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Abstract

There is mounting evidence in the current literature which suggests that our collective understanding of
engineering design is insufficient to support the continued growth of the engineering endeavor. Design
theory is the emergent research field that addresses this problem by seeking to improve our understanding
of, and thus our ability to, design. The goal of this author’s work is to demonstrate that formal techniques
of logic can improve our understanding of design. Specifically, a formal system called the Hybrid Model
(HM) is presented; this system is a set-theoretic description of engineering design information that is
valid independent of (a) the processes that generate or manipulate the information and (b) the role of the
human designer. Because of this, HM is universally applicable to the representation of design-specific
information throughout all aspects of the engineering enterprise. The fundamental unit in HM is a design
entity, which is defined as a unit of information relevant to a design task. The axioms of HM define
the structure of design entities and the explicit means by which they may be rationally organized. HM
provides (a) a basis for building taxonomies of design entities, (b) a generalized approach for making
statements about design entities independent of how the entities are generated or used, and (c) a formal
syntactic notation for the standardization of design entity specification. Furthermore, HM is used as the
foundation of DESIGNER, an extension to the Scheme programming language, providing a prototype-based
object-oriented system for the static modeling of design information. Objects in the DESIGNER language
satisfy the axioms of HM while providing convenient programming mechanisms to increase usability and
efficiency. Several design-specific examples demonstrate the applicability of DESIGNER, and thus of HM

as well, to the accurate representation of design information.
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List of Symbols

The notation presented in this section is drawn from accepted systems of notation in predicate calculus

and axiomatic set theory. In addition, a number of symbols used exclusively by the author for the Hybrid

Model (Part III) are also included. Usage of these symbols is restricted to Part III, wherein the formal

statement of the Hybrid Model in the language of mathematical logic is presented.

Basic logic and set theoretic symbols are:

=df

Set membership; for example, x € I is read “z is a member of I"". This is taken to be
primitive to the 1st order predicate calculus and so is considered an undefined primitive

in axiomatic set theory.

The identity operator, which is transitive (z)(y)(((z = y) N (y = 2)) = (z = 2)),
symmetrical (z)(y)((z = y) = (y = z)) and totally reflexive (z)(z = z). For
example, r = y iff every attribute of z is an attribute of y, and conversely. This is taken
to be primitive to the 1st order predicate calculus and so is considered an undefined

primitive in axiomatic set theory.

Read as .. . define as. ..”, this symbol is used to introduce definitions (e.g. X =4 {z :
(z € Y)e(z € Z)}, which defines X to be the set of elements occurring in both Y and

Z) and is distinct from the identity operator (above).
Subset relationship; for example, x C y is read “z is a subset of v

The universal qualifier, read as “for all ..”. Statements using V are composed of

three parts: the V symbol, the specification of a variable or variables over which the

8



quantification is performed, and a statement which is true for the variable(s). The parts
are separated by parentheses. Forexample, V(z)(z € I)isread “for all z, z is amember
of I’. Also, if I is the set of all integers, V(x € I)(z > 0) defines all positive integers,

and is read “for all z in I, z is greater than 0",

The existential qualifier, read as “there exists...”. Statements using 3 have the same
form as statements using the universal quantifier. For example, 3(z € I)(z = 1) isread
as “‘there exists an x in I, such that x equals 1”. It is generally unclear whether this
qualifier should be read as “there exists at least one x in I...” or as “there exists exactly
one z in I...”. A distinction is made in [1] between the two by using !3 to indicate
the latter and 3 for the former. We adopt this distinction here because the semantic

difference is relevant to the development of the Hybrid Model.

Logical equivalence. This rule of inference is defined by the statement (z = y) = (¢ =

y)N(y = )

Logical not operator, read as “...not...”, and resulting in the logical negation of its

immediate consequent. For example, if z is true, then -z is false.

Intersection operator, read as “...and...”. The result of this operation is the set intersection
of its antecedent and consequent. For example, z N y results in the intersection of the

set entities = and y. This form is used exclusively for set operations. Also, the form

(); X; means the intersection of all X;.

Boolean “and” operator. The result of this operation is true iff both its antecedent and

consequent are true. For example p e g is true iff both statements p and ¢ are true.

Inclusive union operator, read as *“...or...”. The result of this operation is the set union of
its antecedent and consequent. For example, z U y is the set containing all the members

of both set z and set y. Also, the form [ J; X; means the union of all X;.

The boolean inclusive “or” operator. The result of this operation is true iff either or both
of its antecedent and consequent are true. For example, p + g is true iff (a) p is true,

or (b) g is true, or (c) p and ¢ are true. The exclusive union operator (i.e. the operator



v

P(X)

10

the result of which is true if only one but not both of p or ¢ is true) is defined by the

expression (p 4+ q) ¢ ~(p e q).

Material implication, read as “...implies...”. Classically, this is the only kind of impli-
cation used in formal logic. The antecedent of => implies the consequent; that is, if the
antecedent is true, then the consequent is also true. This operator is used when only the

truth value of the antecedent is known and the value of the consequent is unknown.

Angle brackets denote tuples, which are short ordered lists treated as single units. For

example, V({z,y))((z € I) ¢ (y € I)) denotes an ordered pair of integers.
Superset operator. Equivalent to =,

Superset-or-equality operator.

The empty (or null) set.

The power set of X; i.e. the set containing all subsets of X (including the empty set).

A function is denoted by its name followed by arguments. The arguments are in parentheses. For

example, VIEW(X, ¢) is a function whose name is VIEW, and whose arguments (in this case) are X and

. Functions may have no arguments. A function with one argument is called a unary function; a function

with two arguments is called a binary function; a function with more than two arguments is called an

n-ary function. A function returns some data entity. In general, a function is written f(z).

Function variables (i.e. variables that represent functions) are written in greek characters, for example ¢.

A predicate is like a function, but it can only return one of two values, frue or false.

The following symbols are used exclusively in the Hybrid Model.

individual objects.
A collection 1 of objects.
attributes of objects.

The set of all objects.



T,0,V

IS_A

INHERITS
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The set of all object types.

types.

The set of all classes of objects.
The set of all attributes.

The set of all attribute domains.
The set of all attribute ranges.
The set of all view definitions.
A view definition.

The typing predicate, read as “...is a...” and used to relate objects to types. For

example: IS_A(X, T') is true if object X is of type T, and false otherwise.

The inheritance predicate, read as . . .inherits from. . .”” and used to relate object types.
For example: INHERITS(T, U) is true if type T inherits from (i.e. is specialized from)
type U or, similarly, if type U is inherited by (i.e. is generalized from) type 7.

The set of all aggregate predicates.

An aggregate predicate.



Glossary

mmm“m»ummmm-emwymh
coginoering. but that are quile comimon i other fields. For each 1eom in the glossary. the page where the
torn is finst wsedd is given in parentheses,

Abstraction Mechanism: A device of sechmique whereby details are semoved from some collection of
information leaving onlly that which is considerad cisential, Abstraction mechanissss permit the

ordering. of organizaticn, of information. (page 19)

Cartesian Product: The canesian product of two sets A and B s definod 25 the sct of onderod pairs
ﬁ“hhdﬂdmmmunMMAuunmdMofm
cadorod pair Is a member of 8, (puge §5)

Completencss: The property of a fomal sysiems whercin exactly all tree statements can be proven tree
and exactly i fallse statemenes can be proves false. (page 45)

Conslstency: In logic, @e state of a formal systom containing no conteadictions; that ks, 2 formal system
hoﬁnulﬂnmnmuuqmunu(mmwmnm
other. (page 43)

Design Entity: A it not nocossanily realizable in and of i, of relevance i design; an information
maodel of real workd structures of e in 3 design process. dut it incheding the dexign process itself.
(page 74)

Dynamec Data Modeling: The madeling of semantic propenies and the samipeation of data sTrectures.
ofien i reference 10 database tramacions. (page 157)
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Encapusiation: The discretization of a quarsity of infoemation into 3 meaningful structure that can be
troated as a single wnit. (page 76)

Epistemology: The study of a theory of the rasure and groends of knowladge, especiallly with seference
10 s liemies and validicy'. (page 81)

Formal System: A system comsisting of 3 set axioms taken a5 peessises, 3ad 3 set of rules by which
Iheoseses say be proven by application of the axioess, (page 19)

Hewrigtic: Something vaduable for empirical roscanch, but snpeoved of incapeble of pecol. {page M)

Tomorphism: In logic., the refasionship between 3 formal syston and some perceived sspect of reality,
A formal systom is bsomorphic 10 some real-woeld phenomenon i ik models it comectly. (page 40)

Ontology: A branch of metaphysics relating 10 the musure of being; a panicular Sxory about the sature
of being of B kinds of existence?. (page 90)

Paradox: hl@samﬂumkmh&mdﬂnhamum (page 45)

Static Data Modeling: The Sescription of data objocts and their relationships withoet cossidering of o
operations in which such structeees may be used. (page 111)

Usiverse of Discourse: The domain shout which sl isicersting argements are made. For example, in
sct theory, the wniverse of discoune i that of all sees. (page M)

Validity: In logic. the state of deing tree wndor any inderpretation; that is, 3 stadernent or formeda is valid
If it can mever be false, (page 38)

' Proes Wabener's TO Dictionary
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Chapter 1

Introduction

L1 Preamble

What is enginecring dexign?
hhMm&MMWMMBMMW:MM
of the process of enginoering design. Although smple cnosgh 10 phrase, this probdem has been an ksue
dmhmummmmmm»vmmdm
Vicwpoint or anceber, methodology A o B. system X of Y, have possibly dome sore harm than good.
It has alwarys struck this suthor as Mghly sespicious behavior when coe is unabe 3o sefrain from oven
peneralization and emotional thesodic 10 comvinos an sadence. Unfomenately, members of afl the varsous
schocls of thought involved in the dedate may be accusad of this kind of hebavior, Jeaving cne with the
distint impression Bhat no coe is coepletcty right.

However. e unavoldabic facts e those: engincering design has existed in one form or another since
anclent times. hum.mmw-m-mmmmnum
underitanding of the physical universe, but also In oer, redasively arbitrary ways. respoeding 1o forces
not panticularty matural: sociological, prychological, environmental, govommental. and political. Al
mmmu.mamm-wm.umwmuwm
desgners and design sescarchens 10 adage 10 Beir exipencies.
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mmmmumamupumuummmm
designen and on the products they design have continually increased in complexity, Similarty, as we gain
more keowledpe about the usiverse, that much more information can te appiicd 10 the problems we have
%0 solve. The complexaty of most current-day design problems is manry ceders of mageétude greaser than
hat of problesss facod by the designess of e Last century, and there Is no reason 1 suspect that Bis trend
will change in the futuse. Correspondingly. in onler 10 moet the challenge 0f 108y s design peodlems, we
must leam w sanage all the information ot cur Ssposal in an cffickene. concise and timely manner

mmmummumummmmmimub
unacceptable. In rosponse 1o this challenge. 3 mew fiehd of research has emerped: design theory. Ies poals
% (2) 1o respond 1o the incseasing complexity of engineering dcsign peoblems, (b) 30 Increase confdence
in owr solutions 10 the desipn problems of S futere, and (C) 10 overcome limitations and difculties
mmumdmwmmmmuwm
and techniques.

mumawnmwmahtnmm
of the phenomenon of desipn, m«mamuumu«m.m
mwmuummumwwumdum

mwdummnumuwmmmmmu
processes. SHll, design theory has provided a Socal poist for the efforts of husdreds of rescaschers, and
their work has already made noeable contribetions sowands the goals stated above. It marks the beginaing
u.mwmumawamamuamumuu
the first time aticmnping o examine our sole in socety, and %o examine design iself critically, objoctively.
logically. Helding design thoory as a centnl concept, rescaschors ane striving lowand & deved of formal
Agor in enginccring dcxign, 3 certain sclentific legiimacy thal baw, %o date, been rather clusive.

I the recent past. engineering design has boon considenad langely an “21” of even 2 “skill”. an endeavoe
mot amenable 8 formalization and sciemtific soruting.  This is changing: the inssoduction of expent
and Fetomaned sySICms, QUAERIIVG COPALIve design rescanch, new mscthodologics such as concerrent
cnginoering. new foms of mathematics (for cxample, fuzzy logic) and ether technological and schentific
m-mnmﬁndwnmamummuawvny.
scaence and ineition are linked in & xymbioti refationship, foaming a whole that is geeater than the sum of
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Its pams. uummummmummhum-mm
»m-ua.mmw.dummumnuw Ax this materation
mm«mm»mumwmmwymu
dcas about what i seally ks In onder 1> be successful, every effort must be made 10 st 3 Sexibie
yet definitive framework within which dosign and design (heory can evolve in 3 formaal manner.

ubummm»mmmmmnwpmmm
develop 10 les next plateay.

1.2 Premises

mmauummm«umamm These peomises
amtheumlhuyn.mdalah’dmd&wdhmtqmumuﬂ.&h
they aee cmpirical, deriving dleectly from observation of the state of design and of reality. As such, the
“MmMquhbMﬂwwmomwmm-m
degree of confidence.,

These peemsines av discussod here, & B outset, 30 a5 10 dofine the houndaries within which the rost of
this work cxists,

Design is not well-understood. There s no chear, procise definition of what design is. 1t has, for cxample,
been refermed 10 in the reoont Nieratere ax “. ihe cvaluation and saisfaction of sy comstraints,
(2% "_planning for masulacture...” 3L a langely Insellectual, cognitive process [4]; an . il Sefimed
e which Excks formal definition..” [S); & somewhat “mystical” process (6] & “. socially modisted
process..” (75 and many others. AN these descriptions are, %0 be sure, panly right. But the sotaliy
of what ks volved in desipn is lost in cach case. Certalaly. many researchers have boens motivased to
mwmwumumuummum.

Dexign is not currently eficlently performod of taught.  1n 2 rocent report |10, the Nasional Reseasch
Council (USA)" has taken the position thal cegincering desigs education is weak, wsd that this weakness

"o coladumatnon wih e Navonsd Sownce Foondaton and s@wr hades



.

s preventing S best available design peactices from seaching indsstry. This point of view has been
advocated widely. both in the Unissd States, and in Canada [11,12), Edecasons must fisd new ways 1o
mmmmumma»mwyumam
mammuumummmmum
m.ummummmmumnmmmdw

WM“““N&WWW A formal theoey i a
logical, objective system for @ malntenance of knowlodge and the invertigation of phenomena. Formal
mmumdmumumm The estaiishenont of formal
maupmmumauumuuymwnmmm
has been cchood by other sesearchers (e.g. [13, 14]).

llb.ﬂbn”&uum“dhdﬁﬁm A number of methodologies and
mwm.aw--mmummmwwmum
mumuwmm-mmnmmmuuwm
mmawwy-dmyhyhmmmmumuwmmamu
even & decade, ago. These is no indication thae we have yet exhausted all the diroctions &n which such
& structure can exsend, MummaaMmumywu—n
mmmn.muummmwmummum e
mumzwmmmummmmma
MNMMMdM«mMnhahlwl

1.3 Statement of Thesis

The Besis of this work i Mmmmcmmmuwm
kwmmqmp«mmm»«mmm
Informanos.

m“mumandmddmmumu
examined in this document. MMUMMM.MMMM“
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nunuummmhmmmwm n soee Cases,
MMMmmaMnMquwMMM
fully. ummsmmwmummwm focuses on
unamuuuuwmuwm A glossary of important serms
s provided & the hoginning of s docement.

mmaumm«-umd.w‘p—munmmuu’
hmmmum-mudmmuvmmmm The axloms
mmmam,mm.wnm.mmmm
mumumamm»mm The axioms willl be
mmumawmmdmwummm

ummmmmamm»mmnmmam
mmummmmulum DeEs)oNex
relies on HM for ngoc um.mmummmm
wuwmummmmaumuumwwm
methodalogical or procedurnl informaon about e design process Iiself. B willl be shown that a strong
coatinuiy of logical rigor exists from HM theough to the implementation of DESIGANER. Varous examples
m&nm-cm»dmnluna‘sm

mumamm..m«m.mumdh‘wmm
ROt yet exist, This is indicated in the premisos (Section 1.2), The ssthor’s work must semain somewhot
gencral, if for no other reason than this, In the peocess of developing the thearies and idcas presemsed
mumuuwa—wammmmmmm
ﬂhmqﬂo‘ﬂaw‘.m”lhnmm This material is monetheloss
mumuuw-umuum«w

mnuhm.umum.emaummm@:-qu*m
dhﬂl&mWWuMdda{u.quMﬁﬁh
which highly offective tools for managing the complexity of desipn can be generated. The sswer 10
e question of the spockiic thests of Bis work, st200d at the beginning of this Section. will be used 10
corrodorate this mose pencral stasement.

B ks noted et this esertathon disecily addresses what s given in [4] as the See mistake of cument
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dexign education: mmmmumcaumawmum
of engincering dosign processes. ™

L4 General Remarks

nupmm»pmumy‘ummamm
MﬂMMyWMWWd;«&Md.
dehmhm-ﬁMMwm The creation
of ihese Iochniques must occur in a legios! fashion. Pansphessing Quine [16). the truths of logks may be
mmmnmdupummmmmuumm
memmmuwhsm.m.hmmwm
be imvokied ofen & the basis upon which we will make our obsery ations.

MUWMMMWQumdmmenm
information sccurately and 10 calculate and maintain the complex relationsdips Shat cxist between data
As is moted in [17], " e human beain is bemer able 00 recopnize Shan recall_™ Computers, with their
relasively infallible memories, ase of great assistance in this regand, Ferthermore. a5 the world economy
continees 10 move from 3 prodect and service base 10 an indormation base. Information management kssues
in design will decome mose imponam (7, 18-20).

wmuummmwuudmmwu
mm-ﬂ:nWﬁhnﬂmummmm
mmmmwmmmmdmwwmu,nu
design explorasion [22,23), solid modeling [24), finite clement anadysis [29), esc. The unigue nature of
mmummmmnuwymmd
its aspoces [26-2K).

Muy.momhmmwum«mm Many recent
research effonts huve met with limited success hecasse not onough is undesaood shout the meaniag of
the Information we wie. The usdentanding we do have tends 3o he cmpirical and ineitive (29, M0 and its
oeganization is neither particularty srctured nor logical. §a rexponse 10 tis, reseaschery have begen 10
backirack. seeking a reters 0 sound, logical first principies in design. Two notable examples of 143 trend
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are [4,31]. The notion of the exisonce of formal st principles for design has puided the author's work
peeseraad herein as well,

The imponance of the ergasization of design information cannct be overemphasized.  This issee is
strongly tied 80 the search for semantic formalivation. To onganise Information means 10 osdier it. The
imposition of ceder on information is Mentical 10 the extraction of meaning from it, and makes explicit
sech information s would othorwise be dwpiicir cnly. Increasing the amount of explicl information
peesent in a collection of data decreaes the amount of interpretanion that must be perfommad 10 extract its
seonatics [32,33). Thercfoee, the stady of organizationad schemes Sor desipn indormatioon is synoaymous
with @ study of its somantics. The teme of orpasization pervades the asthor’s work.

The search for a formalization foe engincering dovign must nocossanty he condectad i a logical, scientific
and intemally consistent maneer [4]. For this perpose, the author has selocied axiomatic set theory and
dscusses it beiefly in Secion 8.2, The roke of logic i doxign is crisical 1o the developeent of the suthor's
Ioey, sd will be Sscussod in detall before the acteal theory is presented,

This document is amanped in five Parts. The central tree Pants foem the body of the work. begimning
with the most general and theoretical semads, and proceeding towands more specific mamers, Past 1 will
foces om the role logic plays is desiga, mdicating some of the shon.-comings of the cureert undeneanding
of desipn and indicasing how logk can holp resolve these prodlems.

Pant 11 deals with the contral thesis and peeseats the Hybeld Model (HM) of design information. Naturally,
) dscussion ahow desipn information can be camiad ost without sasse referonce 9 the design peocess,
but S author willl demonstrate that it & both seasonabic and advantagoous 1o separate information about
3 design anifacy fom the xctions camiod out on or with this isformation. K is essential 1o undentand
what forms of information ase avallable before any meaningful discession regarding desipn processes can
occur. Thus, the theory deals specifically and oaly with design informanion. The design process will be
discussad only ol 3 10 dcfine Be desi gn Infomeanon masagenent probless. Touses such a8 concerrent
dexign ae not addressed because they are aspects specific 10 the desipn peocess: that is, they affect how
mformation s manipelased. but not the isformation mclf,

Pan TV willl describe a new peogramming parsdipm devisad by e suthor, built spos HM. The istention
500 indicane the Immodiate bonefies St can be reapod from 2 Soemal theory sech xx HM, and 10 provide a

teubed wish which further rescanch in design theory may be conducted. Varsous design-spoci fic examples



will demonstrate the capabilities of the sesslting competationad system.

Finally, Pamt V will conclade the work with a ponerall discussion of reselis and directions foe feture
rescanch

A glossary of imporant serms and a list of symbols ase provided o the boginning of the docusent.



Chapter 2

Literature Survey

2.1 Introduction

This Cruaptor will present 2 survey of recent Meratese examined in the counse of performing the work
reporied heroin. Dwe 0o the refative youth of design theory &5 & research field, lierstore directly within
the field is mot abundane. However, the author has found & great deal of information in the periphoral
arcas of formal logic, compater-aidad engineering. concurmont engineering. and competer science whikh
Is relevant 00 the matter @ hand.

Because this dissertation is squaecly within the field of design theory, comments that will appear in this
Crapter sdhall be blasad in that direcsion. In other woads, e primary criterion for B evaluation of other
rescarch shalll be the degroe 80 which it contributes 10 the overall understanding of design. I some cases,
this cortnbetion will b slight; this does not mean that the surveyed woek is of mo value, but oaly that it &s
of limited wse stricily withim design theory ltself. Given the sature of this survey, lileratere dealing with
theoretical aspects of compuer prograsming, a well as fickds such as formal logic and ofhers willl not be
dealt with &sectly.

The author has foend that the existing lilerssere can be divided coanely into throe calegories: design
theory, compater-alded engincering. and cognitive aad conoursent design roscarch. These theve caeponies
a¢ not docoupled. some Cross-over is boend 10 occur & techmiques are applied %0 varous domains
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(for exampie, the application of a speciic desipn thoory to the generation of a compuleninod designers
abde). However. principal contnbutions by varoes sescarchens can be cateporinad on the whole using this
scheme, it shalll be wsed here 8o help onganise this survey.

2.2 Design Theory

Surveyed work which the author classifies as desipn iBeoretic in natese & hallmarked by theee propermies.
Fint, compstor fechmologies aro not essential %0 the contribution of the work; that Is, the principal
contribetion is sot simply 3 pew compuierinnd devigness aide, dmabune, or other programss.  Second,
design Seoresc work aims at a unified view of design in the most glodal sense, not onlly a5 it affocts some
wery speciiic task within design (Sor example. synthesis and analysis of mechanisms [34]). Although such
work may contain strong theoretic elements. it i tot design theory becasse it deals with specific tadks and
excludes kssues of integrasion with other aspects of the design endeavor. Thind, the rode of the Sesigner is
not contral %0 the development of the work; this excludes issses of copnition, ituition, jedpment, ¢ic.

The effons of two rescaschers is panticular are cxcmplary of the work currenily being done in design
Sxory:

Nam P, Seh has secently publishod a text [11)] wheevin be sots forth an axlomatic theory of design. Suh
assumes that a dosign peoblem can be stased in serms of fuscriosal reguiremears (FRs) and that its sodation,
2 dosign arsifact, is definad i serms of a nember of desige paraseeters (DPY). He arpees for tis approach

based on the empinical evidence of how design peobless are comeonly staled, and how their solstions
are comeonly specihiod.

Basod on this asumption, his theory contains only two axdoms. eight comllaries and sixicen thoosemms.
We will examine only the axioms hese, since the corllaries and theoeens sy be derived from Bem, The
first axchom is that the FRs of a design probless should be independent of cach other (Le. uncouplod). Me
argucs that cospled fenctional roguirements indicate some misconception of the design prodiem; sevenl
cxamplos are peovidod to sepport this noton. The second auviom of Seh's teory is that B¢ formation
content of 3 design specification should be minimized. The intention bere is 10 cnvese that there is no
deplicatod indormation or information arising froes coupling between FRs. 1 is shown that. all els being
oqual, 3 set of uncoupiod FRs leads 10 & “simpler™ design (1Le. having & minisum soguired information



consont) han an equinvalent set of couplad FRx

Sub's iheory does not formally define an axact procoders 80 be followed in an arbitrary case in onder %o
find an approprise soletion, but raier defincs 3 collection of rades that a designes Gan use 1 analyze
2 Gesign prodlem and guide evaduation and sebsoqeent iterive redesign of a solution uatil & hecomes
sagisiactony.

Although the theory is for the most pan presented in English, a chapoer is rosorved mear the ond of the
ook for 3 redatement of B¢ Beory in the language of peodicase logic. Thas asthor notes that though
the statement of Ssh’s theory Is amenable to repeosontation in predicate Jogic, a nember of impormant
concepts are &cfoed 3 peimitive peodicates ondy inSormally (such as feanibiliry, measare of informanion
content, and coupling). Since logic s & Seld wherein an argument is only 35 strong as its weakest ok,
such informality o the very outset of the peesentation can only be taken as a shorooming of the theory.

Nonetheless, the toxl is roplete with cxamgies ranging from Bhe design of 2 Can opener 10 the se-Orgamzation
of e Engincering Dircctorate of the Nathooal Science Foundation, and is an ideal vehicle for the
troduction of kogical structured thinking processes (nso the fiedd of design, both as an educational ool
and 28 2 general sefesence.

The second principal contribenoe b design Beory ks John Dion (¢ af) who, in numerous papers and anticles
feg. 19, 15,29, 35, 16)) seoagly advocates 3 more “scientific™ appeoach 10 desipgn sad desipn sesearch,
Ragher than the gencrally philosophic approach taken by Seh. Dixon's work centers on experimentation
with computers 10 peove of disprove generall notions relevant 1o design. Ia [9). for example, 2 tasonomy
for vanous kinds of design problems ks desoribed. The critenon for ascribing a pamicular peodiem %0 ooe
kize] 0f another ks based on the nansre of the inimial stxse of knowledge when the peodlem Is deined. and the
final state of knowledge at the prodlem 's soluthon. For exampile, phenomenclogical design Is characsenizod
by 3 fenction 1o be supplicd and & physical phenomenon that will peovide S funcsion. Each kind of
desipn prodlem thus rocogriced. angees Dixon, ssgposts a class of solution methods. Thus the taxonomy
of design peoblems is seen as leading 10 3 comesponding txeomony of design methodologies. As these
taxonomies bocome moee detalled, Dixon aleo soports on varioes software systoms devisod o satisly
tannomic and other soquirements. The syxdems are Gaen used 1o dotcrmine what advantages arc peovidad,
if amvy. by the approach. The main contsidution of Dixon's work is seen by (his ssthor as the explasation of
the nature of varioes Kinds of design peoblens and the classiScation of known and newly devised solution



tochnigees hasod om exporissontation wsing competers. Many of Dixon's chasificasions are quite coane,
But since no ofher Laxonmic systems have yet boen widely accepted, he has haxle aiemative. Two other
clasifcations that he and his co-workens have advocated inclade: the scparation of design o (a) design
peoblens, (b) the people who perfoms design and (€) the covisoament within wiach design occess |ST71
and categorization of design theories as prescripiive’ (lending 1 describe how design shoeld be canmied
out), cognitive descriptive (describing whar design seeks 0 achieve) and computational (fomalizagon
Srough competerization) [38). These sysiems all seck 10 peovide Bexible sols B guide feseandens
sowands a beter understanding of the nassre of design, rather than a series of righd, infiexible structures
defning exactly the nateee of design & 3 peocess.

Insofar as purcly icoretic rescanch s concented, spocal comment should be also made of Seoe other
effons:

The first Is the Extended Genenal Design Theory proposed by Yoshikawa in [ 39]. The imponance of this
work |s throe-fold: Sestly, It was a fairly carfy amempt 10 employ some lechnigues of Jogic o discuss
the nasese of desipn; secondly, it sosght 1 place design in 3 more glodal framework and discussed the
relationshup between design and sech fekds as plysics. philosoplyy, and technology, by represeating the
universe as perceived by man a8 Svided into three distinet domains: fogical, concepiwal and physical.
thirdly, Yoshitawa wan one of $he fing 10 advocaie the distisction betwoon whar design ks versus Aow
design Is performed. From this stasting poine. Yoshikawa began investigating the nusure of design, thus
including from the wery outset the notion that design must ocour within an envisonment, by which i i
afioctod and which it alfects. This view of eagincoring as pan of the buman experience has moee recently
bocomo quite eelevart in mationally mandaood efforts 3o imgwove design as an endeavor [ 10].

The second is e notion of recavsive dexign a8 proposed by Wand (400 Desipn ks soen as recursive (rather
than iterse ve) in Cascs where the design peoblem may be Broken dows into smaller and smaller componenes
by the recursive application of some sagle methodology, This difiers from the more comversional iterative
approach in St an ierative design process bs applied many tmes 10 a detallod design altemaive, its goal
being converpence of suocossive soutions when companed 10 an exsemally defimed set of critesia. The
advartage of recunive desipn i its ability 1o implicitly handle a wide number of design Mlicoatives,
something that typecal Rerative techmigoes do not &0 well. However, if the resulting tree strectare of all

! wreteraes sefemed %1 0 nesesrrey



n

aliermatives in 3 recunsive design process b mot carefully “pesnad™ o chiminaie unaccepeable designs as
carly s possible, # i bead 10 an intractable nember of solutions. The noton of recersive desagn is Quile
new, bet shows some poteatial. espocially in concument engineering envisoaments.

The thind and last notable thooretks effon Is that of Fauvel (41 In his approach 8o modeling design, no
cmphasis is placed on any one aspect. Rather, two abatract notioes, embodimens and acrividy, e seed 8
model sy desipn eatity. An activity is any procedure of methodology used by a designer, an cmbodiment
is @ ressiting effoct of Bhat peocodure or methodology on a design. This exsertially functicesd sppeoach
is particularly flexibtée and capable of providing s istcgrating framework for the overall design endeavor.
& Is also reminiscent of the model developad in (s thovis (soe Soction K1),

Dixen is alwo 3 leading proponont of so-called feanee-dased design (6.8, [42-45]), A feature is pencrally
comiderad 10 be 3 modeling crity more Immediaely relevans 10 desipn and manufacturing than a simple
solid or othor peometric model. It ks ofien ssed s comnection with effons © imegrate design and
marufactering. However, even Dixon himsolf states St the exact natuse of 3 feature has yet 1o be
Gefimed [42). and other rescarchers (e.g. (46, 47]) have demonsteated that featurc-hasod appeoaches are
not competationally feasidle over lage feature sets. Nosctheless, the importance of feateres as modeling
structures makes it wondyy of note hese. Unfortumately. sesearchers have almost invariahly treased featurcs
s the basis for B comstraction of softwase systems rather than legitimane conceposal structures 10 #d in
the generation of design theosies; nonetheloss, since we ase ineresioad in desipa theory and not coagincering
cComputation, we Sncuss fcatures i this servey only insofar s they repecseat & conoepesal tood useful in
design theory, Dixon is one of the few who have wsed e notion of a feature %0 guide the development
of Mx design rescanch Features have found use in the study and penoration of tsonomies of design
entities [43,49), foemal Languages for the specification of spasial relasionsips [50,51), and the integration
of dexign and mansfacturing [$2-54)

Ancther sea wherein 3 groat deal of work of a design theoectic suture has boon done s the arca of
comitraiets. A constraint is penerally dedined as some kisd of sclationsbip botween vanables o parameters
that rextricts the st of accepeable values that the vanahies may have assigned to them. Constrsints capture
& rearniction placad on a doxign by the nature of the devign probiem: thus 3l constraints on a panioular
dosign must be satisied for the dcxign 10 roprosent 2 possible solution.  The conuesint satisfaction
problem has been desermincd in the peneral case 10 be NP-compiere [55, 561 that is, all but trivial cases
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arc competationally intractable (S7). Coasteaings also affoct design optimization and simulation [$8-62].
Thias. finding allemative strmepies (o Sealing with Constraints remains a active reseanch arca

The Siest real amemgt %0 treat the notion of “constraint™ as a modeling 100! mathematically appears 10 have
hoon by Fricdman and Leondes [63-65), wherein not ooly a pencral mathematical ereatment of cossmalar
theory was gives, but various Kinds of comstraists redovant 10 the engincering domain wese examined.
Since then, work i the theory of constraings has continead in two peincipal dections: computation and
theory. The competational sspects of constraings will be discussed In the net Sectios.  Trofar as e
theoretic aspects of constraings as coscemed, many cffons have hoen Esected in the wse of constrain
heory 10 apaimiize desigre notably, the work of Wilde [66] who introduced the notion of mancromsicdly
and extablisher) severnal principles by which moaotonicity can be used %o optimize mathematical models
of design antifacts.  All fhis work has doon contineod by many others, incloding [2, 22, 5K, 67-72).
Also, various specic aspocts of constrain thoory as applied 10 design have attraciod the aseation of
rescarchers: the role of constralnes in Sscrole ovent syssoms for modeling design processes (73, 74);
the reprosentation of spatial constraints 10 model shape and physical seucogre (75, T6L cateporization of
constraines types [ 77]; and he use of constraint networks as models of design peocesses [ 78],

There are many othor rosearch eforts that have contribsted 10 the developssent of dexign theory; o ¢ven
mention them ol &s an intractable proposition. However, a glimpse of a few can indicate the depeh and
richnoss of ongoing rescanch of potensial relevance:

Various sabematical and logical formes have found their way into design thooey, with the goal of advancing
e integration of otherwise disjolnt spects of design, inclading: peobability and furry logic applicd 10
e sepresentation of uncenainty in the design process, especially in sop-down approaches [47, 9],
prodicase calculus [S0) appiiad 10 the caprese of desipn knowladge [ 14]; and inegration through e use
of information masagement lechnigues snd infonsasion theory ($1-81)

The developasent of genenal methodologic frameworks for parsioslar sub-domains of the peneral design
process has afiractod cosmidenable attortion, incheding Design for Marufactese (and Assembly) [84).
dosign for quality [53). penoralized sechnigues o assist in the ceganization of design knowlodge for
the sake of simplifying its complexity [86-53). and cfforts 10 create viable tasonomies or classification
systems for design problems, methods or eatities {17, 59,90},



2.3 Computer-Aided Engineering

Into this categoey falls the magority of the work (over S0%) of which the author is aware, and consists of
models and actual implementations of competerized design sdes. Efforts i competer-sided cogincering
often have impliciely defised within them models or portions of models of design in pencral. This has
boen nocessary because formal tunes Sor design 40 ot yet exist. Indeed, the meod for fommallisms for
design information and peocesses |s often reganded as an essential prosoquisite for achicviag integrated
computerized design sywiems [91,92). Such conceptual models and formalisms gubde Be dovclopment
of software systems. The mosivation for the development of e concepoual model arises primanily from
e requirements of software design. rather than from the roguirements of dosign in poneral. In oy
cases, this has resulted i confusion hetwoen the modolmg roquirements of design and the exigencics
of compwner programming. 'We dofer a detatiod examination of this bsws to Soction 4.3, bere, we shall
examine the breadth and racure of recens work by ofher researchers. As indicaled in the introdection o
this Chapier. omplands shall be placod on contribetions 1o design thoory rather San 10 Compuler-aidad
engincerisg.

The most noteworthy ¢ffont Is that of Charles Exntman of af [95-95] This work presents 3 sow conoepesal
data model, called the Engincering Dasa Moded (EDM). that dcfincs classes of designod prodects calfod
prodect models. The content of 2 product model comosponds 10 3 dosign database schoma (1, e
organizational stroctuse of 3 dovign database. not nocossaniy the actead data within it). One of the magor
advareages of EDM s thae # is ontirely Independent of both hardware and software considorations: this
sepangion greatly simpliies @ sysiem, penmitting clearer definition of Important notions for design
without the nood for actedl computation, Addsionally, notions of foemal logic are usod & the buse upon
which EDM s beil; this provides rigor 5o permit the “corectness™ of 2 partioular peoduct model 1o be
mvestigated. EDM product models e defmed ertioely in termis of theoe primitive comdracts (dossains,
aggrogations and comtraings) ples several higher lovel constraces built wp from the primitives.

The imponant comeribetion of Exssman’s work from e point of view of design theory Is that EDM
peovides 3 formal strecture for devign mformaticn, albeit for the expecss seanon of generating database
schoma. This structure coudd be wied 1o cxamise the nsture of desips informaticn itself. In Bis regand,
EDM i unigues in all @ work of which this suthor is aware for its compictencss and figoe
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However, there are two shorcomings in EDM fhat tis suthor feels are significant. Furstly, EDM is 2
descriptive (0e Soclangive) form, as opposed %0 @ adeessatc form, EDM is mean 10 permit. among
other things, reasoning about product models, bt a descriptive form docs sol provide the apparatus
10 perform this reasoming in 2 formal manser [99). As well, descriptive forms have been found 1 be
domain-dependent, which can bead 1o dificultics in competability [ 100]. Axiomatic systems, on e other
hand. inherersly provide all the appastes needed 10 check for comecaness (1.e. the sotion of “pecol™ of a
model) and systematic model consrection.

Secondly, although EDM remains quite dctached from the exigencies of computer programming. the
fact that it &s 3 daear model rogquises it 1o troat sech issecs a8 Mentity (1.¢. naming, equality, coc) from
a comgutational point of view, This introdection of computational isvecs can urmecessarily complicale
investigations geased to tho stedy of dosign information in general,

Ancther notable contribusion Is that of Crawford and Anderson |75, 101, in which a competerizad syssen
for peneral modeling of desipn is presersad. The key advantage bs that the system bs capable of modeling
soetion processes & well s desipn prodlems themselves. I this way, 2 higher level of wnification is
achieved than in other efforts, and differont categonies of sodation lochmiques can be cstablibed 1o assist
in solving novel dexign prodiems, However, 26 is 1ypical in these efforts, the strictly descripive attioade
taken In the work lissits the use of the proposed sysices 10 the study and analysis of designs. Also, the
connection betwoen the proposed system and formad basos (0. logic) ae ot cxamined, thes raiveg
Questions as 1o whether the validity of the systom can be demonstrated,

The neod 10 capress stracture & an cssentiad propeny of data i a competasional enviroment has
encouraged e development of vadous taonomecs, icludng taonomies foe design decisions | 1004,
for mechanical systems [17), for design tasks | 2], and for semaneic operations on design knowledge
[29.003). As well, 0 Gaptuse the procodural aspects of design, memeroes models of dexign have been
sogpestod. inchading meta-moded evolution [ Q). B¢ molecular data madel [108), e statetraraition
model [108), the structural data model [106], and mudsi-layered logic [107], These are noteworthy bocasse
they all pepeesent modifcations or extensions of exising daa models (o.g. peodicale calcules (M) the
relationad model [108], the entity eolationddip model [ 109, 1104, somantic data models (25, 111), eic)
leading 10 the conclusion, sspponcd by many, that conventional data modeling sechniques are Snsullicient
for design. This snderscoses the nood for additional design theoeetic sescanch, since we cannot depend on
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exntng schemes o peovido the nccded srscture.

