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Abstract. Engineeringdesignis a human activity using different
knowledge sourcesFrom the point of availability it is possble to
distingush well-structured explict knowledgeas opposedo tacit,
implicit and often experience-basekinowledge.Eachtype plays a
particularrole in engineeringdesign,and thusin knowledge-based
design suppot systems (KBDSS). This paper addresseseveral
issueswith KBDSS. It beginswith a discussionof the processes
underying engineeringdesign. Further, it presentsa theoretical
formalism for engineeringlesignandshows therole d reflectionin
design.Proposedramework is furtherillustratedon a simple exan-
ple, which isfollowed ky same suggestionfor further research.

1. INTRODUCTION

We look at the supportsystemsfor engineeringdesign.The knowl-
edge-centrediew is emphasisedn threefacetsdescribingthe pro-
posed approach: knowledge representationfor design, design
process comol, retrieval and presentah d relevant knaledge.

The designtask occurswhen an agentdecidesto change the
statusof an artgfact or surroundng world [1]. It is a goal-orienéd
procesdeadingfrom initial objectivestowardsan artefactrealising
thechangeln arealworld practicethetaskis ill-structured[2], i.e.
its solutionmay not be founduntil significant effort to understand
the problem hasbeenmade.Designcan be thus consderedas an
intellectual and knwledge-rich activiy of an ageni{3].

Engineeringdesignusesscientfic principles,technicalinforma-
tion, designersimaginationandexperienceo developsystemsthat
perform desiredfunctions[4]. In practicedesignersarerardy pre-
sentedwith a detailedspecfication of designproblems [5]. Specfi-
cations must be built up from uncertaindesign situatons. Real-
world design typicaly begins with initial requirements that are
vagueand incomplete. Initial requiranentsmust be trangormed to
consistenand completerequiranents,anda solution mustbe found
satisfyingthem. Experienceddesignersusuallyy know how to con-
vert an uncertain siationinto asduble desigrproblem; experience
acquiredn the past higsthem to tackle current probies [6].

Designconsistof severalacivities: descriptionof requirements,
finding a sdution, its evaluationsimulation, etc. All of them canbe
supportedn oneway or ancher. Traditional CAD focusedon the
supportfor the sdution phasewith the descriptionphasebeingun-
dervalued[3]. However, finding relevantrequirenentsto a design
problem is asimportantas finding the sdution. The discovey of
requiranentsand sdutions must be seenas interactivein terms of
knowledgeprovided[7]. This knowledgeincludesexperiencerom
past designgheoretical knaledge, design guidiles etc.

In the following partsthe engineeringlesignis undersood asan
iterativetrangormation of initial incompleterequirementsto a con-
sistentformulation of designproblem and its solution. Proposed
(partial) sdutionsmay help to uncovernew, relevantrequiranents
or othemise influence the existing ones. Modified requiranents
trigger solution refinement, thus revealinga principle of the co-
evolutionof mutually complementay conceptd8]. In the paperwe
look at the apgication of knowledge-levelmodels contaning dif-
ferent ypes & knowledgein the early phaseof designwith empha-
sis on the phenanenonof co-evoluton. We understandhe notion
‘model’ in Newell's terms [9] asan enity that can explain certain
actions not on the ocaputatonal level but rather on a higher lewél
abstraction knowledge level

2. NATURE OF DESIGN

Before startingwith knowledge-basedupport,let us mention some
key featuresof designproblems, uponwhich we build the remain-
der of this paper.As mentionedabove, engineeringdesignis a
knowledge-richactivity and designersften draw on their previous
experiencevhenthey tackleinitial designsituations.Becausef the
uncertainy of initial requiranents,the designspaceis not well de-
fined but must be developed‘onthefly’. Reflective processes
therdore play a signfficant role in the understandingand conse-
quenly supporing design.A more detailed,comparativestudy of
same selected featuresfa@esign can béound in [8].

Reflectionis a tem introduced lg Schon [5] toexpldn the nature
of non-tivial problem solving. Designis seenas an iterative proc-
ess,whereone may changethe currentperspective(frame) when
this does not suthe design silationsatigactoriy. This changewill
causenew objectsto be identfied within the situation, which may
further lead t@ncther change in perspectivEhe needfor changing
the currentperspectiveframe)is usualy causedoy an unexpected
resultin the current percepion of a problem. Schoénrefersto it as
‘a surprise’and claims that in theoly ary resultinconsisten with
designers’ theoretical and/ompirical knowledgemay be percéved
as ‘a surprise’. When designersfind something surprisng (either
positively or negativéy) in the designbasedon their current per-
spective, the reflect onthe actionsnade sdar.

