimmediately at the final
description of the design solution.

To facilitate the conver gence method, two hypotheses are forwarded that support some of the sructure
of topologiesin real design, thereby maintaining some of the properties discussed in the preview section
(see (Yoshikawa, 1981); p. 49-50). Thefirgt hypothesis tries to conserve some of the benefits from
continuity.

HYPOTHESIS 2: The more similarities of function there are between two entities, the more are the
similarities of attribute between them. The conver se also holds.

The second hypothesis attempts to maintain some of the benefits from infiniteresour cesthat can inter sect
arbitrary sets. The constraint on the structure of knowledge supportsits effective management and use.

HYPOTHESS 3: The entity concept in the designer has a hierarchical sructure.

GDT-REAL presentsthe concept of models as mediating from the specification to the attribute topologies.
When using the conver gence method, models must be used for supporting the incremental modification
of the design toward the solution. Theorems 27 and 28 guarantee arriving at an approximate solution
when using this correspondence model.

Figure 6 illustrates the concept of design as a converging process using the chaiirs domain. The figure
showsthe addition of specification requirements and the application of models for maintaining candidates
that satisfy all theprevious requirements. Theprocesster minateswith an acceptabledesign. It isimportant
to note that the order of adding functions is very-important for the efficiency of the process. The length
difference between a good and a bad ordering can be between log and linear of the number of chairs.
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Figure 6: Design asa converging process

4.3 Implementation of GDT

Thissection dealswith theimplementation of the guidelinesdiscussed before. A completeimplementation
must follow as many guidelines as possible and remain coherent. In particular, the implementation must
answer two fundamental questions: how is the entities representation (i.e., topology) generated and
how isthe process (i.e., the mapping from the function to the attribute topologies) represented? These
guestionsremain open in the formalization of GDT as summarized in Figure 7.

Designsin the Internal representations Specifications, TJ Design
real world of actual designs - descriptions, T,
(entities) (concept of entities)

rcpmem
generation of
abstract concepts

Figure 7. Learning: Themissing part in GDT

Representation. The interleaved extensional and intentional representation discussed before was im-

plemented in IDDL (Integrated Data Description Language) (Tomiyama and ten Hagen, 1987; Vdih,
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198.7). Among other things, IDDL supports extensional and intentional descriptions, and can describe
objectsand processes, metamodels and models. | DDL can also support the construction of a hierarchical
- dructure. Overall, IDDL isamanual method for coding knowledge and entities based on the guidelines
set by GDT. Unfortunately, IDDL providesno answer to the question of how topol ogies are generated.

A method for constructing knowledge structure was experimented in the context of GDT. It involvesthe
creation of a metric space by the use of a clustering technique (Taura et al., 1989). In this approach,
a metric is used to represent the distance between the function of or behavior manifested by designs.
The function or behavior is manually extracted from the artifacts® descriptions. A similarity function
is used to measure the distance between any two artifacts, arranged in a smilarity matrix (see Figure
8). Several important dimensions Ai,..., A/ are extracted by performing a principal coordinate analysis
over the matrix. The analysisreduces the dimensionality of the description space, which in turn allows a
simple clustering. Each cluster is then identified by generalizing the design descriptionsof its eements. -
This description is then used in new situations to congtruct new objects to satisfy a given functionality
expressed by the principal coordinates. This approach generates a single-layer classification and not a
hierarchical structure. Therefore the knowledge generated is computationally inefficient for the retrieval
of designsthat are smilar to the new situation.

. o
designs x x s, [1234 .2 Ay
x x x LN 2120. 3
X X X A,
e e 3211 .1 —

X x X : :

modelinf nd similarity . . principal H

meamieofdMipifl 5 ol A

- .
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Figure 8: Creation of a metric space

To summarize, studies related to GDT have provided guidelines and tools for the representation of
knowledge. They have not addressed the issue of how to generate efficient, hierarchical knowledge
dructures that support extensional as well as intentional descriptions. In particular, they have not
discussed how this can be done automatically and incrementally in response to changing technology.