One data modeling technique deserves spocial mantion bocssse it was orginally designed 10 provide
suppont especiality for noa-conventional applications such as enginoering. and because it has beconse the
mont popelar spproach 10 managing indoemation: sdfecr-oriesaarion. Though a detailed discussion of the
nature of objoct-orientation is urwarraod here, it is quine selevant to distinguish it a8 possibly the most
promising approach %o dosign information management yet devised. In panicular. the obgect -oncmiod
approach specifically addresses the short-comings of its prodoccssor, the relational data model [108]. The
relationsl model was conceived 10 address the aeads of business and commencial applications, bul a8
many design rescarchers have indicated, design’s data modeling requiremonts are quite Gfferont from
Baose of odher application domains [25.93, 112-115). In particular, object-orientation is seen as providing
2 far richer set of absteactioes for the constrection and ceganization of design models, independence feom
implementation issecs. refloction (Sor astomatic analysis of desipa models). unifind laguage definition
for both peogrammieg and datshase applications, and so oo, From a design theoretic poine of view,
obyoct-onentation can permit the computer 10 bocome 3 more saefal ool for lvestigative stadies into the
natuse of design by hiding many of the mose mendane and imelevant issues of competation from Be uset

K must be noted here that of all aspects of design, concepoual design, argeably the most Important aspect
of the design process, is the least well undesstood of all. This s made abwndantly chear by the fallure of 38

amompts 1o comptesiag i [17,60, 119,120, Oue ool has been indicased, however. as a possible solution
1o this particelar problens:  parametric design.  Ia parametric design, detadls of various Componeats,
assemblies, eic. ase ignored for the sake of capterng in paramcterized form the cosential attriboses of
design entitics, 1o this sense, this ssthoe sugpests the tems schemanic desige may be more appropriate as
it carvies a moee direct conmotathon of an abstract nature and of the inteation 10 Capture caly Bhose pects
thas ase essentially representative of the entities being designod. Parsmctric design hun hoen mmvestipanad
in detail by others, incleding (61,75, 121, 122). We note, howeover, that two issucs reganding parssscernic
Oesign remain peoblematic, especially from the poist of view of design theory. First, parametnic desipn
docs not pemais cyclic relationships 10 exist betwoon datac yet the exissonco of sech structures has hoos
indicaed in constraint nerworks, especially in concepoual design [122). Second, though parametric design
may solve the probiem of comceprual design, it has boen demonstrated 0 be 100 restrictive for wse in
optimization [61). Whether these probloms indicase & oncoming in parametsic design. or a decper
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Inadequacy in owr undentanding of concepeal design, has yot 10 be determined, One possidle aliemative
is varistional design. which adopts 3 Sdfieront mathessasscal fomrulasion than docs parametnic dosign, and
which has boen shown 10 stanage Cyclic constraint networks well.

Masry other computationad approaches have alen Jod 10 insights into the sature of design. Effons making
use of sywiems engineering [£3, 101] have demonsarated the sscfulness of modelar approaches 10 contrd
complexity. Various rescarch peojects involving e comstruction of database systems Sor design have in-
oduced the sotion of abutroction mecAaaisns as 1chnlqecs %o crganize and inseprate cur undentandng
of design s peneral; these include structeral entities like featwees 2,123, tank-apecific views of inforna.
thon [ 56, 112), and hicrarchies, agpregations and other classification fomes [ 106, 124-126). Research o
the practical apocts of constrain management have provided namermus approximations for the solution
of e conserain satisfaction problem (see peevioes Soection) [23.24, 106, 127-1304,

2.4 Cognitive and Concurrent Design Research

The thisd category of sescarch is Satinguished by a concem for undentanding, in whole of s pan, the mile
of the haman in design; that ts. rather San being concemod devctly with design itself, workers in this arca
are concemed with the mental funcsons of human desgnens when they perfonn doagn taks. Semilarty,
some rescarchers (e.g. 139, 120)) dave distinguishod between Aow design Is performod (by humans) a8
opposed 10 whar design Is. Although not commenly comsidered together, cognitive design reseanch and
concument design do share an inscrest in ihe actions of the designes.

Cogritive design reseasch is concemed with what might be refermad 10 a8 the prychology of design, and
socks 10 explain, or o least quantify i some manner, the particular mental processes 3 designer ssay
use. The asthor also mciudes capert (and other knowlodge-based) syssoms research in this Catogory, sece
these systems model the designer's ability rather tham Sesign itsell or some aspect of it

Cracumment engineering, on the other hand, Is concerned with sociological issues. The peincipal senct
of concurment engincering is that the involverent of all interestod parties in a dosign peocess from (he
Outset can mankedly impeove e doctsbon making abilities of e group ax 3 whole, This kind of design is
far more sformation- and coondnation-intenseve than comvenmonal, purcly sequontial design proceises
and thus rogqeises 3 much more sefined strasegy 10 assure efficient. accurate and timcly Communication
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between team members. This sequirement s led 10 great activity in the s of compueter 1ools 10 help
mupmummmum Thas, again, the role of the
haman in @ design process i the contral concem.

241 Cognitive Design Research

mmumw-wmmawwmmupmm
Issue willl be dealt with & depth In Pant 1. For the ceevent discession, an abbreviated version is sufficient
wmumamuu—-nummnummam
functicn (speech, gestures, etc ) do not necessasily selate diroctly 5o wnderlying cognitive process. Indood.
there is some evidence (0 suggest that “Yhinking™ as we nommally comsider it ix 3 purely sscomscious
process that we may never direcely obsorve or even experience [131), This detachment suggpests that
100 moch may interfere with aory atempes 10 contred the cognitive function o that it may be observed
In a sciontifc manner. One is erefons Ieft doubeful of effors involvieg ihe use of anificial istciligence
techaiques 80 create cxpent systoms and other knowledpe daned systerms for dosign which are all sooted
in the peesumption of some basic understanding of the human cognitive function.

However, it must o bo sald that these have been notable comtributions 10 design theory made not
nocessarily from individeal effors in copaitive design rescarch, but rather by the whole of the endeavor.
Specifically, the varioss eforts of which the asthor Is aware in Bhe secent literature (£, 21, 24, 102, 108,
132-136] are suppontive of the following observations:

Fine. cxpert systoms suflier from a phenomenon calied combinatorksl explosion when appiiod 1o very wide
application domains. This means that the amoust of mformation Bt mest be manapod by these systems
bocomes intractably lange as more and mose difSerent kinds of problems are included.  Mowever. for
very specific domains, expent systens have boen known %0 genorale reasonably efficient solutions. This
sugpests, & has been noted in [ 102, 103), that though the onginal goal of expen syssesss a the witimato
dosign tools may never be achieved, they may be very uselul ax smaller compononts of larpe, integrased
dosign systoms (e.g. the desipgn of cams (211, As well, 3 very significant depondence on the strectuncs
usod 10 pepwesent Information is indicancd.

Second. expert systems, like haman desigaces, roquire a certain period dering which they are "walned sp™
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for ®he Kinds of tasks they ¢ 1o perform. During such training pertods, the system will not perform
coevectly since it is still heamisg. mmmuumwmmma
cxpert systems has not hoom addressed In amy of the effonts of which this author is aware. As well,
B Infonmation base upon which expent systems draw during this period is often Aewristic, Heurisic
whwnmmwuuymmmmam
expens in 3 Seld, &ﬂmmwﬁmmwmmuumluy
10 be the source of smple mochanical eroes, Bey will carry with thess all the inacosracies of 2 buman
destgner.

Thind, the notion of ksowledge bs not precisely definad. The tems has been associated with both the
act of leaming and s results®. This suthor is seeprisod hat such a vaguely defined notkon has been
m»mncndeummmmO&hqu}A
mmdm&mhMMmmhww*mmm
onc might ssppose that kmowledge is then tiad 1o She process of wing infornation. Bat agan, we lxk
undentanding of how Be mind acts oa information: we must tesefore susoct any cffont 10 mimic this
behavior computationally as being based on rasionalizations rathor San real scientific snderstanding.

Fourh, as indicated in [24). most dessgn “knowledge™ itmparntad 10 expert and ofher such systerss lends
uummmm“»mmmmmmum»m
with now kinds of design prodlems. This has been indicated not caly in the existing dosign rescanch, bat
also In 2 more peneral serse in antificial inteilsgence [137-139).

242 Concurrent Engincering

Concesrent engincering has enjoyed sgraficantly more success than has cognitive design rescarch.  As
sted above, the goal of concesrent engineering bs 1o paralielize the design process, hringing upstream
varsous fenctions nommally left until late i Be desipn process (¢g. asembly planning).  Engineering
cxtablishmonts $hat have adopeed concurment lechmigecs have boasted marked savings in time-10-market,

development and prodection costs, and wastage [100, 117, 140, 141, in some cases exceading SO%. The
degree of savings has surpriacd many, and cassed 2 number of sescanchens 8 investigate coscurmont

TRaved 0n Webeter's 7 Dicuonry.
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Mmmua-ummmm-mwmw. Thes work is on-going
and very few results of consoguence Rave hoen repomad. However, sescanchens bave idereifiod tha
mammuyocmndummm

Mwmmww-wpm.mommmmwu-
m«ma&awuammmmmmmumm
be aranged and onganized [107), Thiés bas Jod 10 e adoption of Aypertens (also called muiti-medha) as 3
key computational ol for concunrent engineering roscarch 112, 135, 142-144), In ossence, hypeneat is 3
mnwumwmmwaummmm.n-m
of Bypeniext systems ot caly supply the Infommation bet s the vamous “Books™ by which the system
can organize the information. The emportant contribetion of sach systenms is that information that would
mmmwywmmmuum»mmmummkmm Here
Is one possible use of expen systems 10 and designens, though indeectly. A suitably tramed system coudd
m-mmumumnmmmwm-m
in a design environment. This iea has yet 40 be sescarched.

My.hnmmm”.pmahm stages of & design
mamdwmmmumdmmm
mummmn.n.m.m.mummmmm
of “nepotiation” and sharing of knowlodge wherehy group decishon-making can be asvisted by varous
formal technigues (6.4, caso-based reasoning [145]). & is noted In Closing that cogrésive roseanch has
MnmmmmmMMMd&WMd
cxiemalngd cvidonoe (Commanication Between group members) of e design peocess.

25 Summary

This Chapeer has peesented a survey of rocont lierature on design teory and the assockased fields of
competer-alded engineering, concurment cngincening and cogaitive design rescarch. On the whole, the
body of work, thosgh not partioularty voleminoes duc 10 the selative youth of the field, clearty isdicales 3
peoocoupation with the imtegration of the vamous aspeces of design. Some research has Sealt with specific
Beoretical aspocts of design (sech as constraint satisfaction), wheneas other effons have been lamger and
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umnmmammmmmmumm
Some successes have been demormtrasod as the results of this roscasch percolae from reseanch institutions
into industry, but these is 38 yet no consensus a5 1o the finad form of a fully inmseprased design endeavoe
Nonchciess. (he sacoesses achieved 10 date indicae that the principle of 4 integrated view of design is
worthy of further study,



Part 11

THE ROLE OF LOGIC IN DESIGN
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Chapter 3

Introduction

The approach usod in this work s guite novel: though sools of loghc ~ such as set theory and prodicate
cabowdus - have oflen boen imvoked in supposting moles i design theoey, there is mo evidence of amy work
i desipn @ takes Jogic as its sole foendation. The asthor finds that the uniquencss of this approach
warrasts some caplanaticn, and that B explanation iself can go a losg way 10 clarily the naseee of
enginocring desipn, and indicate ways in which moee sobent fomaaliens can be achieved.

The peepose of this Pam is twolodd. First, the general role of logic in desipn theory will bo discussod,
Some of the problems confronting design deorists will he examined. and possible solutsons based on the
applicasion of logic will be coesidered. A fairly wide range of sopics will be covesed, but the undertying
notlons are fow and distingt. Socond, a nember of lcrms and aoticas of logic that e not particularty
well-known in design ~ bet that will be ased extensively i the Parts 10 follow ~ will be introduced and
dincyssed in detal.

Some important nothons should be introdeced before any other consideration, Becasse of their imponance
in the soguel, Fumt, we define fogic as “..the study of methods and principies wed i Satinguishing
comect (pood) from mcomect (had) anpussents [30]." ladead, a definition of logic that is both precise
and compact ks dificult 1o find since sech 3 definition would 1 some degree depend on loghc itsell for
correctness, 3nd, as shall be shown, the validity of sech self-dependont definitions ks sespoct. Forturasely,
preat effor has hoen expended by philosophers and ofher dhinkers 10 resolve this probless, the inscrested
reader i refersed 00 the introdection in [ 16], where the overall natuse of logic is discesed very clearly of

L



woenewhat verbosely.

The notion of progy is also imponant. In logic, a peoposition s proved If & valld argement can be
comstructed S0 & 10 demonstraie that the proposision is true.  This is a well-accepied, comentional
defimition of the serm for classical formal logic. Variants exist, depending om the form of logic used. For
example. in fuzzy logic (147, 1481, thore aee pradations of tosth; thes it is possite 10 have peopositions
that are more of less true than others. However, for the ceerent work., classical seo-malved (L. e and
false) logic is sulicient.

Anoher imponant notion s that of validiry. Validity refers 10 the comecmess of an arpement, but pot Yo
the truth-hood of ies peersises. Thas the classical example “Jf every man is mormal and Socrares Is 9 man,
shen Socrates is morral™ can be shown 10 be valid without makieg any statements about the promises
“avery man iy mevval " and ", Socrates i @ man.". The advantage s that we can dstingeish clearly
betwoen the peemiscs of an argument and the procoderes used 10 reach conclusions. Also, logic peovides
®e means 10 check those procedares for incomect intermadiary steps.  Although logic may also assist
in detormining e comociness of the peemiscs of an agussent, this is 3 separste comsiderstion, Often,
peemises of angumcents are based on observed facts, which are by definition empincal and which ussally
canmt be proved i the technical sense of the wosd. Although this restiction may appear to lmit the
applicabilicy of logic — especially with sespect 10 2 domain with sech strong physical thes as design - the
notion of validity lets us prove or dispeove arguments, which are the building blocks of seasoning. and
reasoning i an exsential compoaent in design.

The issue of validity of particular formal systems is problomatics this was oxtablishod by GOdel in his
work o0 incompleteness. However, insofar as formal systems may be considered valid, they offer a far
more Agomes means of treating phenomens such a8 dcsign than any other available wechnique. It thus
sernains advantageous %o employ formal technigues in desipa theory.

Logic Is considenad 30 be independont of the phyxical wsivernse; it is for this reason that tnush of stasements
sach 38 = . Socrades i a man. . " cannot be docided, Indeod, it ks possible o genente formal systems
et a0t In no way related 1o any aspect of physical exience. However, some formal systems have been
foend b be very sseful in eaplaining and peodicting the tedavior of phiysical (exsnlogical) phenosscna.
As engincers, we are panicularty interested in formal systems that do relate (n some way 10 the plysical
wmivenss. These fomal systems are our fogical modely of phenomena. The success of failere of a pasticular



hogical model depends cn its percived comespondence to $he phenomenon being studied. Logiclans call
the comrespondence between a2 model and an observed pan of seality an iseemarphise [149). The moee
accurate and complete the isomorphise is hetwoen 3 model and a phenomenon, the betier the model. The
noton of Isomorphitsms Will also play 3 mic In Gerermining te ¢xIent 50 wTach formal theones for design
can be considered valkd: this will e explained in the following Sections.

Ferthermore, logic is, on the whaole, objoctive. N s comsidennd 10 be valld regaedioss of human cogaitive
function. Nt is intcreating 1o note, however, that these does exint work i logic mcant 10 formaline yach
naterally subjoctive domains s belicf syssems [ 150); such work bas found 1echnolopical application (for
cxample, In the treatment of distnbetod systoms such a8 compuier and commuenication networks), N
would appear, then, that if we are o maintaia 3 cortan obgoctivity in design roscasch, logic shoeld be
considerod a very important and usedal sool.

To motivate the discessions 10 follow, the prescntation in this Part will begin with an examinasion of
lerminologic and Iavoaomic issues, and the imherent vaguencss with which notions and coacepts in design
aoe cumvently definod. This view has heen expressad by others in the Seid, especially Dixoo, in [4). Near,
a distinction is deawn Betwoen the concepoual models that we use o undentand design phesomena, and
the computational models we use 1o implement our condepiual models as design sides. This distincson
s imponant Because it can significandly simplily the complenity of design theories. We then examine the
concept of “seif-reference™ in the context of design theory. Self-eeference Can provent valid formalizagions
= any domain; ®he author angues that it should be avolded in design theory If valld formallzasons ae 10
be fownd, Next, the sotion of design & an arsificial science Is introduced &5 a means of discussing the role
@at formal logk plays in @ establishment of useful framoworks within which design can be studiod. The
conclusions of these discussions motivate the fommulation of two concoptual Sesign Beoreek fools. The
first, 3 layered Jogical structure for design, oustlines a tochnigue wheseby differces degroes of abstraction
in dexign information may be identifiod and clasiSied. The second, called a design space, is meant 10

help study the refasionships botwoen vaross notions, methodologics asd approaches to desagn.



Chapter 4

Motivating Discussion

4.1 Terminologic Considerations

These s no Agoroes teminology of somenclature for important concepts and sotioas ia engineering
desipa. Tomms that designers and dedign sesearchers wae ame ofien defined In wiatever fashion is most
convenlent 10 them (e.g. the vasous definitions atinbetod 10 the term feaswre ia [13,51-53]) This is noe
an indictment of the ahilitics of Bhose persons or e Quality of their woek, but rather an indictment of oer
collective ability 10 define the natere of design itself

The nearcst convention we have in this regand is the enginocring drawing. Although e graptical mature
of engincering drawings can capeure some informaion ofickoatly. drawings alone, even If computerizred
(via CAD systems), carmot capture all the informasion nocessary 1o represent the nature of 3 design in an
eficient and usable way [32,94).

A Lk of standardized nomonciaoere ressits i bad communication.  Between desigaers, this can have
disatoous comsogquences.  In computerieed systems, & can lead 10 inefficient, incompatible wftware
systems Dot stymic raher than stimslate the abilities of designers.

Al a doeper lovel, this Indicates a significane disagrecment on B limits of boundarses of varous notions
and concepes. What is engincering design? What ix 2 solid model? At what poist does 3 poomctric moded
bocome a solid model? Should a fniie clement mesh be considerad an analytic model paralic] 10 a solid
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model, a particular manifestation of 3 product model, or an entirely separsse kind of model? To what
cunent are constraints 3 valid modeling form? Is consaraint Scory a modeling tochnigue of 3 lechnigue
of analysis? These questions indicaie just how vaguely design Is definad, a notion echoed in the work
Of many seseanchers (29,31, 39, 151], They canncd be answered hocause there is comsenses aeither of
sosconciatere nor of the associated snderying concepts and notions.

The impomance of Sis problom ks sndomconod by its Impact on our ahility 80 teach dexign. In onder
o teach, we must communicale effecsively.  Withowt effective communication, e improcision and
inconsistencies of the seacher will tend 0 be passod 00 10 the stedent. Thus, the problem perpotusies
itseld. The selatioeship betwoon desi gn theory and 1aching design is discwssed in some detall in 14,10, 36]
Recognition of key primitive moticns is cxsential 10 atain a moro formal enderstanding of design. The
establishment of more precise conceptual definssons and their comesponding serminologues would asstst
us o resolve many Sdicslties now heing cxpeticncad.

By simple analogy, consider the nomenclature of chemical compounds. Foe cxampic, 3 sulfie bs éuferont
than a sulfide, which is different than 3 sulfare. At once, these lemms conciscly and exactly capture
significant differences in composition =ad behavior of Bese varous chasses of disting, yet rekaod.
compounds. The imponance of this nomenclatese is ool so mech Bt it xcurately &ffcrontiases between
various classes of compoends, bt Bat it sepecsents 3 collection of very procise defmitions and notions
thae ase comistent with the rest of the formal stracoere callad chemistry.

This kind of preciion i misting in desipn and design sesearch. As thimgs stand woday, it is dificult - If
3t 3l posaible ~ %0 poacraie 3 nomenclatese of design parallel in peecision 1o Bat of chemical compounds.
However, if this were possible, (he bonoits 10 be seapod would be grese. Of peissary ispontance is the
incseased efficiency and security of information transfer. A eniversally secognized nomenclature wosld
viesally climinste e sebjective mierpretaion of engineering information and thes preatly dminish
the chances of misisterpresanion of that information. Designers will thes be able 1o spend more time
discussing the nusere of their desigrs and less thme arguing over how the designs are presentad,

Also, increased efficiency in communication can have Imponant conseguences 30 the developenent of
software systcins meant 10 st the designer. Spociiications for software systens will be moee fotwust
because the models they implement will be more preciacty specifiod, Computens ar0 ot yet able 10 deal
well < if o all ~ with vaguely Scfined dsta.  Bmplementation details would bo casier 1o manage If the
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computational models of the probiom domains incladed precisely defined nogions.

[n searching for a nomenclatose for design, it will be up 1o dosi g Sheory sescanchens 10 provide the fornal
systems and methods needed 10 assure the validity of the nomenclatese. The ool they will ese 1o provide
it will Barve 10 Be bogic. The suthor's proposisions i this rogand are discessed in Sections 5.1 and 6.2

4.2 Taxenomic Considerations

A txvomonmy is an onderty structurod systom of classéfcasion based oo peesemed of odserved peopertics.
Taxonomies are wsed 10 classily entities and thas permit theie spady 2t higher (1.2, more general or stwiract)
levels San that of individual ermies.  Tasosomics are a0 very wefel in systems cortalning many
individeals and many diflcrent Linds of individsaly, being able %o clasify individuals cam be a great tool
10 asxist i the managoment of Iformation sboet the individeals and how ey relate o cach other,

This peobslem is sicely ststed by Chignell o o, in [143);

"One of the most annoying tuings . . . ks the foeling St one cannt kecp up with this broad

lieratune of things that coe should know abost. Drawing on psychological theoey, it seenss
that the task of the rescaschor might be simplified somewbat by peoviding a framework of

orpasizing schoma within which 10 uaderstand and absord the frighsening amouns of possaly
relevant material that should be dealt with ™

One of the impostant aspects of tavonomées is that they noad not be complete and eatisely comect
provide valuable ssistance 1o rescsechen. The tasooomy used for the clansi ication of living onganlsms

is a good example of this. Though it is pot perfact (some disputes saill g0 cn a5 10 the nasure of cermain
orpasismnd), ¥ is for the meat part a highly wseful 1oof in such arcas ax the stady of evolution, animal and

agricultural tshandry. eaching. and 50 on

Taxonomics cosld heldp design Bheory in many ways and o many levels. Af a peactical lowel, they could

assist in standandizing pans and componenes, leading 10 universally compatible pan catalogs, asnoesod
librasses, ctc. They cosld be usad 10 clasify doxign processos and so provide a framework within which

designers can select appropriase methods for dfferont binds of design problems. Also, Sy cosld assia
in the classification of mansfactering techniques, promote modular constraction and thes hodp not only In



prodect mansfactuning, bot ahso in the design of the plasts and assembly facalities wsed.

In deaign hoory Mself, tasomomics cosld belp us undentand difforences and similanities In vamous
heoretical systems, which in tum peovide a means 1 evaloaic new ideas. W could also wse this
knowlodge 10 kentify chasses of problcms that roguire more sescarch, and criteria that can be used 10
opeimize their sodations.

Taxooomies for design and desipn reseanch have not yet boon developoed. though there harve boen varous
stempts (77,57,152]. In many cascs, the taxonomios are denived in a generally ad-hoc manner [52) A
£00d tavonony must be based on formal seasoning. and the principal critenion used in Be search et be
that of validiey. The premises of taxonomic arpaments ase Bose NOLORS Sor which Lavonomics ane sosghe:
these sotioss are captured by 3 nomeonclassre. Demonstrating validity of @ tavonommy does Aoy include
demonserating validicy of the promises.

Insofar as tasonomics are ondering mechanisms, we ¢an kook 10 Jogic 9 provide 2 number of tools %
facilintate their generation. In Chapeer 10, five specific mechanisms by which design information can be
ordered will be discessed and demonstraeed 10 be sound with respoct 10 shelr logical foundation. These
mochanisms can be taken as general principles with which taxonomies of desgn entities can be formed,

4.3 Computational Considerations

The author has noted that many suggested models of design indbesently involve computational aspects.
Exampics of Shis are: [117]. where little distinction is made tetwoen ¢ conceptual probems of classifying
Sesign functicn in mechanical design and the computational Issees sumounding the implemenaticn of
their classifications In competer systems: [126), wherein the (actons aflecting data flow s a design
activity are suggesied o arise both feom design sequirements and from the roguirements of comgutenzad
implementation of deir syssem: [77), whercin compatationad models of knowledge engincering ase used
a5 & basis for formal design process models; [12)), whese imegrity of storod information Is seen as an
imponant aspect of design; and [125), whese a relationsdip is indicatod botwoen the “husiness peocess™ of
competer-inteprated manefacturing and the maintenance of software. B s noted thae ol ihese effonts fall
at least nominally wishin the domain of design Beory, and thas indicate a possible relaticsship between
Sesign theory and compuier saicnke.
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The auor segpeits that 3 dissaction must he made between conceposal and computational models. None
of the sbove-noted models actually require implementations. Each prosents a comain view of design, and
contributes 10 oue endenstanding of it, regandiess of how the systems are implemensod. The distinction
between implementation of 2 100l and the model upon which it Is based is temmed by the suthor ax She
diiaction bhetween compaanion and concepaalization, Models can 3nd do exist 3 formad thoories,
independent of their implomentations,

In peneral. a concepreal moded might peovide fommal descriptions of the kinds of information Bt mus
be present, Bhe Linds of operations that am defined on the Information, inegrity and other constraings
that are 10 be satishiod, & well 3 the ponerall philosophic background. A computational model Sefises
the teplessensavion of e conceptual model, and mighe specify the kind of scoping” 10 be ssed, slomic
data structeses, ype-chocking semansics, transaction control asd so forth. An appropeiate computational
model is based in pan on the roquiremonts of the concepesal model. Problems arising from difSerences
between the two are ofien referred 0 as dmpedance mismarches [27) bat @ probloms thomscbves are all
compusational prodlems, and 00 not neceasanly reflect the sature of the conceposall moded itself.

levecs of implomentation - such as the seloction of a hase programesing language (¢ 2. C vervss Smalltalk)
~ ¢an greadly affect the success of a panticular moded of design.  Also, competational theory cas e 3
wncfal sool in desipn Sxcory for its ability w0 formalize actions and procedures thas manipulale information
But in the purcly thooretic arcna, any mechanism cosld be usod. aibeit awkwandly. This is due w the
dererministic nature of the compater itsell. ka other woads, the implossentation does not affect the validity
of the conceptual model i,

The converse of this is o trec: given a particular implementation, any valld conceptual model can
be captored.  To be sure, the efficiency of a panticullar implementation does depend on the relationship
between the model and implementation technigues. However it ks noted that the tems “cfficiency” s this
case donotes ellichency af the implemensanion and not of the model.

Theresoes, the evaluation of implementations of madels does littke 10 effectrvely compare the undertying
conceptual models, which should be evaluaied on logical grounds based om thelr ability %o explain and
peodict phonomena of imterest,  The isclusion of issues pertaining o the mplementation of a formal
conceptual systom in a compunerized envisonmeont Cam unneoessanly Increase the system s compiexity by

"The scape of & data syrocsre i Bhe Tegion of program code i which @ I cive or scoouidie.
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ntrodecing a false coupling berween the model and the implementation. This does nothing %0 increase
the mbestness and socese valkiity of the model. nor does it venily or increase the eficiency of the

implementacon,

Mis, in fact, poasibie 10 separate bowes of concepteaiication from those of competasion: [ 11,4052 and the
work proscatod Beeein all achécve Shis separation at least 1o a degree, and still make meaningful stascments
dost design. Aldwough Sese and other refasod effors cam be used 10 develop design sofltware sysiems,
the fact that Sy are not direcdly thed 10 the development of softwase pormits thom 0 bo used for a variety
of o reaoors, sach a8 teaching sides and soscarch tools, In noo-computerizod aromas,

The suthor finds it curiowes that model gencration for design should have becomse so tightly connecied 10 the
development of softwase systcms, bat belicves that the connoction arose from the hstorical roots of design
@eory in the development of the first CAD systems. Comgpeners, belng deserministic machines, cannot
deal welll with e arbitrary nature of e way design wan once conduciod. Honceo, techmigues wore sought
ot made desipn more amonable as an apphicasion for the thos emengent computer technologies. Graphie
rendering lechnology is 3 direct peogenstor of soday s solid modebing programs [ 121]: constrective sold
geometry itself eventually bod 1o features [5,.51) Since thes, our snderstanding of doth design and the
underlying logic of competation and indom ation Beory have lad 1o the readization that formad models ae
esefel and imporant sols independent of their use in computational Lasks.

44 Summary

In this Chapeer, the ssthor has presensad 3 discussion intended 10 motivate $he parugil of & moee complete,
formal undenstanding of design. [n @is regand, we have examined lomminologic, taxonomic and compe-
tational considorations. There is curmontly no comsonsus regasding $he definition of imponant lerms and
notions that ane often used in design rescarch and peactice. Wihost such a consonsus, misinsorpretation
of design mformation and incompatidilitics detween subnysiems cannot be avoided or even controlled.
Purthermore, there exists distke coondinatod orpanizational structure for desips information (Launnomies,
oic.) that can streamsiine the spoci fication and comumenication of information vital 1o the design endeavor
Finally. the coupling of design with computationad condderations urmocossanily complicales investiga-
tions of design. In order 1o impeove the state of our undenstanding of design, Al those fssees must be
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Chapter 5

A New View of Design

5.1 ‘The Notion of Self-Reference

Hofstadeer, in [149], states “It Is very imponant when studying formal syssesss 1o distinguish working
within @¢ systems from making stmements or obscrvations abowr B system. ™ Hofstadier is writing
shout the concept of selfereference’ . and though i may soers simple enough in tis shoe quotaticn, the
concept i one of the most complex and consequential of this contury. It ks 3 notion fendamental 1o all
the anguments peesced in the shove-cited, Pulitzer Prize winning work. The problem of self-reference is
defined formally by Gadel's Incompletoness Theosem. which states that no sysiem can sefesence sell
mnd be proved valid. A system withost self-sefesence will not be able 10 poove some stalements Bhat e
soncibeless valid; a self-referential syssom. on the ofher hand, will permait the proofl of all valks staements
plus conain invalid coes as well (L.e. a pavadar). Put another way, no sysiem thal can be peoved valid can
e complete. No other notion of logic has had mone importast consoguences, and yet boen so universally
accepied as necessary. For example. in classical set Shoory [ 153, the existence of the sniversal set cannce
be demonsirased withoet appealing 1o sell-ceferonce: yet set theoey with self-reference and e universal
set 1s casily peoved incomsistent (1.2, conaining invalid parts). Moseover. it Can be shown that sy formal
systems that coresponds (0 number heory throsgh an isomonphises is Incompicie; 1.2, there are some

' Self refereace i a0 Enown ae sefbecten: Dowrver. the suber ferfon the former derm oo @ Soect denntataon of vyt
Dt e swnpe of, of 23 upon, Semedves.
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truths that carmot be proved {149, 154

Although mathematics and logik is limited in rigor due 10 mcompleieness, the fact remains dar hoth
these disciplines have contribeted inestimaly o our snderstanding of the physical univense, These is no
a-prioct scasom 10 think that sionilar contribetions 1o our understanding of dosign aee not possibie.

The kind of paradox that Can occur in sel f-refosensial systcmns ks cxemplifiod by the sentence “This sersonce
Is false.™ In fact, self-sefevence abosnds in the English language (6.8, “This is an english sermonce.”™),
Indicating that engliah cannot be proved valid. The fact @at sech self - referontial englah sentences can be
Quite meaningful 1o humans does not hode well for the valldity of the beman mind. In facx, the mind itsell
s self-referontial: Bow else can we think abost the mind? The mental peocesses that we call “thinking™
are pan of an oty capable of self-reference, and the concemn with Jogic of scholars Sheough ihe ages
is an effom 10 justfy our thinking processes and validase the results heseod. Indood, sell sefesence, or
self-awarcncss, sppears 10 be a propeny unique 10 the mind among all ratural phenomena; it is &ifficel
10 think of gravity, DNA, or a simplane & being sclf-aware. While the author &s not segpesting that the
mind will forover clude formal endensanding, we do sugpest ot any formal understanding of the miand
will be of a different onder than cur undentanding of ofher natural phenomena because of the mind’s
self-referential nature.

Because english. and ober natural Lingeages, a¢ 50 ofien wsed in design 1o communicate information,
scif-pefesence cam also appear in our ideas about design. A stasemsent such s “Conceposal design 1s 2
component of the design provess™ i schf-referential; 2 desipn process that takes Into accoust propestics of
itself is self-referential. Design ol tonds 10 be self-referensial, & is evidenced by existing rescarchc “A
major pan of the design activity is concemad with the development of the design process iself (1011
Any self-referential system that socks 10 Soemalize design will be logically isconsistent. Pesthomore. #
is imspossible %0 determine the extend of the Iscomsistency working within the sysicm itsell. I wo are to
find a reliable, Jogical syssom with which so model design, we ment essure that it does not contain the
notion of self-reference.

The issue of seif-refereace Is pertags one of the greatest stembling Nocks facing design rescarchers., if
for no other peason Duwn Dot it is Duman nature 10 treat the wniverse in 2 scll-scfesential way. However it
does seem possible 1 the aubor that begiming carclully from first principles. and sariving 10 avold ®o
designers” self-referontial mental peocesses (6.g- intuition, oplnion, o6c.), Souign can be at Jeast partially



0

formalized im0 a system that is valid with sespect 10 its logical fosndation, s the Sections 10 follow, the
asuthor will peesent the boginmings of such a formmal system for design

The author has found the ese of the iemms sabjective and objecalve 10 provide a esefel viewpoint in this
regand. The temm sbjective Is defimed ax existing independent of B mind, belonging 10 the sensitie world,
being observable o verifable expecially by scicmific sethods®. Insofar as design ks (at least in part)
funcrion of the heman mind. there s obviously 3 subyective componcnt 10 i, The subjective aspeces of
design are &l peone 10 self-reference by thewr very natese, Nowever, not all of design is subjective. Any
objective component of dexign may be treated formally. Morcover, as rescarch into design peogrosses, i
may be found that aspoects of design comsidenad berosofore subjective Can be Ireaied quite objectvely.

5.2 Design as an “Artificial” Science

S21 The Sclentific Approach

A member of researchers have sugpesied recently that 3 moes “scientific™ approach should be employed
in the stady of enginocring design. Two noscwenly examples of this polnt of view are [11] and [31]. The
argument for pessuing sech a scieatific approach generally proceeds as follows:

o The objective of sclonce ks 10 provide 3 peeciae and logical understanding of natural phonomcna,
. wa-mamumymum»ummm
= schence wis before Bhe Renassanxe.

o Therefore, Shose mechanisms that provide procision and steecture for science may also be able
do so for design.

The relationahip betwoen science and design Sheory will be discussed i this Section. The authoe postalases
that there is 3 past of design Shat can benefit the most from an appecach dased on logic raher tham scienoe.
Whereas Jogic s soon as 3 nocessary progenitos of both the “nasural™ scionces and design theory, scence
and design theory themsclves are soen as equals related thiugh logic. Bocause of the cpalaanian navsre
of this relationsdip, the author inssodeces 3 pew temm, amiicial science, which is intended 10 conmose

 Prarapteased frem Wilsier's T decsionary
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B0 foemal sature of design theoey while distinguishing it from the nateral scienoes. The exsence of this
relationship ks dopécaod praphically in Figure 5.1,

Figure 5.1; Rebationhip between design theory and scionce.

The technigees cxpoused by suppomers of a sohenfi 5 approach 10 dovign roscanch pencrally seek empincal
data about Sosign de.g. 117,122,126, 135]). The sclentiiic method is wsed 25 the hasic methodology In
sech projocts: observations aee made of designers & works thom, formal models ae sosght that can peodict
(a2 beast 1o 2 degroe) the behavior of designers when confronted wigh particular situstions. Some call this
kind of seseanch cogainive design resesrch, and the procedes: used ks In essence the same s that ssad by
scientists bo investigate saturad phenomena

Adhough the carrent literatese indicates that cogrusnve design rescasch Ras yicldod many wsefel resulis.
@e aethor views sach rescanch a8 being taegeted not &t design per se, but raher o the mental peocesses
of the designer, and as sech tends 10 e subjoctive, This view has been espousad by at least one major
peopoment of new fendamental rescarch into devips ( (4]). The distinction is imponant hocause statements
about how designers thisk do not necessarily refate %0 design itself. We have stased carfier that meneal
processes occur withis 3 self-referential system (the mind) and thes ase unprovable by convenmonal logi
technigues. Mowever, Sese mental peocesses can be rationalized as soon a8 they ase cucmalized; that
s, &8 5000 25 these mental processes bocome manifessed outside Be mind -~ be it in the foem of 2 CAD
m-mmmmm-mmmmuumuw mind
and can be analyrod logically 80 & geeater exient tham (f the designer s cognitive functions wese inchaded.