In fact,thereareseveal reflectiveloopsoccuring during the de-
sign. Same of them are mentionedin [8]. For instancethe simplest
form of reflection hapgns when trying to formulate design re-
quirements so as to céorm to same givenrules.Anotherform may
occuras'a reflectionon action andrepresentsn influenceof the
proposedsolution onthe currehsetof requiranents.Bothforms are
definitely knowledge-intensiveThe former type containsa strong
element of ‘interpretativeknowledgé that hdps to understandhe
‘meaning’ of a particular rule. The latter one relies heavly on
‘analytical knowledgé hdping to clarify detailsof a proposedsolu-
tion. Althoughanaysis of a designsolution plays a crucial role in
thereflection, it mustnot be corfusedwith the much more compli-
cated processof reflection itseff. Reflection, in addtion to the
analysisof a solution,containsan importantfeatureof appreciatng
the procesgthatled to a particularsoluion andknowledgethat was
used in ths process.

From the pant argued in the papéehe latterform of reflection is
especidl interestingbecauseit involves the co-evdution of two
interacting ‘worlds’ — requirements and soluions. In addition to
these,we shouldnot forgetthe ‘world of knowledgeof and about
the designthat also cbnges as the desigmgblem evolves.

3. SUPPORT FOR REFLECTION IN DESIGN

Same ddfinitions of designmay imply that a succesful innovative
designis often a matterof designersartistry whenit comesto con-
verting the initial requirementsinto final requirenents and solu-
tions. However, as shavn e.g. in [6, 10Q], this ‘artistry’ highly
dependson knowledgethat is availableduring the design,and is
affected by knowledge structure and designers’ability to draw
analogieswithin and acrossdifferentdomains. Knowledgefor and
abou design may take various forms. Starting with rather tacit
knowledge[11] thatis ‘stored’ inside designersheadsandneedsto
be uncoveredbefore coninuing the desigrprocessandendingwith
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cleaty articulated knowledge of sdentific principles, strudural

elements, design rules, nos and so on.

Knowledge-basediesignsupportsystan (KBDSS) may be seen
as a decision support system enabling designersto explore the
structureof designproblems andtheir sdutionsby combininghu-
man design expertiseith domain and desigknowledgestoredin a
computationalsystam [4]. This pape usesthis definition asa base,
becausadt involves both participantsin complex designtasks— a
designeranda computer-basediool, wheretherole of a computeris
to supportdesignerso thatthey canspendtheir efforts on innova-
tive rather then kneledgemaintaining tasks.

We suggestbelow that similarly as knowledge for design,
knowledgebasegKB) usedin designmay also taketwo principal
forms — explicit andhidden.Unlike other relatedresearcithat pre-
fer one of theseforms to another[4, 12-15, we seeboth typesof
KB as equally importantespecialy in the early phasesof design
whenthe designtaskitself mustbe formulatedbefore a solutionto
it is soughtWe distnguish theseno types in theollowing way:

» Explicit knowledgein designis knowledgeof elementghatcan
be usedto formulate both designrequirenentsandsdutions. It
is also knowledge of relations among the elements. Elements
relatedin a particularway may be seenas knowledgemodels
describing artiacts that can be designieda paticular damain.

* The secondtype of knowledgein designis coveredmainly by
designers’experiencefrom solving more or lesssimilar design
tasksin the past.Experientialknowledge may be storedin the
form of designcasesthat contain(in addtion to elementsand
relations)variousrelevantassunptions, their justifications,and
various reasoningchans shaving how the previous solution
was discovered.

3.1 Assumptions and basiadefinitions

We assumethefollowing pointsin orderto developandgroundour

theoreticaframework; they will be discussedn-depthfurther:

(i) A problan can be specfied in terms of a set of (possiby in-
complete) requirementsthat refer to functional and other ele-
ments knavn in a particular dmain [1§.

(ii) A solutionto a problam is developedn temms of a setof struc-
tural elementsandrelationsamong them assuringthe proposed
structuremeets the desirefdinctiors andor prindples.