Process. Asmentioned before, IDDL is also capable of representingdesign processes. In particular, it
supports the representation of metamodels, models, and the evolutionary control of design required by
the correspondence mode!. '
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IDDL can therefore be used to manually describe design processes. However, the mapping between the
function and the attributetopologiescannot be easily manually coded. Therefore, IDDL doesnot provide
- an answer to the question of how isthe mapping generated automatically and incrementally in response
to experience.

5 Summary

Thisstudy introduced the scientific method as aresear ch activity grounded in arecurringcycle of theory
generation, experimental testing, and theory refinement. The goal of of this sudy is to demongrate that
the scientific method of conductingresear chistheoneto adopt. Thisdemongration isbased on a detailed
case sudy.

This paper, which ispart | of the sudy, critically reviewed GDT—a well developed theory of design. It
analyzed the assumptions made by GDT, the theoremsiit proves, and the ramification it has on building
design systems. Thecrucial pointsof GDT werehighlighted and analyzed. In light of therestricted scope
of GDT, the review suggested some relaxations of assumptionsthat may maintain the same predictions
about the conver gence of design processes. The analysis of this paper and its conclusions can be viewed
as completing one cycle of the scientific method whileremaining in the mathematical framework of the

theory.

The gate of GDT implementation in a design support system was also discussed. Currently, there is
no system that can explain how topologies are generated and how the mapping between the function
and the attribute topologies is formulated from experience. Since GDT also aims at explaining human
design processes (Yoshikawa, 1981; p. 35), these processes must be accounted for. In the absence of
these abilities, experimental testing of the theory remains a hard task of coding knowledge and design
processesin theright way and using them to design. S'uch experiments have not been conducted to date.

Beside laying the ground for the second part of the sudy, this part contributesto a better undersanding
of GDT énd to its better assmilation and future development. Part 11 of the study discusseéthe design,
implementation, and testing of an experimental design system, called BRIDGER, based on the foundation
of GDT. BRIDGER can serve as an experimental support for GDT. The resultsof the sudy provide insight
on how to modify BRIDGER to enhance its performance and on how to ré‘ine GDT to broaden its scope
to more realigtic design scenarios. These results show that subscribing to the scientific method results in

fagt and focussed progress.
Acknowledgments

32




Thiswork has supported in part by the Engineering Design Research Center, a National Science Foun-
dation Engineering Research Center.

References

Antonsson, E. K. (1987). Development and testing of hypothesesin engineering design research. ASME
Journal of Mechanisms, Transmissions, and Automation in Design, 109:153-154.

Chrigtenson, C. O. and Voxman, W. L. (1977). Aspectsof Topology. Marcel Dekker, New York. .
Clark, T. and Niblett, P. (1989). The CN2 induction algorithm. MachineLearning, 3(4):261-283.

Dixon, J. R. (1987). On research methodology towar dsa scientifictheory of engineering design. Artificial
Intelligencefor Engineering Design, Analysisand Manufacturing, 1(3): 145-157.

Eagman, C. M. (1991). Use of data modeling in the conceptual sructuring of design problems. In

Schmitt, G. N., editor, CAAD Futures '91: Proceedings, pages 207-223, Zurich. Department of
Architecture, Swiss Federal Ingtitute of Technology.

Eder, W. E. (1987). Theory of technical systems- prerequisiteto design theory. In Eder, W. E., editor,
Proceedingsof The 1987 | nternational Conference on Engineering Design, | CED-87, pages 103-113,
Boston, MA. American Society of Mechanical Engineers.

Filippone, S. F. (1989). Using Taguchi methods to apply the axioms of design. Robotics & Computer-
I ntegrated Manufacturing, 6(2): 133-142.

Hongo, K (1985). On the significance of the theory of design. In Yoshikawa, H., editor, Design and

Synthesis, Proceedings of the I nternational Symposium on Design and Synthesis, Tokyo, Japan, pages
169-174. North-Holland, Amsterdam.

Hubka, V. and Eder, W. E. (1990). Design knowledge: Theory in support of practice. Journal of
Engineering Design, 1(1):97-108.

Kurumatani, K. and Y oshikawa, H. (1987). Representation of design knowledge based on general design
theory. In Eder, W. E., editor, Proceedings of The 1987 International Conference on Engineering
Design, |CED-87, pages 723-730, Boston, MA. American Society of Mechanical Engineers.