In is way. the ssthor &fferentiates hetween those pasts of design that cannot (ceevently) be formalined.
namely the subjective mental processes of dexigness, and those thas cam (and hosdd) be fommalized,
namely all extemmalizations of those peocesses. We note that cur intenthon is nol 10 semove the Creative.
cogmitive compononts from desipa, bet rather 10 provide the means by which 10 analyze the results of these
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processes in 3 bogical manner. thes helping the designer 10 chaner! hister imagination and creativity in
diroctions that will mavimire resalts. Masy of the host mathematicians and scsentists Deoughou history
have been very creative and inmuitive people, and have used Shose characieriatics in ther work 10 preat
advantage. This should be the case in design st well. Ao, formalization of the non-mostal segments

of design can be benehicial 10 cognitive design rescaschors by providing them with a yand-stick againg
which 1o make observations and compare Theories.

£2.2 Design Versus Natural Phenomena

The schentific meshod Is 3 triad 3nd error lechaigue, the poal of which is the creation of models based on
observations that Jet us undenstand a gives phonomenon. The Jogical snd matheseasical models creanod by
solentins Bave provided excellent somonmdisms o varoes satural phenomena. Basod 00 Thoss secoescs,
it could be amgued that logic i some way seflocts an exsential propenty of the universe. However, (his
peoposal begs the quostion of whether the universe is desermimistic [16) In onder 80 avoid this comentious
and rather phalosophical issse here, e suthor adopes a somewhat less agpressive positionc that foemad
models approrimade some underlying stracture of Bhe observad phenomenoa

An imponan assumpaon is bellt o the sclenmific approach 10 design theory; namely, that there is a
compspondence between design and nuseral phesomena, and that this comespondence allows rescarchors
10 treat dosign as 3 satural phenomenon. In other woads, e same omorphiens see selevant 10 both
desipn and natursd phenomena. The suthor contends that this assempaion Is misleading: we make our case
with the following aspument:

Design, unlice natural phenomena, is “contrived ™ in that it is 2 pesely human invention. While nature sy
e considered as existing without any action om the part of hemans, design is mot independent of human
heings; in fact, the designes &s the onlly agent by which desipn is manifestod & 381 [14)

Also, the evolution of design has procecdod over the yoars i 3 more of less ad-koc mannes, respoading not
caly w the emergence of new sciontific and sochnologacal undentanding, but also 10 vanoos sociclogical,
CoOnOmiC and povemmental Preasures, Hone of whach cam be sadd 10 be particulany natural (in the sciereifc
serse of the wond),

M may be anguod that sinco the human mind is & naturad phenomenon, peocesses hat oocur within the
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mind (sach 23 design) shoeld be conshdennd likewise. The suthor argues against this position. There is no
depemdence of natural phenomena o husean beings. Mowever, design regadres the exkstonce of the mind.
This draingudshes design from nateral phonomena,

Schence has had little seccess in understanding he aman mind so far [135-157), moech less success than
it has had i snderstanding naoeral phenomena such 38 gravity, neclear reactions. and DNA. One possibie
explanation Is that ghe isomonphisns that have seccessfully boon applied 10 natural phenomena a not
accursne with sespect to the buman mind, and becasse design is 3 construct of the mind, we may say
the same about design. If we cannot understand the mind, how can we understand desiga, which is an
invention of the sind? The suthor is forced %0 conclude. then, that it is inappropeiaie 10 treat design as 3
natural phenomscnon that can be studad scientifically. hocasse it ks & mental process.

523 The Role of Design Theory

Having apparently comesed ourselves in this wary, we e ot asking whether anry Sormalization of design is
possibie at 3l The solstion 1o this quandary lies in secognizing that wo d0 not sced the same isomorphisns
10 apply 10 desipn a5 apply 10 natural phesossena. Because destpn s a mental process, it can bemefit from
the same bogical thinking that permits scientists, mathesasiciars and logicians 10 solve probioms mose
complex than they could If they had oaly their intuition and creativity 10 pelde thom. But bocase design
s not bound by the strecture of nature, we are froe 10 make of it whatever we choose.

Though refasively snconsirained by nasere, deskgn thooetsts should nonetheless sock as formal and objec-
tive a definition of design as possidle. We ase free 10 @0 50 without being comstraincd by the inflocace of
schence bocause design Is not 3 natural phenomenon. No fomal system Is related de-£ac30 1 reality, il is
the discovery of isomorphisms between the formal system and reality thas makes & redevame. Amry sysiem
for which an isomorphim 10 4 phenomenon can be found decomes 3 candidate model that can be wsed
within the scientific method. The use of logic Is roquinad hocasne it is the oaly teol mankind has devisod
0 (a7 %0 season in 2 refiable and repeatable way. Dodgn theary shoald thus depend on logic, but not on
schence, for rigor. Meonce, e author vicws design Seory &5 3 siblng, or oqual. of the natural SCCNCEs,
sharieg with them a dependency om bogic (soe Figure 5.1),

This Is not 80 say that design is not relased %0 sature o all. Usually. the ultimate rosalt of Sodgn is an
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does: here we e concemod with what it is.

In semmary. the auhor contends that design theoey shoeld be concemod with finding logical systems
Bt can formahize dovign withoul secessandy relying oo @ isomorpiams of the asural scinoes. In:n
effon 10 emphasre tis notion, the asthoe introduces the temm aradcial sofence 10 descride desipn Seory.
This term has been chosen 10 distinguish clearly herwoen desipn sheory and the rusural soiesces while
preserving the kea of some commonality between design and natural phenomena,

The author noses that there is alrcady 3 teadency 1o covsider destgn in somo way artaficial, for cxample, the
umumunmuwmmwummum
design consents (6. [34]). Whille synthesis ks ofien taken soughly 10 mean creation, it has a connotation
of astificiality Dat s penerally massing i contexts where creavon Is wsod .

Since desips is something tha hegins in She human mind dut ends in the seal workd, these are some aspects
of design that logic canmot be expocted 10 captuse on empinical grounds. In addition to creativity, intesson
and opinion, “facts™ from the real workd Gamnot be dealt with using logic alone, in the same way as the
stosic premises of e syllogism about Socrates i Chapter 3 cannoe be dealt with using logic alone;
here s asother region where satural phenomena influcnce desiga. and where the coavensonal sclentific
method may be used. Sull, dhese cemain many aspects of design that ae candidates for formalization
through logi,

To this end, the author postulates that a loghcal system 1o model enginceniag design can be achieved. The
system woeld be used 10 represent acts and 10 reason shout design. Theodes about dosign and design

infoemation may be derived within Be model and eventually sepponad o disproved by logical amalysis.
cxperimentasion (Le. applicasion of the Bheory 10 tost situations ), 3nd obwcevation of the reselting systems.

The dertvation of 3 logical system for design &5 2 amificial sclence Is the principal goal of e suthoes
work. The finst comcom i 10 ientify 10ols of Jogic (hat provide good Bsomonphisms. B secking such a
system., 3 rotum 1o first principies Bas boen found necessary 10 limit empiricism, self-seforence and the
influence of the designer's mental processes. The sesult of the authoe’s efforts in this regand Is prosontod
o Par 1L
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53 Summary

This Chapter bas discussed the advantages and probicms associated with the use of foemal systems i design
theory, Whille @y sepeesent the hest undenstanding manking das of JOgical, SIRCTUIOS arpumentanion,
formal systems are imsherently liminad by Gédel's Incomplctencss Theorem,  Nooetheless, a0 superior
approach 10 systematic. formal reasoming exists, 0 in onder 10 maximine the degree of rfigor in sy
smempied formalization of design information. foemal systoms should be considered am essential sool.

Funhermore, the suthor istrodeces Be tem ekl soleace %0 desconibo design thoory 8 a siblisg of
e rateral scionoos, Sading with them a &pendence on logic for formal sigor. 1t is unseasonable o
capect oor undenstanding of natural phenomena (the domain of the satural scionces) 1 contribule 1
our undensanding of dosign, bocause dexipn is manifesiad a5 3 construct of the human mind raher than
teing a2 natural phenossencn independent of husan cognition. Although we Lack 3 pood snderstanding
of the leman mind. the exrernal/zarions of our thoeght processes can, and should, be subjecied o logical
aralysis. Such snadysis can idensify inconsisencies Bhat might otherwise escape desection. Perthermore,
the formal sochmiques of logic can belp 2 designer channed hisher creative and Intuitive cnergles In
disoctions moee llely 10 lead 80 seccenaful design solutions.



Chapter 6

Logical Solutions

6.1 Limiting Self-Reference in Design

In preceding Sections, it has boen suppentod that it s possidle 1o construct a valid foemal system for those
parts of design that are independent of buman mental fenction.  Soch 3 systems shoshd be ablc 10 deal
pot oaly with specific information reganding a panicular design amifact. but also with vanious degrees of
abstract dormation that aee oqually cssential %o Bhe douign endeavee. However, we mast mpose 3 cenain
structese wpon the systom 10 avosd scif-reference. The stracture |s such that the total system is componad
of logical sub sysiems of increasing degree of abstraction. Each sub-sysiem s capable of referring %o
other, lower layers, bet not 1o itself, or 1o higher (more absiract) layers. This is in essence the soletion
sogpessed by Besrand Russell 1o 3 larpe chass of paradoxes in the original derivamions of classical set
theory [153) that mose due 10 self-refesence. The resuling layered stnucture consists of one kayer for
cach degroe of abstraction. [n the genoral cane, whese the domain of a logical system inchedes e entire
universe, an infinite number of layers would be neodad 1o capture all possible abstractions. Fortunasely,
due 10 the relatively sestrictod domain of design (with respect 10 the general cane), and because each

kayor would have a distinct meandng in design (via the bomsormpiiam), & layerad system of logic should be
sractabNe.

In thiss Socthon, the suthor peesents the bepimmings of such 2 layered systom. The pecsertation is nocexsarily
b
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of shsteaction are dclimited hased on the noton of avoiding self seference’ . The stractese bs depicied
graphically in Figure 6.1, The selationship between the Hybekd Model (HM) and the sest of the layered
seroctese s also shown in the figure. HM is presensad in Par HIL
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Figure 6.1: Logical strecture for removal of self reference

At the lowest (east abstract) deved of the systems, s the design anthfact itself, this ks the actual part/otyect
-hhﬂd-mmnmmm%-nﬂdymumh-om
Gifferent but complomeneary beanches. On the one hand, Beee are all the statoments that can be made
mmmmumymuummmmammmxmumu
thete see all the acthons that are roquised 10 create the astifact. %0 use i, %o malngain it, o, The sepantion
s exsontially 00¢ of stractare (description) versus fuscrion (peocodurc). The beanches are complomentary
i that they both relate 1o the desipn amifact, The steectursl branch s static, time-independent and
wmmummumn.wum Tunhemmore, the

'R s mesesing by ovste it Beagh B ryesem dencrited i Pas Sectan i 2ot aelf sefesontial. e desdginm Euclf presentod
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structural hranch addresses the isuse of whar design is, whereas the fusctional branch deals wid the Aow
of dexign's occumence and procedare.

At higher levels of abstraction. the functional deanch caprures (he design process used 10 create the amifact
an) iswes of cognition by the designer. Thus, Be functionad beanch may exhibin selfreference. The
structeral beanch exhidits no self-reference bocamse it does not consider the mode of the designer. Thus i
Qs framework, we can ideanyy and liwir the effocts of self-seference.

The strscturad branch captures the stae of information pertaising 10 a description of the artifact o vanoes
degrees of abaanction. Since this description is independent of the actions that cassed the information
0 be discoverad o generated. It s applicable wniformly throughost the dosign peocess. Also, since the
description is independent of the agents sespoesibic for those actions (the designers), 1 ks also applicable
W any design process; that i, the sformation description |s independent of @ design process. Thes, it
i possible to control self-referonce in e strocosral branch. HM, which is the heart of the author s work,
s containod ercloely in the structund deasch.

Each layer i the proposed system makes stements shout the procoding layer: this s the case in both
branches, Thus, e first layer boyond the design anifact in the strecturdl beanch containg slastements
about the antifact, capturing concrete facts ahout & The second Liyer containg stalements regasding the
classificason of these faces, and by cxsemnion, the classi fication of different artifacts. The mext layer (not
shown in the figure) contains statemonts abowt differont classification schemes and mechasisms.

Similarty. in the funcoional drasch, e first laper beyond the design amifact containg fenctions provided
by the arsfact and a functional breakdown of the smifact. The socond Layer contains actions takom bo creato
(design o manulacture) the il These actions may be afocted by the cognltive procosses of the
Classification of acthons would also occur in this layer, and can inchede jedpmental and intsitive semarks
about the relative merit of those instroctions. The next level (aleo not shown) would include statoments
usod 10 reason about the classificasions and would inchede issues of decision making and negotiasion
between designers. Thiss information would be usod in B¢ peneration of diflerent design mcthodologies.,
their analysis and comganson.

The poocess of abstraction ks used in both branches 1o move from one layer 10 the next. Clearly, the
abstracton could continee od iefinie, penerating mnemernble layerss. However, the Kinds of stsements
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Cenon for sepanong stements (Le. information) hased on the degree of shuiraction used.

6.2 Categorization of Design Aspects

hm»uuammwuwnmuupmmm
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caly one of which is mentionod hore, by way of an cxample,

numaa(mldmumummummgmumu
mammhmmmmmmmmum
@ cited work: It did mot dedong stricely in any one of the three areas mentioned (modeling, coastraint
theory and conceptual design) bet scemad 10 relate 10 the three logether,

Thés kind of tightly interwoven depeadency between various aspeces of design is indicative of the high
degree of complexity required 10 accurately moded it Considention of each of the aspocts alone Is sot
sulficient because a lasge poet of the complexity arises fom the selationships that cxist Betwoen thom. The
suthoe therefore sought some mochanism that could represcrt the varioss aspocts of design as individual
components while also capturing the relationships that exist betwoen Sem. The mechanism is inseaded
primanily as a concepesal 1004, an aid 0 wimulae cicar Sinking about a potentially confusing probless.

The author’s rescarch suppesied that in a read design process, thers 3 3 mamber of different, fairly

independent aspects that interselate. Due 10 the richness and complexity of these relationships, 3 saulti-
damensional approach seemed appropeiste.

The author thus proposes the ese of & design space componed of ceogonal axes. Each axls ropeesonts
an ndependent aspect of design. In this systom, difSerent refamsonships., spproaches and technigecs can
be classified and compared. A particular selatiosalip can be roprosonted as 2 point, line or segion in the
design space. The author has sdentifiad foer onhogonal aspects of designe antifact modeling (the Asaxis),



behavioral modeling (the B-axis). meta-modeling (the ¥-axis), and model implementations (he I -axis).
Bach aspect is assigned 10 an axls in the space, cach of which is discessed briely befow. Figese 6.2
repeescats the four dimensions of the design space as two thee-dimensional spaces shariag two 1164, and
inchedes a shaded aea representative of the “Scus” of the work described i 1221,

6.2.1 Artifact Modeling

The sitimate goal of a design process is the production of an anifact of product. Thas, one aspect of
design Is the abiliey 10 e In peocise tomas the natere of the amiface, that ix, the ponoration of 2 mode!
dunmu.whumuwyuuha—wam“m

masulactering, oic ).

ﬁuﬁtmm“h&“mh“ﬂhﬁpmmmm
B physical aspeces and the physical relatiombips betwoen componeats in the amifact, Variationad and
parasscenic modeling, ax well as varlous solid modeling techniqecs, would i be represented on this axis.
In Figees 6.2, stifact modeling Is sepeesented by the A-axis.

B s Interesting 10 consider the role of conteaings in artifact modeling. Are Constraings, vis-a-vis contrain
satisfaction, a secessary pan of aifact modeling? Or ase they exsentially onthogonal 0 anifact modcling?

There are cagoing effons in the fickd 10 mvestigate "constraine-hased desiga™ from poists of view ranging
from knowledge-based systemss [23,55] 10 shemate parameterization schemes [72, 158] and comstrsint-
based design [67). These efforts have all had at least some success i embodding constraints into other
design mpects, However, constraint theory Is in the most pragmatic sefoe an asalytic sochnique and ot a
modeling technique: it peomits the mathematical study of the capability of an anifact %o provide a given
funceionality [63] (this notion is Escused i more dotall in Be next Section). The author recogrises that
Constraings can also be ssed W analyze and study modeling techmiquos: bt In such cases. the constnines
apply 10 the model, not 1o the amifact being modeled, and 5o rust be reganded separasely. The desige
space being discussed in this Section is meant 10 study design: hoace, constraings ase not involved in the
anifact modeling avis
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622 Behavioral Modeling

Mmumumuuuwwmm This aspect of design is con-
mmwmw«ummnmmn-mnmm

Coastraist satinfaction s a peimary schnigue with which 30 maoded system hehavior In many cxes, 3
design problom begins with the specification of some objective fusction 10 be met by a design. This
mmbmmmmmmmmumuu
function, and takes the foem of & constraint. Other comstrants, including Shose (ntemal 50 the arifact
itsell, are ussally derived in some fashion from the objective funcsion.

Cortraines permit the creation of mahematical models of amifact behavior, Mathomatscal modeling of
Wummammmwwmmumwdm
Optimization and simelation based cn ¢ mathematical representation of dehavior are also cudod.

Constraints capture the relatiombips between form and function. and ko between the anifact and the
envisoament within which @ arntifact is 1o function. They Gus sepresent the link Detween an anifact’s
structural model, wihach is uswally represenod xs heing olated from its environment, and the rest of the
workd ks which it Is istendod 10 function.

A socond axis of the design space is ssed 10 represent dehavioral modeding, and i Labelled the B-axis in
Figure 6.2.

623  Design Evolution, or Meta-Modeling

Such nothons as conceptual design. detailed design, concerent dosign, oic. 00 not relase direcely 1 the
artifac loscd, et ragher to the system by which the anifact is prodeced. As discussed in Section 5.1, sech
notions cxist at a different level of sbwtraction than those of atiact and behavior modeling. By treating
moee abstract notons sepantely, we can ciminage a possible source of self-reference in our fremework.
Coaceptual, detalad, stratepic, and ofher "Kinds™ of design ase mete-modeling toechaiqoes that permit the
study of the modcls ihemacives, rathor Ban of the ting that is modelad (Ihe design anifact),

Thus, a thind axis is needed 10 sepresent these mcta-modcliag sotions of design theory. In Figure 6.2,
meta-modeling information is sopeescntod by the M-axis,



624 Implementations

In Secuion 4.3, we indicasad that a distinct separation shosld exist between models of designs and design
processes, and how we implement those models. 1t s appropriate thon 10 propose a founh s in the
desipn space 10 repeesent the implementations of the aspects of dosign representad by the ofher axes.
Compueter implementations of formal models is one component of Sés axis, but Implementations need sot
be dependent om (he use of computers. Whenover an kea. formalized or noc. |s implemensed in sy way,

& nember of other Bsues that are implomentation-spoci fic - Issecs that ase not imgonant at the modeling
level — mast be comiderad. ANl Shose implomentation Issues and the techrsgues we use 10 handle them

are represented along the founth axis of the design space. We have labelled the kast anis as the T-axis in
Figere 6.2.

Insofar s compuiters are concemad, all ssues reganding software design, testing and usage would be
repeescntad on the implementation axis: these inclode maters regarding databuncs. compuier languages,
graphecs. etc.

6.2.5 The Example, Revisited

By way of example, Figure 6.2 shows the regions occupsad by e work in [122], ssestionad of the
beginning of tis Section. We may quantify the otod work as 2 volume in the design space bounded by the
desagn aspects marked oo the axes: parametric and vanatiosad modeling. conceposal design, and conseralm
satisfacsion (also labelled in Frgure 6.2) and stace the work does net disouss kssues of implementation, i
appean 1 a two-dimensasonal region in the ABlspace.

The quamtificasion that ks possible through the we of the doxign space can pemmit 3 sew degroee of
organizathon in the work of dexipa rescarchors. Ity praphical sepeesontation posméts casy vivaalization of the
relationships tat exist herween diffesent rescanch efforts. 1t could he used 0 copanize Indvvidual roscasch
projects within lasge grosps aad indicate regions where more work is noodad or where diflerent projects
overlzp. & may aso find wse i the ogganization of engineering corporations and controlling/regulaory
bodies by clearty marking the bowndaries of the ascas of inflecnce of each body. The dexign space can cven
be used 8o orpanize confierences and ofher mectngs by permitting visual identification of areas covered

by cach prescried work Of seprescrtasive group,



6.26 Relationship to the Layered Structure

There is a relationdip between the layered structees in Figure 6.1 and the design space i Pigure 6.2
The layered stractens soparates degroes of abwiraction i design, whomas the design space separsics
orbogonal aspects of desipn. The A (anifact modeling) asd B (behaviorasl modeling) axes of the design
space fepresent the structural and functionad branches of the Layered strectare respectively. Abw, the M-axis
(meta-modeling) capteres She increasing degree of abwiraction that occers Brough the layered structure,
Since the layored strecture does not deal with implementation issecs. @ere is o comespondence with the
Taxis,

Thesefore. bodh the layered structens and @he design space Captuse the same basic phalosophical notions.
albeit from Sfferent points of view,

6.3 Summary

The asthor has suggested two possibie solutions for addressing prodiems in design and dosign theory
caused by logical incomsistency. The fina is a logical layered strucosre that permits the chear distincsion
of difforent degrees of abstraction (Section 6.1). Being able 10 classify statements made ashout design
according 10 their degree of abwiraction, we may hotier avold circular and selif-referential arguments hat
Ccamot be validated. In other wonds, it coneribues 1o clearer Binking about design,

Secondly, the design space described in Soction 6.2 permits the visualizathon of the relasionshigs ofSered
by variow spproaches and techriques in design and design theory aloag foer anthogonal (independent)
mctrics: anifact modeling. behaviond modcling. meta-medeling, 3nd sode] implementasion, Again, the
pencipal goal is 0o cfardfy the refationshigs inherent in cur undenstanding of &csign so Bat we may study
and improve that snderstanding.



Chapter 7

Discussion

This Pant of the author’s work has covered a fairly wide ramge of topicy, but the snderlying philosophic
notions are few and distinct. The goal of tis summary i 10 comolidate Se matiers presensed adove.

The austhor i ideri iod sosae probicms (n design and design theory that anise from e lack of 3 formal hase
wpon which rAigoroes usderstanding can de developad. The changing. growing natere of design Is in pan
respoasibic foe Bhe lack of acourste tasonomics of design components, notions. methodologies, ¢ic. The
Muid mature of design’s development makes finding 3 cormect and measingfel tavonomy Quite like hitting
a moving tarpet. The noa-logical ad-boc mature of the evolstion of dosign is also to bame. fts relatively
arbitrary development has led 10 the introduction into common usage of vageely andior inconsistently
defined concepts and tenns. [l-definad clansification systems for dexign amtifacts, compononts, sysiems.,
eic. have hampered the peneration of sppeopriate sools with which dodign can be stedied In an abstract
sense.  Subjectivity introduced by considorations of the designer’s sole in design has Introduced self-
sefesence, which in tum leads 1o incoasidont design theorses. Those doncomings have harmod car abilny
0 communicate and have spawmed incompatitilities between the various aspects of design, leading w
so-called “wslands of ssomation”. The inabelity 1o communicate property has also affecied our abllity o
teach design, and thus perpetusies B Inconsdoncies,

Empirscal stedies are unlitely o lead 10 & mose soientific undersianding of design because the infuence
of self-sefesence within such fremeworks canmod be dealt with. OF counse, exising design thoorses and

methodologies can be valuabie in guiding our search for a logical design theory, but we should not be
65



surprised whes inconsisoncics in oer currest usdentanding are found.

Scif-referonce can be minimized ondy by forming logical sysiems for design that 3o not Include the
subgective, cogaitive functions of the desigaer, Logic offers us many sechniques that can be wied in this
regand. These techniques mest be diligently applied throaghoet our efforts, much s they Bave boen in
the formalization of science.

Theorics of design can be reganded as being either functional or structural in sature. Pusctional thooses
describe amifacts froes @ podnt of view of the funcions they peovide and the actions nooded 1o create
MMmmmwarmmummum»umm
of the designee. Strecturad approaches can result in formal theories without self-seference: sch Soories
take the form of peescriptive informative doscrigtions of design anifacts o variows dogroes of abstraction.

Some may angus Bt the inecrsive use of logic in desipn can wifie sech intangible and qualitative things as
creativity, opinion, intuition and judgment, The suthor maintains that this s not the case. Logic Socs not
squeich creativity and inteition, bet rather channcls it, helping 10 keep the designer from making crrors
that would adversely affect productivity and efficicacy. It belps a person have more infoemad opinions
and make more educated jedgments

Theoe informal, concoptual tools bave boen introdeced. These sools are meant 50 clarify and study the
postulated logical structuee of design. The notion of design 38 an araiSclal science s peesented 10 reconcile
the differences between the “natural™ sciences and desipn theory, and 1o present a point of view that peanits
design reseanchens 10 take sdvantage of the formal tools of logic moee felly. The Axyered logical siracire
presersed & Section 6.1 posssits the modularization of design by degrees of abanaction. It allows for the
idertification and subsequent elimination of some cccurmences of self-reference from design Bheory. and
may be useful in e generation of design taxonomics. Finally, the notion of a design space permits the
classification of the varioes tochniques avallable 1 designers. and assists in the ceganization of B ¢fSoets
of design sescarchers and theorists,

The inscation in this Pan has been % istrodece in & relasively informal Dot detailod way the domain
of the author’s work. Having established this dctnitional framework. we may now procecd 10 detailed
comsideratsons reganding (he sracterng of dougn infoemation
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Chapter 8

Introduction

This Pamt of the asthor™s work s devotad 10 an cxamination of design infoemation with e sm of
foemalizing s stroctose, This is dose by proposieg & formal sysiem that selics on xiomasic set theoey for
istemmall consistency. The suthor calls the resulting moded the Mybrid Mode! (HM) of design Information.
The odigin of e name “Hybeid moded™ & in the suhor’s original reseanch in combining cbject-orfientad
data models [159] with hypemext [ 160, hence the use of "Bybed™. Since thoa, MM has evolved into an
entisely differen kind of model.

In keeping with the observations made in Section 6.1 seganding the limiting of self-reforence through the
wse of logical kayers of imcroasing abstraction, we willl peesont MM in two Chapiers. Find, masserns relating
50 actual design infoomation will be dealt with in Chapeer 9; then, the organtzation of that mdormsation will
P dealt with in Chapier 10,

As well, it was indicated I Section 6.1 that a distingt scparation hotwoen strectural and fanctionad
doscriptions of design arfacts lends itself well 10 the control of self.reference, an iniactrvely human
action which has hoon angued 10 be detrimental 0o the Sovclopment of i porous dexign Sheonies. Thas implics
a separation bheeween desipn information and processes thas mani pelase or otherwise use that indormation.
It Do sleeady becn suggestod (7, 161, 162] thae design Infommation can be considered separate from e
eNENCering Seugn process.

Finally, the suthor contends that a good undentanding of design mfonnation must prececle any resd
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wnderstanding of the design process itself. This issee willl be discussed In Secuion £.1, and motivates Be
cerardd thesis of this work: the scarch for a fommad theoey of desipn infoemation.

8.1 Modeling the Design Process

In this Section, the author presents 3 model of the design process with the imention of supporing the
hypothesis reganding the scparasion of design information and processes. It s presentod ondy %0 the exiens
that ix provides a reference point for the development of HM. and brings so light several impostans aspocts
of the desipn peocess Bt have affeced the development of HM. The model regands the design process
feomn 3 fusctional poiet of view, and we refer 1o it sirply 35 e funcriomal modef (04 80 be confused with
the functsonal beanch in figere 6.1),

We begin by making the relatively trivial statement of a generic mashematicall fanction, namely:

g flz)

Mere. [ Is some function thal maps s input valee represensad by the vamable = 10 some outpet vallue
represersod by the variable i indeod, y and f{z) are identical. Now, from the point of view of design,
we rewriie thes equamon as:

S=4F)

P reprosents 3 desipn prodlem, § i sodation and o the design process. Wo may stale Shis in words axc
“There is @ design process that operades o a parsiosdar design problem and resulis bs a corresponding
design as a sobwion™. This is not an uneeasonsbic sxtement 10 make, and though it may still appear

trivial, it does carry some imponant implicasions:

Clearty, the solution deponds om the problem (the output is the dependent vanaile). Also, as stased above,
S and 4] ) are idenmcal,

Prom a peecly mathemagical poing of view, cne may be lnclined 10 stop here. But there s more than one
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way 10 dosign a cortaln entity. That Is, given 2 particular design prodiem, there may be more than oee
design process o St can provide ogually scceptable solutions. Sclection of a dexign process depends o
beast in part on Se Kinds of informasion abost the problem that e avallable 10 the designer, (It would
also depend on optimization considerations. as well as on the more sshjective preferences and jadgments
of e designer)

I the inpat is badly or incomvectly defined or spocified, then sciection of an appeoprate solution fenction
may be dificult or lmpossble. That is, if the doxign problom Is badly stasod, or Is banad on Laulty vaguely
or verbosely presented information, then the selection of a dosign process s peon 10 error (since, as is
Indicated above, the design process is dependent on e peoblem). and thes redeces condidence i e
solution. Thesefore, the peoblem mest be clearly wadersiood and precisely defised bafore 3 solusion
process can be selecied and applicd.

There Is ancdher (ssee that Is an essontiall componont of almost cvery nos-orivial dosign task: ieration.

That is, a (possibly dynamically changing) desiga peocess will be appiied ilerively 10 a design peoblem
in cader 80 reach & Snal solution. We can sepecsent (his in o mathematical sotation by:

Sia=4d5+7F)

For cach itceation § 4 1, the desipn process d s applicd 50 the prodlem pius the solution, such as it exises,
at Weration i, Put another way, e sollstion a8 Reration § + 1 s e on both e peoblem aad the ih
solution. Without incleding the solution at eration ¢ in the angument to the design function, comvengence
would never occur. S0, o exch icration i a deign cycle, the existing ~ though possitdy Iscomplete
and/or incomect - soluthon Is used 10 drive the next merathon of the design cycle. The ossential observation
hese is e “superposition” of the problem with the #th solugion: comespondingly. the problem and e
solution must be represcntable in & compatibe way of the Rerathon process cannot proceed.

In summsary, the functional modc! provides two imponant indghes into Ihe requirements that swust be mes
by a formal system for design infommation:

o 2 formal enderstanding of desips state informazion is necessary bafore the design peocess can be
successfully formalized 10 any skgruficant degree (3 €. dexipa state information o independent of the
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Gesign processc

o (he organization of information is schevast both for the prodiem definimon and the solution, and any
heory of by leformaion maust be anificd orer bovk problem and solwtion demaing.

This appeoach difiers from that taken by ofher researchers. Sub [31] stses design problems in e of
fenctional requirenents 10 be met by sucoessfel candidae desipes, and soluticas are stated In terms of
parassetric representations of variables. Anofher approach is taken in by Yoshikawa [ 391, who dedines two
scparate spaces ~ 3 funcuon space and an aliribete space — and cach of the design peoblem and sodation
are defined in tomms of one of these spaces ondy. Thise appeoaches, among others, are similar in that both
consider 3 Seuign Aifact (3 represcnted by Suh’s design paramictens or Yoshikawa's atiribuie space) s &
separate entity from the problom that Cassed it 10 be designed (the fenctional requirements o space).

This dual repeosentation of design infoanation by fusctions on the one hand and paramctors on the
ofher makes unifiod representation of design probloms and solutions much more difficult. As well. &t
introdeces coupling between the foem of the sepeesentation of Information and the design processes that
use this information. ba is (avoe, such 2 separation of the domains of functional roguiroments ad physcal
parsmctens is beneficial from 3 conceprual poim of view, permitting modulanzaton of the tak into ssaalier
segmonts that can be wediod individually. However, it can also lead 10 2 divergence at the theoretic level
that willl provent finald integration of these domains o » single, global theory. Allso, it does ot address
B dependence of leration o the successfel combination of information reganding both problems and
partial solutions.

The appecach presented herem by the fenctional mode! ks seperion bocasse it implifics the masagement
and oeganization of design as an endeavor  In an erative process such 3s design, the cwmudanive
information geaceatod froes the eration is an essential component of finding a comect sodution. In onder
10 merge the accumslated nformation with Bhe desips probicm for the Beration 10 continue. 3 waifed
repeesertation of both peoblem and sobstion mest exist. The funcuional model of dosign maintans (he
integrity of peoblem and solution specification while dividing @ peoblem along a different and mose
imponant boundary between static. passive information and dynamic, actrve fanctions thae rasiform the
mformation.

The austhor also notos $hat 3 number of other rescarchers have supponed the notion of separating rep-
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resentation of infoemation from processes affecting that sformation, including [14,4),42, 87, 163) OF
panicular interest is Fasvels work [41], which sugpests tha the selation

(Activity (n), Bxbodiment (n)) - Activity (nel)

Is repeesentagive of the design peocess. An Activity (1) Is some componont process of the overall
desipn process and s Enbodizment (1) bsthe physical manifestation of the result of the completion of
an activity. It s inseresting 10 note the shift in point of view berween the auhor s model and that of Pasvel,
The latter ks basod on the notion that gives some initial design activity, the resslts of that activity deive the
sclection and execution of other activities. The former is based on the notion thae an Inktial embodimont
(i Fauvel's loems) drives the selection and exocetion of sctivities that lead 10 other embodissents.

The auhor maintains the fenctional model as presensod above becasse of the observation St reliable,
accurate and usabie informeasion sust exist prior 10 the scloction of any peocesses meant 50 act on this
mfommation; that i, the conphasis sthould be placed on infomeation as @ driving Soece behind a desipn
entorprise.

Fagvel reasons in detall on ®e role of vanous kinds of activisies thal are relovan o design, withoet
dwelling oa the natese of the embodiments. Mis resules aoe quite clean and clegant. Shs encoseapes e
auhor 10 believe that the scparation of design iformation from design actions is not only appropesase, bet
necessary if design theory Is ever 10 moot with Secooss.

8.2 Basic Structures and Concepts

£2.1 Basic Aim of HM
8.2.1.1 A Prescriptive, Avlomatic Approach

The sim of HM & 40 provide a prescriptive. aomatic thoory of the infoemation present during the course
of a design. Naverally, only informaton refevant to 3 particwlar design task is considered, thus resricting
o application domain signiticastly. This restrsction plays an Important sole i the developasent of HM:
this is discussad bedow,
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HM is prescriptive in 8o it prescribes 2 language for e specification of information for 2 design task.
The term is not used 10 peescribe methodologies that should be considersd somms (somesimes called a
mormative approach). Given the mole of humas copaition = desipgn, the author belicves that the best seselis
can be achicved by 3 symbiosic relationubip hetwoen the desipner’s innate capabilities (incheding such
intangibies & judgment, creativity and insuition) and some more formal Jogical system.

The term prescriprive s usod 0 indicato that HM is & system that es outside the actual thosghn processes
of the dosigner; that s, # lies within an obyective, logical domain, The author cormiders this & more
reasonabie objective than Shat of the descriprive school [11). wiich socks 80 quantily s formalize the
actual cognitive fenctions (i.e. mental coment and processes) of the desigoer.

HM is arisesatic in ot it selies 0o mdomatic set heory as its foundation. The author's initial amempts
sught 3 oenadization dased on existing information management paradigms (odject onentation and
hypement In particsiar), but the lack of exiding formalization in these Sclds was found 10 be irsumourns.
dle, Object orlentation Is ofien seferred 50 moee as a plulosoplry or polnt of view than an actual formal
paradigm [27, 164 the status of hypemext is even more lenwsows [ 145, 160]. } bocame nocessary o retum
1 mose basic et peinciples, and it was during the author's studly of symbolic logic that axlomatic set
theory peosestod the neceisary isomosphisns upon which 10 base HM.

Axlomatic set thoory has taken 00 vasious formes (1, 16, 153), but every form Is based on @ classical
eory developed by Zemedo and Pracniked [50) and which is penerally refemad 10 &5 ZF set theory, of just
ZF. This convention Is adopead In the sequel. for brovity's sake. ZF roqeises caly the peodicase caloulus
and is s derived purely from logic, without any extra-dogical or othor ompincal isflucnces.

ZF deals with groups of complcscly peneral entities: a group of entitics s callod a ret. The theory
formalizes the manere of sets 10 such a dogroe as o pormit the dorivasion of slmost all the classical
branches of mathematics and logic, including arithenetic. algebra and caloubus [153], The most Eicresting
implication of se1 theory as far as the author ks concermed regands Consiency of theories that ase supersets
of classical axiomatic set thoory, I R, it is peoved that any axsom systom that G be rewrition in lenms
of ZF withost intsodocing any new 0mks statoments, QuansSces Of Connectives, is consisient (msofar as
ZF is consistent). [ ZF, the primitives are « and €; conmectives are hnary operatons sech as N and
and the quastifiens ae ¥ and 3. As will be soen, this consistency criteron ks satisfied by HM. This mean
St we know o once that HM Is no less consistont @an ZF,



K202  Universe of Discourse and Design Entities

The serm andverse of discowrse denotes the overall domain within which all intoresting argpemenss are
made. I CNUIICS COMMANGS WILTID The UVErse of (ISCOUNse COmPISe 3 Compiese vocabulary.

In this work, he univenso of discoune Is thae of design lgformation; that is, the specificativn of -
or statement of facts about - a design prodlem and the varkous composents and aspects of its slution,
wihout considerntion 1 any peocesses required 1 gencrate that sobuthon. Within this snivene of disoourse,
the enasties of relevance are whatever design catities are available 1o the desipact in order that beshe may
bl the Lk ot hand, This greatly sestricts the space of possidle entities (as compared 10, for example,
2Z¥. whore any tem ot all may be considerod 5o fall within the universe of discourse). It &s exactly because
of the specific nature of the entisies wvolved Bl mach moee can be sald sbost Bem than is nosmally
posadle (a5, again for example, In ZF). TAe nowion of @ restricied wniverse of disconrse is exaential in
ovder 10 be alle 1o devive HM a1 ail.

The asthor informally defines a design eariry in HM as some real-workd structure that ks meaniogful from
2 design point of view. This snit nood not be physically reaizable per se2 it can be 3 purely concepesal

item, such as 2 ren of 2 finlie clement program or 2 manufacturing peocess plan. B can sl be 3 foaare,
in that throads, holes, Bllets, ctc. are also design entities. HM deals, then, with the formalizasion of dosign

entities. Ia the Soctions following, e exact formaliration is staed and discussed.