(iii) Thereexists'a doman theory' by which knowledgeaboutele-
ments and relations can be derived|[17

(iv) During the designprocessassumgbnsaremadethatenablethe
exploration @ a space fopossible design sations [1].

(v) Assumptionsmay or may not be a part of currert domain the-
ory; however,when provedusédul togetherwith their implica-
tions they may extendcurrent donain theoy [6].

As the assimptionsabovesuggestour proposalis mainly based
on the work of reseachersstudying differentaspectsf knowledge
suitablefor design[12, 16-19. All cited paperscontan mutually
interactingconceptof funcionsand structuresthatmay be usedto
understandh problem anddevelopa soluion. | would like to mod-
ify their understandingfahese concepts in ttiellowing way.

Letusddine &= & 0 &p 0 &s asasetof elementghatcan
be usedfor designingartefactsin a particular domain, where the
subsetsstandfor setsof functionoriented, principle-oriented and
structureoriented elements, respectivey. Examples of individual
typesof elementsinclude, e.g. ‘electricity supply as a functional
element, ‘trandormaiton of solar energyusing photoelectriceffect
asa (physical) principle, andfinally ‘solar panelcell' or ‘battery
as structuralelements.Generdly, elementsmay consistof simpler
elements;thusforming complex hierardy. Whetherwe usehigher-
or lower-level elementsdependson how deepy we want to im-
merse inthedesign 6 anartefact.In otherwords,thelevel of speci-
ficity is influenced l designer’s ams and poblem requirenents.
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Further,let us introduce % = {£} asa setof possiblerelations
(connectionspmongthe elements,where £ may be a constructional
relation(f 0 &s x &s[x...]), an elementay functiondirectly asso-
ciatedwith a particularstrudure (f O &s x &), a domain prindple
(£0 &p x &F), ormost wually a @mbination d all three.

R ={n} = %% 0% will be asetof requiranentsthatareseton
the artdactto be designed As mentionedat the beginning,require-
mentsmay be possiby incomplete, therdore we will talk formally
abou explicitly given requirements (%) and hiddenrequirenents
that must be first uncoveredo assessheir satigaction (%2). How
the hiddenrequiranentsmay be uncoveredand made explicit is a
topic d a separate section.

Let usalsoddfine &= &y O Yc asa domaintheoly comprising
of two subsets- a setof ‘theoretically achievable’modelsanda set
of previousy solved cases,respectivey. The differencebeween
these wo subsetsvill be highlighted in thefollowing sections.

3.2 Model-based design kowledge

In this sectionl discussthe roles of knowledgemodelsfor design,
which must be distingushed from a model of design processas
shown in Condusion. Many researcherseemodel for designasa
kind of ‘prototypic modelsof designsolutions’[14, 20] thatneedto
be ‘filled in’ in orderto derive soluion to a specfic problem. |
would like to presentthe tetrm ‘model’ purely asan abstractrepre-
sentatiorof variouselementsandrelationsamongthem on multiple
knowledgelevelsthat togetherform rathercomplex ‘ meshes’con-
necting functions, principles and structures. Unlike other ap-
proachesthis understandingloesnot demand existenceof ‘rules’
prescribingwhen a particularmodel canbe applied. The proposed
approach is opportunistic rather than prescriptive.

To understandhedifferenceof suchaninterpretatiorfrom other
similar works, | will refer backto the setof explicitly articulated
requirements (%) that are typicaly expressedn temms of desired
functionsthe artefact shoulddeliver [16]. Since thereare no rules
for the activationof a particularmodel, the relevanceof certainpart
of domain theoly dependson the currentcontextin design.‘Con-
text €= R 0¥ = {#", 4 is detemined by all explicitly setre-
guirements () and current assunptions &¥) that needsto be
corfirmed or rejected in coursé design (see also section §#.2

In other words, a setof relevantmodelsand potertial sdutions
(I O G) is retrievedfrom the domain theoly &y = { £ O &s x
x@p x Er} sothatavailablefunctionalelementsfrom &y arecom-
paredagainstand associatedvith thosethat are desiredfor a final
artefact . If retrievalyields a non4epty setdf, we say thatds is
an intepretation @ context©in damain theory .