Nagata, J. (1950). On a necessary and aufficient condition of metrizability. Journal Institute of
Polytechnics, 1:93-100.

33’




Popper, K. (1965). Conjecturesand Refutations: The Growth of Scientific Knowledge. Harper and Row,
New York.

Reich, Y. (1990a). Converging to "ldedl" design knowledge by learning. In Fitzhom, P. A., editor,
Proceedings of The First I nternational Workshop on Formal Methods in Engineering Design, pages
330-349, Colorado Springs, Colorado.

Reich, Y. (1990b). Design knowledgeacquisition: Task analysisand apartial implementation. Knowledge

Acquisition, in Press.

Reich, Y. (1991a). Buildingand| mproving Design Systems: A MachineLearningApproach. PhD thesis,
Department of Civil Engineering, Carnegie Mellon Univergty, Pittsburgh, PA. Available as Technical
Report EDRC 02-16-91.

Reich, Y. (1991b). Design theory and practice Il: A comparison between a theory of design and an
experimental design system. Technical Report EDRC 12-46-91, Engineering Design Resear ch Center,
Carnegie Méelon Univerdty, Pittsburgh, PA.

Rohatyfiski, R. (1983). On a classification of design problems relevant to design methods and srategy.
Schriftenreihe WDK10,2(508).

Schubert, H. (1968). Topology. MacDohald Technical & Scientific, London.

Smirnov, Y. M. (1953). On metrization of topological spaces. American Mathematical Society Tranda-
tion, Series 7, 8:62-77.

Suh, N. P. (1984). Development of the science base for the manufacturing field through the axiomatic
approach. Robotics & Computer-1ntegrated Manufacturing, 1(3/4):3972115.

Suh, N. P, Bell, A. C, and Gossard, D. C. (1978). On the axiomatic approach to manufacturing and
manufacturing systems. Journal of Engineeringfor I ndustry, Transaction of the ASME,, 100: 127-130.

Sutherland, W. A. (1975). Introduction to Metric and Topological Spaces. Oxford University Press,
Oxford, UK.

Taguchi, G. (1980). Off-Line Quality Control. Central Japan Quality Control Association, Nagoya.
Taguchi, G. (1986). On-Line Quality Control. Japanese Standards Associations, Tokyo.

Taura, T, Kubo, S., and Yaoshikawa, H. (1989). Generation of design solutions by a metric space. In
Proceedings of the Third I F 1P W.G 52 Workshop on I ntelligent CAD, Osaka, Japan.

34




Tomiyama, T., Kiriyama, T., Takeda, H., Xue, D., and Yoshikawa, H. (1989). Metamodd: A key to
intelligent CAD systems. Research in Engineering Design, 1(1): 19-34.

Tomiyama, T. and ten Hagen, P. J. W. (1987). Representing knowledge in two distinct descriptions:
Extensional vs. intentional. Technical Report CS-R8728, Centre for Mathematics and Computer

Science, Amsterdam.

Tomiyama, T. and Yoshikawa, H. (1985). Knowledge engineering and CAD. In Yoshikawa, H., editor,
Design and Synthesis, Proceedings of the I nternational Symposium on Design and Synthesis, pages
3-8. North-Halland, Tokyo, Japan.

Tomiyama, T. and Yoshikawa, H. (1986). Extended general design theory. Technical Report CS-R8604,
Centre for Mathematics and Computer Science, Amgerdam.

6ech, E. (1966). Topological Spaces. John Wiley & Sons, London.

Veth, B. (1987). An integrated data description language for coding design knowledge. In Intelligent
CAD Systems/, pages 295-313. Springer-Verlag, Berlin.

Warfidd, J. N. (1990). A Science of Generic Design. Intersystems Publications, Salinas, CA.

Yoshikawa, H. (1981). 'General Design Theory and a CAD system. In Sata, T. and Warman, E.,
editors, Man-Machine Communication In CAD/CAM"', Proceedings of the | FI P WG5.2-53 Working
Conference, pages 35-57. North-Holland, Amsterdam.

Appendix.. A glossary of mathematical concepts

This appendix defines the set theory and topological terms used in this gudy. The definitions listed
were compiled from (éech, 1966; Chrisgtenson and Voxman, 1977; Schubert, 1968; Sutherland, 1975)
and appear in alphabetical, rather than dependency, order. The terminology used in this sudy is at the
introductory level of topology.