822 Twweory of Logical Types and Set Theory

In ZF, o a universs of Sucourse comuisting of all B¢ possble sets is considernd, # bs vory casy 5o ponceaie
2 number of parsdones Bat case the theory 1o bocome inconsistent (80, 153). A nember of schemes
have beon sugpested over the years 10 avold these pandoxes. Two of the classical approaches are the
type-Seoretic spproach, and the approach of class-inchesion,

Olass Inclusion assemes 3 wnivense of discourse containing both sets and “Classex™, the latier being
collections of sets (not sees of sets). The seselting theories are quite powerfel, but tend 10 hide some of
the feanures of set thoory that the author considons important for design. The type-ghcorctic approach, on
the other hand. tends 10 be more explicit, but moee complicaed 10 manage as well.
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I 3 type-thecestic set theory, logical pamdoxes are avoded by sestricting the kinds of individuals tha
can exkst I varous sots. Al the lowest level in e typeahsorenic appeoach oxist the individuals in the
wtiiverse of discourse and the attnbutes that can be prodicatod on them (i.e. acted on by functions). At
2 next higher level exist sets (collections of individuals) and the amributes that can act o these sets and
oo individeals. At the Snd hevel exist sets of sets and the aeribuies ae e peedicablie on sots of sets and
entities at Jower Jevelss and so forth, There e a0 infimile number of levels,

Funthenmore, oquations i 3 type-theorctic sysiem cannod mix predicates from difSeront kevels ad-boc, but
oedy acconding %o the following rules:

Y ey 1)
d € y* £2)

where | represents the level of an entity. The first rule stses that entithes that ae egual st cxist 3 B
same Jogical level: Le. they must be, for example, both sets, of doth sets of sets. The second male states
that if one em () is 3 ssember of another (y), then the former must be one Jogical level lower Ban the
latier Thas, if we conshdor that (2) = Is a set. and (b) that = € , Ben the ralies of type theory sell us tha
y mucst beloag 1o the level containing sets of sots (dnce = bs itsell & se1).

The problem with the fype-theosetic appeoach is that the bookkeeping reqeiesd 10 distinguish between the
various levels complicases the notation. Fraonkel s sodation i 00 38d a0 axiom (the aviom of replacement)
that embods the concept of Jogical types, keaving the axiom which defines sets (the axiom of scparation)
piiouched. Zennclo's (and Seppes”) solution embods the concepe of logical types into the axiom of
sepanation. Of all the choloes, B¢ suthor prefens Zemnelo's for the following reasors. Fiewtly, i embeds
all necessary information without unmecossary additions 85 the nember of axioms o 10 the notaton.
Secondly. in the universe of discounse of design infoemation, s willl be seon. only a very fow Jevels of
logical types ase needed. and distingsishing detwoen their clements is relasrvely casy W SO0IS SNEOCSSary
1w include all of the theory of Jogical typex, whikh i, afier Wl istendad 10 distingeich hotween entitics
that would be difficult 8 diffescntiste otherwise. Thindly, and most impontantly from oer point of view,
Be Zermedo soluthon, Sows quise naterally from design coasiderations and is 3 masral form of expression



of types of information selevant 10 design.

£2.3 Fundamental Structures and Isomorphisms

The fundamental logical stroctere In HM s an object. An object captercs 3 unit of information that |s
mesmingful 10 2 Sesigner. Thus, an cbject is the formal sepresentation in HM of @ informal notion of a
Sciign entity. Sees will be used 10 represent objects. The fendamental somorphiism of HM, then, is that a
dosign ertiky comespoads 1 an object {or set). The isomonphilsm Is not part of HM itself (or ZF for thae
matter), but is an extralogical selatiosahip Sscemed by B asthor between design and formal logic, and
which gives meaning to the formal system (HM) from the point of view of design.

A bolt, 3 tress, an sirplane, & bole and 3 ren of a finsee clement peogram would all be represcnied by
objects. Objects may “contain™ other obgocts (this is ducussad below). The ensity sepresented by an
object nood not be physically realizable (for crampie, 2 hole or a Sllet), thos it inchedes feasres [42,53),
Objocts may sepresent machining and oBer Mans{acnng Processes,

The use of objects is impontant bocasse it pemmits encapasdasion of information. Le., the discrotization
of a quantity of Information o meaningful stractures hat Can be treated a8 single enits. Encagsulation
leads 10 the construction of andered collections of information. This can greatly simplsfy manipulation
of the information. For example. the alphabet is a sructure contsiming the ondered seqoence of writien
expeessions of the phonemes that compose the Englsh Language. Simalarly, a sorow is a0 ondered collection
of information that models a device used in the real world s a kind of fastener.

Lt the set of 2 obyeces be denoted by O, and Jet X, Y, Z be membors of this set (i.2. individual objects),

Axiom § (Usiformity of Structure) AN desige entities are represesied by objects,
Axiom 2 (Unigueness of Object Identiflers) A waigue obyect has @ weigue identifier.

Alihough the refevance of axlom 2 may soom af findt glance 10 be irivial, Sheee & Also & mose Dasic,

philosophical concerm. 'We must be able %o identify sy design estity if we are 1o use . The peocess of
Moontification is cxsential in dntinguishing between entities in @e eniverse of discoerse. The manifestation

of the process of identificanion ks the astachment of an Mentifier 10 2 entity, Since objects model design
entities disectly, we s also be abie 10 identify objects.
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Al 3 moee pracsical Jevel, an obgoct is a concepesal ool that permits us 10 abstract, Infor. and doduce
ndormation abost design oatitios, and 1o classify them by ®eir conceposal definstions.

One of the principal concems in any theory of informsation is that of cedering or onganizing the information.
That ks, the dodnition of selationahips detwoen entities |s of primary impomance. It is a means of making
explicir mformation that would be ofderwise only impiicir within a collection of &aea. In HM. this is dose
with refations s fanctions & defmed in ZF

A wiation Is a staement that defines a relationship berween entities.  Given a collection of sets
(A, 8,C,..), arclation R applied % the collection yields a set of ondered sequences (4,8, ¢,.. ) such
thta ¢ A & ¢ B and 0 on The onderad sequence is ofien usod as 3 repeeseraative notasion for e
redation el That i, (#,y) (where 7 € A and y € B) sepecsents all onderod paies artsing feom e
application of some relation K om two sets A and 8,

A function is defined the same as a refation. with the added sesariction that the selation K can map a single
vadee of x € A exacily one member of p € B, Fenctices sse ofien weiien [ @ X — YV and are read
Is a fonction that maps $he mombers of set X 10 the members of set Y™ [8))

Ik Is motod that fusctions and relations as defined within ZF' provide $he formal prounds not caly for
mathematical functions and relations a5 they are enderstood ostside the Bedd. but also for relasions
in selational databases. methods In object orensed systoms, proceduses and ousees In conventonal

prograssming langeages and links @ ypencat. They are alio exential 10 the development of data
modeling lamgeages sech a5 “Z" [165) and EXPRESS, which is the base langeage for the PDESSTEM

project.

Functions and relations are esed 10 osder members of sees, and their formalization & a key pan of the
suthoe’s work, This further exiends the isomomphism between set thoory and desipn informasion. HM
currertly seppots five ordering mechaniums for design information based on functions asd selation.
They are discussed in Chapter 1.

TPOES o O Amserscas Produst Descrigans Eachangs Standund progt, STEP (Suadand for e Eachangeof Prodoct Moded
Uhsia) 10 s Bawiqwan egurr slevd



8.3 Summary

This Chapier s introdeced the fendamentals spon which HM is constructed.  An examisation of the
desipn peocess (Socuion . 1) Indicaics hal B seperaie treament 0f design Information and the processes
that act on that isformation is poaibic and desinable. Punthormore. an undenstanding of relevant design
information i a secesary peosoquisite befose an analysis of @ design process itself can be atiemptad,
Conceptual notioen of logic, parscelarty tham of logical types from set theoey, are introducad a8 relovant
beilding hocks from which HM is developed. The fendamental strsctures and isomonpisms of HM
&% introdeced. In particular, the notions of 3 design entity and an objoct are istroduced as the Momikc
Information enits froes which design models are cosstrucied.



Chapter 9

The Structure of Objects

9.1 Introduction

In this Chagpeer the nature of individeal objeces and their smemal structese is explorsd and defised, The
treatment is analogows 10 the basic definitions of sets in ZF. Only a few new terms and special sets are
istrodeced w make the resulting thenry specific 10 cagincering design. This 100 is accoptable from 3 set
Peoretic point of vicw, No new peimilives, quantifiers or comnmectives are infroduced, thus mamtaming
Jogical validity. The special sets -~ AL D, O and R - are nooded oaly 1o distinguish between the varoes
base entitios in HM: they will be defined as they are introduced in the text.

9.2 Definition of Objects

A design enaity ks defined by s observadie, o otherwise known, anribures. Aliribuies define the strecture
of, and functicn provided by, he entity. For example. a tree is definad by #s shape, size, strength of the
wood, o8¢, In 1, the concept “tree”™ is reaily nothing bet & label attached 1o & set of observed atnbuies
that are shared by all troes (131, 166) Annbates asc important in design bocause they maoded idenuically
the propenics of engities in the read world (as opposed %0 the peroeived, conceptual or other workds),

Lt the set of all amributcs be denoted by A, and et a, &, ¢ denote membess of that set.

»



Definition 1 (Definition of an Object by its Structure) An ohject is 2 5et of weigue, identifiadle, meo-
saralle atiribuies.

VIX) KX € 0) = (SET(X)) e (Wa)Ka g X) » (e A)N. (9.1)

Since A is the tet of all axribuwses, we can alre write this o5

VIX)IX €0) = (X CA). (92)

MmdeAmum-memdmupmmwxupm
(31 Obyocts may then be soen as a nanurald foem of grosping and treating these parameters.

A usigue design entity bs one whase amribuies differ in some way from the airibunes of all oer design
entigies. I two attributes (from two differont design ensities) are the same, n any operation that can
be performod on B atrituies will yiehd the same results. Since 3 design entity Is a sot of attndaes, an
operation appiod 10 a design entity will yickd usiqee resules onlly If there is M Jeast one astisibule with
2 wnigec value in tha entity. Therefore, design enoities may de equatod by examining the resslts of the
spplication of operations 0 them, nither than examining their intomal sracoure directly. Since objects in
HM model design entities, we have the following axiom:

Axiom 3 (1dentity of Objects) f the sets of ol anvibares of any twe odjects Aave identical membery,
and If corresponding astribuses in eack object Aave equal valars, then she twe objects are identical.

WXIMY (X = Y) w (MPHPX) = PIY)))) (93)

where P ix any usary predicare.

We note that axiom 1 is the same 2 the Axiom of Extensionality in ZF (804, 12

(Aw B) g Wek(z€A)m(2¢B))



but is derived from desipn considenations exther than purely mathematical combderations.

9.3 Views of Objects

Amumamammmuwaw-duummm
feinforce the isomorpbism between set theory and desipn information. In this Section and those 8 folkow,
these properties will be iatrodeced and cxamined.

The first propeety is sommod relevance by the suthor, sad & is manifosted as views of objeces.

One of the most useful innase human imclioctual abilithes Is 1o mask out conain aspects of am object
In favor of other aspects of the objoct that are of Imponance 10 . For example, a porson could very
casily son a collection of books by their size, though, if asked shordy theseaficr, be compictely unable o
describe the coloes of e books” covers. Being ablle o seloctively ignoee or recognize infoemanion lets s
tsolate and focus our amestion cnly om arcas of interest. The imponance of filtering information in design
cavironments has been recogeized in the Meeratuse [17,31)

A vicw of 30 0byoct patitions its atnbotes, making only sosse visitie and manipulable. Vicws do not affect
the obyoct Reell, but establish a projection of the ohject whesein only cortain anibetes are accessible. A
view pastitions the attributes of an object acconding 10 Criteria cxplicit in the view iesell. Aler pamitioning.
the remaining strsbules fors 3 subset of the asiributes of the object being viewed, that is, 3 vhew object.
An atiribese may Be tive in & nember of views bet nood not be active in all views,

Epistemalogically. we can abwo make the following argement 1o suppon this appeoach

An “Wdeal™ object Is one that models a design entity m overy detasll, property. behavior, eic. Such a detailed
model of reality is uniikely 10 be possibie 10 construct, yet we can imagine it from 3 thoosetical standpount.
I fact, we can likely noc even foms such & model mentally. but we can imagine that sech models migha
exist. From a design polmt of view, not ondy is it likely impossito 10 construct sach ideal models, bt i
is also umwarmansed. In desipn, we se speciScally concomad with only subsees of all e antribetes of &
dosign entity. Thas, the logical Botion of & view permits o 10 peogoct an eal mode! of a design ontity
onl0 a relevant design moded of tha entity,

W sce. then, that the isomonphism betwoen set theory and deshgn Sommss & Connection that easceds froes



the very noton of exiuence 10 a3 spocifiable foemal mode! of existence.

If we consider 3 particelar object 30 be & “complete” model of some design entity, Shen any proper subset
dum«ummumm.mmaemmmnum
members.

Using e defisition of subsets in (800, we can write i the notaion of HM:

WXHY (X CY) mg W) [(2 € X) @ (2 V)]

WX C V)0t (X # VL the subwet ks 3 proper sabser. The nember of possible views of an object is the
candinality of the power set (X ) of the object’,

Many of ihese vicws would be trivially unimponant 10 3 designer. But there Is no wary 10 define @-prion
only $he views that are relevant. Yet, we can sestrict our definition of & view in 3 manmer similar 10 the
way that @he defisition of 3 subeet Is sesaricied in ZF. This kind of sestriction also happély peevents certain
Kinds of Jogical paradones that wowld sender the Beory ¢ 3 whole invalkd.

We Begin with what is penerally caliod the Aviom of Separation

AS) Mal(z € $) m((2€ Ao =)

where there ase no free cccemences of 5 in . This says that for any set A, and any propositional funcgion
(ie. predicate) o, Shese i 2 ot S that Is a subset of A and that contains oaly membors of A that satisly .

Win we say that Sheee can be 0o foe occumences of 5 in @, we mean only that o must not contain
occeerences of X(S) or ¥( ) since this would imply that § is defined in serms of itself and would Jead
10 paradoxes. This is not 2 real problom in MM itself, bocasse it would he mcasingless 10 define & view
with respect 10 itsell, 0 3 doxignor would Mkely never atempe it However, # is enforced in HM for

completencss and Consency.
We sefer to the Axioms of Sepantion & s avom-schoma because e symbol o ropecsonts 2 grosp of

"The purwer st o & well defined ovity » clamncal sef Bheory (80
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predicates. We may write the set of 2 peodicanes o as 9. The oquation above theredoee actsally sepecscres
A growp of axioms. exch having 2 differost prodicate subainsted for » € ©. In Section £.2.1.2, it was
thmmduMdeﬂumumumd
entines within that eniverse much moee closely than is possible in ZF. Hee is one example of ghe degree
of detadl that is possible: hﬂhmhﬂ‘w&“%ﬂumkw&v
uumuwm-uuuwmhmwmm.mam
groups of prodicates that apply 10 desipn. Views are the i such case.

We interpret the Axiom of Separation for HM views as follows: For an obgect X and any peodicale ¢,
there is another object Y whose set of astributes is a subset of the atrdutes of X, all the members of
which satksfy .

The Axiom of Scparation is s axiom schoma in MM the axiom of views ix in fact 2 subset of that of the
Axiom of Separation, )t can be writien as follows:

Axiom 4 (Axiom (Schema) of Views)

AY) Ma)(a ¢ ¥) = [{a € X)or{a)) (94)

wiere 4 containg o free ocowrrences of V.

7 i a mew symbol, and is usod 9o represent 2 sabser of 38 possible prodicates o that satisly the Axiom
of Separation. In panicular, 5 fepresents 3 prodicate that “defines™ a view; different 4 predicatos will
produce Sifferent views. ., then, is the criterion by witich a specific view is defined.  These criteria
are Mirduie-specific, For exampie, If v were such thae only Mrsidules that modelod spatial dmensions
satisfiod i, the sessliting view of am object would be its 3D geomennic representation

Lt the set of al views he denoted by T, and let 5 be & member of St set,
The sotion of 3 view being 2 subsot of an objoct s capeerad by the following definition.
Definition 2 (Views) VIEW() ix @ binary funcrion whose pavamesers are an object and a view criterion

specification. and whase result (s anooher object calied a view odyec? whase attritates are a rabiet of the
atrribastes of the input object selected acconding 1o the gives criterion,



VLX) MY X3Y) Y = VIEW(X 7))o (Y € X)) ¥3)
We can write this & 2 fusctional notsion as
VIEW: 0 = ™0)

Obyjects that are the same in every regand are identical. This applics to view objoces as well. However,
this motion also sugpeits 3 relationsbip betwoen the objocts from which the views were generaead. If there
cxintx 3 view objoct that can be derived from two son-ddentical objects through the use of a single view
criterion 3, then we define the two non-sdentical objocts xx being rimlar objeces,

The inclesion of similar objects in HM is mosivated by @ observation that for many design tasks, only
3 cenain view of 3 objoct & sufficient 9o permit completion of the task. Sace views are projections of
objects, 3 Bocomes Emportane 10 be able %0 make statemonts about the obgocts that give rise %0 such view

objects.

Theneem | (Similarity of Objects) Two abjects are similar |f the applicanion of @ given view criterion 3
10 the objects produces identical wew odjects.

VX ) M) IRY NEX ~ Y) w (VIEW(X, 7) = VIEW(Y,3)))]] . .6

The symbol =~ is used 10 denote similarity of objects,

The 2uor's motivamon 10 have views of desipe informanson i ive-Sold. First, we have the epestemological
arpement peesontod carficr. Second, completeness moguires that HM cxtend 10 cover ihe ontise umiverse
of dscourse; and in & devign coviromment, the usivene of discourse Inchudes vicws as relevast design
enties. Thind, from the standpoint of conciseness, Vicws penmil 3 sreciing 60 cxist in the simplest foem
that maintains #ts somantics. Fourth, from 3o orpanizational standpoing, views permil infommation to be



ordered By its relevance 102 task. P, snd lastly, views implement informaticn hiding, which is desirable
practically for a number of reascns. The desigoer will Bave a simplor task If only relevans infoemasion
Is visible. Iformation sclocted by view can be preseniod 10 the user in 3 more sndenstandadle form.

Seperfuoes Information ¢an be exchaded 10 imcrease efficiency and robustness. More peactically, views
mmwmmnmanm«uwummaumh
e database may change,

Views are an especially powerful tool whon defined as componenes of attributes. For cxampie, an atribute
occurmieg in two different views may Indicate coupling herween the vicws. Allematively. the sets of views
of two objocts can be Imersecied, whercupon the canfinality of the intersection set can e used 10 measune
fenctional or ether coupling. Similaty, small sets of views can be used in order 1o sudy how different
types of atisbenes affect the coupling of two objeces.

9.4 Domains and Ranges of Attributes

94.1  Set Theoretic Foundations
The second imporant peoperty of objects han 80 do with e structere of the attributes that compose them,

Here, we introduce the necessary set theoretic back groend 1o formalize object sttriduies in HM. We begin
by conmddering the formal definision of a relanios en sets.

W) [(r € R) @ (3(n) [Xe)e = (v, )]}

whese rismmondered pade o € U and e € V (17 and V are sets) and R is 2 selation.

This is the definition of the cartesian prodiuct I/ x V = R, The domain and range of K are given by:

doms(R) =y {z:3(yXiz,9)€ R))
() wg {y:3zX{e.9) < R)).



Let D be the set of all possible amritute domains and R be the sot of all possible attribuse eanges. We may
now wrile:

ADxR 9.7)

and dom(A) » D and ran(A) = R, Also, bocause of definition 1, we can write for 3 objoct X

dom(X) C O o5
miX) C R. o9

942 Domains and Ranges in HM

Aa stribete representing a peoperty of behavior of a dexipa entity is specifiod by two pleces of mformation.
Fe, the conoopt ot typifies the attnbose is nooded: s domain, In the most general sense, Somains
of mtribetes can inclede imepers, real numbers, feat, arrays, oic. The domains of attributes relevant 0o
eagincering design are discused below, Second, 2 specification of how the propenty Is exhibised by 2
particelar catity & roquired. The st of possible values that an aeribute can have is callad the range of the
anribute.

Definition 3 (Domain of Attributes) The domain of an attribuse i the adstracied, obeeriable, guasifl-
able property of a desige estity that the anribate represents, The domain of an auribute inclades an
assechired dimeasional aeis.

Definition 4 (Range of Attributes) The range of an anriduse is the set of all values that are measingfl
withie the domain of the auridute, and any ane of which may be the actual valwe within as arbitrary object
consining that arvribsste. The ser of values can be discrese or comlamons, siagle- valued or malniple- valued.

The dimoreionad units menthonod in these delsitions are discussod below,

Let D be restriciod %0 the set of all attribwte domasns in HM oaly, and let R be o set of all atinbute ranges
in HM only.
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Definition £ (Attributes) Anrributes are ondered palrs (d, v) where d € D and r € R, and the ser of al¥
anribaes is the carsesian prodect D % R

The deinition of the cancsian product and its selationshép 8o ondered paies is defined within ZF. We use
ZF hese o provide & formal definision of antribetes.

Theorem 2 (Identity of Attributes) Two anvibuses are idesstical if their domales ave idesvical and their
ranges are eqaa.

9.5 Dimensions of Measurement

There Is an impomane cbservation that mest be made af this pount regarding aributes for engineering
design. To be meaningfol. attrbuies must noe ooly be observahie; they must al be measurable. 1If a
astribete is not measurable, its valee cannct be comparod 10 other values or used in computation, and would
bence be compandtively meaningiess, Therefore. the domains of Miribules ment include dimentdons of

meararement against which the amribule can be compared, This is another impornant property of objects
i HML

In osder o satisfy the condition of messurability of atiribetes given above, the asthor has defined the
members of Ihe st of atribete domains D 0 contain dmensional propemties. The members of D in
HM ase: longth, mass, time, cost, quansity (or enemenation), NDU (noe-dimersional usits, for ratios,
¢C) of any combination of these (eg welocity, energy, and so on).  Although onlly lemgth, mass and
time ase commonty considered, the author has elected 10 add other dimensions bocause of their selative
Importance in engimecring cavirosments, This appwosch is far mose powerfl than schomes that ondy
repeesont nUmerk quantities bocaase It is 2 satunad form of expression that & pRyysically meaningfel,
and bocaeso it captures all the nocessary semantics of dmensional standands & the avomatic level. Foe
cxample. comect dimonsional analysis becomes an imherent progenty of HM. Dimscrsional information
has alwo boen foussd 80 be of groat satvance in dealing with spatial comstraints [167),

The members of R, e set of ranges, in MM aoe: integers (1), seal mumbers (X)), boolean valuwes () and
et (7). The author is undecided as 10 whether complex nambers shoeld also be incleded as possible



range values: though they are of use In many design methodologies (particularty in the arca of sadysis),
they can also be considered as composites made up of two reall nembers,

The author believes s approach 10 be superior because it is 2 very samural foem of expression that
s physically meaningful, and 8 captures all the soccunary somantics of dimernional standands & the
axiomatic level,

9.6 Constraints and Attributes

Conseraints are the principal driving force of the eagincering design process. They are manifesiod as
relationsbips between mfomation sepasling design entities.  besolar a5 consirsints are vital 1 design

indoemation speciication, they msst Be represcrnod by HM.

As with views (Secuson 9.3), conseralngs operme o the attnbete level within HM. Both seribete domains
and ranges may be consunined. Amribuis Somalns may be constrained 1o be of speciic types (¢.g. modular
assemdly components might have a comstrained kind of shape or material), and attribete valecs may be
coslraingd 10 be constant-valead, single-valued of msltiple-valuad, continuoes of discoatinuous, and so
o

The iswse of constraings in desipn i lar more comples San may be impliad here. In general, the comerain
satisfaction probiless is charactenized as NP-complese [$5-57), which means the time sogeised 10 soltve the
prodiem vanies exponeatially with the size of e prodiem. For even small desipn peoblems, the required
computation can be intractable. However, the process of constraint satiafaction is 2 componest of the
design process isell, and derefore falls ostside the bounds of the immadise concem of ibhe asthor in
this woek. While this simplifics cur task, we recognise that mose work is noodad before HM can suppon
consaraints sppropeiately. However, it tbhould be clear that the specificanion of comtraings, in e foen of
fenctions and relations that defime ssbects of attribetex and cbjects, bs inberont 10 HM.

I is moted Bt the set D x R (discussod above) contains asdules Bt ac meaningless in & design
onvirorment. For exampic, s attnbete with the domaim of geansity cannot have a raage within the sct of
real nembers. Clcarly, some constralnes will be necessary Jest 90 koep a model consistent with sespoct o
antribese definithon.



9.7 Summary

In @is Chaptor, the basic structees of individual objects and their inemal structure has bees presented
foemally. An object models 2 Gesagn entity. and 1S detned 2¢ 3 o1 the MEMBers of Wi 21¢ IMADeICS,
Each mtribene has a domain, a nage, and an assoclated dmenson of meassroment. A view of an object
i & subwet compased of smributes of the object that satisfy some predicate. Views permit the isolation of
selevan anribotes based on extermally supplicd criteria. Varioes primisive redationships botween objects
(e.g identity, similasity) are o formailized. Theee which issees remain for which funther rescarch
Is Indicated. First, the role of views has boen idersifiod as key 10 3 nember of application domains,
espocially Bt of database desipn for enginoering erviconments [59, 168, 169]: a detaslod study of views
<could be highly bencficial 1o sech effons. Second, he wigee approach tiken with regands 1o dimensons
of measuremont shoeld be investigasod more fally. Thind, the pivotal role played by constraints in B
design cadeavor makes their ferber study selevant and impomane.



Chapter 10

Ordering Mechanisms for Design

Information

10.1 Introduction

In this Chapecr, B author identifices various ondering schomes (abutracaion mechanisns) that ca be
imposed oo engmocring Informasion 10 make semantic consert axplicit. These mochanisms are derived
from considentions of e types of infoemation available 10 3 designer and are delimed within a set thooeetic
framework (ie. HM), They reprcscr primsitive ootological sotions basad on how designers segand the
universe. These notions cover the classifcation of design eatities accoaling 10 various crileriy; though
extralogical in and of themacives, these notions ae welll foended in empinical sescarch in philosoplny,
psychology. and artificead inselligonce [25, 151, 164).

The matier dealt with & this and the following Soctions occupies 3 higher Jevel of abwaraction than the
mater of Chapter 9: we discuss stasements abowut collections of obgocts, rather tham Jest individual obgocts.
These colloctions are (classical) sets of obyocts, s they obey sl the notions and xcioms of ZF set eory.

Objocts arc orpanized by caablishing sclationsdips berween them. The kinds of relationships are inde-
peadent of the objects that take pan. Consider, for example. X = (Y ), whese X and ) are objects. The
funceion [ may be appliod 10 many objects, and yiekd mamy obpocts. It Gws defines sots of obyects €, and

%0
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C;sachthn X € C;and Y € C;. The orgasization of objects, then, prxeeds by dcfising e relatioes
Sat in term defime sets of ohjocts

We recopeize now that the set Q. the set of all objects, is one of these collections. The relationship
Betwoon the membors of this set bs that every member ks an object. Similar anguments may be made for
cach of the sets introdeced in Chapeer 9.

102 Types of Objects

One of the most natural and wseful abstraction mechaniems for osdloring (or classifying) ontitios is by
structural (s opposed 1o behaviorad) similarities of the enties.  Somesimes called “classification”™ or
“typing”, this mochamism |s also a basis of human cognitive fenctice in general. Ondering schemes of this
type are onlly pamial because sany sech schemes may be imposed ca e same collection of entitics, cach
yicking a diffcrontly ondered colloction. The human mind thinks about entities so grouped by thinking
about an abstracied (0 generalized) entity that capreses ondy that which is common 1o the membess of e
coliection and leaving indctcrminate (0r 3 least vartabic) other aspects of the members of the collection.
In HM. the generalized, conceptual entity meant 1o represent 2 pantially ondered collection of design
entities s called a fype. The parsial osders that types imgose 0n collections of entitics define relasionsdips
ared by the members of the colioctions. Cus making smfomatics reganding B¢ members explict. Sece
objeces in HM model seal world entisies, and since objects are Sefined in lemms of amribetes, 1ypes in HM
mvest mode] selationdips hetweoen objects by modelng relationadips betwoen stinbeses of obyects.

The distinction between a type and the collection of objects that the type models must be kepe clear. A
collection of pantially orderod objects b, exsentially, 3 set of sets, and benoe exnts o 3 different degroe of
abstraction (oc logical level) than do objects. A type. on the ofher hand, models a colloction of objects, and
therefore exists at the same Jogical level as 4o objects. This @stinction becomes crucial If we are (o Inseoe
that HM s consistent. The notion of logical levels descends from Russell's Theory of Logical Types [153)
and is 3 peneralized mochaniem 10 distinguish Between sets, based on e degree of adstraction required
1o crease the sets. The Axlom-Schema of Separation, as it is used In [ 1,80, 151] and by the suthor, implies
this same distinction between logical levels. Thes, ZFF supposts the distincsion of logical levels acconding
00 Russell’s eory. The distinction is also imponant 10 HM,
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The key to providing a consisteny theory of design mformation lies wigh the Axiom of Separation, which
we have already soon in Section 9.3, Agaia, our appwoach Is 10 inserpeet the Axloms of Soparation in loms
of design considerations and eventually drew forth a group of predicates that can be substituted for ¢
e Axiom which has meaning from a design standpoint.

For a given object, we might expect prodicates sech as “This eanlty has a shreaded sha¥™" or “This entity ix
made of cold-rolled sseel”. For a type collection, we might expect prodicates sech as “ThAls entiry is @ bolr™
o “This eanty occwpies space and (s made of mesal™. In considering type collections, we disregand any
prodicaies that depend on the vadues of sirsibuies of objects; Le. we know o once that a prodicase such s
“This entity is 3.5 continmeters bong plus ov mésus | millimeter™ sppises 10 an obyect, while a pradicase such
2% “This ety bas @ dieension that we call itx lengah™ is clearty & peodicate on 3 type. The distinction
is that the former is a prodicate on a design entity and the latier is 2 prodicate on an abstract entity that
pencralizes some apect of the former. Also, the fonmer mentions an Muribule domain (length) and a range
valee (1.5 contimetens . . . ) while the Lamer mentions onlly 3 domain,

In other wonds, Bhe process of generalization of anribetes iovolves neglecting the valees of the attnibuses
and dealing only with their domains. That is, atiribetex that see prodicable on type colloctions e ot
predicable on dexign entithes or the objects St model them, bat on generalzations of the design entithes,
In 2 more practical sonse, we may state this s follows:

s HM, objeces se npved (o chawified) by Seir strocture:  similasities in stroctese are capressed by
similaritics in the domain of the attribetes of objects. Astributes of obgects e quastitative meassors and
ropeesent in HM only those quamtitative aspects of design catities.

The criterion wied 10 &cfine 3 collection of obpects is hased on senibute domains. An object is incloded
in the coliection i the domains of all its attribetes map idensically o all the domaies in the criterion.
Informacion defining the crerion is supplied by the type.

Axlom £ (Abstraction of Structure) Absaracnion of obyect sirscmare (s based on generalzanon of object
anribever and reswvs in pes. which are obyecits thet madel collections of ofyects that share stractural
Sfeatures

Let 2 type collection be dencead by Cy.
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Definition 6 (Type Collections) A npe collection is @ ser of objects, the doonaing of the anvibwes of alf
the members of wiich are the sawe,

HCTIMX)MY ) (X € Cr)o(Y € Cr)) m (Gom{ X ) = dom(Y )H]) - (10.1)

We note that the pheases (X € Cy) and (Y € Cr) cbey the relles of bogical types (see Section £.2.2)

We can represent all the information necessary % define a collection C'y for types by meams of 3 object.
Specifically, for a type collection Cy, 3 type 7 is defined as an object whose domain is the same as the
domain of every member of Cyr. This defines the minimum necessary infommagion 10 capiure the notion
of type collections.

Bocause types and type collections are based on object domains onfly (Le. range information Is ignoeed),
then sy membor of a type collection C'y can 6l e eole of type 7' That is, for 2 type collection Cy,
we may take sy member object feom Cr and seccossfully ese it as a type for that type collection. Thus
type objects 7" are not actual objects datingt from other obyeces, bett are rather ondinary objeces that we
consider in the role of ropeesentatives of their type.

We may denote the set of il types by T.therefore T € Tand T C 0.

We define the binary prodicate IS_A 10 capture the type relationship betwoon two objects,

Definition 7 (The Typing Predicate)
VLX) WY) RS.ALX,Y) = (dom( X ) = doaa(Y )] . (10.2)

The aushor notes that If Y were defined 10 be the type for s type collection, then IS A could b ssed %0
desermine M artserary objects were “of a given ype™.

Ferthormore, il &5 redundant 50 have moee than one type object or a given type coliection. However,
nothing bas boem said yet that would provent two obyects of 3 given type collection from heieg considend

types. We can capture e sniguencss of Type objoces using 2 notation suggesied in [1) %0 indicate the
exissence of undgue imdividuals



Theorem 3 (Theorem of Type Uniqueness)

WO IXTHT € Cr).- (10.3)

The noeation |3 means ~. . shere exiny exactly one .. .7,

Now let us setemn 10 B¢ Axiom of Scparation. It is wemen:

HS) MzXiz € S)m((x € A)ep{2)))

and stancs Bt hces cxists 3 sebsct 5 of aset A all the members of which satisfy o (with no free occusrences
of Sin )

With regand to types, the author sterprens the axiom as follows: there exists a sebset X of $he set of a8
objects O all the membors of which satiafy a prodicate 8. In this case, # s e prodicate that Sfferontiates
objects by type ~ i othor words, ES.A. 'We can then wrile the Axsom of Soparation for typos in HM as
the following axiom schema

Axiom 6 (Axiems of Types)

WY) HCr)MXN(X € Cr)m (X € Q) o ISALX.Y)])]. (104)

Tho space sepanating “Y( Y ) from ®e sest of Equation 104 15 2 convention used in symbolic logic 1o
indicate the exaent of an axhom with sespect 10 2 set of entities. I this case, it binds the use of Y s the
adiom 50 & 10 explicitly define the range of vaues that ¥ can attain within the axiom.

Types themseives reprosent cur absaract concepts of dosgn entithes based on thelr quantifiable aaribetes;
they define the peoperties of a set of design entities without defining the degroe to which each real workd
eatity eahibits those propertics.

In atscmpting 10 relate objects and types, the Sstinction Betwoen ypes and the collections of objocts that

types moded s essontiall. Collections of objects are not dieoctly comparable 10 objocts because they are of
afferent degroes of abstraction (soe Section £.2.2) that Is, appasontly intuitive stalemenes such s X N Cy



s

ad X € T are invalid, the system reseliing from thelr inclusion would become inconsissent, and these
would be 5o way of asseriag that 3 stasemonts that can be formslated e MM can be proved. On the other
hand, stacements of the form ONT = T, 0r X € Cp, s acceptable bocasse O and T, ad X ad Cr,
are of the same dogroe of abstraction.

This is & pood example of the power of st thoory: i foroes e 5o think moee clearly by giving us 3 systom
whrein logical ermors 3 more casily detectable, withowt restricting our feeedom 10 expeess Consistont,
relovam information. The majosity of logical emors are detectable because “statements™ s HM ase
@eorems; if they can de proved withis the systess, they are valid (comect). Not 2l crrors Gam be caught
Bis way bocause of the inhesent incompletencss of formal sysiems (see Section 5.1).

The relaticnsdip betwoen 2 (ype and objects of that type (the npe-abyect relationship) Is a one-to-many
relationhip, But the selatiombhip betwoen am object and s type (e object-type relationship) is one-to-
one. We would have 10 be osttide the sysiom % “sec™ St the cumont objects type has mose than one
mstance; this woeld inteodece self-reference Bat we want 1o avokd. Becasse one-10-cee relaticaships s
deal with in a straight-Sorwand fashion with fencticas, ad hecasse of the addod compieaity of dealing
with both objects and type collections of objects, HM madels objocts 3 having types, rather San types
as having collections of obgocts.

Furhemmore, types collections (Cy) are not considered 10 be primary entities in HM. Design entitios
are the only entities of primary isportance, sinoe they are identifiod with seal-workd ontitses selevant %o
dexigners. Types collections, Soegh essentlal oa the theoretical groands discessed above, are derived
from objects. They ase thus segandod as mwtable, beilt foom objects that see kaown of presumed 1o exid
in some wary. This must be the case bocause the underdying roquiscments of the crineria for the formation
of 1ypes cam change during !he coune of 3 design process, of a8 our coliective undentanding of dexign
evolves. I we were 10 define Gypes & Immstable structures, we would be locking cuncives i 1o a
particular viewpoint of the sature of dodign which might tum out 10 be Inssfcient.

10.3  Aggregations of Objects

We have scom that types pemmil the ondering of objocts, uting abwiraction of the sributes of objects,
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Anaggrogate is alvo am ondering dovice for objects, but it works through a Sfferont absiraction mechanim.
recursive containment. Put simply, an aggregate is just a collection of objects. Membership In aggregase
collections is based oo entircly abiirary criteria that depend on the exigencies of the peoblem o hand.
This distinguishes aggregates from types, for which the defining criterion is procise 3 known o-prieed,
Aggregaces permit the herarchical ondering of objects of ®he same dogree of abstraction (1.2, aggrogates
canmot mix objects and types). Design is stongly Memrchical. Pams may be assemblles of other
pans, Even processes (for example, 3 finie clement analysis, or 3 machining process) ase composed of
sebpeocesses. The larger the design problems, e moee important herarchical ordering bocomes.

Once again, we rely on the Axlom of Separation 10 gusde us in formalizing our notion of aggeepascs. In
thiss case, we wrine the Axlom as follows:

Axiom 7 (Trial Axom-Schema of Aggregates) There exisis @ collection of objects C 4, all the members
of which sansfy a particaler predicate #,

HCAHMXNX €Ca)m [(X €0)e X)) (103)

Ca I an aggregate collection, and & is ono of 3 sct of prodicaies A used 10 &cfime mombendip in the
aggregaie object that model these collecsions.