3.3 Case-lased design kowledge

Knowledgeof theoreticalmodelsasdefinedin the previoussection
is unfortunatey, not suficient if our aim is to suppat designin a
way that would be similar to what experienceddesignersdo. As
seveal studiesof design[5, 6, 10] point out, designerdn practice
often re-usetheir previousexperiencewhen they attampt to seea
new problan in a familiar framevork. Previous experiencemay
takeform of ‘designcases'that canbe indexedaccordingto multi-
ple criteria[12, 20], retrievedand adgpted to the currert ‘case’. A
setof known casess definedasJc = {10 &> x & x & x % |
E - A}, where? is arefined setof requiranentson the arte-
fact designed in scopé caser“.

A casediffers from a modelin severalconceptuafacets.First, a
single case’” may containoneor moremodels£" thatwerealrealy
interpretedin the contextof requirenentsassociatedvith casezC.
In otherwords,models’ areinterpretaion-freeandelementsfrom a



domain theory canbe combinedin ary way thatis allowed by do-
main theor throughthe introductionof new assumptions. On the
contray, elementsandrelationsmaking up a ‘case’ areboundby a
setof requiranentsthat specfies the designtaskfor that particular
caseandno furtherassumptionsareneededo be uncoveredn that
task.However,the taskandits requiranentsmay be reformulated
to sut the needsof the current problen and new assimptions may
be added to extend tleentext d thecurrent prolem.

Adaptation 6 a retrieved cas®r the current pblem is acritical
operationin all case-basedppoached15]. We believethata prop-
ey structuredand indexeddomain theoly may be helpful in this
effort. As mentionedabove, domain theow is hierarchicaly struc-
tured;therdoreit seens to be bendicial to useit (in addiionto the
descriptionof differentelements)alsofor the discovey andappre-
ciation of similarities between conceptuly different elements.
Eventualy we shouldbe ableto map elementsandrelationsfrom a
previous case dathe curren(only partially described) poblem.

3.4 Represeantation of designknowledge

Suppot for designprocessin its early phasesneedsa mechansm
for knowledgeclarification. A mechanisn thatis flexible, describes
designelementson concepually differentlevds, suggestgossible
relationsand associationdetveenelements,andfinally, suitsboth
partiesinvolved in the design(humansand computers).One such
mecharsm hasthe form of knowledge models[9] (KM) that are
built uang entitiesknown ascommorontologies[21, 22]. Ontology
is an explicit specfication of conceptualisationalso it is a repre-
sentationvocabulay specialisedo a domain or subjectmatter.On-
tologieshdp to clarify structureof domain knowledgeand provide
meansfor knowledge communication,sharing, re-use,and tranger
among agentsusing differentinternal representationand methods.

Ontdogy is inherenty hierarchicalentity, which makesit a very

usdul meandfor the representationf complex knowledge;suchas

characterises.g. design.

To sum up, ontdogiescanbe usedto representlifferenttypesof
designknowledge. Thesemay be understoodas multiple dimen-
sionsaccordng to which knowledgemay be classified so asto as-
sist inthe explorabn o complex design-related KB:

(1) Ontdogy for doman knowledgeconsistsof common andbasic
termsusedfor the representationf requirenentsand sdutions
in a particular domain; it includestheoreticalfoundationsof a
domain and relaions among elementsthat can be usedin that
domain. It is more static comparedto other dimensionsii.e. it
changes leskequenty than design knaledge.

(2) Ontdogy for knowledgeindexing maintains an unanbiguous
structurein KB and relatesdomain elementsthrough generic
referenceontdogies. It is crucial for the efficient retrieval of
casegelaed to current designproblem, aswell asfor the rea-
soningby analogy with retrievedcasesOur approachassimes
that initial requirements on a designedartdact are functional
and usesknowledge about functional elementsin a particular
domain asindexto explorethe principlesandstruduresthrough
which the desirefluncionsmay be attained.