Axiom of selection/choice (Smultaneous selection): If there exists a collection of digoint sets, then

there exists a set that has precisely one dement from each of the setsin the collection.

Basis: If (5, T) isatopological space, then abasisfor T isa subcollection B of T such that ifs G Sand
U isan open set containing s, then thereisasat V e B suchthatx 6 V ¢ U.

Cauchy sequence: A sequence (s,) in a metric space S with a metric d is a Cauchy sequence if given
e > 0, there exists N such that d(s,, sn) < efor al nm > N.
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Closed set: A subset of atopological spaceisclosed if its complement is open.

Closure: Let (5,T) be a topological space and A ¢ 5. The closure of A in S is defined as
f){C\C isclosedin Sand A ¢ C} and denoted by A.

Clugter point: A point xeX belonging to the closure of X - (x) is a cluster point. Intuitively, a cluster

point is a point where many other points accumulate and conver ge to that point.
Compact: A topological space is compact if every open cover has afinite (not just countable!) cover.

Continuous mapping: Let (A\,T\), (A T,) be two topological spaces, a mapping/ : A\ -> A; is
continuous if for all U € T, =>f''(U) e T\

Convergence of a sequence: A sequence {s,) in atopological space 5 convergesto apoint s € Sif and
only if for every neighborhood U of s there is a positive integer Nu such that S e U whenever

i > Nu.
Countablebasis. A basisis countable if it has a countable number of sets.
Cover: A cover of aset 5isa collection of sets whose union is a superset of S.

Directed set: A set Swith a partial order ~ iscalled adirected set if for each S'§j € 5, thereisSk G S
suchthat Si =< Skand §_< Sk- A directed sequenceisthe sameexcept that now alsoi_< kandj < k.

Family: A family A of elementsof 5isaset Agamappinga : A -+ 5, and the subset <r(A) of 5.

Filter: Afilter of Sisacollection T of subsets of 5 that hasthefollowihg properties. (1) 4> £ T, (2) if
A e T>andA ¢ B C 5;thenfi C T, and (3) if A,B 6 TthcnADB € T.

Finiteintersection property: A collection of setsC = {CA|A € A} hasthefiniteintersection property if
and only if for each nonempty finitesubset N C A, HCn”eN 7* <t> )

Hausdor ff space: A Haugdorflf space is a space S that satisfiesthe condition: any two distinct entitiesin
S can be surrounded by digoint neighbor hoods.

Homeomor phism: If (Si,7i) and (52,72) are topological spaces, then a mapping/ : S\ -* S, iscalled

a homeomorphism if and only if/ is invertible and both/ and/ ~' are continuous,

Lindelof space: A Lindelof space is a space that satisfies the condition that every open covering of the

space has a countable subcovering.

Locally finite: A family A = {Ax} ,\e.i of subsets of a topological space 5, is locally finiteif for every
s € Sthereisaneighborhood U(s) such that U(s) n A\~ <t> for at most afinite number of A.
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(7-locally finite: Alcover U of aspace is a-locally finite if and only if U can be expressed as the union
of a countable collection of families, each of which is localy finite.

Metric space: A set Sis called a metric space if with every pair of points x,y € 5, there exists a
non-negative real number d(x, y) that satisfies:

(1) Ifd(xy) = Othenx =y and d(x,x) = 0 always holds.
(2) For any pair of pointsx, y> d(x,y) = d(y, X).
(3) For any three pointsxayy, and z, d(x, 2) < d(xy) + d(y 2).

Neighborhood: If (5, T) is atopological space then the neighborhood of s € Sisany of thesetsU € T
such that s € U.

Normal: A topological space (5, T) is normal if for every pair of disjoint closed sets A,B CS there
exists apair of digoint open sets U,V € Tsuchthat A C Uand£ C V.

- Open set: If (5,71 isatopological space then al the subsets of T are open.
Second countable: A topological space is second countable if it has a countable basis.
Subspace: A space T\ isasubspace of Ti if T\ C Ti.

Weaker topology: If (S, TO and (5,7") arc two topological spaces. T\ is said to be weaker than Ti is
TX C TZ.
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