However, wo observe that (1) C 4 and O are collections of obgocts; and (2) & applies ondy 1o single objects
n Ca Defindng & in tomms of C4 Seoaks the sestriction of froe varkablcs on the avom of scpasation,
Thorefore, axiom 7 el Is not enough 1o define e relatiomnship betwoen members i an aggregate.

The generally accepied theory of clesses of sets [170]. which accounts not only for sets but also for
colloctions of sets, achicwes nothing for us cxcept the replacement of peodicates Mhe & by classes of
objects that ase dofioed in terms of &,

Alematively, we migh consider dcfining & in terms of [ ¢,(«;) where o, € C4 and ¢, ks some predicate
constraining o,. Dut in this case cach constraint deponds on ondy one member of C 4, whereas we neod 2
smgle relasionsdip over all e messbers of C g,

To sobve this problem, Jet us begin by saying that 3 relasiondtip is nooded 10 define the maoare of the
components” wse i the assembly, The relationsdip takes the foem of & comstraing on the auribwies of the
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accmbly (an aggregate objoct). Thus, the comstraint is o the same Jogical level & the agpregase, sor o
the lovel of the objects that compose e agprepate. Lot « reprosent Shose comadraints,

In general, 3 consteaing of this kind on an aggregae will not act on Ml the asribetes in the agpregate. For
cxample, 3 constraln defiring the selationabip betweoen two lisks in a fowr-bar linkage nood not &t on e
other inks. So. in general, a constraint willl act on 2 subset of the attribuies of an aggrogate.

Now, 2 view (soe Section 9.3) s 2 subset of an object. If we define 2 centain view of the aggrogae
10 contain only the atribuies actod spon by some sgprepaion comsirsist », we may then say that the
conatraint acts on aff Bhe sttribetes of the view, Now, we can hegin writing snother aviom, hased on views
of an aggregate, Each comtraint « cam be wsad 10 define 2 view criterion 5, whikh in ters defines & view.
Thus a collection of constraints =, for an aggregae loads 1o a collection of view critena 5, and 2 collection
of view objects V. We now define C 4 more precisely: Cy s Vo

Axiom 8 (Axiom-Schema of Aggregates) There exises @ collecnion of views C'y of an aggrepaie object,
all the members of whick sawlsfy @ parnicubar predicare £,

ACAHMVN(V € Ca) = [(V €O} 4V)))] (108)

where £(V) munt be true for all views s Oy that is,

V) =¢ U (10.7)

This equamion will be true if o least coe «, s true. N is noted that this is coumerdntuitive: we might have
assumed that all constraints must be simeltancously true (Le. [, &) bet this is not the case.

Since atinbutes appearing in moee ham oo view object of an aggregate are identical (aot caly oqual or
equivalent - see Section 9.3), we can creae the aggrogate otyect itself by simple waion: Y = |JCy =
uv.

A graphical depiction of the agpregation of four Meks 8o compose a fowe-har Bakage is given in Figure
101, incloding the link objects ground, Leput, coupler and out pat, all views, view criteria 5, ad
COMLERIngs w,.
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The prodicate set A Is an important coc: its choments peovide the means of defining 3l the necessary
relashonships @ an aggrogate object The conseguences of this statement are made quite clear by consid-
cring a simple physical assemibly of components. Objects woeld model cach component. An aggregate
object would model the assembly. ) would be @ mie of the § poodicate for that assembly ot ondy 10
panision objects acconding 10 which e nocded in the assembly and whikh are not, bet also 1 provide the
erxct selationship that exlsts betwoon fhe componenss in the asembly. In other words, it is (he aggregane
MAﬁmituwdehamMmumd
the e, the manner in which the mating occees (e assembly process itsell) ad o forth,

An aggregate object nood Nt Contan only ofher objects, bul can itsell have miritutes. One cbvious
exampic of the kind of amributes that an aggregaie itself might have are size and shape. These clealy
cannee be derived from the components of Be aggregate alone (e informmamion adoet a bolt sells us
pothing about the assemibly In which the bolt is 10 be ssed). This 100 bs pormisiod by HM. Aggeegane
objects, then, are not just sets of objects, but an object with atridetes whose values aee ogher objects.

mwmuwupammdnmaumuauwm
This documment is tmeant 80 be both an overview of HM and a stssement of the fusdamexsal axioms that
compose i In this spicin, then, we defer such discussions 1o futsre work.

10.4  Classes of Objects

hm»mmnmm:mmmuum—mnnmm
are meant 10 peovide, mw«mnﬂmo‘mbmw&d»
concepiual design.

WWhmd&huphadehup“MMm
docisions [17.42,1711 hm.wupuMnuummumh
provided by some entity 3nd the phiysical specification of the entity. Very hode is known about concepoeal
Gesign and we 00 not presume & simple solution 1 the prodiem hese. However. the sudhor has devised &
mechanien 1o cxse the development of a system of classificaon by functice.

The mapping between structure and function is not necessarily one-10-one: 2 particulas structunal com:
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102 is inappropriate: The mapping between objects and Types is one-40-coe. Therefore, the stractural
properties of @ entity 00 ot Capture sematics of functicn. A mechanieon &fferont from 1yping Is
requised.

mmm:mamu-wmmmammm
that exhibit 3 given fenction. M comiders inchusion of an object in a class saffickont o establoh that the
object exhibits a gives function.

uam»umuwumammwwumdu
mw{.«mwmnwumwmmmawut
fanction of the aggregate Bt relates dhem. The selaticaship modeled by the function would permil access
»umdmmw-mmummmummmu
attribuscs of member obyocts.

10.5 Specialization and Generalization of Objects

1051  Specialization of Types

The abstraction mechanism of speciolization is implementod in HM by inheritance of type. Inheritance
i & mochasium similar 10 aggregation, bet is controliod by Bhe operation of set unisn.

The difference between isheritance and aggregation i very important from 3 seeantic polnt of view, For
wnmumwmumaummmﬁumu
mmhnmmmuududtnnannhm“mwuouluyum
the secessary implici infoemation (rom the statemers. However, this highly informal and subjoctive
approach is very undesinble. The comoct stalement (hat can be supportied by 3 formal theory would
e that the ausomobile s an aggregate, 0ne component of which ks an engine that has 3 comain power

rating. Bocause HM s meant 10 formalire desips informagon. the distincton between aggregation and
inderaance decomes exsenitial,

A type, then, is the unlon of 3 the atisibutes of the types that are imherited by it Unsion of sets is very



well understood i sct Beory and provides a simple and rigomes way 1o kemalire specialization throwgh
inhesitance.

Using the Axdom-Schetna of Separation again, we can write e following.

Aviom % (Axiom of Specislization) For a given type T, f there exizty a collection of iypes Cy such thar
TMwaMdd&m‘(C;.MThnﬂnMﬁns\em&de&

and T is @ type specialized from the hpes in Cy,

W) HC)MUN(T € Cs)m (U € T)e (U CT))- {103)

Wo can define @ predicate INMERITS as:

Definition 8 (The Inheritance Predicate)

W) W) INHERITS{T.U) = (U € T)]).. (109)

The phiase INMERITS(T, ) is read “nype T inkerins she auwibases of tpe U™

As i the standand definition of the wnkon operation, deplicate elements are excladed from B oo set
mmmms»mumnmmumwum

In design, specialization Is an impostant mechasism because it permits the coeation of specialired types
fsom 2 collection of more penenal, adstract types. 3t s, thesefore, 3 top-down peocadure.

Design also tends o b 2 top-down peocess (43, 49,69, 106, 126, 167, 172). moving from the poneral
(conceptual design) 1o the speciic (detailod design). This impaces on how we treat design information.
Becasse design begins from the general and moves (0 the specific, we Can cxpoct tat af an artiirary post
akong the development of a design amsfact. Information reganding the antifact will be sncomplese in detal.

Specialization, then, being a top-dows process, is esed in HM 1o permit incomplete information sbost
design entities 10 be capeured (n 3 comsistent mamnce, and 8o pesit the penenation of (application) spocfc
typos from poncral types,



1052 Generalization of Types

Gemeralizasion ts @e taverse of specialization, #d from the purcly thecestic poiet of view of HM. the
selationship between the two is hidirectional (Le. specialization and genendization are opposiles bt
oquivalenes). Thes:

Axiom 10 (Axiom of Generalization) [f sl the members of @ collection of pes Cg Aave some astribates
mmmmmmmrumm“m.uwwmn
Ca Inherit the common anributes from T,

A7) HCo) MU € Co) = (U eT)o(T C U)])]. (10.10)

Generalization is imponant 10 design 100, for two reanons. The Sint is quite practical: in an cavironment
where a number of types of design objects have heen penerated independent of cach other, pencralization
mammwwuammmamm This kind of unification
minimires the amount of information meaded 1o completely specify a desipn antifas model, making the
model simpler and cheaser’.

The second reason that peacealization is impocant has 10 4o with (hooeetic, LAONOMIC CORCeMmS. One
obvioesly desinble goal i dcsign theoey is the generation of usabie, ghobally spplicable taxonomics
of design entitics. The issue of taxonomy In design thoory was discessed in Section 4.2. Taxcaomics
themselves can help standasdire our models of desipe catities and comrol the information required fof the
models. Oeneralization in HM gives us a very specific formal sscthodology for penerating design crmity
taxonomics, Tavosomies resulting from the application of generalization 8o types in HM would result in
inbertance networks of Lypes that woelkd pesmit e classificathon (at leadt in theory) of arbitrary Kinds of
Sosign ontitios. The iswees isvolved in generating soch taxonomies are imerosting and many, and are not
Ocalt with specifically in this document.

"Tha comotxorass Sob 'y souond summ of pdormaian sesesaacn (1]
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1053 Relationship Between Specialization and Views

Assume two types, T and U, and a view criserion 54 Bt caly examines object dossaies. 1f the types are
similar under the view crnerion, thom the view objects formed by application of the criterion 10 the [ype
obyjects are )ontical. Thereors, the view object itself Is soen as 3 type from which types 7" and U inberit
snritwstes. Thiss may be writien i the notation of HM s

Theorems 4 (Similarity of Types)

VIT) MUY M2) KVIEW(T,q)) = VIEEW(U.y) = V) = (aoan
(INHERITS{T., V) o INHERITS(U, V))]]) .

This further reinforces e imporuance of views as an orpanizational mechaniem: we soe that views can
be used 10 dedine the conditions whcecly isherilance Derwoon objoct [ypos oocurs,

10.6 Summary

The suthor has pecseniad ke this Chapter five ordering mechasisms for objeces: typing (by structure),
agpregation, clasiicasion (by function), specialization. and gencralization, These fve mechanisms
provide the means of onganizing collections of objeces in meaningful ways (in a desipa context), sach
organization of information ks essential 0 maximiring the amocst of explicit information a desipaer has
avallable 1o himy/her, which in sem can decrease the chances of sisinserpreting design information. The
ondering mochanisms are based on omological comsidorations of real-workd entitics, o on the emperical
evidence as provided by B coaventional undentanding of design. In this way, independonce from design
is maintained. we may then be more confident of the universal applicability of these mechanisms.



Chapter 11

Discussion

1.1  General Summary

mu-mmmuumdmw-wmnmudnu
change as the model Scvelops. HM is 2 variant of classical ZF set theory, exnended and intorpectod 10 suit
cagincening design infoemalion. HM provides the isomonphiss that pemmit us o view design information
in an objective, formal way. Specifically, those iscmorphisms penmit design eatitics 10 be representod by
mumnmmm-h‘mmuuoﬂmhmmdsmams
Sefimed i ZF; that ks, Be organtzational axioms of HM (Chapter 10) are all axiom sub-schema of the
Axiom of Separation.

Oher researchers [162.173] bave suggested exsending formal systems 10 suit design, bet the asthor ks not
aware of sy smempts & detalled o well-groundad in accepeed Joghc systems as is HM.

HM s mot intendod 10 automate the design process. but rather 10 provide 3 structesed Dotation hat makes
infoemsanion about design crtities Clearcr and s penmits the dosigner 10 apply whatever thought processes
he/she prefiers. The author pesceives the desipacy as existing in a symblock relathosship with desiga sools
such a5 HM, neber than deing roplaced by Shem.,

HM Is hased on a fenctional modd of the enginocring dodgn process that views design Information 25
wmummuummmmnmamm

B
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muymmmtulunuMambum-e-amotmanum
10 ondy those antities pertinent 10 design. In this way, we can make more specific statements (1. axioms)
than ZF alone permas.

The asboms of ZF ame not mnmummmumwuwmnm
aum“nnmuaumaw.mmwamm(m
respect 10 set theory), specifically geared 10 design informaticn.

muwamumwmmwmm This peovides
.Mmawuwmmmamywmum
entitics they model. Attribuses are defined in terms of domains and ranges: domains of Mtritwies in
HM include gencralired Emensions of measseement. Views pormit objects 10 be pastitioaed acconding
10 critenia specific 1o panicular design tasks, Relations ad functhons are used 0o define peneral classes
awmmumammmmuwwa
mmamummm&mawunm,.m
uuy.mmummammwau

mmm»mwmm-wmumu»mum
-wwnmwmdwmmum new cntitics aad
Mmuwuuummmuwwt

mmm:mmmm«w&m:m&uwmm
mmmmwummmwwmwdu
mmm»mmmd(mmmmmmmam
atity speciiCaton.

11,2 Future Work

There ace vasious fronts on which work on HM can continee. The sole of comstraings in the hybad model
must be cxamingd, and saitable thoory gencrated. A review of the cerrendt literatare indicates that relatively
litde work has been done in this aea. MmuMEMWMRWM
mwymwyam-nmmmmammw
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mwaupmwmummmwmmuw
-M-Mheﬂadm&hum-‘ndmem

M»QMMdmmﬂuWymwwxwu
a key abstracton mochanism. Waqamawumwmuma
aggreguies is wamradal.

nmmm.wma&mmmmmmmanua
mwnm-mmumumwm The asthor noses
uuuw»mvummmmtm The predicate calculus ks the formal
Passis of sech Woots 25 expen and knowlodge processing sysiems. Abso, fezzy logic [ 147,148, 1 74) peesents
owwmmum«muyummm M is inderesting
»wmmmauwammmm.ummumu
desipa theory.

Ma”mﬂkﬂ.wmdmmmﬂmm”whmmﬂ»m
Mwwwmamm»wuuwa
upwmu»wmwumwmm;»uum The latser
avenue is explosnd in e next Part of this document.
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Chapter 12

Introduction

The work presented thus far has boen quite absiract, This has been nocesary because little fundamental
work extsts o (he aea. Bocause of its sbetract naoure, practical applications of the author’s work may
soem difficult 10 iderify, s onder 10 address this peoblem. the authoe has included a magor application: the
mam«mmmmunmummmmu
more practical issues of Computation s Sesign crvironsents. In pamticelaz, & softwase system developed
by the ssthor, callod DESIGNTR, wuwum-amammum
be expectod from the apphication of formal sechaiques.

The inflecace of competer lechnology n design has Become a strong 0ne. Compuiers and compute!
mwuwummdummmmm
10 CAD and analysis, simulation, manufacturing asd peodection, and markcting. Although some may
m“&WhMMbMWNMMUMM
mmemmmymmu.mmnm»mu
compicuity of the engineering ciempeise.

The Information Revolution the woekd is curmently eapericacing is relaed 10 its prodeceswor, Bhe Industrial
Revolution. "By dramatically rducing the costs of coosfination and increasing its speed and quality,
these pew [isfommation] rechnologies will cnable people 10 cooedinate moee effectively. 10 do much moee
wubMWMMWMlllrwhﬁm
i the abwlity 10 organiae, of onder, what we 0o, and the Information we ese 10 do . One of the peiacipal



qummmmmumuumwmmmu
moee Capable than existing cnes 10 assist designers In their work. Indead, successful softwane systoms
Mwmmmmamwﬁnmdmmm

Mumumummnmhmm|n
42) The high degree of complexity of modem desipn anifaces. the richness of the number and kinds
of Inteerelationships in informasion, and the impeccision with which tomms (soch 3 design (niens and
Suncrlons! description) ase usod have 3 corgrituted W s peoblem. Today's continuing and ever
mmammmmmumumMMmya
been addeessad property.

As well, Siere have been 2 sumber of anpements made recontly & Favor of 3 “langeage-based approach™
10 design ( e [162,175)). Such an approach entails the development of languages that permit She
wdﬁamm.WMw&&umhmwcw
methodology of sobetion sochaigec. In this way, relatively small languages can permit the Gpture of
mywwdm&mmumamm«emu
would be missing i a peectse methodology had hoca specified. The authoe's appeoach throughost the work
Mmumnmwmmuuumsmu
theoeetical and peactical levels. The langueage-based appecach, them. Is quite sympathetic %o the authoe’s
sppecach. and e programeing language % be described in this Pan may be regasdod & a contnibueson
10 such language-tusad reseanch in design

The inhesent complexity and relatively ad-Aoc nature of the design enterprise can overwhele even the
most powerful systoms, I order W combat this, engincering software developers and roscarchers bave
righely searched foe methodalogies emphairing orpanization and calerieg of information: ncreasing the
mdwuamummnnm&mmum
Nikcely 10 e 2 somece of emor for designers. However, B¢ exact nature of the ompanizatonal forms that

would best sult the engincering entempese n general have 10 date eluded discovery.

mm-mmumwmmm-usnndmww
(1731 Net since the creaticn of Forrn has 3 legeage boen tasgeted intentionally for use by engincers
(with the possible exception of Ada, whose sucoess in this area has yet 10 be peoven). Considering
uwmuuwmmuhmmumum»mm



programming requisements of modem engineering enderprises. Given e high degree of complexaty of
design information. it ks im@onant that the paradigm match the conceptual moded of the users.

In ceder 10 motivase e aspuments peeseated in this work, we shall begin by cxaminieg the relationship
botwoen software sysicms and engiaceriag 0 an absaract way. This will permit wa 10 distinguish between
the general cxigencics of engieecring computing and the requiromcnts of particular software sysiems.

The domaln of 3 software system is the collection of the Kinds of probloms 1o which the system can
be applied. The software system maintaing an istemal computathonal model of its domain; that is, the
systom is 3 sanifestasion of this model. This domain-specific computational madel is a unkficasion of
3 formal conceptual moded plus 3 genoral model of competaion. For example. continuam mechasics
and mathemadics provide a formal model for fnite clement analysis; @is, combined with a programsing

environment (which is a manifestation of a general moded of computation), provides the computational
madel for finte cherscnt solfware sysiems.

muammummwum\mmmmm
syssem's model of the problem domain 1o perform 3 given ek, In odor 10 do this, they st o Jeast
have some understanding of the system s computaticnal model. This includes the formal mode] md alwo

{unfomunately) some aspects of the gencral computational model.

However, the users also have thelr own mental, of cogaitire, models of the peoblem domass, I B
user’s model of the domaim is incompatitie with either the formal domain maodel inbereat in the software
muuwmaummmnammunm
As the name implics, an impodance mismatch sepecsents mn efficiency hoss in informason modcling. In
this sense, the wond “eficicncy™ refess 10 the abdlity of a systom (formal or seftware) 1o precisely and
coerectly model nocessary information in a timely mannor with sespoct 1o the user’s model. The groser
the mismatch, the Jess ussble the softwase sysiem becomes, and the mose likely ineficiencies and ermon
will dominae is use.

ummmumummmmuumxmmm
s handled by Be (somorphisim described in Pas 1L The Isomorphism provides 3 comespondence
Betwoen the formal systems and deuign infoemation thar effectively climinates impodance mismatches
arising feoen the use of HM in a design enviromment. In fhis Pan, the suthor is concemed peimarily wih
Mwmmummammm
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and the eser’s cogaltive model.

Impodance mismanches are mot bugs. Bugs arc simplc mechanscal emors semodiod in a relaeively sraight-
forwand way, Rather, impedance mismatches arise feom limitations in the programmang paradign scocied
for the dcsign and implesmentation of Be softwars sysiem. These sismaiches are problematic. They define
from the ostsct the limits of the software system s fencticaality. and guide the programmcss theoughout
e development of the sysiess. The paradigm peovides the concoptual framework for general computation
withis which the software will be cromsed.  Asy limitations in this framework will be Inherited by the
software. 1f the selocted paradigm I incompusidle with the formal model of the peoblem domain of
um°mnmummwumumm.ummmu
difficult 10 Interpret and wse. But most imponantly, there is no simple soluson w this kind of impedance
mismatch sheet of choosing amother programaing paradigm and rewTiting the software from scraich

Cicarly. thon, the vestipaion and selection of programming paradigms is @ koy o coatrolling mis-
matches and impeoving the quality of software sysiems. Eagincering rescaschers, as experts i the problem
domain for which susable software systems ase %0 be developod, are lkely candidates o be able & canry
out such investagations seccessfully.

mmmmwm«amnmwymmmmﬁp
evolved from cristing ones. bet significantly different in the computationad maodels they suppon. These
models will be based o0 formal teories abost design that are cursently under developmcnt by many
diffesere rescarchers, thus providieg contineity of foomal rigoe from the domain moded throegh 8o the
implementation of suppon softwase, The design eories will peovide e nocessary formal background,
and the competasional models will provide the dridge from the pesely thoceetic woeld 10 the softwase
systerns that will be able %o addeess real cagineering probloms.

In the Sections that follow, 3 programming language for dosign infoemagion, called DESIONER. will be
imroduced and discessed. DESIGNEX |s an implomentation of 3 computational moded based oo HM. and
et tus satlsly its avioms. Since HM describes e structure of design information without making
daements sbout Be wse of that informasion, Descaax will deal with smatic data modeling only: that
i #t willl deal with the repeoscatation of informeasion, ser with s manipsiation, Chapeer 13 presents
O roquiroments for 3 new computationsl pandgm for cogincenng. Rased oo these sequisemeonts. thee
programming peeadigms are ddentifiod as o basos of the current work Chapter 14 then iatrodeces
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cemtain key notions and the basic syreacic fomms of the DEcaex Lnguage. Chapier 1S follows up with
seversl examples mdicating how the DESONER language can capture desipn information efectively and
concisely,



Chapter 13

Requirements for a New Programming

Paradigm

Many differest programming paradigis have boea used 1o develop eagineering software, inclufing
functicaal. Jogic, Imperative, objoct-odontod, and relasional [ 176-175]; none have succoeded univensally.
The Lasest amempes, and those showing the most prossine, 2 those that biend Two o more paradipms.
This Is becasse each passdigm alone sepeesonts a particular projecion of the “real™ world 10 that of
computation; that ix. ¢ach paradigm performs onfy contain claaes of computations very well, and i ther
purest forms do 50 fo the exclasion of other kinds of computaticn. Albough there are many problcm
domains where one paradigm alooe can perform well, engineering. for all its complexity, Is not one of
them. Engincering peoblems can cover both numeric and geometric domains, both the peecisely amadytic
uummummcmw.mmm»mmun
flow) and the peactical (masufacturing process planning, amongst others). Clearty, a0 appropriale solution
for the engincering emtemrise mus perforn compatations ¢ficieraly, yet remain flexidie coough W meet
Itx widely diverpent roquisements.

Some of (he soquirements of 2 sew programing panadgm for engineering have alseady hoen mentonod
To reitceate, 3 candadate paradipm mast: (3) be suppomad by 2 fommal moded of the application domain; (b)
mum&MdeyMM«)mdwu
rich inerrelationships that exist between these sirsctures; (d) be repeesentable by 3 formal computational

13
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model; and (¢) eliminage, or a1 least misimize, inpedance mismaschos. The asthor comdderns one other poal
a5 well: the pasadigm shoeld provide an eavirommnent foe continsed reseanch in enginoenng competing
and design teory.

I is nosed that dee 10 the cument tack of formalism = eagincering design, it Is dificult o expect the
immodiate satiafaction of some of Bese reqeicements.  We cam, however, wse sxh foemadization as
cursenaly exists, and tallor our sesults in the feture as cur sndentanding deepens. Thas Scxibility bocomes
another goal of the parsdigm. [n this consext. Sexibulity is the ability 10 try new programming and modeling
sochmiques casily withoet significant alterations 10 existing software. We may in this wary substitule cur
lack of foemal undentanding of design with empincal analysis and @ ability 1o experiment.

The author has icntificd Geoe programming pasadigms as being of partcelar relovance in engineening
spplications: fanctional programming. semantic data modeling and object-onientation. We now briclly
introdece these paradigms.

13.1 Functional Programming

The fundamenesl parsdigm of fencticnal programming is that 3 computation can be reprosenied by a
collection of (possitly complex) operations acting oo (relatively simple) data structores, In the ideal
Case. o assignements ever occur; that is, there are no variables in fenctional programs, only functions and
comeanes (¢.g. members, strings, eic.). Thowgh this approach is very clegant from a Sheoretical point of
view, It Goes not take into account the exigencies of practical competasion; for cxample, B iteger 10
is ropeescatod i a purely funcional environment as the application of a fenction called successor
10 the intoger © tom times. Be 2 real programesing envimnment, the competasional overhead of such
an appeoach would be completely unacceptable. Thes, most funcsonal languages pemait at least single
assigmment, Lo, 3 varishie can be msigned a valee only once dering its lifetime. One does not change
the value of 2 variable, bet rather climinates it in Ervor of am ensirely new variable that bas the sew value
ssigned 10 it This approach. though an acceptable compromise between the practical and theoresical
xspects of computation. sesslts in 3 competasional model Bat is rather counter-intultive and Sficslt w
wse, cxpecialily by poopie snawase of the teory of fenctional programeing. To offsct this, sy camendy
popular functiceal languages (panicularty LISP and Scheme) permit multiple asdgnasest, bt only in
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cemain controlled ways. Although it s commonty sabd that the fanctionad paradige does a0t pemmit e
capture of ssade, this is 2 misconception. Functional programming caly requires that manigulation of the
state of 3 program be expiicis, This caseecs that unwanted and ofion Sifficelt %o identifly side-qffeces do not
occur in fencticeal peograms. References (176, 179, 180) discuss variowes aspects of functional langeages,
and [181] discusses some of the advaneages of using the fenctional paradigm in cnginecring spplications.

One of the most povel ideas of the LISP family of fuscrionsl languages is that of mess-circafarity. A
meta<ircelar haguage Is defined larpely & sorms of itself, tuming programs writien in that lngeage
int0 extensions of the language edl. This permits the creation of selfamodifying programs and active
& structeres. Meta-clevlarity also unifies the soles of peogrammes and wser: it becomes casier for e
“programmer” 10 understand the sser 's neads and for the “user” to have control over software peogrammad
by ethers. It also permits the development of software in modelar layers, all wrssien in the same language.
cach layer expanding wpon the capabiizies of the preceding layens.

The abilicy of these languages 10 treat programs as daea (1.2, peeform symbdolic computation [179]) is of
porticular advantage in applicasions imvolving design informason modeling. We can wrine funcuons that
can examine design models and check for satisfaction of varous kinds of comanints. The constraines
may be specific 10 B domain (¢.g. constralning wokght o stae of 3 componeet in &a sasembly). but they
may also be computationsl in nassre (¢ g. datahase imegrity constralngs, ronmalization, eic.). We can thus
unite datahase schema and instances of those databuses (i.e. models of acteal design arifacts), treating
them with 2 single language %) compotational paradigm. This ferther inteprates the roles, and thus blurs
the Ssninction, hetweoen programmer and usee

The groasest advastage of fencticesl peogramming is the sound and detailed thoosetical back ground wpon
which It rests (99, 182), Finaly, the A-calonfus presents a genoral mathosasical thooey of fenctions, and
is hased 0n set thoory, Sccondly, denomational semantics provides a sotation (hencd 0n the A-calcudss)
for the reprosentation and stedy of computation. permitting the cvaluation and sasipolation of programs
a5 if they were algebraic exprossions. Such formal computational theories provide the bridge Between a
formal design Geney, and the mplementation of software systems based on that theory.

Adough Scheme and LISP aro rather similar, Scheme [1X3-155] was choscn & the base haguage for
Desscazx because Its semantics is definad in mech more formal tenms than LISP This sscans Scheme

exhibits a higher degree of sobusmess and formal rigoe than its predecessor. A particular implesentation
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of Scheme, Bk [ 136), was snad bocause bocause il provides certam implemontation feateres that made he
development of DEsacaax quicker and easier in 2 unax’ environment. It is noted, however. than DEsiaNex
has also been ported 10 ancther version of Scheme, called SCM, whikh is more rigorossly adhcrent %0
the existing Schome standand | 184) than is Flk, This indicates conclusively that DESIGNER i 3 legitimate
extension of Scheme.

Finally, it is sotewonhy that Sheee has been some effon (151, 157] 1o stedy and imploment S nosion of
& databarse based on the functional paradigm. The significant advantage of the functiceal pasadigm in

this arca is Bt the cxplicir management of program state can make datadase spdate managemont and
nomaalization casier than in coaventionad approaches.

The coe notable disadvantage of $he functionad programeming paradipn is Bt complex data structures
are somally not supponed. This restricts the omganizasional stroctures thal can be imposed on design
mfommation. However, as will be demonstrated below, this deficiency can be remadiod by the use of
concepts from object-onentation. Albough recently developed functional languages (¢.p ML, Hakell)
have richer type systems”® and data stractures, It ks not yet chear how those mochamisms can be best used in
an cegineering cnviroament. As well, the type sysiems sepportod by thoso langeages arc mot necessarily
compatible with the formal design theories they s insended 10 suppon. The author therefose favors (he
use of an entyped language (ke Schere) im0 which can be buill whatever type information Is found

NeCessary.

13.2  Semantic Data Modeling

Scmantic data modeling was onginally concelved of 10 pommit the creation snd descrigaion of data schoma
that would thes be coded into relational implementations [111). 1t preserecd @he advantage of ignonng
implementation Issees in favor of achieving 3 decper conceposal undentanding of the probicss domain,
Implemontation isvecs were then dcalt with using the relational data model [108]. Evenssally, it was
recognized that there were application Gomains where the richer assonment of atniractios mechanisms

TUNIX i & rndemnark of ATAT.
ISOM i enmtaened by Asbevy fafler, copymight (01989 Proe Sofreare Fosmdston, bac.

"la computastioeal hosry. pe §ywiems dral wid B epeciicanon of kands of dete WirmTerrs (s @ vt gen. CAaracut wrags.
socosds, procedores, oh b This it aot 4 be conlusad with B une of B oo “Tpe™ w HM.



"

available I somantic modeling would be of great advantage. Eaginoering was identified & one such
domain. Since then, 2 number of differont semantic data models have hoon generated and mplementad,

Two good surveys of the fickd aee (25,111]

Bocasse of the diversity of approaches taken by vanous sescanchers in semantic deca modeling, & s
dificult 30 ientify Ley nosons represersative of the pencral approach. However, cae very relevast notion
has found use in the defirition and implementation of DEUGNER, and is wonly of note here. Attributes
of daa structeses in semantic data modcls are regardad & funcuons mapping onc (proup of) odject(s) 1o
ancther (growp of) ebjectis). This ks noticeably differcet from the view taken In object-orientation (see
Delow ), wherein asribetes are commeonly sec &5 constinsent parts of data objocts s are thes coasidered
more siroctural than procedsral. For example, gives some objects modeling engines and sosse other
objects modcling facls, semantic modeling would dofine an sttt uses - fuel as & fanction mapping
engine odjocts 1o foel objocts; allematively. m obyoct-Onontation, an alrbese £uel would be a componant
of cogine objocts whose vadues are chosen from avaskable fucl objects.

The asthor has found (hat the semantic modeling view of attribules Is quite wiefel in implementing an
objoct-oriented system within a fenctional language (ie. DessoaEx). This is particelarly isteresting
because It mdicales a selatioeship between two very diffesent compatational paradigms (functioead and
MMMW“leMMWﬂMl,W”“I
mmmmm-:ummm-ummuum»m.

133  Object-Orientation

Object-oienation has had 3s its goal, since i origins in the langeage Simula. the modeling of eatities of
inferest 00 the witr in 3 very high-level and thas usable manncr [ 153); in other woads, odject-onentation
permits the creation of software models of “seal-world™ ensiies that are very similar 00 the usens” mental
models of those entities. By definition, then, object-orentation has o least the potential of minmizing
impedance mismatches in spplications where @ Information 0 be modehed must be presesiad and
manipulated in xx straight-foewand & masner s posable [27). sech as eagincering desagn.

An object i generally defined s an entity that can capeure all relevant information aboul & partioular
peal-workd entity. Objocts encapswiase their mplomentation, thes making their usage entirely independent



of how ey function imemally, This frees the user from Baving 10 understand the details of how the
data strecturcs operate. Encapsulation has boen shown 10 peovide many advantages in the development
#d use of softwase from the points of view of both competer science [159, 185190 s engincering
[25.112.195,192).

Communication between an object and another object or 3 user 0ooues by passing messages hetween
obyects; a message Is a request that s operation be caniod out by 2 obyect of group of odjeces. Objects
can be active (dispatching messages 1o each other) passive (roguinng an extemal agent for message
dispasch), or some mix of the two. Similar Kinds of objects can be grouped together in varioss wayy,
permitting different organizations of collections of objects that reflect e soquisemaonts of the prodlem
domain. These absiraciion mechanisng are panicularly imponant i a dossain be engincering. wheee
the nateee of selationships betwoen data can be both very complex and very important,

The preatest advartage of odject-oricntad systems is that Bey pormit the modeling of complex, Mghly
mtcrrciatod ontitics (such as those found in an engincering cnvisonment) in 3 more smple, Bexibie and
elegant way than can other programming paradigms. The peincipal dicadvantage of chject-oriented
symiems is that there is still 2o comenses on cuactly what e natess of obgects should be: there a
»o formal models for competing with obgects. It should be noted, howewer, $hat these are a nembor of

on-going rescasch offorts smed af providing a more formal footing for object-orientation (e.g. [ 193-193])
both as 2 programming peradigm and as 3 datsbase model

The author o identifiod theoe parametens that indvviduate objoct-onientod soctmologics, These parameten
are discussod hero insofar as seloction of aliemative approaches based om them helpad form the overall
stroceere of DEIGNER.

1351 Message Passing Protocols

The first parameter deals with protocols for message passiag. A recent ropon by the Object Oriersed
Dutabase Task Geoup of ANSH [ 196] éaflerontiates betwoen two Kinds of mesage passing protocols. The
finst, classion) mossage passing. s similar to that provided by langeages like SMALLTALK-30 [197] and
Cos [195]. The prosocol defines a parsicular obgect 25 the rocipiont of the message. The message containg
& sefecior, which Is used by the seceiver 10 dentify a suisable peocedure (Callod a method) 80 be imvoked,
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Methods are defimed within object classes (see below), Other arpements 10 the method may aho be
peovidad by the message. The methed is evaluated with respect 10 the secciver of the message and the
reselt is retumed (o the sender of the message.

The socond form of message passing is callod peneraiind of canonka! message pasing. 1o this prosocol,
& mciiage tkos B form of a function call. These & no explicitly defined receiver: rader, all objects

&% passed as angements and tressed oqually. The seselt of the evaluation of the message is rosemed 10
whatover environment onginally dispaschod it

mmmmmm-munumaymmmum
evaluation of the messape is meaningfl. Depending on fhe approach takon (o define methods, this can
impeove encapsulation aad is Sus advantageous. Mowever. it can wdwo irtsoduce asymmetry in Se way
Acthons on objects ae regardod by the user.

For example, In SMALLTALE-80, e message ) « 4 bs evalumed as Sollows: (he object Montified as 3
is send the expeession + 4 a method associated with the sppeopriate class of objects Is ientiied based
on the seceiver (In this case, isteger addition) and cvaluaied by taking the vadee of the angument (4) and
adding ¥ 1o the value of the receiver Now, if we had peevioody defined x « Jandy = &, evaluation
of the message x « y would result is x taking the value 7, while y's valee remaioed 4. The axymnctry
s manifested in @e diffesent roles played by the two sonms x and v although they would convestionally
be considered equivalent in tat (hey both simply represent values, classical meisage pasiing caoes the
solic of x 10 be active and that of y to be passive. This ssymmetry can bocome confusing. especially in
more complicated canes typical in design. Punthermore, classical message passing casnes side-effecrs;
hat is, the chasge in the valoe of x Is an Inpiick change in e state of ihe peogram that is wscontrollsble
by the user. The existence of side-effects can peevent verification of software models of design entities;
they are thes dcerimental 10 the coastruction of relable software systoms.

On the cther hand, the camonical message passing peotocol would evalusee . + i by eaing the function «
10 Create a new odject whne valee is the sem of the anguments. This form eliminases the asymmetry and
appeals to the intuition mose Shan e classical fome. The fencticn is not bound Seectly 1 2 typo or class
of object. Though this may be seem as a violation of encapaulation (1.¢, e function Is not deined within
an object class), technigues exist 10 offset this loss whille mairtsning the advantages of the classical form.
These techniques willl be Sscussad bhelow in congunction with the doscription of DESIONER.
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Finaly, the canosical messape passiag protocol elimsinates the roguirement for the special msesa-variable
self, which sefees %0 the receiver of 2 message. I the classical peceocol, methods ane attached 10 object
classes, there is no way to determine o-prioni which pasticelar object will have 10 evaluaie a given method
= response 1 3 message. Therefoce, these Is no @-priarf way W idontify the recelver of a message. To
mwmmu.mmwumm,uwm-qmm
computation, kdentifies the recetver of the currently sctive mefhod. The peoblem Is that seif s an ishereatly
self-referoatial structure, and makes verifcation of peograms and software models very &fficult. Since the
canonical mowage passing prosocol does mot explicitly associate methods with objects or object classes,
there is no noed for this special variable, and we aro spared a great dead of complexity,

13132  Abstraction Mechanisms

The second issue regands the abwanaction mechasisms usod 0 group odjects. There are Two abaraction
mochanisms cerrently competing as the principal sechanin for this purpose: classes and prodonpes.
They are both hased on grouping objocts by similarities in their propenies. Generally knows ax “clas-
sification”™ of “typing”, Sis mochaniam Is also a basis of haman cognitive functicn in poncral, and Is

recogained s sach by psychologists, philosophers, and amificial sstelligence sescarchors (25131, 168).

Olxies ae B¢ obdor of the two forms. and e used in such languages a8 SMALLTALX-80 and Cos.
They define the structure and Behavioe of collections of objects. Classes are more absiract entities thas
are objects: e lamer describe mal entities 10 be modeled, wheseas the former describe the objects
Bemselves. They are commonty doalt with using (he same syTRACtc forms s plain objocts (fnstancer),
But have significantly differont semantics.