(3) Ontdogy describingdesigntasksand casesreflectsgood prac-
ticesand experiencegainedwhen solving problems in the past.
It describesvayshow similar problems wereapproachedn the
pastandincludesdesignguidelines,succesful designsrom the
past,variousjustificationsand explanationsThis knowledgeis
used tamanipulate dmain knovledgeandis subjectto frequent
changes and extensions, asmeethods are proved dsé

4. CO-EVOLUTION IN DESIGN

In this sectionl will presentsame implicationsof the theoretical
proposalmadein the previoussectionswith an emphasison uncov-
ering or explicationof hidden requirements. This hiddensubsetof
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all requirementsseton the artefact plays an importantrole in the
exploratoy design.To same extentit is evenpossble to say that
hiddenrequiranentsdiscovereduring designis what makesall the
differencebetweerroutine andinnovativedesigns Further sections
attempt to formulate an operatonal framevork that supporing the
co-evolution and discoveof hidden requirments and solions.

4.1 Discovery and develgoment of a solution

As mentionedin section3.1, a soluion to a designproblem is a
combinationof structuralelements,which is ableto deliver desired
functionsthroughidentfied domain prindples. We may formally
define soluton as a relan betwveentwo entities— a combinationof
elements and currentformulation of a problen. However, before
doing this, we haveto formally introduceproblemformuation &2
asa union of the setof all requiranentsandthe setof all assunp-
tions i.e. & = %% 0 S¥. Combination s O satisfing problem
formulation &2 is a solufon when togetherwith knowledge from
domain theoy & satifies all current requireents and assptions:

solution(s, &) - (0 —R) OO %)  Eq.1

In other words, certaincombinationof domain elementsmay be
considered as a solah in a particular iterativsteponly if it canbe
meanindully interpretedin the current contextof a given problem.
Sucha ddfinition of the soluion may seam straghtforward at first.
However whenwe take into accounttha 2 = %« O A4, we see
thatto be ableto decidewhethera combinations is an actualsolu-
tion we must uncoveyet hidden requimpents.52y.

Next, the processof solutiondiscovey usingdomain theory will
be formaly introduced.Let us beginwith the identfication of ‘ab-
solutely relevant fundional elements, i.e. thosethat are directly
mentioned as explicit requiments and denote gsubset a$f4.

Fo=Rn & ={ | FO0E Oused_in(c", )} Eqg.2

Set.& o canbe extendedsothatit would containalsoother func-
tional elementsthat may be somehow relatedto those explicitly
mentioned.Such a set &% may be nameda set of ‘not absolutely
irrelevant elementslt is this particular extensiorthat plays signifi-
cantrole in designin a sensehatit makesdesignersawareof other
‘similar’ elementsthat may have been forgotten but have same
relationstip with the currebproblem. Fomally:

F={ | F0& 050 FTis_assumption(e’) O

(O™ 0 & used_in(gy , SRx) Osimilar(e", g, )} Ea.3
similar(e”, &) « O, & 00 &b x E | £ €
ad (used_in(eF,C() O used_in(epF,C() Eq. 4

Dsubclass(eF, epF) Dsuperclass(eF, epF))

Now, let us call the elementscontainedin set.& as'pattern’ to
appreciate théact that thg may beusedfor theretrievalof relevant
modelsfrom Yy or relevantcasesrom &c. Case solutionsor mod-
elsthat areapplicableto the currentproblem canbe retrievedfrom
the available knowledge repositoy using a technique,in which a
patternwill be soughtamong the requiranentsand functionalele-
ments & a particular case (onodel). Oncethe pattern isound,it is
possibleto retrievealso principlesand structuresrealisingthat par-
ticular functionality — eitherfrom theoly & or case repositgroc.

Whenaretrievedcaseis to be usedasa ‘mould for the current
problem, it mustre-formulatedusing‘the vocabulay’ of the current
problen. Caseadaptations often a complex task anda lot of work
is devotedto this single operation.It is not my intentionto discuss
this more in-depthhere; only briefly — to find possiblemappings
betveen elementsalrealy known in the current problem and ele-
mentsknown in a retrieved casecan be found using hierarchical
(ontological) knavledge & domain elanents and relations.



Anyway, theresultof suchretrievalis a setof relevantsolutons,
or rather relevant combinations of elements that satisfy explicit
requirements of the currentproblem. Whetherthesecombinations
will keeptheir featureof a problan solutionin along run, depends
on what new requirements and assumptions will be addedto the
current problem formulation. A new asamption may rendercur-
rently soundcombinationsof elementsnvalid andtrigger the proc-
ess of perspective shift and consequeryl refine both, the
formulation d and stution tothe poblem.

4.2 Discovery of hidden requirements

It seems appropriateo assune thatthereexist severalconceptually

different ypesof hidden requirenents, such ar instance:

(i) ‘dedudble doman requirements.. thesecan be derivedusing
knowledgeof known elementswithin a particulardomain, espe-
cially knowledgeof domain principles(e.g.if law of conserva-
tion of enery holds and electricity or sunlight are different
forms of enegies, it follows that enery of sunlight must be
preservedand possiby trangormed into different kind of en-
ergy — electricty);

(ii) ‘commontruths... thesecover commonly acceptedfacts that
are usually not proved or derivable from domain knowledge
(e.g. unlessspecfied othemise we desgn artefactsfor condi-
tions valid onthe Earth);

(iii) ‘ statisticd requirements.. thesecan be derived through in-
ductivereasoningandgeneralisatiorirom previouscaseswhen
arequirenentis acceptedandjustified by referenceto an exist-
ing casewithout further proofs (e.g. a typical requiremenbn a
satellite is tamake itsweight as lav as possible);

(iv) ‘reflective requirements.. initially expresed as assimptions
thatmustbe ‘proved’ throughdevelopnent of a soluion before
it canbe ‘promoted’ among uncoveredequiranentsrelevantto
thecurrent problen (e.g.supposewe wantto usesolarpanelas
apower suppy for a satellite,thenaccordng to domain knowl-
edgewe mustfirst ensurethereis enoughsunlightavailable;we
are also awarethat we arrived at this additional requirenent
through bacward causal reasoning)

The following formulae describethe mentionedconcepual dif-
ferencedormaly using the sae notation agn previous sections:

0] Gy 09y 0¥ =R Eq.5

(i) (¥ 0) 9w 0 T =% Eq.6

(iii) G 0 T =Ry Eq.7
A O O¥VO S =R

(iv) SO T = o Eq.8

As already mentionedabove thelasttype describesormaly the
interplay betwweenand co-evdution of explicit and hiddenrequire-
mentson oneside andsdutionssatising theserequiranents.As a
new requiremenis uncoveredor anassunption is proved,they can
be includedin the set %, which may have some impact on the

retrievalof relatedcasesor modelsfrom domain knowledge.A new
case,model or mappingmay haveimpacton the identfication of
same new assimptions, which in their turn may uncoveranother
hiddenrequiranent. Thus we are providedwith an abstractrecur-
sive descriptionof processeshat may be observedin designand
that are &ten rderred to assoluion talkback[5, 11].

5. ILLUSTRATIVE EXAMPLE

Let us assime that the ‘supportedstage’ of designbeginswith a
non-ampty setof initial designrequirenents(e.g.find a devicesup-
plying electricty to a satellite).How the theoreticalframework may
be appled is shavn belav using an OCM-like notation.

5.1 Not-irrelevant functional elements

Theinput is a setof initial requirements;particulary importantare
those abou functionaliyy of the artefact. Their formulation may
consistof the funcion identfier, substancédentifiers and concepts
delivering that functionaliyy. Assuume that domain knowledge base
containsinformation about(not irrelevant)functionsand other ele-
ments as shen belov:

(Substance-Concept Energy ())

(Substance-Concept Electrical-energy (Energy)

(applicable-to-parameters
:has-domain ‘(electrical electromagnetic)
:equals-to ‘(electricity)))

(Function-Concept Energy-supply ()
(applicable-to-parameters
:has-function ‘(supply-energy)
:has-substances ‘(energy)
relates-to-concepts ‘(generator load))))

Computer-basecKBDSS may take the initial requirement for-
mulatedby the designerand appl it to the availableindexingKB
contairing known substancesand functons. Further, let us assune
thatin our exanple thereis no direct associatiorin KB contaning
the factsmentionedin our requirenent. However, a simple reason-
ing in the ontology revealsthattermsnot irrelevantto ‘electric-
ity ' include ‘electrical-energy ' and its parent concept
‘energy '. Consequenyl, the KBDSS can associateconcepts en-
ergy ' and ‘electrical-energy ', and suggesttwo functionsas
possiby relevant:‘supply-energy ' and ‘supply-electrical-
energy '. Oncethe designeracceptsthis suggestionKBDSS may
retrievesother related elements(e.g. structuralelement ‘genera-
tor * or domain prindple ‘supply-electrical-energy .