Prototypes, on the other hand, are plain objects that see used as templates 10 covate other otyects, They aoe
entirely different from classes because classes ase more abstract modeling entities than objocts, whoeras
any object may be a peototype. Thes, the sane syntax and somantics can be used wniformly theoughout

prototype-taned systoms.
Prototype-based langeages have e potential 10 replace chss-based systems a8 the standand for objoct-

ofieatad programming because peototype-hased computational models are simpier than class-basod ones,
Bt setain e full expecssive power of S latier [199]
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necring competing. Firtly, schesa - or meta-data - cvolution Is onthogonal 10 the developenent of odjocts
in class-baned systems, bocause classes and their Instance objects are of difieront degroes of abstraction.
In prototype-dased systems, these is no onhogonality. This simpliSication can be of great assistance
expecially in engincering, where relasionships ase already compiex without the added roguirements of
difSerent orthogonal systems for dats and mcta-diea. Socondly. version controd, which Is very impomane
0 maintaining accerse histories of dexignm, is greatly simplified (n peototype-based systems. Thindly,
coe-of-a-kind modeling of design anifacts is much more sirsghe-Sorwand ssing prosotypes. since there is
#o nood 1o penerate classes for which there will ever be caly single instances. SELF [200] Is coe system
St s hoon demonstrased 1o provide poceatiallly all of S benefits of chaoses while maintaming the tagher
Bexibility assoclated with prosotypes.

1333  Hierarchical Construction of Objects

The final isswe thae distingeishes vanious objoct-orienead languages is the mannor by which hecrarchics of
objects are comanxtad. Agaia, there are two principal aliematives. In inkevimance, given a message, the
comesponding method Is searched for and esed by the receiver in the evalustion process. The criterion
upon which Se seasch peocess is hased depends om prescribed relations betwoos various object chaacs.
One class inberits foom 2 super-Class if its imtances respond 10 all S messages 10 which instances of the
super-cla alwo respond. In adher wonds, the seceiver of 3 message In Inbheritance-based systoms evaluates
methods St have boen focatod in other objects.

Delegpavion, on the ofher hand, can Be viewed a5 mesiage tresfonmation: given 3 cerain message, the
delegation constructs and trassmits a pow message based on the given one. The new message replaces
the onginal and is re-Jupaiched in s place. Thus, in delegation-based systems, (he reoeiver object is
sont a an additionad anpumont 0 whatever obgoct Bas the mothod used %o evaluate the mossape: this is
the comverse of what Bappess in inheritance-daned systems, In general, inderitance s usod in class-basad
Lmguages and dclegation is wsed in prosotype-haned languages. Though doth these approaches Bave been
wsed in vanioss language implementations 10 date, neiber has shown mafiod advantages over the other.



122
13.4 Combining Object-Orientation and Functional Programming

Adough functional prograssming and object-onicnted programming are often considesod 10 be ot opposite
ends of the language spectrum, & Is imeresting 10 nose that many functional languages have had obgect:
Based or object-odentad cxicmion for some time. Scheme (and LISP) have both been weod 10 gencrate
object-orented systoms [200-206). but almost all these sysiems have been class-based. Some sysiems
(eg 1207]) have suppomed peototypes rather tham, or i addition 10, chasses, but none of these effons
capeure the intention of a system Shat would be useful for design. They s pencral purpose prograsuming
lasguages of platfoens for language rescasch, and 100 pmitive  be apglied to formal design theories
such as HM.

I may be sygued that & distiact similasity cxists hetwoen the theoestical notions of & object and 2
clogwre [208]. A chosuse is & data strucoure often esed in fancticsal programaing 1o repeesent the
conjunction of a function with a0 enviconment, peoviding valees for any vasiables of identifiers not
otherwise defined withia the fenction itsell. Both obyects and closenes ase capable of capturing the saare
of 3 computation. AMhough this simdarity is quite evident, it is not sufficient 10 complesely unify the two
peogramming paradigms. However, it is a pood sign, and indicative of pocibilities for secoess.

One dissinct difference between funcoional and objoct-oronted peogramming that must be reconciled in
Sty afenpe 1o merge e two Is the issee of stankc verses dynamic soope. In static sooping. values for
variables may be adentifiod by stasic lexical analysis of the program text. This means that the cavirooment
used 10 evadeate a given fanction Is the coviroament that was cursert when the function was dofaad. In
dynamically scoped systems. the environment ssed %o evaluate 2 fenction is thal which exnes when the
function s caffed, Arpeably, functional peogramming &s o its best in 2 suaically scoped syssom [176),
whereas, since the first vorsion of SMALLTALK-S0, object-oriemed hmgoages have favored dynamic
scoping. Various approaches have been suggestod in the hecsateee {176, 202,209, a definitive solution 1o
the problem doos not appear b0 cxist yet. The suthoe's approach takes advantage of meltiple assignmont in
Scheme %0 peovide the masimal dynamic soope peedad 1o suppon encapsslation of state. It s inecresting
note, however, that the Set ebject-ofented language. Simula. wsed static rather (han dynasms wope [ X0
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13.5 Summary

This Chapeer has introduced the requirements for 3 new peogrammsing paradipm for design, and ideatified
TS Wy CAISHINE paradipes B Can DE Usod 10 moct (e roguircineits. The WO pancipal rogstscoscnts
are: Bt the paradgm model dosign information i as direct a manncr as possible (50 a5 8o climinate or
feast minémize mpedance mismatches), and that formal rigor be mainained ax far &5 possibic hetween the
formal domain maodel (HM) and the implementation of the programaning paradigm as a read computenzed
wol. Objectonentation provides the modeling constreces aecded 1o meet the first requirement, while
functional programming provides the degree of formalization necded 1o meet the second reguisemont.
Allso, notions from semansic data modeling peovide 2 snigue, expressive mnd efficien mochanism for the
weament of meribuies (as defined in HM) within 3 computationsl framework.



Chapter 14

Concepts and Forms in Designer

This Chapeer introduces the key noticas and syntactic fomes of DESGNER, 3 peototype-basad object-
oriented language mplementod in Scheme. The pamary goal of this exposition bs 80 domonstrate () how
object riented and functional peogrameming can he effectively combened. and (b) thas there are signi fcant
advantages in (he wae of formal toods 10 design and beild software systems for engincering spplications.

Only the principal DESIGNER forms will be introduced in this Chapeer. Other, ancillary forms will be
introdeced in the next Chapeer as sequired for the vanows examples.

I ondor 80 avoid clrcslasity within the definition of DEIGNER, & datinction is made between actions
of objects, and actions on objocts. This distinction prevents the definiticn of DEiGNer from being
seif.referential. Since DESIONER &s moant 10 satesfy MM which is not self-refiorential, it 100 mot not be
sclf - referental.

Actions of cbjects s the operations they ase meant 10 carry ot Reguests for such operations take the
form of messoges, Actions ov Objocts oocer & 3 diflerent degree of abstraction: In DESICNER, those
acthons are captured by regelar Scheme fusction,

124
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14.1 Syntactic Conventions

Since DESIONER s an extension of Scheme, i obeys Scheme's syntactic rules. Scheme is similar 10 LISP
i that ity fundamentad SIUCIUre Is 2 Hist, denied By values encloced in pareniheses. Function calls take
the form of lists whose St element Is the name of the funcsion. Foeexample: (+ § 4) isa fenction call
10+, with arguments 3 and 4. In Be peneral cane, we wrile 3 kind of satomont (Le. 2 form) in DESIGNEX
using the formae:

(PUNCTION MOME ARGOMINT ARGUMENT. .. )

where capitalired woeds represent the denotation insended of data in those relative positions within the
call. An cllipsis (... ) indicates 2er0 or move Mems of the same kind as that Immodiasely peoceding it
Thus we could generalize [+ 4 5) =

ARITH-OF BMEIR. .0

where ARITH-OF stands for any anthmetic operstor and NUMBER. . . stands for a soguence of & least
one pumber'

Comments in Schome are stanod by a semicolon and continee 10 the end of the line.

142  Creating Objects

Obgocts in DESXKINER are sepresertasions of objocts as definad s HM. A DEsIoaEX object Is a passive
store of attnbuses:; this treatment &5 in keoping with the selectod messape-passing mechanksm (see Section

14.6, bedow), the peneral philosophy of the funcrional paradipm, and @e definition of objects s HML
There aee Guoe ways 10 Create new objects in DEsicaar. The first is throsgh the wie of gen-object:

igen-odject)

T Selerme, arihanitc opurmtons cas talle any sember of sgemnts; for cxample (« 1) wmply svtuens 2. and (« ) 4 4
£) own 18
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This is the most primitive object-fomming function. It retums a new. emipty dasa stroctuse sepeeserntiog
= object. The object has no amributes, will sespond 10 no moages, and Is In no way related 10 sy
other object. At the user’s kevel, this fenction is of little use; however, it is at the heant of all other moee
An obyject is implementod 3 3 voctor® containing (a) a list of the objoct's mtsitutes, (5) 2 Bt of the objoct's

parents, and () 3 kit of constraimt relationahips detwoen Minbuses in Bt object. The notions of pareats
and conssralnts will bhe discessad below,

Secondly. existing objects cam be cloned 10 form scw oncs wing the Soem-

{clore CORJRCT)

The argument of clone may be any objoct, A clome has all Sho stributes of its paress. the object from
wihich it was clooed, The pasend iy (the prosotype for the new object. The attmibutes of Be new object
arc astomatically initialized 10 have values oqual 1 the vadees of the pasere's Misibutes, The parent/child
relatsonsdip betwoen an objoct and its clones s simalar 10 the selationship Between classes and invances in
languages Nko SMALLTALK S0, in that the parent peovides the infonnation needed 1o define e structure
of the chiid. Oloning Is generaily not intendad for the user, bet Can be stilirad in creating hieraschios of

objects and Quickly creating copies of objects.
The thiad wary 10 Coeate ODOCTs is with e new foome:

(mew PARENT-EPEC ATTR-SPEC INIT-S98C)

Bocause DESIGNER Is a prototype-basod language without the nothon of obyect classes, ranw provides the
funceionality 1o kestantiate existing peototypes as well as the functionality 10 creae new peototypes. I se-
places both the class Instantiation and subclassing mechanisms in conventional odbgoct-onened languages.
I is moted that new satiehes the axiom of specialization in HM,

PARENT -SPEC |Is cither a single object or a parenihesized Bz of objects thae will he e parents of
the scw object. The set of mirduies of the new objoct is the camesian prodect of the aifdule sets of its

Thherae veohoer are Sand g sequences ahose v akacs we mdeted e 4 coe domeeneral 4y @r maesen! Fe
Brermore, (e cloments of & vorsr may be iebviraty Sohorme odaitn, i badng rursber, engs. funcioes, o
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pareres. Since an odject can have more San ooe parent, DESIGNER peovides 2 kind of muliiple Isherirance.
However, e axiom of specialization in HM resirces objects 1o be formed onlly by a enikon operation of
disjoint parent objocts, Shat is, Bhe pavents of an object Cannot share astribwics.

Other attributes not available in any of the puseat objects can be defined by means of ATTH - SFEC, a it
of seribute spocifications. I 8o exirs stiribetes are nooded 10 define 2 new object, an empty list. (), must

appear B socond argement of naw. The exact symax of sribete speciicasions is descnbed In the
neal Section,

Finally, INIT-SPEC & a soquence of forms providing initial sustule values. The symtax of an
INIT-SPEC form i

CATTRIDUTE-NAME INITOIAL-VALSY)

whore ATTRIBUTE -NAME is the symabol by which 3 particular smeibute ks identifiod. and INTTIAL-VALUE
s 2 DESIONER form hat Is ovaluatod 1o provide the initial value of that sribute. Only those amribetes for
which default values are insufScient nood be initialinod; Scfault values are taken from the parents of the

sew object,
All constraiats are checked before a finad value s retumed fsom new.
Finally, some general romarks reganding Shese forms ane i onder.

Idertity of ebjects is based om the comesponding axiom in HM (axiom ). To Be exact, two objects
are idontical if the sets of anribenss of the objects comespond. and if the vadecs of the members of cach
comesponding pair of aribotes are oqual.

Al e object-fomming fenctions doscrbed above permit af most the addition of Minbules 10 objects; m
facility is curserely peovided for the semoval of attribuscs.

A clone keeps track of all of its paronts. The sequence containing all parents of an obgect, Al pascres of
the parcats, and 0 on, is callad the Mseage of an odject. Any object occurring in the lincage of an object
is sefermed 1o as an ancestor of the ebjoct. Infomsasion regasding parents of obgocts ks impontan foe two
reasons. Tirst, it is usod 80 create altribetes ia Chonad objects, thes defiring otyect 1nate. Second, it penmits
sharing procederal information hetwoen objects of similar kinds: since an object knows what objects #
descends from. & cam bobave like its posents.
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clagrer. In fact. the definltion of & classdike object using only the low-level fanctions provided by
DESIGNER's peototype system has boen successfelly implomented.  This supports the sotion thal @
peototype-based appeoach is a coce more peneral tan, yet as aqually expeessive s, the class-basoed
approach of languages like SMALLTALK-$0

143 Attributes

Antribetes in DESIGNER ase constrained values stored is objects. The constraints limiting the types of
values an amribule can bave are mefermed 10 as domaia conusralngy. Examples of domam constralots
include integer? md Cubold? which are snary peedicates that resem Troo only i thelr aguments
e iscgeny or “Ousbolds™, pespoctively. The domain of an siribute in DESIONER bs the set of values
that satisfies the atinbose's domain constraim. Asributes are identifiod by 3 rame wnigue among all the
attributes of an object,

Auribuies are added 10 objects when ey are crzated, using the new form introduced shove, Allsibules
e defined within new by giving a spocification of Iis component panms using S systax:

(NAME DOMAIN INITIAL-VALLS)

where NAME (s the name by which the atribose shall be identifiod , DOMATN is a wnary predicate defining
the domain constraint, and INITIAL-VALUK & an optional isitigd value. 1f the inisial value is omitted,
the amribute is given Be value no-val. a spocal symbol in DESIONER Indicating no assigament has
boen made. no-val satisfies any constraint in DEXCANER, and is intendad 1o Efferentiane betwoon objoct
creation and assignment of values 10 objoct atribetes, Such & distinction is important bocause 2 wser will
ofien know that 3 cerain obiect will he gsod, bet may not @pvion know exactly what the specific nature
of e object will be [2).

When an attrduse Is defined, DESIGNIR sstomatically defines 3 guery fametion, used 10 guery the astribete
for s valuo, and & semer fanciion, wed 10 set its vadee. The systax of these two Kinds of fuscions i

preen as:

ICORRY-PN OROECT)
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A query fenction takes an object 28 its single angument and retums the current vahse of e comespoading
amribete in that objoct. A semer function takes an object and a vadoe & it arpumcnts and assigns the value
0 the commesponding asiribute in that odject. Assigrament ocours if the domaln comstraing bs satisfied; i a
domain constrsnt violation aocers. an crror message is dsplayed and no assigrmsend occun.

The names of quory and setier functions are hased on e name of the attrituie. For cxampie, oreating an
anbuto naumod 1ength causes the creason of & query fenction rumed 7 Llongt h and a seser function
namod length:. Tlengeh and length: will function cormectly for all objocts with an attnbute
namad Lengt b, and are creaiod only cace. This convention does not clash with Scheme 's convention of

naming peodicaes wieh 2 trailing question mark., yot provides sufficient connotation 10 make the meaning
of these functions clear

The quory and setior functions of an attribete are repecsentative of the atiribete itself; the implementation
of auribuies im DESIGNIN is st visibie 10 the sser. From the wer’s point of view, these fenctions ave the
aribute. Thes we are taking advantage of the semantic data model s notion of auviduses a5 functional
mappings botwoen objects.

We note finally Bt the setier fanciion makes use of B¢ ot | pamitive o Schome 10 alier the stae of
an astribuse in an object. The auhor feels justified in this “cormspticn™ of B functioesd paradipe insofar
& amribete state is serongly encaprulaied within objects; the sade-cffects are therefore controlied by the
sernantics of the semer function and boyond the reach of other obyects and the user

14.4 Constraints between Attributes

Domain constraints on single smtribetes ae defined via domain predicates. Constraings can also be imposed
betwoon many aitribetes in a given objoct. These constraings are referrod 10 as object constradars, and s
defined using e following form:

(OONaTralin OBJECT (IBAME ..) PO ..) ...)
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where OBJECT s the object 10 be constrainod, (MAME. .. ) Is & list of the sisitute names involved in
the comstraies, and the romaining fomms FOSSL .. are the body of the comstraimt, the evaluasion of which
should retum a boolean value, To fiilitale adding many constraings 10 3 single object, more thas ooe
COnsIraing cam be given in cach const radn foem.

Object constraints in DESIONER are passive strectures, That i, if 3 constraint is evaluated and found
10 bo mot satisfied, DESIONER willl signal thix a1 10 the wser, but will not attemipt 10 alier the model in
onder 10 satlsly the constraing. The auhor seasons that $he rospoasitility of sech alieramions showld fall on
cither the user or some softwase sywics of 3 higher level than DESIONER (c.g. & expen system, neural net,
of other knowlodge-based controlling system). DESIONER ks meant onlly 10 Caplure design infommasion
statically; it Is not a goal-oriented masipelatory systom. Pt another way, DESIGNEX s insended 10 Mswer
the question What is this design? rather tham How was this desige created?

A panticular object constraing is checked whenever an ssigament is sicmpeod 1o any ateribate involved
in the consoraint. However, the sssigrment occuns whother the objoct constraint s satisfiod or sot. This
Is acceptable dee 00 the exigencies of design. It is ofton Bhe Cano Bat in the course of a desipn process,
Vanious constralnts may net be satisfied. This s quite noemal in design [2] and does not necessanly mean
e dexign i inadeguate. It may be that the comstraints or the desipn probicm itself are not well-posed.
That is, in design, @ moded of the antifact evolves 35 dosign proceeds, and it is nommal for there 10 be
imtants when the moded is inconsistont. These are not, and should not be treased a5, faal erooes, but rather
as intermadiate sieps.

145 Function Overloading

In Scheme, coe may Create and use 3 function without assigning the funceion a particular name. Sech
functions are called asamymous fenctions. Overloading of fusction names is achieved in DESGANER by
grouping a number of anotymeous fuscrions i 2 list accessibie oaly 10 8 special, pemerks fonction. Varous
dednitions of the temms “overoading™ and “generic fancticns™ have boen sugpestod in the Incrature
feg (197,198, 210,211 Mere, we wse the jenn “overloading™ 10 denote & language symbol Sar
has mveltiple, non-exclusive defnitions, aad “genenic function™ 1o denote 3 function tha can operate
secocisfully on a number of &fferent types of objects, whoee objoct types are definad by their ancestry.
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In onder %0 distinguish betwoen different snoaymoss functions bound 1o the same generic function, cach
anonymoss function Ras sosociated with it a sigaane indcating the msmber of parameters sequised by the
anonymous fenction and 3 (possitly complex) predicate that s tree ondy Kor sets of acteal parametors that
are acceplable for that sncaymous fencticn. The generic fanction is boend 1 3 user-supplied name. When
a peneric funceion is called (by reforming 1o its name), e acual parameters s comparsd by the systom
10 the signatescs altached 1o cach anonymous function. The fiest anomymous function with a signatuse
maching the actual paramctons ks applied 10 Shose parameters, and the eesslting value s resermod.

Generic functions am created in DESIGNEX using the over Load foon:

toveriosd MAME ({19, IPREDICATE. ..) PO ..) ...)

where NAME is the symbol 10 be overfoaded a5 3 generic fenction, (310, .. ) Is abst of formal parasesers 1o
be used in the dednition of 3 pasicelar ancnymoss fanction, and (PREDICATE. .. | is a list of peedicates
that, together with the st of parameters (1D .. ), form the sigranere of the smonymous function, FORM. .,
is the body of S anonymous function. To facilitae writing masy overloadings of a single symbol 2t
0N0g, over 10ad Can A000pt Mary AONyTRous funcuion defisitions.

By coavention, names of generic fenctions begin with a colon (e.g. 1 volume).

Generkc functions combinad with object lincage infoemation pemmit the sharing of functions that act on
obgects (ie. methady in comventional object-oriented languages). A signatese may coneain a prodicate
that checks for membership of an angumsent in the lincage of an object. This is oquivallont %0 the ISA
relationship in HM and imglics @t the child object Isherits from its pasene. Thus, we can casse diffesent
behavion in poocric fenctions deponding on the ancestry of its arpuments. Examples are given in the next
Section that demoentrae how this mochaniem & similar 10 polymorphiam in conventional object -orented
languages.

14.6 Message Forms

This suthor has found that B canonical message passing peotocol lends itsell well 10 implemestation in
& fusctional environment, especially if genenic fenctions are used. It also masntsing 3 single, consistent
symiactic comventinn for the cxpeciaion of both function calls and mesages. Albough Classical message
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passing had boen implemensod in cartier vensioes of DESIGNER, the canosidcal form s found 10 e caser
w0 irsplement, much mors officsont. and has led 10 3 much more uaNe xycom.

The cancaical form diminishes the importance of isheritance andjor delegation. This is because it
ostabiishes methods 1o exist cutside objects rather Shan 1 bo pan of them. Nonetheless. the ultimase goal
of isheriance and delegation - the sarieg of behavior (actions) hetween objects without fequising the
cxistence of object classes of ofer higher-ceder structures - Is achieved.

14.7 Intentional Versus Extensional Attributes

I DESIGNER, we distinguish betwoen cxtensional and intenticaal aisbules. An extessions! atnbule is
Ono Bhat has an actual valee assigned 10 i1, wheseas the valos of an intextonad atriduie Is denived from
the values of other amributes, Exiersional atiribstes a0e static: that is, their values are not procedenl,
They are stored within objects themselves s aro seprosersative of the siave of the object. Insensional
airibuies, however, are procodural (active) in nature.  Mossages implomsonted with generic functions
Capture imentional atribetcs. Exsnplos of this are prven in 8o next Section

The author notes that it ks not always obvious whether 3 particular property of a design entity should be
modelod with an extensional attribute or an intentional mtribute. The criteria for making this decivion
arc bound up s the mguirements of Bhe design procoss used, and can vary widely. For exampie, If the
weight of a panticular component is %o ho comstrained. it may be peeferabie 10 model the compoment s
Gimensions cxiensionally, and its volume imtontionally. However, If the constraing is based on a sestricuion
of space that ¢ component may take up. Ben it may be peeferable 10 model its vodume exiensicoally and
Its dimensions incoationally (¢.g. as parameterirad funceions of the volume). This indicates 3 relasonship
hetween consurain and anribute specifications. An in-degeh siudy of this relagionshep is defermed for fenare
work,

148 Summary

In this Chagter, the author o introduced the principal notions and symtactic forms of DESIGNER, 2 Com-
petor peogranming language that combines objoct -onientation in 3 functional programeseng covironment
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such that the acloms of HM are satishiod. In this way, contineity of formal rigor s maintained from
Be logical aspects of HM Swough 1o the implementation of DESIGNER itsell, Though uncoaventional in

some regants, e DESIGNER language peovides 2 nemberod mechanksms for the direct modeling of design
Information in 3 Concise manner



Chapter 15

Examples

DESIINER Is an extension of the Scheme programiming language, providing & peototype-hased object
system, A signature-dased, cancnical mesage-passing mechanien permits overloading of fusction
rumes. Thus, DESIONER objects satisly the axsoms of HM while also peoviding cenain very convenien
programming ssochanisees 10 increase wability and eficioncy.

In addiion 1 the actual object-onienied extenssons of Scheme, DESIGNER also inclodes & bdeary of
poncrally ssefisl objects, The libeary Cam be expandod by the wser. Information ssed 10 generate some of
the algorithms implomentod in DESIONER and In $he prototype libeary was takon from (212-215). The
compicte source of DESIGNER and of the prosotype library is given in the Appendices.

15.1 Simple Examples

A simple examplo of the definition of two ohject prosotypes is gives in Figess 15,1,

The first stesment in the example defines Cubo 1d 10 be an object. It is ponerated by specialining a dingle
obgect, Object, dclimed within DEIGNER a5 e oot parerst of all other obgects. The stalement &s aol
a mossage because it acts o objocts. B is taken & 3 comvention in DESIGNER that objects intended 10
be usod as prototypes have capitaliirod names (¢.g. COject, Cubolid) while other objects have mames
consisting entirely of Jowor-Gase letters. This rule is not enfosced by the syntax of DESIGNER. bt is usod

-
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dotine Csbole
traw (Djece
{Ix mabes-gtd? 1)
&y tusbes 07 1)
2 mmber-g20? 3101
Imake-tyse-prodicate Cubold)

{Geline Sphere
(v CDYect
{(radius mesber-gto? 1171
Imake-type-predicote Sprere)

loverlcad ivoleme ((s] ((Pphere? #)) 1° 7/ 4 3 72 (** 17eedius a) )
(IC) 1IONBRldT @)) 1® 1T €) I €) 2 e

Figeee 15.1: Definition of two Objects.

only W inprove readability.

Theee extensional aisiduies s then added 10 Cubold. named x. y and 2, representing the dimessions of
the entity. All three atimbutes ae comstezingd 10 be sumbers greater than 2ero by the domain speci fication
nusber -gt 07 (asseming we acoepd a physical dimension 10 he positive and non-rero). A default vadee
of 1 s asvignod 0 cach attribete.

The second suement, (make-type-predicate Cuboid), cemes 3 peodicate Cuboid? Bt
takes & single arpement and retans Tree o Falwe, dopending on whother the argement bs an object and an
ancewor of Cubold

In the exampie, 3 Sphore obyect is also definad, as well &5 a prodicaie Sphere?, Sphere has oso
anribete seprescrting 3 radigs,

Neaz, the symbol : volume isoverfoadad for both Cubo Lds and Sphores It scoopts 3 single sspunent
descended from cither Cuboid of Sphere, calcslates the voleme of itx argumeont, and retems this
value. This means St any object clonad from Cuboid or Sphere Is a valld argement. : volume
Is an example of an imestional attribete: that s, an sttribste defined a5 a fenction of other attributes.

Repecscnting intentional aniribetes a5 fancticns asseees tha he valees of Bese Mindutes will always
reflect he most recent valoes of the Mumbuses upon whikh they depend.

Domnain comtraimiy on exiensional atiribetes are chockad caly when sew valoes ase about 10 be assigned
0 the atributes, since assigrment is the onlly operation Bat can change their values, If the sew value docs
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Dot satlsly these constraints, the sssignment docs not occur and an cmor ks signaliod.

Constraints may alwo be inposed betwoen asiributes i an object. For example, if we wishad 10 constrain

the Cuboid obgect such that its y dimension is dhways twice its = dmension, we could write 3 Consaraint
o Figeee 152,

{constralin Cudboid (IX ¥) le y 1" 2 )

Fgeee 15.2: A comtraint om Cubold,

This obgect comarain will sutomatically be chocked cach time an amempt is made %0 assign values 10
cither the # or y dmensions of Cubo Ld or any object clomed from Cuboid, However, o discussed in
the peevious Section, viclason of object constraints docs Nt prevent assigrenent from ocourring.

Constraints on inderional attribstes are represered differerely. Since intentional astribeses do not have
explicily dcfined vadues and wre represersod by functions of objocts, constraings on $hese stribates ocour
a 2 differert doved of abstraction. For example, If there weore a clroumstance that rogquired constraining a
Cubo i d-like object so that s volume were not to exceed 100 units, we could use forms similar 10 those
in Figore 15,3

{deline Thing
Isew Chject
{(ox Cudold))
tmax-vol mumbes? 1003)))
{eonstraln ThING ((DOM Bax-wOol) [«» (voluse DOx) sax-voll)))

Figure 15.3: Examgpie of constralng on insentional auribules.

This restriction on the formamon of constraines on tontional attnbuses Is reasonable bocaese wach
conestrains arkse from the (mernction of objects (design enmimies) with thelr covironment, Le. oer objects
with which they interact. In the example, the maximum volume ks not a componost of our model of
cuboids. It is inappeopriste, then, 10 embed sech constrants within an object when they In fact model
relatioeships hetweoen (posubly ) many objects.

A amy time, the constramts oa an object may be checkod with the fusction chack -object -constraints,
which takes am object as s single argement, and revems a boolcan value indicating whether the Comirains
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oa the object’s attribetes are satisfied of mot,

i0efine box (mew Cudold () tx X)) oy 4 1t %))

|72 bex) )

L1volme Box) » "

{Getine ball (v Bphare (r 51))

{1volume Ball) » 52) .5t

Fgwe 134 Examples of DESicaex querics and mossagos.

Figese 154 sthows examples of DESIONER queries and messages. The teat following the = symbol shows
the retam value whon these statements are evalusiod. The St statoment defines a new Cuboid object
whoso dimensions are initlalized 1o 3, 6 and S respectively,

The second stsement in Figere 154 s (7 boo). This is a query for ¢ value of the attribute called x
in object booe. It reteems the value 3,

The thiad statement shows the retreval of the comrent vadoe of an insentional Mtnibtute of Hox- its volume.
This is actually » message, though @ foem il appears the same as a funceion call. Becasse its single
argument s a descendant of Cubo LA, the anomymous funcsion within ; volume that sctums the volume
of Cuboid objects is evaleassd,

It is nosod that Cuboid and box e both objects, and that there is a0 essential Sifferonce betwoen them.
In partioular, cither one may be usad  a prosetype for the generation of other objects.

We then creste & new Sphere object, samed ball, with 2 radies of S wnits. The volume message i
Cxn evaleatod again. But hecawse its argument desconds from Spher e is time, 3 Slferent aonymous
function is evaleatod.

DEsacaex's ability 00 define functions that act differently depending oo thelr argements & siedlar %o
polymomisun and dynamic binding in class-dased, obgect-oriorsed languages. In the terminology of
Bose more convensional languages, we would sy that volume Is a message accepied by instances of
both Sphere and Cubold chasses, but implemensod by different methods in cach class.
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152 Multiple Inheritance

mwamawmm-qmm”mnmmm
de&mmmmuh&mdmm»m~~
be Ssgoint from the sets of miritwtes of all ofher parents. This restriceion ks imposed by HM 1o ssaintain
is logical validity, memwum-uwmd
overdapping pasents or classes, bet none has succoedod completely, Indood, the author considers the
peoblematic natene of managing overlapping parcets and classes in inheritance 10 be a clear indicagion of
M“Mwmﬂnhnﬁk“d“&mhMMhum
of formal rigor.

In cader 10 introduce the notion of multiple isheritance as supponed by DESIGNER. we inchade 3 small
cxample hased on @ oxample in (200, 216] which deals with the concepeusl modeling of vehicles,
machines, and automobiles. Figere 15.5 gives both a graphical depiction of ihe model and the DESIONER
forms encd 8o lmplement the appropeiste peototypes.

i the example, Astomabile inhorits from both Vehicle ad Machine The last theee foms aro
Quenies demonsirating that the attmdutes of doth parents have been passed 0n 10 Aut cmobi 1e.

mmmmuvﬂ&yo{m‘m&uthMNkwmoﬂy
0 domonsiraie the struighe-forwand rature of the mubtiple isheritance mochanism provided by DESIGNTR.
mmmammw--wmuhwmamnmu
defier such discussion since it does not bear direcily on the subjoct o hand.

153 Mimicry of Classes

Ancehr example Indicating the Sexibility of DESIGNER wvolves the generation of 3 class-like obgoct as
might be found in other odject-oroated languages (sech as SMALLTALK-S30), The implemontation of this
Obgect roquires the wse of the low-level funciions of DESIONER and is less S 70 Bises of code. A simple

example of Iis use for quens objocts (frst-in, last-out lists) is geven is Figure 156,
The example domomiraies St e distmction is made herween classes (.8 Quese) and instances (0.8



{deline Vehicle
Inew Chject
(ispeed mumbuc? 0))))

{Gedine Machine
Inew Coject
Cifsel aymbel? mo-vallll)

{Oelline Jutomo]le
inew (Vehicle Machioe)))
{fuel: Actoactile ‘gascline)

{Tapeed Mitooodile) -
{7foe]l Actomcblile) o Faaoiine
(7fue] Machise) - po-val

Pigure 15.5: An exampie of multiple inberitance i DEIGNIR,

19



(hew claas Quece ¢) (1t () *112)

toverioad push (Ig v (1IQuess? Qi) (lets g (ooma v [21st Q)
(overiond pop (1Q) (iQueue? gi)
(3 mor (Y1en 4)) (errer ‘pop “gueus Lo sspiy.*))
(het (ir dear 170mt @210
tlst: § odr (7002 g)))
0y
(overiond as-list (19 ((Queve? gi) (2ist QIN)

(Clagse? Queve) » true
(instarce-variables Queue) @ st 11

[define q (inttarce Queue))

itstance? qI » Lrue
iclase? q! w falae
isa Q) w Queuw
v g 1)

push q 2)

ipush q )

ias-lint @ e 12N

Fgure 15.6: Example of use of DESIGNEx Olass objoct,

and that the impontan relation 3-8 comoctly retums the class of an instance. Also, in e new-class

form. the st empey pueentheses 3 for a list of (possibly many) superclascs, thss providing suppon foe
multiple inheritance. In this panticular example, no seperciaises are spocifind.

154  Preliminary Design/Synthesis - Four-Bar Linkage

This Section describes a more complex cxample of the kinomatic symthesis of a four-ar linkage given
theee precision points. The theee point synthesis sochnigue wsed here s taken from [ 34), pages 103110,

Figure 15.7 peescats 3 schematic represertation of the peometry of the fose-bar linkage with various
objects labeliad, and 3 single link wieh its various pants laheliod. The obyects themselves are Sscussad
bedow,

The four-bar linkage is modeled as an object (4bar, soe Figure 15.5) with five smribetes. base-a and
base-b ae e base comnections of the driver and osipet lisks respectively, The aniribetes Lnput,



4bar object

Link object

Figem 15.7; Schomatic goomotry of 4bar and Lisk objects.



coupler md output model the thee moving links of the mechanism,

(Seline &bar
(2o Pars
{(Dase-a Co0pQ2)
(bade-b Coord?)
(ingwt Lisk?)
[eoupler Lizk?)
output Link?)2))

IMXe Lypepredicate ¢bar)
Figure 15.5: Definition of four-bar linkage object.

Osr definition of 4bar depends ca three other cbjects: Coord, Part and Link These objects ase
prototypes defined in the DESSGNER prototype Mbrary.  Coord models 3D polnes. Part represents
wmmd’utmuwum-ﬂnwdm
obgocts modeling a physical pan’s peometric and phyrsical peoperties (¢, maserial type. etc.). Link isa

specialization of Paxt spocific so the development of the four-bar linkage moded, and is defined in Figere
159.

define Link
Inew Part
{ic-length maber-gtoY 1)
fshatfes Parc?)
1Jolns-a Pore?)
|Jole<B Pacrt?)i))
Imake-type-predicate Link)

Figure 15,9 Defirition of Link objects.

The geometry of Link is a compiex one which could be bused on 2 solid model. his amribetes include 3
halt and two Jolnts. The jolnts are esed 1 connect links 30 oo another. In addition, Link has one other
amribete: a characseristic length that sepeesents the Satance from ono joint of e Bek %o the other It is
used & a conseraint on the poometry of the Bk and s peneramod as pan of Bhe sodution of the Bece-point
synthesis lechnigue. The values of the shaft and Joint anribetes are no-va | by defaullt; ax the actual
goometry of isdividual links is defined. we cam add consteaings 10 L i nk that will ssure that the geometric
propenies of the shatft and joints maintain 3 relationship defimed from the synthesis method via the
link's characseristic length (soe Figure 15,100
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{constralin Link (io-length shaft Jainat«a joint«B)
{1 @-lengtr
1+ (eltereect (Taxie Soint-2) (Taxie shaft!l)
felatersect [Paxie S5iaC-a) (Taxis sSaft)diin)
imake-conatructor Link 4ol) (mew Link () (e«lergth 2111

Figere 15,10 Geometric constralngs for Link objects.

The defimition of Link inteoduces a mew DESIGNEX function, makue -const ructor, This fusction i
Mokt for Comvernence and Croates 3 constrecior fenction that faciliases the instantistion of protetypes.
In s case, make-const ructor willl create 3 fusction L Ank that creses a new Link objoct and

wses its single argument %o initialize the link's characieristic length. Many, though not s, prototypes in
DESIONER havo comstrectons dofined for them.

The theee-point synthesis sechmiqee s implemensed in DESIGNER 28 3 method activated by the message
(Spt-symthesis ...) and is given in Pigure 1511,

A detatlod explanation of the 3pt - synthos L s method Is unnecessary here. Essensially. the technigue
wses vanoss angular and lincar dispéacements of the Soar-bar linkage theough the theee peescrided poines
%0 peneraie cnosgh Infomation 10 Create 3 now {barx obgect that satishies the inpul paramcters. A scrics
of examples taken from | 34) were wed 10 125t the alporithen: cur resulis were nemerically identical o
hose given in the reference. The hean of the method is the bt form, (new 4bar ... ), which actually
creates a chone of 4bar and setums it

The auhor notes that the Jpt - aynt hes is method is not coverd expiicitly by HM itsell bocause it i
2 procedwral component of design; # & incladed here 3 a wehiche by which design models crestad with
DEDONER can be directly masipelascd 50 porform useful design operathons.