5.2 Develgoment of potential ‘m odels’ of a solution

Obviousy, thelist of retrievedelementsis not exhaustivebecauset
containsonly thoseelementsthat are known astheoreticaldomain
knowledgeor wereusedin the previousdesigncasesAnyway, the
list of relevantsimpler elementsmay later trigger the introducton
of new elements as design progres3égee next step it investigate
how the desiredfuncions may be realised.Asuume, thereare fol-
lowing facts in the dmain KB:

(Model-Concept Electrical-model ()
(applicable-to-parameters
:has-structure
(:connections ()

:container ‘(electrical))
:has-substance ‘(electricity)
:described-by-quantities

‘(power voltage current)))

(Model-Concept Battery (Electrical-model)
(applicable-to-parameters
:has-structure (:connections ‘(term-A term-B))
:has-primary-functions
‘(supply-electrical-energy)
:has-secondary-functions ‘(charge discharge)
:described-by-quantities ‘(capacity)))

Similarly assubstanceghesestructuralelementsare orderedin
an ontdogical hierarcly. For instance thereis a conceptof ‘bat-
tery ' derivedfrom a generic'electrical-model '. Simple rea-
soningthroughtheseelementsrevealsotherrelatedelements; such
astwo connectios called ‘term-A ' and ‘term-B ’, an ‘electri-
cal ' containercontaning the substanceéelectricity ', and pos-
sibly physical quanttiestypicaly usedin this context.Whatis their
possiblerole in the currentproblen? That can be shavn whenan
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explanation 6desiredfunctionsis retrievedfrom the storeddomain
knowledge; e.g. in &orm of domain principle:

(Principle-Concept Supply-electrical-energy
(applicable-to-parameters
:has-structure
(:connections ‘(term-A term-B)
:container ‘(electrical))
:has-substance ‘(electricity)
:described-by-quantities
‘(power voltage current capacity)

:defined-as
((pump  ‘electricity (BETWEEN ‘term-A  ‘term-
B) (THROUGH ‘electrical))
(allow  ‘electricity (BETWEEN ‘term-A  ‘term-
B) (THROUGH ‘electrical) :voltage (propor-

tional ‘capacity)))))

5.3 Explication of hidden requirements

Device ‘battery ' asidentified in section5.2 satiies the desired
requirenent throughthe application of domain principle ‘supply-
electrical-energy ". Letussupposeha the designerecidesto
pursuethis alternativefurther. Other relevant elements,concepts
anddescriptionanay beretrievedfrom the domain knowledgebase
that are connectedwith alread/ identified elements. This corre-
sponddgo the extensiorof setJyp with othernot irrelevantelements
to makeup setg- For instancewe may learnaboutphysical quan-
tities andfunciond elements likecapacity ', their typical features
andprinciplesgoverningtheir behaviourssuchas electricity-
charge-discharge " or ‘time-dependence ', etc.

The discovey of theseelementsand their relationsmay be a
trigger that makesthe designeraware of possibleshortcanings of
the currentcombination of elementsit may give also somehints
how to overcame the deficiency, or the fix may be spottedandin-
troduceddirectly by the designer Anyway, the last example shavs
the form how currentcombination of elementsmay look like and
how it may be usedto shav possibleimplications and eventually
extend the setfanitial design equirements (see section 5.1).

(delivers-func ‘Battery ‘Supply-electrical-energy
(applicable-to-parameters
(:I (has-quantity ‘Battery ‘capacity)
:J (by-domain-theory ‘reference-1)
(:I (has-property ‘capacity ‘time-dependent)
:J (by-domain-theory ‘reference-2)
(:I (has-behaviour ‘capacity ‘decrease-in-time)
:J (by-domain-theory ‘reference-3) )]

Implications(denoted b :1 ) introducenew factsthatarerelated
to known elements;implicationsare justified (:J ) by referringto
availabledomain theol (&w or &)c). This is oneway how implica-
tions uncover hiddenknowledge,which may eventudly leadto the
formulation d new requiranents omodification d existing ones.

6. FURTHER RESEARCH

The aim of this paperwasto presenta theoreticalframework that
canbe eventualy usedto talk abou and perhapshetterunderstand
processesinderlying suchcomplex andtypicaly human activity as
design.Theframavork representa work in progresshatwasdone
mainly by andysing seveal existing approachesn the research
community. Therdore, the next major stepin my researchis to
perform severalpilot studies,in which the claims formalisedin this
papemwill be rigorousy validated.

The settingof our experimentswill involve two designersrom
practiceandoneor two ‘advisers’providing suppot for the partici-
pants.Theseadviserstakethe role of a knowledge-basedystem in
the testing phase.However, to restrict the undesiredinteractions

betweendesignersand suppot articulationof knowledge-intensive

processesall participantswill usea tailoreduserinterfacethatwas

built to accommodatethe proposedframeavork, exceptthe actual
presence focomputer-based kneledge base.

Designtasksgiven to the designerswill be from the domain of
designof contollers for complex technologicalprocessesand be-
long to the categoy of non-routne tasks.However, it is possble
thatapproacheshe designersindertaken their work will be even-
tually perceivedby the designersas (personal) innovative. The
articipantswill be askedto recad all their decisions,assumptions
andjustifications d various decision steps thenakeduringdesign.
Expert advisersare allowed to give some basichints tha must be
always justified by a referenceto shareddomain knowledge;advis-
ers may also require similar justifications from the designers'to
prove’ that a particulardecisionwas not entirely accidentathough
it may be difficult to articulate. Feduresto be observedinclude
among others:

» designersworking on two parallel levels (refining problem
requiranents and develdpg a séution);

« designers’attentionbeng shifted betveenthesetwo concep-
tual levels 6 design problen;

« discovey and intusion d new knowledgethusextendingtheir
knowledge about the current problem as well as knowledge
abou design and dwoain.

The ultimate questionto be ansveredby the expermentis whether

the reflectiveframeworkis a feasibleapproximaton of designand

what aremajor (dis-)advantages.

7. CONCLUDING REMARKS

This paperpresented theoreticalframevork for the descripton of

designprocesseshat may be usedfor the constuction of KBDSS.
The framework may be perceivedasa formal modelof designwith

respecto same typical processesinderling othemwise complex act
of designingan artefact. Designis seenas a problan of require-
ments explication through simultaneousdevelopnent of design
soluions and reflection on them and also on processeghrough
which thesesoluionswere attained.The reflection from the space
of solutonsto the spaceof requiranents may be eventualy sup-
portedby a computer-basedool, which reasonsabou the models
and casesfrom the domain knowledge basedon incamplete initial

requirenents. Figure 1 describes the enfi@mework in agraphical
form, showing possible operationshow knowledge may be ma-

nipulated at various stagebkaesign process.

‘space of reguirsments’ Gonceptualisation |_ ‘space of solutions'
&domaintheary [T TTTTTTTTTTITTTITTITTTRTI Y
derive f
Henerate Solution model

Explicit prablem
specification

- ohjectives

- constraints

Hmplicit prablem
| specification !
- nhjectives |
i- constraints

Appllcatmn knawl.

Implication/
consequence

Deslgn principles

Previous cases

(in & across domain) ||
evaluate H

Empirical knowiedge

‘extension of design andiar
domain knowledge '

L explication ] ...

of design requirements
through reflection’

Figure 1. Fomrmal ‘model’ of reflective design.

The proposedframework is able to addressseveralimportant
featuresof designprocesq23]. It isinherenty iterative and recur-
sive. Due to recursionit is possibleto observecertain degreeof
reflection directly in the formulae describingdesignactivities. As
shown in Figure 1, reflectionin designmay includeboth, reflection



on the problem formulation and corresponihg solution,andreflec-
tion on knowledge appliedto derive a particular soluion. Conse-
querly, both problen formulation and domain knowledge are
subject to change as a resultreflection’.

Further,the initial ambiguity of designproblems is appreciated
and addressedn a way, where suitablemodelsand casesare not
detemined by a strict prescriptiverule. Contray the approachis
rather oppatunistic; i.e. that relevanceof domain knowledge de-
pends on theurrent contextof designproblem formulation. Also, it
meansthat the sane elementmay acquiredifferentinterpretation
basedon the contextof requiramentsin which it is used.Contextual
dependnce shouldallow much largerflexibility comparedto those
approachesvherean elementis interpretedequaly in all different
situations.This dependences alsorelatedto the exploratoy nature
[1] andill structure[2] of design,becausehe designspaceis not
completdy known before the designprocesshegins.As mentioned
at the beginningtiis built up ‘on-thefly’.
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