This representation of a fose-bar linkage is a parameterizod model suitable for 2 nember of parposes. 11,
for example, a kincmagic analysis of the fourbar linkage were 10 be perfommad, he dbar object could be
extended 1o capture the mformation nooded 10 Comstrain the components of ihe foer-bar linkage assembly.
These constraimts can be speciiiod in DESIONER with the fosms in Pigeee 15,12,

The base points Dase -a and base-b are not considerad pam of the geometry of the linkage itsclf, but
rader components of constraints placed on parts of the geometry, Specifically, @ cods of S input
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lostput (Gliak (magnitede TIN2INNIND

Figese 15.11: Theee point synthesis method.
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(oometraln &bar
(ibase-4 ingutl)
frlocete lrput (laabda (p o)
(and (v 172 9) 17X Dase-a))
Ce 1™ 91 I base-al)
e 172 1 177 Daseall )
(llsput coupler)
(tiocete coupler (lLamdds (p o)
fand (» I7x p) I7c-leagth Legut))
= (Y 21 0) 0o (P29 O
Leget))
flooupler ostput)
frlodate output (lasida (p o)
a3 [« (7x pl (7c-length cocpler))
(« 2y Pl 31 1« (Y2 P2 010}
coupleri)
LIoRigut Dase-D)
{rlotete output |lesbda (p <)
aad [« (7% pl (Tx Bage-B))
Is {3y P} Ty Bage-B))
[« 72 p) (72 Base-B0) 020

Figure 1512 Kinomatic constraints for 4bax obyects.

and outpet links of the four-bar linkage are constrained 10 remain  the coosdinates definod by the base
poings, hoogh tey are free 30 rotaie, and successive lisks i B¢ Bakage are similarty conitezined. In
e constraint specification, base-a, base-b, ioput, coupler and output sefer fo atribetes in
2 4bar object; : locate is mn overfoaded message 10 any Part that takes two or theoe argements.
The first arpument is an mtribete whose value Is 10 be spatially constrained. The second argument |s a
function definition (a Lemsbols form ) that specifies the natere of the constraing, and takes two arguments: e
position and odeatation of e atiribete 10 he comtrsined. The oponal thind argument |s another astribete
in whose coondinate frame the spatiall constraint Is 10 occut. The repeesentation of spatial cocedinates with
rexpect 8o non-ghobal cocedinate frames is reminiscent of the relative coondinate formulation of variationad
solid modeling taken by Fogle (75 in that work, i is demonstratad that the use of relative coondinate
frasacs can simplify e specification of spasial relatiorships. The curmont work with DESIGNER appeass
10 corroborate Fogle's findings.

The first constraint is between the base polat base-a and e {npot ek : Locate o usad o constran
the position of {eut 10 map exactly 10 the position of base-a, The second comsteain is between the
frput and coupler links, and constrains the origin of coupler 10 be af the end of Lnput epposite
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where Lrput is attached 10 Dase-a. In this case, Se constraint is defined with rexpoct 80 the coondinate
system of 1npat. The other constraings are similarly defined,

The dbar object defined bereln models 3 fourbar linkage that sasisfics M input daes & an abairay,
concoptual bevel. Although the actual shage of the Sk has not been definod. their coe coential property,
their chancieriaic length, has boen caprerad.  The valee of these attribeses hocome constraings on the
atual peometrics of the ks

This example demsonstrales that DESIGNER is capable of more Ban just modeling desipn antifaces
themsachves, it provides the means 10 capture Information about e entire design.  For example, the
Jpt-synthes s method defines a relationship between the functional reguirements of & four-bar link-
age, and the key design parsmeters that define the pysical solution. This indicales that DESIGNER can
represent the relagionship between funcrional requiscments of & design peoblem speciication and the
physical parameters that dedine a soletion. Specifications expressed a5 generic functions acting on objects
defime eelationships hetwoen the roquiroments of a dosign artidact and the objects Bemselves capture key
Gesign perameters that define the phiysical solution. This indicates that DESIGNER can sepeesent the el
tiorship between functional roquirements of 2 design problem specification and the physical paramctens
that dedne a sodution.

15.5 Hierarchical Organization — Thermal Analysis of a Wall

This final example shall focus on the onganization of design informaticn with DEsIGNER.  Specafically,
we ahall peescet (3) 4 parsmeterined model of a wall, and () a representation of sseady-stade heat flow
for the wall model. This exampio bs inspirad by the material i [97) It is soted hese a2 the outset that
the model peesonted below Is not the osfy way ong could represent & wall in DESIGNER; this pasticullar
model was chosen becaese (2) it matched the asthoe's cognitive model of walls and (b) it is sufficient for
GCMOBSITAEion purposcs in fhix documcnt

Theoaghout the following sext. the reador may sefer 1o Figure 1515 this Sguse depicts graphically the
strocters of the wall model, including all objects as well as all mheritance and agpeepation relatondips.



......................

Figure 1513 Inbentance/Aggregasion Nerwork for Wall Exampie.
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1551 Structural Modeling Considerations

These are two important aspocts that mast be considerad (0 penerate 2 useful model of 2 wall: s geometry
@ 1 QUTEGRNRSt.

The width and height of 2 wall are imporant in defiming its selationship 10 other strectural clements, but
ar ot exscrmially tad 10 its composition”, The comtraints on wall width and height exis = @ level of
assoemblages of measy walls and thes are beyond our sagle-wall model; w, from the point of view of this
cxample, Beight and widih aee arbitranly defined valecs,

The thickmess of 3 wall, however, mvest b treasod di flerontly because it dopends on the walll 's componition.
A wall Is composed of vartous layers, cach sorving a specific purpose ~ koad bearing. ssulation, covering.
and so on, Each layer is constrained acconding 1o e roguiremenss of that panicular wall, which in tem
constrains the wall’s overall Séckness. So though the height and width of 2 wall are artstrary (from Be
point of view of the wall model), its thickness is st

Therefore, we will reprosent hoight and widh as percly poometric exterdonal seributes and thickness as
an intentional airdute depending on the walll's composition.

1552 Thermal Analysis Modeling Considerations

For the thermal anallysis posticn of this cxample, we will make use of the following physical relationstips
(dreawn froes [97) and a standand themmodymamics text [214)0

The heat fow Seough 3 wall s repecsented appeocinascly by:

Q = =2aT (15.1)

where AT &s the change i semperatere through the wall from the wamer side 0o the cooler side. f and A
are the thickness and area of the walll respectively, and A Is the thermal conductivity of the wall,

Furthermooe, by analogy wigh chectrical sysiems, we may define an overall cocficiont of thermal conduc-

"For viress anadyss and svuctaral macprty. we woekd Mely meod b cmeirae 0w sue of S wall basod on 1 compradeon
o vt e e 10 Canvy s owm waight. Hlowever we are anly sberesiod w Bermal snalysn for B cxample
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tivity. U, for 3 wall of many Kayers of Constant arca as:

i
- —— ‘
v n (132)

where r, Is e thermal resissance of the ith layer of the wall, defined by

-, (15.3)

1553  Defimition of Wall Pratotype Objects

We begin by defining a proseype for simple planar geometric Shapo objects (Figure 15.14). with
strtutes of height and width, Shape objeces will be usad 10 define the major componenes of walls.
The arca of these shapes will be of imporance in the thommal analysis, so we Include the definition of
an intentionsd stiribene :area. Shape inberits from Ceomet ry, an object Sefimed In the DESIGNER
mmmm-mwmmammmmu
object and messages 10 perfoem vanoss radfoenations.

make-type-predicate ENApe] i AbSLTMOT protoiype
(el ine Shape
(v Cecaetry
(iuith neader«gtoy 1)
ipeight mabes-gto? 111))

Imake-Lygo-predicate Trisngle) | ssbtype log triangies
ideline Triamgle (ciome Shagel)

imate-type-predicece Rectangle) ; suttype lor rectangies
(Sefiza Rectargie (Clone Sape) )

(overload rares

1ce) (ITriangle? €)1 (* (hwidth %) ("eight t) 9.5))
[{g) (ipectangie) rid (* width r) IYheigis b))

Pigere 15.14: 2D Shape objects.

Next, wo nood 10 repeesent the nothon of 3 layer of 3 walll. We shall assume that a single layer is composad
of » viagle matersal and s of cortant lhackness. Layor objects ae definad in Figure 15,15, For @
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sake of the thermal analysis, we inchede 3 message defimition for = therm-resiat, which rcesms (he
thermad resistance of & layer of a gives fickness and masonial,

Imake-type-precicate Layer)
(detfine Layer
Inew Chject
(omaterial Mateszial?)
(thickness maber-9t0? 1101
make-conat ruttor Layer m t) [new Layer O imaterial m) (thickress ti))

toverload 1tharm-seslstlance
(21} (iiayes? 110 1/ Dthickness 1) (Others-cond (Teazerial 10000}

Figure 15.15: Layer objocts.

The Material protetype is definad in Pigure 15,16; for Beevity, we have incheded cnly cne nocessary
mmwm.uummmumw.mmm
was taken from [214). Nemenc valees aro (n SI anes.

Imake-type-prodioate Material)
[doline Matezial
(2w CBiect ((therm-cond mmber-gua? L) IN)

(Seflee Belck.common (Bew Material |1 (therm-cond ©.69)))
(Gefine brick.face (new Material (| (thers-cond 1.310))
1Getine gless. vindv (1w Material () (therm-cond 0.74)))
1Geline plaster.@ypeun (v Matarial || (thermcond 0.48)))
{detine wood. pine.yellow (new Material |} (thermcond 0.18711)
ideline wood.pine,. vhite (sev Xaterial () (therm-cond 8.11201)
(dofine wool.rock (adw Material (! therm-cond 0.00%10)
(dofine airy (oew Matecial () (them-cond 0.026241)1) ; at Mok

Figure 15.16: Maerial Prosotype and Instances.

In ceder to permit the creation of walls with mose comples. geometsies tham those describad by Shape
objects, we define 3 sepment 10 e an arca-wise component of 3 wall Segments will bo definad with
shape and Layer objects, We will also be able 10 use segments 1o define walls that have regions
composed of difforent bayers.  However, hefoee we define 3 prototype 10 sepeesent wall segments, we
must cormider ane other compositional cloment of walls epesiags. An opening is imiendod (o generalire
the notion of passages throegh 3 wall. For this example, we will only consider doors and windows.

An opening exhibits (he same peoperics &5 sepmenes they occupy 8 comtain seea, and are composed
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of possibly many layens (c.g. multh-panod wimdows). Since it Is desirable 10 minimize the Infommation
coment of our model, we will begin by defining 2 Wa ) LAL ces object that will Gapture Shose properties
common to both walll openings and segments (soc Figees 15.17). It Is noted that mone of these peototypes
will wse the Shape pectotype defined sbove for planar shapes. Wa 1 LALom and its descondants ax usad
10 caprure information spocific 80 walls other than theif shape, We will, however, make use of the Shape
prototype laee

(sako-type-paedicate ¥Wallitom)

Setize WaliAtom [cleone CQbject))

toveriosd icaickaces
1ta) (iWaliMtomT &4))
tapply ¢ (foreach-astribute & LayerY TChickness))))

(ovarload ithesn-cond
Hia) | DWAlIALGe? a))
I/ 5.0
eply ¢ (foreach.attyipute & Layer? therm-zemistanceiiing

Figare 15.17: Atsomic wall components for openings and sepmonts.

The | thosm-cond message caloulates the overall coeflicient of thermal conductivity of 3 Wallazce
acconding 1o the mathematical model in Soction 1552, The instances of foreach-attribute
mdlamnuhwnmc-munmumam»mmmcmn

md :therm-rosistance respectively), and retems $he list containing the results of the function
spplications.

Now wo canese Wa 1 1 ATom 10 define peototypes for wall opesings and segments. The oaly real distisction
mmumuqummummmm
openings (1.¢. 3 window cannct have another window 34 & component).

maks-type poedicate Opening)

(oalire Opening (clome WallAtom)

(overlond ispec-oat-fliow
(¢0) {I10peniag? o)) (* (1Eherm-ooad O) (lares O} 1)

Figure 15.18; Prosotype for wall opesings.

Pint, we define an Opening object in Figure 15,18, The gpecific Acar fow of an Opening is de-
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m:umdmmwmdmusmwuwm
iapec-heat-tlow

(make-type-prodicate Logmans)
define Segment (clone ¥allAtom) )

(overload (0pening-acea
(19) (iSegmentT 2l
(apely « i(logeach-atiritute & Opening? :arealill
sir wall segeett Ares = COLAL a7ea -« cpenifg Mes
joverioad 13egeatl -aled
1te) (1Segmoea? 9)) [~ liatoa 8) (ropening-ares siil)

(overiond ispec-heat-liew
118) ({BegmantT u))
(e (8gply « (loresch-astribate & Cpenliag? teped-haas -{low! |
1* (ithera-cond 2) (1sognaat-areas #1311 1)

toverioad iheat-[low
(s &2) ((Sognentl) 2) (msber? X))
1* fispec-Roat-Llow 3) S0)))

Figure 1519 Prototype for wall segments.

Second, we define a Segment object in Figose 15.19. I this case, we differcatiane hetween the total anca of
the wall scgment. the anca of all the openings (sepeesented by the intentional atribeic 1 cpen ing -area)
and the area of actual wall material (represersad by the Murdaie : segment -ares) The specific heat
fow (: spec-heat - £ Low) of 2 segment Is the sum of the speciic heat Sows of each opoming ad the
spocific heat Sow of the rest of the wall, We fisally define the attribuie 1 heat - £10w 1o caloulace the
acvsal heat flow @eough a given Segment for 3 given temperature difference.

Neat, we shall speclalize Opening for both doors and windows. Fint, we define Door in Figum
15.20. Door inderits maltiply from both Open ing #d Rect angle: the former provides those 2eces
uwwmumuu.w-mmmum.-w-
companition, whereas the latier peovides hose aspocts representiag its other geometnic Charactenistics.
The @Door Consenxsce (cresed by make-const ructor) simplifics the creation of single-layered
doors. 1f some pasticular Soof has moee than one Kayer (unlikely though Dt might be), it can be created
using nev.

Various prototypes ase cremed foe diffesent kinds of windows in Figure 15.21.
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tpake-type-predicate Loor)
(dedine Door (raw (Opening Rectangle)
L{layer Layet?)i))
(make-toast ructor Door {m w h L)
toew Door ()
{layec (new Llayer [} tsaterial =) (thicksess 1))
(wideh wi
ihelght %))

Figere 1520 Prosotype obyject for doors.

Imake-type-predicate Wiv)
deline N« (Clooe Opening))

Usate-type-pradicate Wi, 17ame)
et ine Wiv, | Pare
N
tipare Layer? (new Layer () inaterial glass window))iii)
Isake- 0008t ruotor Wiv, Lhane %)
thes (iw (clooe WA . 1Fane)) )
{thickzess: (Tpane wl )
i)

(make-type-predicate Wiv, JPate)
(deline Wiv, IPwne
(raw WA
[(parel Layes? (rew Layer (| (saterial glase.window)))
toap Layec? (new Layer || Utsaterial alri))
tpaned Layer? (new Layer () (saterial glase.windwi)i)))
(Rake-ConM EUCtor WiV, JPane (S-panel t-gap t-panel)
tlet tiv (olone W, 2Panel )]
1thickeess: (Tpanel w) t-pazel)
Ithickeess: (1980 W) L3
(thickaess: (Tpanel w) t-paneld)
i

make-type-predicate Wi, Ifare.5)
pietine N, 1Fane, % (AW, 1Tane 0.00%))

ke type-predicace Wav, IPane 3-4-5)
tOelite WOw, 2000, 5-5-% (03w, IPeae 0.005 0.004 0,005

Figese 15.21: Prosotype objects for windows,
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We hegin by defining a simple Wdw object, specialized from Opening. Wdw is then specialized into
singlepaned (W, 1 Pane) and doublie-paned (W, 2Pane) types. In both cases, glass is wsed as the
material for e pancs, and in the case of Naw, 2Pane, the inserstitial space consains ale Comstructons
(I, 1 Pano and 9N, 2Pane) aro cresed for comvendence. Finally. in the last four lines of Figese
1521, two speciiic kinds of windows are crealed: Wav, 1Pane. 5, a singloguned window with a §
millimeter pane of glass; and W, 2Pane , 5- 4 - 5, 2 double-pamed window with two § millimeter panes
and 2 4 millimeser alr gap between Shom,

One ket prosotype noods 50 be defined: the wall itscll. Since all B important fanctions for Shemmal
analysis have been definod within Segment and Cpening, the Wall object noed not be much more
than an aggregate wsed 10 gather together varkous Segment objects. Mall is defined In Figere 1522,
Our model provides intentional smritutes for the overall arca of a wall (1 area) and the otal area of Jl
openings in 2 wall (1opening-area) N also peovides a message :heat - £ 1ow that calculaes the
sotad heat fow through a wall for a givem semperature diffesence.

|pake-typa-prodicate Walll
[deline Wall (clone Ceometry))

(overicad 1azes

Fiw) (00al]1? wi) (apply o ([ogeadh-atiribute v Sogment? iareal)))
(overload (1opening-area
vy 1oadl? wh
Lapply » tforeach-atiritute w Segoent? copening-areal)))

toveriosd (heat-flow
fiw &2) (1IWall? w) Imusbec? dt))
(* tapply » (foseach-attribute v Sogaent) 1apac-aat-flow))
aiy

Figere 15.22: Prototype object for walls,

1554  Example of Wall Model Usage

W now presert an examplic of the use of these prosotypes 1o define a pasticular wall, and caiculate the heat

fow through & The sample wall will consint of two segments, 3 larpe recungelar segment costaining a
window and a dooe. and 2 smalier triangular scpment with no opesings. Figese 1523 defines thoso two
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segmonts, and the wall they compose.

(Selite sl
(new (Gegment Rectangle) 1 Segmecr W1

(100or Door? (Whoos wood,pine.vhite 1 3 0.04))

i WT hew (N, 1Pare .S Rectanglel ()
(uE0th 1) thelght 0.%1))

(outer Layer? WLayer brick,.face 0.1)1)

(eoce Layer? ($layer woal,.rock 0.1))

(inser Layer? (dlayer plsater.gypeus 0.0111)

twideh 41 helght 2.%150)

etine seg2 y Segeat 03
(v (Bogmant Trianglel
I{oster? Layer? (0layer wood . plirw.wiite ©.00%))
jostes Layes? (Slayer belck.common 9.1))
|core Layer? (Mlayes wool.reck 0.31)
Iinner Layer) (dlayer wood,plae,yellow 0.605)1)
owideh &) (helgdx L9500

(deline w | The wall iteell
[new Wall

{(2] Segaent? sepl)
(22 Segomal? se2) 1 1)

Figere 1528 Two sample wall segmenes.

The rectangular segment, 361, is composed of three layors: an outer kayer of brick, a central layer of
rock wool (for imsulation). and an isner bayer of plaster. The door is made of pine, and the window s
singlo-paned. The trangular sepment, 5092, bs composad of four layers: an inncr pise layer, a central
layer of pock wool, #d two oster Lyees, pine over bek. The wal 1 object iesclf Is ust an aggregate of
the Tw0 segments.

Figure 15.24 shows theee messages sent 10 the wall w, and the values retumod:. the last guery setums the
heat fow Deough the wall for a temperature Sdference of 20 degroes.

{1ates v o 1)
(1cpenitg-ares v) - 1.5
{1ikeat-tiow v ) » 1712.5509 190958

Figure 15.24: Messages sond 50 the sample wall,

We can thes change the window in wall w 10 be doublo-pamad, 30 so0 what the saving in heat Sow willl
be, if any. This is shows in Figure 1525, We findd that a dosble-pancd window can greatly impeove the
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overall themmal insslation of the wall.
vy Poegl W) (new N, J0ane, %45 Roctanglel 1)
{width 1) theight 0.%1))

[ehast-flow w 20) w» 2. 0447857y

Pigere 15.25: Ahering the sample wall,

1555 Observations

This cxample demorstrates the conciseness with which relatively complex models can be cresed. The
ertize wall mode] as defined ia this Soction coruists of less than 200 Rees of code, and some of the modet

peototypes (Le. Mater ial, Shape) could caily be re-ssed in many other applications.

Funhemoee, hecause design intention is modelod in a refatrvely straghe-forwasd manner, we conclude
that analysis of design ensity models created with DESIONEX can accurasely refloct on the adeguacy of
our conceptual modcls of those cnmises. Foe crample, both segments of @he wall creased in Figure 1523
inherit multiply from Sogment and from descendants of Shape (le. Rectangle and Triangle)l N
i o s point that the peometnic and compositional aspects of the model are combined. These aspects
are, moofar & we have defingd them bere, independent, Their combination has been defersed 1o the point
where it was absolutely necessary. 'We may have combined Shape and Segment obgects cardicr in the
development of the model, but this wosld have led © an increasod nember of prototypes (1o, there would
Dave heen prototypes for sectangular openings, rectangular sogments, triangular oporings. and triangular
segments). This approach would have imroduced a great deal of redendat information that wosld bave
made our model more difficelt 10 comprehend. As well, the sutsequent addition of other kinds of Shape
objects (e.g. Circle) would have required B¢ addnion of circular opening and sepment proltypes 10
maineain consisency with the rest of the model. But as we have done it here, we would only noed 1o
define the Circle peototype and wse it in the creation of varous wall sepments as required. Thus, an
analysis of the compunional moded of a walll In DESIONER comesponds 0 an analysis of the concoptual
model wnderlying the computational one. Sech analysis can mprove our collective ability %o perform
desipn
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Discussion

DESIONER represents 3 Dew comipetational paradigm for cngmecring applications combining e advan-
tages of functional and cbject-orenied peogramming paradiges in a scamless and usable system. The
functional paradigm lets us use robast formalisms that ensure logical rigor of the ressltieg system, while
object-onencation gives us the ability 10 model complex entities and relationships diectly. Semantic data
modeling peovides a uniqee viewpoint on the nature of asnbutes,

DESIGNER larpely satisios 1M, Since HM sinisires impodance mismanches with respect 10 @0 user’s
cognitive model of design Information by means of its isomorphism (soc Part 11), DESIGNTR also mind-
mizes impodance mismaschos with secpect 10 the sser s cognitive maodel.

DEsIGNER &5 not ingended 10 manipulse data, saisly cosstraints, perfoom analysis of design models,
or database managomaont. It is 3 static data modcling lmgeage. However, bocause of Scheme’s meta-
ciecullarity and its ability 1o operatie with higher coder fenclions, it is possible 0 evend DEDGNEX 10
include dynamic data modeling capabilities (Le. the capability 10 operate on and otherwise mangulate
data as opposed %0 its specification).

Experimcntation with DESIGNER has incladed theoe magor examples 8o date. Farvly, a class-like objoct ban
Been successfully implemented using DeEcasx’s low-devel protsotyping facilities. This implesentation
capeares all e banic peopertics of object claaes & they aro conventionally defined in languages sxh
25 SMALLTALC-S0.  This indicates $hat our computational model is as expressive as models usod by

157
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conventional object-oremed languages, yet simpler and mose general than those models.

The second example s the fourbdar linkage model. This cxample demonstrates DESIGNERS abilty
capture quite arbitrary design infoemation, and that it is not restricied 1o modeling the design artifact aloae,
But can inciude the anfact’s functicaal spocifications and design intent (¢.g. the relationships between
o specificasion of the dexign prodiem and its selution). The ability of DESIGNER 10 assist s modeling
design actifaces in the concoptual stages of a design process e also indicaad.

Third, the examgic of structoral and thormal modeling of walls demonstrates the shelitics of DESIGNTR and
its undertying formal models 1o capoere detatled techmical Informamion s well a8 mose general concepesad
information about designs. Also, the comespondence hetwoen DESICNER computational models and users”
conceptual models facilitates the analysis of designs in general.

The current implemsentation of DESIGNER is guite compact. The object-ofientad cxiensions 10 Scheme
that form the core of DESGNER amount to about 300 Nacs of code. The DESIGNER prototype libeary is
only about T00 Eees of code and includes circular lists, qeeues and stacks, complex numbers, 3D podnts
ad voctony, Memogencous 1D irsmfomaation sasces, coondinate frames, and some simple parsmetric
solid primitives, DESIGNTR cerrerntly has no graphics capabilitien; bul even 30, the suthor feels it s a
smng demonstration of the conciseness that can be achievad udng object-ofieated concepts in 3 formal
fenctional framework.

DessoNER currontly satisfies all the adoms of HM bet twor views and peneralization. DESIONER docs
permit the creation of sud-objects (subsets). but does not capteee the view selationship between an object
and ity sub-objocts exphicitly, Views are difScult 10 deal with because objoct cormtraints istroduce coupling
betwoen attribates in an objoct. Al this time, o appears Bhat cach object constraint implicitly defines 2
view uncoupied from other views: however, it is not Clear that providing seppoet caly for such uncoupiod
views s sufficionn.  Seltable theory will have 10 be peneratod seganding the Interaction betwoen objoct
constraings and views before the latier can be sepponad felly by DESONER. We note here that DESONER
has fulfilled its ol a5 & testbed for HM by providing us with this insight regasding its adequacy as a
model of design information; however, it does not afect the lopacal validity of HM. which is preserved.

Generalization (e dmverse of specialization) can simplify (nommalize) a hierechy of objects. This
sionplification can bring 10 light relasionships Between obyoces — and hence between the design entities
they model - that may have boon obscesed by the complexity of the inttial hiecraschy. Noemalization
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can allso improve the efficiency of operations on e software model, However, these do exist some
argements [25.93) that strongly sugpest noemalization is of limined usefulness in cnginoering softwase
sysiems. These arguments aoe based on the observation that somalization requires a stable schoma
(organization) of isfoemation % operste comectly, But schema definitions in design tond 1o exhibit 3
highly dynamic nature, nomnalizing 3 dynamic schema leads %0 wnpredictable and possibly @nantoous
resalts, Additionally, generaliration implics some faiely complex competation and comtainly moee so than
specialization. For hese reasons, the ssthor hus elecied 10 defer addition of penoralization in DESIGNER
0 futese work

One final aspect of HM 2t Is mot directly supporied by the ceerent vorsion of DESIGNER is that of
dimendions of memurcment, &5 defined ia Section 9.5, Very linle work has been done 10 suppon
dimensions of meassrement in computational caviroamenes, the ssthor is caly aware of the work of
Cunis [217]. Bocauso of the lack of avallable imformation on the treatment of dimcnsions of meassrement
in computationad ervironments upon whikch 10 besld this capability into DEIGNER, the suthor has eleciad
10 defor the matier 10 futere work,

The distinction between extensional aridates and intentional atindbutes penmits the capture of vanous
kinds of relatiomahips (i, constraings) betwoen amribuies i 3 wraight-forwand mareer, 3 well, this
appevach s integrated scamiessdly info the functionad paradipm, thes greatly simplifying the overall
computational model. However. this does indicate a farther relationship between the modeling of attnbutes
and of constraints, Constraints relate entities o 3 given degroe of abstraction, but Jogic dictates that the
constralnts thomschves st oxist o 2 higher dogroe of absiraction.  This exsertially defines a rule, o
oriterion. that govems the formation of comstraint hleraschies. As was discussed i Section 14,7, the
modcling of mribetes as inentional or exiensional depends on the roquirements of the design model;
this, in tum, willl affect the conseraing Merarchy of the model. Move rescanch Is necded In the arca of
siribete modeling in order 10 define the relationship between smribetcs and cossiruints more chearly.
Thits constitetes 3 future exsansion of HM which the asthor istends 10 endontake, This is anodher ssight
peovidad by DESIGNER reganding HM.

Desxaax employy 8 canonical menage passing mochanivn. Though unconvestional, the author con-
shdors thoee 10 b 3 significant advantage 10 this approachc e clean separation between function (ssing
ponoric funceions) and stroctene (esing objects) peovides a simple, intuitive computational moded for
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simalation of dcsign amvifacts and sysiems. Punthermone, the notion of self, 2nd all the complications Bat
artse from |1, are avosded entirely. Although the evaluation of generic funcoons in e current nplemen-
1300 0f DESIGNER |s not pasticetarly efficient, scveral iechniques exist that can significantly impeove its
performance.

In a multl-user ervironment sach a8 a design group, peneric functions offer aother potential advantage.
Individeal groep members may locally overioad particelar functions (tecasse. for cxample. they are 3o
ofion wsed by the groep member) withoet affecting the objocts and other data structeres 10 which other
proup members wosld Bave access.  This would significanty decrease the chances of accidental data
comupeion,

Finally, the distingt separssion of functions Bat act on objects (Le. methods in classical object models)
from e objects Bhemsel ves permits the bendiing iogether of groups of fuactions into modules providing a
coarser form of fenctionadity. These modules can be loaded setomatically as roquired. amd awsomatically
fread when ey are no longer noeded, without affecting the data defining the design models themselves.
Foe examgie. a single design model could be usod in two differert tasks (¢.g solid modeling and numernical
analysis) by simply loading modules of generic funcions that peovide the functionality necded for cxch
task (e.g. color graphical rendering for solid modeling, verus sulomatic mesh peseration for numencal
analysis).

Even though inheritance Is generailly ssod i class-based sysicons, the suthor has fousd i 1 be be usable
in 2 prototype-based system Nee DESONER. where, In conjunction with cloring. it has replacad both
sublassing and class insatiation. Funhermoee, the use of canonical messago-pasdng climinses the
need for the user 10 be aware of occwrences of inheritance, and rader treat B selatiombip & ihe moee
tuitive nosion of specialization.

DEsioNER permits multiple inheritance cnly from puascet objeces (hat Bave sets of amributes disjoint from
oo another, Alhough this restriction does mot exist in ofher object-oriented languages. the asthor is
constrained 10 impose it bocasse of the validity reqeircments of HM. Although the goal of maintaining
validity is a desinable one, we must also ask ounschves if Sis kind of multiple inheritance is eaosgh
10 satisfy the poneral sequirements of engimocring dedgn.  There s no smple stawer 10 Bis question
yet: indood, there i some evidence 10 sugpest that ssultiple inheritance per se is not noodod at all, and
Bat e abwiractions it peovides can be supplied by single inheritance combined with varous forms of
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aggregation [215). In the mcantime, the suthor cosjectures that multiple inheritance of the kind defined
by HM and ssppomed by DESIONER Is sufficient. This is based cn the prounds that a coumer-<xample has
yot o be found. Obwiously, this kssue roquires further study.

The formal denotationad scesantics of DESIGNER has yer 10 be defimed.  Mowover, Scheme dtsell is a
formalired computer language with a complete denotational semantics [ 1531 184]. Denceational somantics
in derived from set theory and the predicate calcudes by way of B A<alules. Siace DESICNER docs ot
alier Scheme bet only cxiends it within its ows formal framework, there 5 a coatineity of logical rigos
from the formal domain model (MM) Shrough o the actual implementatioa of DEsiGNER.  Nonetheless,
formalizing DESIGNIRS extensions is 2 wondwhile goal so parsue in order 10 (2) further cormoborae the
vaadity of HM, (b) idenaify arcas where @ Implemencation of DESKINER may be impeoved, (<) provide
formal proof that DESIGNER in fact satichies HM (from the point of view of compuier science), s ()
peovide formal ools 10 asalyre desagn models gencrated with DEsiGsex.

There exist other various formal semantics (e.g. [205.219]) hat define objects i functional programeniag
envisonments. Some aspocts of these efforts are similar 1o the spproaches taken with DESIGNER. The

msthoe is therefore condident that 2 formal semantics for DESIONEX |s possible without changes to Scheme s
cxsential stroctose.

Ardough the expericnce with Scheme has indicasad 80 the audhor e it s a very useful langeage for sech
peojocts ax DESIONER, some Sifficeltios remain: Scheme's syntactic forms can be rather clusssy; suppon
is lacking for corain useful mathomatical comstructs (uxch as matrioes ) B language Reclf s not lused w
compete efficiently given the important mechanksms DESIGNER roguires (1.¢. generic fanctions and object
encapsulation), Recent advances in programumisg language design, however, indicate that these peoblems
may be sodved adegeately In the noar serm.

There are many other directons in which DEsiGNER can expand in the funure. We menion some of them
hero 1o indicate the potersial foe growth.

An argussent has hoen made in {151 that funcrsonal programming can permit vanoss degrees of paralicliss
in competanion, and that due 10 the nature of eagineering computing only comain kinds of coanse-grained
paralielism can be expectod 10 cnbance performance. Elimination of ssde-cffeces and srict explici control
of program state vastly simplify paralichiration of competation. Obpects providing sanict encapsslation of
ndoemaion, as in DESIONER, meet this segquirement and may provide the means by which pranslasity of
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paraliciiun cam be made more coarse. The inclusion of an object system in a functional lngeage may Bl
be an Mcal solution. Although Desicaes Soes ot cumenily suppoet any paraliciiam, the asthor insends
10 fvestigate tis possibility in the futere.

Asother seea where DESIGNER may find appliicasion i i system simulation. Advanced competor modeling
and simulation of prodects has hoce gaining populanity [220] because of its potential w save a signiScant
amount of time by eliminating Be need for physical peototypes. The fenctional panadigm pemnits the
saraight-forwasd developament of quite comples procederal units. Functeon 10 measure time and gencrate
signals s includad in marry implementations of Scheme. Detalod models of components and design
antifacts are also possible in DESIGNIX, owing 10 the objoct-onontod mechanisees it embodies. Thas,
system umulation ts also possibie withia Me same compurional model 3 are other Lisds of engineering
eguting,

Since Scheme can be used for symbolic manipulation, a system 10 symbodically ssanipelase mathemasical
cxpressions could be imstegrated with DEsiGaaR 10 provide exiensive mathematical suppon of varioss
Kinds of analysis and synthosis in 3 scamicss and inscgrased way, For example, alpebeuic functions can be
overioaded %0 operate on symdolic expressions (in Scheme — and bence in DESIGAGR 3 well - symbaols
wech 38 “2" e accepiabic data valoes that may be operated on). Pesthommore, fenctions that sanipelaee
symbolic reprosentations of eguations may be overioaded 10 peovide numenical appecaimations f nemenc
data Is provided. This would be particslarty usefel for comirsint managessent || 30

The culmination of the rescarch offont that the asthor has stamod and dewcribod herein will be 2 new
compuier language and assockied computational model specifically geared 1o engimeoring desipn. The
langeage and computationsl :0dc] would satisfy HM and be formally dedned using denotational (or some
other) semanmics. This language will provide a computing envimonment for enginccning that will be siable
not only for comventional engineering computation, but also as 2 vehicle for the contisued formal stedy
of engincering design.

We noee that tis appeoach Is ltself a strctly formal approach. It makes wee of existing, proven waols of
compuner science and bogic. rather than the more hapr bazand means by which many languages currently
In use In engmecnng ervironments weee developed.



PartV

CONCLUSION
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Chapter 17

Final Discussion

The cormribetion of this thesis has been 10 explain e natuse of engineering design infommation In odjective,
formal serms.

The formalizasion of devign information must be treated independently of devign processes which affect
or otherwise manspulate the information.  Boecasse of its independence from design peoceincs, sech a
formaliration is univenally applicabic 10 any stage or aspect of design. The author has achicved this goal
with the Hybrid Modal of design iformation, ineroduced in Past [ It provides isomorphisms hae det
us view design information obgectively. and its srsctured notation peemits us 10 reson formally about
design information. The abstraction mechanisms introduced in Chapter 10 ase foundod on ontologic
considerations of design, They pemmil vanous ceganizational schemes 10 de developad, maximizing the
amount of available expiicir information; this in tem minmmizes the amount of lsrerpresanion soguinnd,
Duwss increasing confidence in the cutcomse of actions hased on that Information. Furthermose, by adhering
% the rules reganding the exsension of Classical set theory, HM is proved valid with respect w0 s logical
foendation (set thoory): at is, HM s no less valid than & ZF HM can Bcilitae corsinued research indo
Seskgn by providing 2 wniversal formal language for the specification of design informaion. Its use can
impeove commenications betwoen designerns, contribule 10 the development of effoctive new tannomies
of design entithes and processes. and kead 10 the cecation of more powerful compuierined designens” sides.

The use of formal systems greatly clarifies our enderstanding of design information by helping 10 resolve
difficultics afuing from incomplcte mad vaguely definad nomenclature, managing the changes resulting
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from an evolving notion of desips, and climinating sousces of logical Inconsistencies such a8 sclf-
reference. Insights of bogic have lead the author 2o Inesoduece conceptual tools — the layerad strscture of
design (Section 6.1), and the notions of 3 design spece (Section 6.2) and aralficlal science (Section 5.2)
- 10 help organiee our collective design and design research effonts. The rexults will auist s unifying
ofhorwise incompatitle tochniques and methodologies by providing a robust and valid seference.

Ia clearly separating the structens of desips itself from S marner in which i ks conducied (the whar of
design, versus the Aow of i), the ssthor acknowlodges the important role of the designer as the singular
agent by which design is manifested. In this sense, Jogic is soon 28 the means by which the designer’s
creativity and istuition can te chaancled in Gections most Hiely %o resull i secoosdel solstion o
design peoblems, tech a3t has boon i other “scientific™ ficdds, and forcing us 10 think moro clearty
bty peoviding 2 system whesein logical erors are moee casily desectod without sestricting our freedom 0
expeoss consnicent, relevant information.

I onder 10 demonstrale the advantage of formal systoms in design, HM is sppliad 10 the development
of a new programming language for design (see Part [V). The DESIGNER language is meant 10 capoure
artinrary design informanion in a flexade framework while kargely satisfying HM. In so doig, we provide
a bridpe betwoen design thoory on the one hand and the developament of practical compstasional sools o
aM the designer on the ofher. This contineity of formal rigor has not been achicved defoee, and Increases
our confidence in the validity of e language. The unique approaches taken in DESIONER (0.g. e wse of
peototypes rather Bon classes, and canonical raher han convenlionad MEsage passing) s nocessary ¥
moct the requiromonts of doxign ax 3 unique and snccaventional information management Jomain. The
heevity of ies implementation In Scheme ks sugpostive of Gw clanty and clegance posaible Seough Be use
of formal theoeses 1 gubde the development of eagincerning softwase.



Chapter 18

Future Directions

Futese rescarch disoctions for both HM and DEsonex are discwssed in detail a1 the ends of pans 111 and
IV. Here. the author outlines is 3 more genenl sense what the feture may hold for e work presentod
herein.

The key relationship berween HM as a formal system and design Geory is the Isomorpliis the suthor
has identified between sot theory and design information. The advantage of a formal sysiem with a
mmuunummu&mmmnaummmm
wiry tham is possible with moes verbose systems requiriag signi ficant interpretation (¢ g using the English
Lmguage insead of mathematical logic). Fusther stiady of the axioms of HM will biely bring o Sght new
relationships between Linds of engincering Informatson, and thes impeove our undentanding of desiga
oo the whole, The discovery of new relationships saay necessitate modifications or other cxiensions %o
MM this feadback willl be beneficial 10 the developasent of both HM and design in peneral. The particulas
isswes thae will roquire funther imvestigatson e the near lem ae aggregations (the peimary means by which
mkmmmnmwmmmummmm
behind the desipa process).

muwamwummwuwumma
ather aecas of competer-alded enginecnng.

The axicmatic form of MM makes it quite amenahle 1o implementanon with ¢xsting logk peogramming
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banguages (¢.g. Prolog). The resulting “cxpen system™ would not depend on heunistic knowledge., and
would be wsefel 38 & analysis ool for desipn models genented using other compucrized 100ls (e.g.
DesiNin). The use of heuristic knowledge, as has boen indicated in the literature survey (Section 2) can
Mmmmwammnmw‘QnMdM
cannot be proved. Since the nember of aoms i HM is Qeite small, an expent system implementiog ®
may be able 10 perfoon In a timely masner.

Another arca where HM could find use is i the gencration of engincering deabares, Many operations
mwmmumumdumamuumnm s
implics 2 relaionship betwoen databane theory and set theory (and hence HM) which appeans promising.
There is 3 well-established peccedont in the Inerature for the genoral usefulncss of otpect -ofiented daabases
in engincering (36, 102, 106, 168,221.222).

mmammmmmdmupummd
equality. Ourserdly, In both 1M and Desscaex, identity Is defined in serms of strecture and behanvior
of objects; this means that identicall objoects are perminied 5 eust, However, i database thoory, such
identical entities are ponerally disallowed [223-225] 10 maintain @ dxabese 0 a nomaired form, in
other words, the conventicaal Sefinition of Ideresy n database Beory differs (rom Bt we have accepied
i this work. This disceepancy will have 10 be addressed before HM can be used 10 generate useful
enginoering databases.

M.umuw.Mmuw»wmmm-mwuw
manncr. M is & relasively small formal system that allows peecise definition of tomms, ad 3 comsistent
systom foe the ceganization and peesentation of informatica. The acveal language of symbolic logic, as
wsed in Par 111 of this document, noed sot be introduced immediately: key motions of any theory cam be
tasght by example, 3 has boen done by others [31.36), However, the aushor foels that an istrodection o
formal systems and symbolic Jogic sufficient 10 uaderstand HM would not be a lengthy undenaking and
would peove 2 wonthrwdile podagogic Invessmcnt,



Chapter 19

Closing Remarks

What is ergincering design?

This docement began with that very geestion. 1 s useful now $o retum to % and determine what headway,
If a3y, has Been made wwands amswenag & Has @ suthor's work prosonded in this docsment answered
this question? The answer b 10 2 cortan catosd, yes.

It may be agued that B guestion el &s not 3 particulardy good one. It Is 100 vagee. 100 open
inserpeetation. and tonds o invile oversimplified responses. Therclors, some peovision is neaded 10 deal
with the isherent ambiguity. In kecpiag with the general wone of this work, the author regaads the imenton
of the question “Whar s exgincering design” 2 heing of a descriptive nature. That is, we do not wish
10 confuse this geestion with its peocedural complement “How is engineering derign performed™”

Many of the parameters by which designs are judpoed are based on quanstative measures. This mdicates
Mot design is rooted in the physical world. A designer’s “amtisic™ abilitics are constrained insofar as the
results of his ¢fforts mvest comply with the exigencies of o physical world, Fathermoee, upon seflection
mmwm&humuummmmmaua@ummu
suibjecsed 10 logical analysis. Therefoes, ihe suthor concludes design must be largely rational e nanure.

Thix Is not & statoment of 1act, since B¢ rmonality of dedgn s not direcdly observable: nor bs the
anthor'’s work 10 be construad as a (technical) proes of this notion, Bt the body of evidence herein —
umu‘mmuu‘auadmuuuwmumm
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m-mmuwm:mwumuwm.w.
and raeeaally.

umwyummmwum This isvee inclades the mle of the
mmuum»mm-a.m)uumuywuwwa
formal technigues. Nonetheless, some very imporesnt headway has hoon made in this work, headway
that reproscnts 3 strong st siep sowands a betier undentandag of enginocring desiga. Although it has
traversod the spectrum from the theoretis 1o the peactical, the contral Sheme of this work has boen 10
demonstrate that the use of logik can give us useful and selevant insights o the nature of design. The
mmdm.uumdum.auwcummnnum»w&
pam of the peoblem: HM has given s the means of defining the sature of design information ia formal
and objective lemms. lwﬂuﬂn”dmm-dmupm
effectively, efficienaly and in a timely manner. It gives ws, designers and design rescarchers., 3 framcwont
10 guideo o thinking and cur work. by providing a bogical syviem 1o verify our ideas and Soughts. Upoa
this foundation sew theosies of Be design process may be betlt, stsengthening our undentanding and
improving oer abllitios 1o meet the challenges of the fusare.
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Appendix A

Source Listings of Designer

Al Designer Source

Thiss section lists the source of the Designer language.

1 s:7 Flle 1 OOFe. 0w

2 517 Descrigtion 1 Coce Dewipaer Daetioos,

3 21¢ Veweion

& 112 Bevieed P 1901

9 173 Copyrighe : 199) ty Filigoe A, Esluscrl
4 11 NoRes '

?

£ (reire “Bench.o)

»

19 1z2: WISCELLANEODS

17 (Oefine-macro (waga fat . let)
1} “(print (foamat of ,istring-sppend "Marning: * fac) .0lst)))

1S (0etine (amncumce->{llenaas sym)
it Isteing-»eyadol (SLring-apeend (sysdol->striag sym) *.ecn*)))

18 10efine (tilenane->provide-stat fn) (list ‘paevide **.1n))
17 (define 1filename-srequire-stat fnl (1let ‘reguire "',.1In))

0

3L 1detine-macro faraource . 1)

32 ‘ibegin g Tllesase-sprovide-stac (map sapcunce->fileaane 11)1)
N

M 1Sellzeo-macto (heeds . 1)

5 fbegin J0imep fllerame - sToRulre-atnt MDD sanoence->2llenase 11310
2

7



(define (flatten-list lst)
(let locp (Il Im))
i il 1)
1
tagpend (car 1) qlecp tedr INNID)

(Oetire (a0 pred lLec)
tlet loop (C1 1st))
(42 {nelli? D
.
it (mot (pred f(car 11))
at
(Josp (edr 111010

(dufine (comeg pred 1e8)
tlet Joop €Il lst))
e 12 N
N
e tpred dcar 1IN
"
tlocp 1od: 103001

(Oetlioe 11hi%er pred lec)
{let loop (€] l1st))
148 inalli? L)
‘0
41 (peed [2ar i)
(cons (car 1) |(leogp (ode 1100
tloop tedr 1100100

(define not-found "not-found)
(deline (rot-found? x) (eg? x neot«fousd)|
Safine no-val ‘mo-wal)

(Sefloe (in<liat? wal Isn)
flet locg (L1 1s0))
(cond
CisldY 1) o)
flegT val toer 1)) o)
telge (lccp fodr 11011

i7: TIPE MCATFICATIONE

(deline attritute) x)
(and {(vectar? x)
{037 t(vector-length 21 3|
(og? (vectar-ref x 0) “sutribute)))

(Selise (object? X)
(and (vector? x)
og? (vector-length x) 4)
(e (veator-ref ¥ &) ‘ocbfects))

{daline (penecic? x)
(and (Compound? x)

g it Iw o Jiss of Jiste.

m



12¢
128

123
in
15}
M
s
18 1)

(egusl? (procedure-lambda x) the-gt-definition)))
(detlne (functicaY x) for (procedure’ x| (0ompoend? xi))
ti: CEBERIC PUNCTIONS

10edine (make-signature »ig)
fvector (8¢ (List? qoar sigl) (length (oar mig))l 1)
feval “‘(laabds , fcar sig) ‘and _Sioadr sigi)))
teval '(lasbads | (oar #ig) R(0ddr sig1 )]

ideline (eval-plignatere alg-let arg-ist)
let 1o0p Cielg-] sig-ist))
(1 iy elp-l)
not « fousd
(I (s (oF [+ {vectec-ref [car sig-l) & -0
(= {vecteor-rel (car aig<l) @1 rlength arg-lac)))
(apely (vector-ref (car sig-l) 1) arg-let))

(apply (vectog-rel (car aig-11 2) srg-lst)
thoop 190r sig-iiiii)

(define (gf-satter zame)
(ALring->dynbol (SLring-append ‘gleet-* (mymbol->atring namel)))

(dofise the-gf-definition ‘(lesbds arg-l
{incr-gle)
{oval-olgmatuze alp<l arg-li))

et lne-saaro {owerjoad sane . xig-i)
" tegin
(AL (hOL (Bend? ~ et )
(begls
tincepl)
Sellee ,nase)
{Oellcre , (9l aetler Natw))
{let tisip-3 "O)
(et .name
lasda azg-l
(incr-gtel
(eval-aigaature sig-1 arg-11))
[set? ,ipf-petier same)
tiambda (new-sig-1)
ety #lg-) lagpend (aap mate-signatuose new-nig-l)
slg-ln)
o 3 seturn methia,
(.t -patter nas) “.3ig-i1))

214 LOM-LEVEL ATTRIBUTE FONCTIONE
(Gefine Ary? value) o)
(el lne 1Pea-astrituce) (vector ‘attribute Asy? so-wall)

Stice 1dcmaln a) lwector-refl & 1))
(Oefine (sat-Zowin a &) [vector-set: & 1 4))
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n
138
1»
140
RN
2
(L3
RL L)
s
bL L
L
4
145
1%0
1%
1%2
1%
154
155
154
%7
14
199
160
16
162
e

15
166
EL )

14
17
m
172

174
174
153
1
121 ]
179
1] )
181
182
L 3]
H 1]
115
L1
mwm
18
i
1%
m

(define (valee 3) (wector-re! a J))
(Geline (det valye a
[Lf rer (eq? v 2o-vall (idomain »l v))
(voctos-met! a J v
(esror "value "COonstralnt “¢ s satiefied for "e.* (doeain #) vIN)

(defise rattribute 4 v)
(3! {not Iprocedure? d))
tervor ‘attridute *Dosaln “s must be predicetes.* &)
tlet (s (gen-accritwte) )
{eet domain » 4)
({set-value A ¥)
an

215 THE QOPY MUNCTION

|daline (copy thing)
tlet Joop (ix taingi)
(cond
{lattriduter x) (sttribute (dosain x) (lecg (value X)1))
{abject? x| Icione X))
((pale? X1 (cosn (1000 (car X)) (hoop (odr X31))
Itvectoer? xi (let® ((vl (vectos-lesgth 1))
(e imake-vector ¥l no-vall)))
030 4L O (3¢ 112) fi>e § ¥w]) V)

vectoc-set! av | 1l (vector-ted x 5100 )0)0)
felee X))

ra LON-LEVEL CRIRCT FUNCTIONS

tdetlne jpen-chiect)
st -go)
{vector "cbject *() ") "IN
(0efine Shiest fpm-abliest)) | the progenitor oblject.

tdefine (slots &) (i [object? o} Iwectoe-ref o 1) "(1))
(define (a0d-030C O nama V)
(vectoc«sot! © | {(cone (coss nase v) [(vector<rel & 11)))
1define (add-glotz @ 1) (wvector-set! o 1 |appenct I (vector-zef o 1121}
(define (set-alote @ 1) (wedtor-#ett o 1 1)

(dofine Iparents o) (§f [O%ect? &) (Vector-zef & 23 "))
(Gofine [(add-parent 0 D) {vectoc-set! © J {coma p fvectoc-te! o 21)1))

(define (cosetraints o) (if gbleat? 0) Iveczor-red @ ) ‘O
(Sef1ne (M0 CONMLEAINE & €) (VCTar -aet]l & ) (000 € (VecTor-refl @ )12))
(Sefise (add-comstralats © 1) (vedtoz+sel! o ) (append 1 (vetog~rel & )1)))

afine <1 0o name . W
tlec (i (asaq name (sloss 0)2))
(10 (mot w) jeryee ‘'z *“ar 00 wech Slot et ) )
it w
1eec-0der » lGar v))
odr #2101



n

i
195
19¢
i

(Sefise (resolve-object-nane xi (1f (wywhol? x} leval x) x))
137 CBJECT CONSTRAINTS

(00 it (Cooplle~COomstislm -spec C apec)
faval “(laabds (o))
1let ,tmap (lasdda (x) tlles x “dvaljue (» ob) ".xa)l)
lear c-mpet))
SNiode o-ppecii i)

Ideline-macro (cosstrals ob) . ¢-spac-})
*(begin (add-constralsts .ob) (Mp 0wplle-cosetraint apec ' O 4pea-il)
1

(Setlne tewal-constraintas obj) conetr-l)
{let lo0g (e} comstr-31)
142 (rlld? e-1)
L1
1acd (icar ¢-1) o))
tlocp fede 110 1N)

(deline (check -objeot ~conatraints <b))
(eval-constralnte ob) (coastraloie o) 1))

P81 MIGH-LEVEL ATTRIBUTE PNCTIONS

(Sefire (sttributervalues-»list ob))
map value (f1iter attritute) (mep oir (slots 31110

10eline Iateritute-nanes->ilot o)) g car (slots o))

1t for each attribute In ob) satlafying peed. sap fun.
Ideline (foreach-attribute ob) pred fem)
(ap fus (filter pored (attribwte-values-»iist o3l h)

(¢ extensions of “andnag” and Tormap’ 1O ODJeST AtSridbutes.
(Sefine tforel]l obd pred) (andmap pred fattridute-values-»list obji)l
(detine tenints ab) pred) (camap peed (attribote-values-silist e300

P35 WIGH-LEVEL OMIECT MacTiONS

iGedine (do-inheritance Sest wre)
{oXi-plote dent (Copy i(slote are)))
1a3d-parent dest arc)
1a0d-constraints dest (copy {(Constraints s£2)1))

(define (expand-fzca-clause o) 1)
[cond
fiilee? 1)
(foc-each (lasbda (P (do-inderitance ab) pI) (map rescive-chbject-name 111
(elee (do-interitasce ob) (resclve-sbject -same 311112

(Gefine (eapand-with-clause cb) 1)
(ter-oach (Lamids (sped)
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tadd-glot o
(Car apec)
(ateridute (eval (cadr spec))
(i! (cdr spec)
(eval [(Caddr speC))
ne-valig
11et” (In oar apec))
Ig-name (scring->ayabol
(sering-append *7* (mymbol->atzing ail))
(a-nane (atzlng-»syndo)
(L ing-append (symbol-»etring n) *:*hH)
(42 Inct (Bousd? gt )
foval “(deline (,goame o) (value |1 o M)
cop- lovel ~oavironment ) |
(42 Inot (bound) shiew))
feval ‘(define (,s-zame O v)
(et-value 1+ @ .m0 v
(3f (zot icheck-chject-constzelate o))
(varn *Chiect cometraints not satlsfled.*)))
Cop-level -mavironmest |1 1)
i

190t 2o -mncto (v parest-spec witheapes . Init-sged)
"{let tinew-ob) lpen-ebject)) )
(opand-fron-cliuse fewviob) " ,parent-speli
fexpand-with-clause new-cd) ", with-apec)
M L init-apes
1egin
W (lastda (X)
{18st “sot-wales “Ii sew-ob) ‘. Icar x)) lcade X))
init-spec) )
11! (rot (check-cbject-constralets new-oBy))
tearn “0bject constralacs not satisfled.*))
Aevob)yl)

tdefine (close ob))
(iet {imew-ob) ipen-object)))
130~ inbaritance nevw-ob) o)
ool )

111 OTHER ORJRCT PUNCTIONS
el ine pareas? child pi Lin-3lsc? p (parence child)))

(Sellse (linmage od))
(10 im0t rebject? ob)))
0
Icens ob] (flatten-ilsc Omg lisesde (parcats obj)iid)

Geflre (sacestor) ob) axc)
14f inot cobject? abj)) of)
et locp (0 oBd))
or 1e3? o arc)
{ormap (lanbds (p) thoop PI) (parets 0121)0)



133311

(Gefine-nacre (make-Lype-predicate o)
‘(Seline (. tatring->xymbel (atring-append (mymdol->etring o) "7%)) x|
tcesser) x .1

[Galine-24sr0 (Sake-COnMtIvctor O . rest)

Tidefing L riag->aymtol (etring-append 9% (wyslel-retriig 01))
(hasisda ,Orest)n)



A.2  Support/Utility Functions

mmumwumumumaunam

Se®N AV E S

iy Flle i Preasble.stn

tis Descriptica 1 besle fusceioms and primdtive oveziondings uped LAZOUINOGT .
313 Versions 1 K

213 Pavised 1 16:03-%)

112 Copyright r 1992 Wy Pillgpo A. Salwstrd

151 Batas '

§ ‘otlestation-suler’ and orientatien-rpy’ from frel pauil.

¢ COMBSANSE 7373735282220 n bl baRaRaIRIs R s aalaNNidsadsaasarazIdnIn e
(detine Pl ), MALS026525897922)846) } from fusr/includesmath.h

1 Nnctlions llltl)llllltlllllll“Mlllliltlllllllll)llll'lllllltlll::il:ll“lll

(defise (rumber-gt0? x| fand (musbes? x) (» x 010
(Setine (poaltive? x) fand (maaber? x| (»» % 0)))

{Oefine (7ed->deg =) (/ 1* 1805 1) F0))
1define (deg->red 4) (/ |* P14 180,81}

1Seline *" wg5)

(Selise (MALTAXSE-X-matrixdd a B
(let (fzes (vector 1 0002320001000 0 131
185 (L @ (o 1 1100 (e | &) TR
100 103 @ (e 311} Ci= § &) res)
90 1th © {e Kk 1})
(VO (s v (* (vector-ref & (¢ {* 1 4] )
(vectoreel B (o (* K & D0

[is K 4) {vector-set! ted (¢ (* L &) 1) YOO

(dofine Ivectosd -Cross & b

(Vvertaod (~ (* (vector<ref & 1) (wcor-ref b 2))
(* (vectoz-zef B 1) {vector-ref » 2|
t= (* (vector-zef a 2) (wector-ref B 0))
(* (vector-7ef © 2) (vector-ref & 0)))
(= (* (vector-re!l a 0) (vedrtor-ref 5 1))
(* (wector-rel b @) [vector-ref » 1))

i

(Sefine (vectord-Got s b)
(o |* Cvector<zet! & 0) (vector-ref B 0))
(* tvector-ref & 1) (vectoz«rel B 1))
1* (vector-ref 4 21 (vector=ref & 211))

dedine (vectord-x-satrixid v o)
tlet Cizem (vectes 9 8 0 1))
1do (11 0 [« 3 230 (L= } 4) e
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1

4o () 01«32
20 le & 1* (vectozrefl v )
ivector-zel = f« (* 5 &1 D)
(e 3 &) (vector-set! res £ A1)

[duline (scAlarsX-veltors & vi
(voster (* 3 (wector-re!f v 0))
(* & (vector-re!l v 1))
{* & (vector-rel ¥ 1))
i

(Befine (VeCLOLE » "VOLTOre » b
({vector (- t(vectoc<ref a 0) (vectoe-reof b 0))
[« tvector-ref & 1) (vectec-ref b 1))
[« fvectar-rel A 2) (veitor-1ef b 2))
113

|deline (vectocd-sovectocd a B
(veatar (» {vecior-ref & 0) |vectos-re! b 0))
(e (veotor-ref & ) Ivectos-7ef b 1))
(o (vector-rel & 2) (veotor-ref & 21}
130}

(et lne (vectord-magniteds v)
(et (o (* (Veomor-ref v 0) (vector-ref v 0))
(* (vettor-ref v 1) (veotar-ref v §))
(* (vector«rel ¥ 3) ivedtor-ret ¥ 20000)

P Order: rotin.pAll « rotiy“.theta) « retiz'“.pel)

;
{define |oclentaticn-ouler n)
(lete (ephl (41 (and (= (vector-7ed m 9) 0) (» dvector-re! = §I 0))
0 retan vector<tef A 9 (veotor-ref » 81)))
{cphl (cos phl))
tsphi tein p&i i)
(vecter phl
(atan f« |* cphl (vectoe-ref m 8)) 1 thets
1* sphi (vector-rel = 9)))
vecsor-ref = 10))
(atas |« (" cphl (vector-ref » 1)) ¢+ pod
(* wpdd Ivector-ref » 031}
I« (* cphd (vectorzel & %))
(* sphl (vector-zel B 4)1))
1nn

s Orderi rotix.pel) + votly.thets) + rot(s.phl)
; with respect Lo the globel (fined) frame.,
]
deline (oclontation-19y ™
(5ot (4ol 5T cand (» Ivegtor-ref m 3) 0) e (vector<ref = 0} 0))
0 (asan (wector-ref @ 1) (vector-ref = D))}
1ephl (coe phi))
(aphl (aln phid))
Ivector d(atan (- (* sphi (vector«cef » #)) 1 i
(* cphl (vector~tel » %))
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106

108

110
ik
i3
1l
i
155
154
13
118
119

LR

(= [* cphl (vector-ref = %))
(* ephl (vector-red m» H)1))
jatan |~ tvoctoc-refl & 213 | thets
Ie (* cpid (vectoc-rel » 9))
(* sphl (vectoc-rel & 310
pni
un

tdetine (Jiet-last 1) (llsteref 1 (3~ Ilength L11))

(define (1iet-Intersect & b (filter (lambds (x) fin-list? X D31 &)

s Overlosdings jaiassatigepisd AN IIRIIIRIIIMIINIR IR I
(overlond ehow

(10} (icbject? o)) tforsat of "An Chject®))
Cixk 1) x3)



Appendix B

Designer Prototype Library

This chapter Noats the objoct peototype defirutions available in $he Dosigner Iibeary.

B.1 Complex Numbers

L vii File 1 Cosplex.scm

2 2112 Descrigcion | complex mmbers

Y 131z Yermsion P Kk

4 212 PV t L4G1%)

% 172 Copyright r 1992 by Flllpee A, Balustrl

& i15r: FNotem '

7

f  (arodunte Cosplex)

»

19 441 Frototype

 §

12  (saks-typepredicate Coeplex)

1) (Seflne Complex (new Object

14 (1real memder? 0)

1% (1nag samber? Q)10

16 sake-construotor Complen (r 1) (revw Complex () (real rl (imag L))
1%

8 4i¢ Overloadings

)

20 jowerleoad izero? {ic) (cmplex? c))

n land fe 17rcal 1 9) 1 1 71mag &) 000
2

3 1oveciced megnitude (<) [{Complex? ¢))

it rtagrt (¢ (* I7real €| (Yreal ¢))
» (* 17imap ) (Yimeg 2100
)

15l



{overload 1

(e b {1Complex) a) (Complex? D))

(BSomplex (o

(7real u) (Treal bI) I+ (Yimag &) (Timap BI1))

t{c a) {(CemplexY ¢} (mmber? =)

(#Complex |+

[77eal ) 0] (Mimag 1)

(A €1 1IComplexT O) (nsdes? 0))
(P0empliex (o 0 12real ©)) Itimag <)

toveriond o~

(ta b} ciComplex? ») (Complex? )

o lex |-

(Treal 3) (7zeal 21} ¢« (7imag 3) (Yimag BN

(e n) ClCompleax? €1 masbtar? n))

(WCooplex [~

1Treed €1 ) 17Emag €)Y

(tn ¢} {ICceplex? ¢} CLoumber? n))

(*Ccamplex 1+

(overiond

S 1Treal €)) (Yimeg S0

(18 30 ((Somplex? a) (Coeplex? B))

(Woomplex |-
i*

jowerload 1/

(* (Treal al (Yreal W)
(* (7ioeg A) (Tisag M)
(* {7roal al (Tisag D)
(* (7res)] B) (Tisag 41210

(¢a bt (IComplax? ») (Complex? b))
(1 Lisere? B
fereoe ‘17 *Cosplex divisor s sere.*))

(eComplex 1/

\

{overload s
({ea) CiCemplex? al)

(o 1" {Treal ») (Oresl D)
(* (7i00g 2) (Yimeg b))
[& 1% (7rea) B} (real D))
{* (7imag B (Yimeg D)D)
= 4* 17zeal B) (Tieeg &)
{* 7cronl a) (Tisag b))
te {* (7vea] B) (Treal b))
{* (Yimag B) (2imag BAINIY)

(format of “1"¢ "9)° (Treal ) (Tisa) M) 1))



B.2 3D Spatial Coordinates

O R RN

it Flie 1 Cosrd.e0n

717 Desceiption | )0 coorditates [(dvector).
t1r Yeralion r k

112 Bavised r 14-01-%)

173 Oopyright P OA92 by Fillgee AL Salwetrl
111 Netes t

(andimnce Coord)
(neods Trassfom)

fii Special PunCUIOO srparrd RARARARRRRIIRIINIRANZNINANANANNRARIRARIIIan

(0etfine (vectord->Coosd v}

19S00rd

(wector-rel v 0) twectot-refl v 1| Iwector-zef v 211}

1 Coord prototype PR AT AN AP AR s as e a Rl RIRRIdRa I

(make-type-predlcate <oord)
(@ofine Coord (new Object

(ix reenbec? 91 [y musdet? 0) (2 maber? 0311

(Bake«Const rutor Coord (xv yv 3v) Inew Coded () (x xv) &y yvi 1z 3w}

toveT joad

jovericed
[overload
toveriosd

{overload

tevet L ond

Lever hoad

toverload

istow (1) (1CoordT €))
(format #f *("s "2 1" (MM a) W) 1Tz )

1AEVOLtOr (1a) (Sooed? a)) (vector (Tx a) Ty &) (T2 &) 1IN
isagaltude ((2) (00eqd? ) (vectord -megnitude [rhd-woltod €100

rnocrsallte (0] C(1C00NdY €2)
(1ot 1im (vectord-pageitude (1 -voltler €1)))
WCeord 1/ X ey m (4 1Ty ) mh 1/ (22 ) A l))

= (e B (1Cooed? ) Coaed? b))
fand v (Y2 &) (?x D))
(= (% &) Iy W)

(= (720 23 00000)

1cross (1a B) ({Cooed? a) oord? b))
wectord->»Coord
(vectogd-cront | 1A VOIlaC Al lias-vector b))

vt Les B (iCoord? &l (Coord? DI
(vectosd-dot (1A voctolr A) (1A -vltor i) )

'.
(e Lt} ({Coted? &) (Trareform? t))

(vectosd-»Cooed

(vectord-x-msatsixtd C1md wellor €} (1ag-wectore S0
¢e €} timeader? s) {Coord? €))

{vector - >x000rd (soalar-x-wectord & (las-Vector i)
Lie o) {1ICoeed? ¢) thmbar? %))

Ivectord - »Coord 1palar-n-vecteqd & [rag-vector clil))
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(overlend (-
(i b 11Ccopd? &) (Oooed? b))
(vectord-»Coord
(VOCCard -~ ~Vectord [sas-wWeClor a) l:as~vector 1)1

(overilond v
fla B0 10oard? ) Coord? b))
1veotord-»Coord
(VOCLOL S~ s~ Vet ord Lins-vector al liaa-vector DIX D)

P RUREYDRE I IFARIIAINIRITANANAIZNMANANAAARRIERIINIIRIIIRRRIRIn

iGeflne Qrigln (tleoe Qosedd)



B.3 Cuboid Parametric Volumes

LR B R R

P
FEEEE R AR

tii File 1 Qubdid. o

sir Desoription 1 cube-like gecmetry.

vy Yoraton ' k

11y Ravized 1 14-03%)

#1s Copyright t 1992 Wy FPllipeo A. Galescri
i Notas '

amnounce Cubold)
[aeeds Cecmetry)

(mate-type-predicate Cuboid)
Sefise Csbold (new Gocomtry
{(x sembor-gtoy 1)
(y madwr-gtor 1)
(t susber-QraT 1011)
tsake-construceor Qubold (xv yr zv] (sew Culald () (x xvi ly yv) (2 svi})

jovericad 1voluse (001 ICDRIAY €)) (* IIx ) Ty <) P2 eO)



B.4 Coordinate Frames

Ll R R

1758 Mle 1 Frame.ocm

121 DescTiption @ a coordinate frase.

141 Version 1 &

111 Bavised 1 1301

pis Copyrigm 1 19%2 by Filipsgo A, Salestrl
§i: Notes ]

{arnousce Frame)
Ineods Tramalorn Codedd

(make-type-prodicate Frase)
(deline Frame (Olone Transfors) |
17 Do cosatructor yet.

(verioad
(ovesioad

{overlcead

tovesiond

tover load
(owerload
{owerlcad

wposition 112) ((Frame? 1)) :* Qrigis 1))
roriensation (L1 ciPrae? 1)

(Vrtore-»Cooqd

(orlepnat bon-rpy (ias-vectors £31)))

dlsvett (LE1 LiFrameT ))
tiet {19 troriersation £))
(st (glone Frame)))
(ra~rotate nt (- 173 o))
(ry~rotate atf (-~ 2y o))}
fax-grorate af [+ (x od))
=241))

itranslate
(If xy 21 |(Frane? £))
mats £ iTmat (1* f Citrensletion X y 2X101))

Xerolale

{0 £) (iframe? £)) ety £ Pmat 11 £ Lix-rotalion 1110 )))
wyeretate

(8 =) ({Freme? £)) coal: [ (3mat 1v* £ Liy-rotation F1)0 0]
iz-rotate

162 3) (iFcame? £)) toat: [ (2mal (/" 1 LaBeFOtation FiINNIY)



B.5 Generalized Geometric Entities

LR R R

iis File t Goooetlry . eon

161 DescTiption = D4 gecmetzic apecs - solld 00jects.
121 Version PR

127 Ravised : 1019

t2r Copyrigne + 1992 by Filippo A. Salustr)

121 Motes '

(anncence m&l
ineds Frase)

imake type-predicate Ceometry)
(Geline Gecsetry (clone Frase))

jovarlcad ivoleme ((g) (IGeometzy? g))
{orvor “Gecmetry "Mutt be Leplesested In ssboypes.*i))

(ovariosd (Jocste
(19 9 wis) [(Seceetry? @) (function? pl (Gecmelry? wrtl)
g G Ceposition gi (ipoeition wrt))
(roriemsacion (1% (ihnwest wrel gild)
{19 B) ({Cetmatyy? ¢ (fencclioaY pi)
Ip lipoaitica 9] (rozientatlon ¢1)))



B.6 3D Lines

L R R R

viv File 1 Lite.ocn

t1: Desgription + parasetric lire seguents in 3O
112 Yersion ' K

217 Bavised 1 14.01.%}

212 Copyrlght o+ 1992 by Plilppo A, Saluacy)
21z Wotes 1

[arncunce Line)
ineods Transfoem Cocedd

171 RAne pretesype

(make - Lype-predicate Line!
(Sefine Line (new COJect [(stars Coord)) (end Coordd))))
(AR -CONIt Peltor Line (& B0 (hvew Lisa () (T80T 81 1608 B)))

(overioad =« [(a D} (ILineT &) (LireY b))
a3 (1s (Tstart a) (7stasrt b))
fre (Tendd &) (Pend DIDVID

(overload ¢* 4] &) (iline? 1) [Tresalesa? t))
1Mine (:* [Tstare 1) £) 1% ead 1) LID))

i Based on solution in [ref 3eld] [p 2¢4-24%)
1 There s o degenerate cose If | Line (5 Ia the pliase formed by the origin
rir o the oXhar Jina. THIs (s dealt with In the “51°.
towerioad . lagersect
1ts b} CILAne? a) (Lire? bi)
et {(dx (ccrToms (7atazs O] (Pend b))
38 (i~ [Pend &) (Ystart a)) 1)
(Ul te (13 x d) 9)
(1ot ((ahifr f:trsaslation 0 0 11))
§1* Leintecmect (1* = shift) («* b shife))
fisrsasiacion © 0 <100
(e IYoTALt #)
1% 0« I/ (90t Bx (Jetazl a))
(edot bx da)))
&

(overload ahew
L) fclise? 11
ITormat of *1"a “a)" Liahow (datart 110 Leshow (Peosd 110100
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B.7 Generalized Physical Parts

1 111 Flle I Nrc.oom

2 4ii Descrigtion 1 & physical part.

3 ji: Vemioe 1 R

4 117 Revised r -1

S 317 Copyright 1 1992 by Flllgpe A. Salustri
€ Jii Meotes 1

7

8 Iarnounce Part)

% Ineade Geonetry)

H]

11 imakeo-type-predicate Part)
12 (define Pazt (cione Oecoetiy))
13 411 no comatructor yet



B3 Queues

:u&vuuznuuuuuunun
FE YRR W ARV RWN DR HNMVA -

1e: Pile

177 Description
121 Version

121 Revised

111 SOPYTigNE
$i1 Wotes

Quwseo . scm
FlL0 1ims

1]
130192
1992 by Filippo A. Salwetrl

IMNACE  Queus |
{neede Liet)

i1: Prowoype

(make-type-prodicats Quete)
(define Queue tclone List))
IARO - CONSL POCtOr Ouane arg-l
(et 110 (olone Quese)))
(for-eaah 1lambds X} 1ipssd © XI) arg-l)
el))

(i1 Overlondizge
toverioad push {1g ¥v) (iQueveT q)) (rappeadl § Vi)
toveriocad pep 149} 1IQuece? Qi)

118 Lrespty? Q) leTror *ipop *nothing left 2o pop.*))

Lichop! @11)



B9 Circular Lists

1 111 File 1 Risg.ecn

2 27 Description « clrovlar list objects.
3 rir Yersion O

& 210 hevieed v 1089

S 111 Cogyrign P 1992 By Fillppo AL Saluetrl
& 41 Notes '

T

% iamncunce Ring)

’

10 s Prototype

)}

12 Imake-type-predicate Ring)

13 (define Ring (clome ObJect))
14 [(add.2lot Ring *lst "{1)
15  1a03-3lot Ring ‘offset 0|
14 (sako-constrector Ring |

1? (let (1o (clene Kingi))

1 v o "lat 1)

1 ")

8

35 121 Overloatings

n

2) roverload flret (£} (1IMirgY £))

M 1t 7 ‘olfsec 9)

Fid lez-rad (s ¢ “Jat) O)))
2¢

27 toverload :length® ((r] ((Rieg? r)) llength {: ¢ "let)I))
P

2% {owerload as-llst (%) |Ring? 1)) (vectar->list (Mistosvector (» r “lst)ii))

3 {owerleoad mext [(r) (IRing? 7))

3 t1et (1} {length 43 ¢ “lstid))

» e t« 3 )

s (error “inext “pevo-aized ring.*))

" (v 1 *offses todi0 (e (o T “oftees)) I

b 1% fi0et et (v £ "lOt) 1y ¥ COffReR)IN))

»

M (ovesloed pock-raxt (1) [{Rlsg? £}

» fhet (11 tleagth (: ¢ "ist))))

0 (it (=« } O}

4@ lerrer 'ipedi-naxt ‘pere-sized ring.*))
o (iiaterel |: 7 "ist)

%) modulo (1« (1 7 ‘ofteet)) 10102}
'

&5 toverlosd cprev (Ir) ((Rleg? )

“" (et a1l Chemdtd (v 1 “ietN0)

o (it 4= 1 0

o (erzer "wprov “seco-nlted it "))

3] (s ¢ "offeet 1modvle 11+ (1 1 *offesc)) L))

%0 (llsterel (v v *38t) |t 1 ‘offeatid)))

4

S  towerlead ipeek-prav (ir) IMINg? 1)
3 tles (4] 1heogen (v ¥ ‘leti )



E1)
"

L3

L = 1 ®

(escor Tipeatsprev *tero-alzed ring.*1
ltet-zef (= r "lat)

modglo (1« (r £ "olfset)) 1N

192
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B.10  Stacks

i a1 File r FLACK . e0m

3 is1 ODescriptica : FIFO lists

) i:1 Veralea s

¢ 521 Revised : 13.00.93

$ 77 Copyrigm v 1992 by Fllipeo A. Salwstrl
& 1) Botes i

Y

#  (san0unce BTack)

92  ineoda Quene)

10

21 4 Prototype

12

13 It tyge-predicste Szack)

14 (define Stack (clone Quece))

1% (salerconstrector Stack arg-l

14 tlet (1o {clone Stack)))
17 (for-sech (lamdds Ix) lipewd © X)) arg-l)
L o

1

2% ;31 Owesloadisgs

"

22 toverlioad spush (s W) (IBTACKY 8)) Liprepend! v s)))



B.11  Geometric Transforms

LA I U

va1 rile t Transtiomn, som

rir Description 1 ) trassfooma (dxd satrices)
711 Vearsion r Kk

111 Pevised 1 14-03-9)

232 Sopyrign t 199 By Filipeo A. Salwatsl
i1 Netes '

(snnounce Traasicem)
32 Protolype

Imake-type-predicate Transtomm)
Idefine Traselors
(new Cbject
fioal voctoe? (Vvector 5 0000 1000030000 ITNMIIINY)
111 MO COrstIuctor -- prodably useless ampyvays,
rz: maybe could uwee Loch a8 arpumests In a constructor Ia the future.

111 Owverlcedings
(overload sshow (IL] LiTransfomm? 511 (fermat 6F *"a% (Tsat 1))}
toverlcad :as-wectors (A} ((Transfocm? A)) [vectof-Copy (That A1)
{owerlcad 1* (A ) ((Trarafoera? A) (Tramsfors? B))
Iinew Traasfcomm ()
(st imatrixdd-x-omtrixdd
fang-vectors Al liss-veczozs RN

(overload 1= (A B LITranstiomm? A) (Transioemd M)
Cogual? IPsat A) et Bl

s DUDCYSOS S LA RN AP ARG RaRRRATANIFARANARIRERIRRERIR ARy
(Seflze IdeckityTrasafomm (clome Trarafomm))

toveriond recaling (X ¥y 21 Ciser? X (oumbar? y) Owsker? 31)
e JdemtityTransfomnm 1)
(Mar (wetor x & & 0
Pyoo
oodr0

o0 1IN
toverlosd sraasistion ({x y 5 (insader? x) (mabdes? y) (ousber? 2))
(naw jdemtityTrasatfom ()
(mat (vectar 1 00 0
0100
o010
Xy s

(overioad (n-rotacion Cix) (ivesber? x))

v jdentisyTrasafors ()
s (vector 1 0 0 0



0 (con x) (el x3 O
0 [« {sin x}) (co8 x) O
o0 0 N

toverioad sy-sotatica (1y) (Cessmbac? ¥))
Ivew ISt ity Trasadors ()
DAAt (VEtSof (cos y) O &~ (=in yr) 9
L)

] 10
15in y) 0 (cos ¥} ?
< o° o

fovericad (z-rotation (12] Linusber? 2))
nevw IdectityTeanafoms ()

1ML [VveCtor (0o %) fsin 32 D O
i t5in 31) lcca 3) 0 O
[ ° 10
° ° o nnn
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