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1 ABSTRACT

UDT standsfor UniversalDesignTheorywhich is a design
theorywith theaimof integratingabroadvarietyof engineer
ing domains suchas mechanicakngineeringmaterial sci-
ence,information science chemistry chemicalengineering
or pharmaceuticAll engineeringlomainshave in common
thattheir overallgoalis to createsomethinghew in theworld,
a machinein mechanicakengineeringor a specificdrug in
pharmaceutics.

The UDT consistsof several parts.One very important
partof thetheoryis thekernelof theUDT whichis basedn
anaxiomaticapproachin this papemwewantto describehe-
oretical fundamentalsind practicalrequirementof UDT's
axiomaticapproachOneimportantrequirementve aredeal-
ing with isto enlage,expandor extendatheory In thetradi-
tional view of axiomaticapproachethis seemgo be almost
impossible UDT wantsto give ananswetrto this problem.

In our paperwe describethe basicelementsan abstrac-
tion modelof differentabstractiomlomainsandtheaxiomatic
frameavork of the UDT.

Keywords Universal Design Theory Design Process,
Solution Patterns(CaseBasedReasoning)ConceptuaDe-
sign

2 INTRODUCTION

The concepbf theoryis a systenof statementsvhichis em-

pirical substantialand contentful,informative, generaland

richin explanation.This concepis found mainly in thearea
of analyticaltheory of scienceandin naturalscienceitself

andhasto bedistinguishedrom the operatie or instrumen-
tal theoriesrepresentingstructuralconceptsge.g. mathemat-
ical theories.But nevertheless'Theory shouldnever forget

thatit is nothingbut appliedpractice”(GabrielLaub)[8].

Theoriesof designe.g.[10], [11] or designmethodolo-
giesin general7] aredifferentfrom the concepwof theoryin
sciencen thesensehatscientifictheoriesview natureanalyt-
ically andin anunbiasednanneto find generakxplanations
for its behaior, whereagdesigntheoriesusephenomenao
synthesizartefacts The processf synthesizingandits re-
sult, theartefact,s drivenby needsgstimationsandevalua-
tionsof designer&ndcustomers.

A UniversalDesignTheory(UDT)is adesigrtheorycon-
taining findings and knowledgeaboutdesignfrom different
scientificandengineeringdisciplinesin a consistentcoher
entandcompactorm. It senesasa scientificbasisfor ratio-
nalizinginterdisciplinaryproductdevelopment A Universal
DesignTheorytakesall thecommonfeaturef differentsci-
entificandengineeringlomaingnto accountn orderto find
a systenof statementsof generabvalidity with regardto the
explanationandpredictionof artefactandtheway of design-



ing them.

In this paperwe wantto usetheterm “theory” and“de-
sign theory” in the senseit is usedin science.And here
we want to referto ary systemof knowledgethatis con-
cernedwith the physicalworld andits phenomenandthat
entails unbiasedobsenrations and systematicexperimenta-
tion. In generaljt involvesa pursuitof knowledgecovering
generalruthsandthe operationof fundamentalaws.

To achieve this goal we first look at a simple mapping
processwvhich alwaystakesplacein designprocessesThis
mappingprocesanapsa problem(or a designtask) onto a
solutionandwe call this process solutionfinding processr
justknowledgeaboutdesignsolutions.

Succesfubesignrequiresalot of experienceandknowl-
edgein a certaindomainto find propersolutionsfor given
designtasks.UDT which is ableto supportsolutionfinding
processesffectively requiresthe utilisation of domaininde-
pendentesigrknowledgeto solve givendesigntasks At this
we assumehefollowing:

1. In differentdomainsthereis knowledgeaboutdesign
solutionswhich can be assignedo specifictasks(or
problems).

2. Comple taskscanbe decomposedhto partialtasks.

3. The accesgo domainindependenknowledgeresults
from similar designtasks.

4. Knowledgeof a certaindomaincanbe appliedto and
utilisedby anotherdomain.

E.g.if thereis a partial problemin the technologydo-
main for wich there exists no solution for the time being
thenit shouldbe possibleto find similar problemsor tasks
in otherdomains(e.g. biotechnology)or which a solution
exists. Thenit shouldbe possibleto adaptandutilize this so-
lution in thetechnologydomain.

Theaimis to establishatheoryof designwhich explains
and predictsdesignprocessesThis paperis concernedvith
theconceptuatlement®f theUDT. Thesebasicconceptions
aretheelementsheUniversalDesignTheoryis basecdnand
theabstractionlevelsfor thenavigationto thedesignprocess
andthe basicassumptionsvhich form the axiomaticframe-
work of theUDT.
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2.1 ELEMENTS OF THE UNIVERSAL DE-
SIGN THEORY

The explanationand predictionof designandits implemen-
tationin adesigntheorywe definethe principleelementghe
UDT is basedn.

At this we assumethat knowledge about artefactsand
knowledgeaboutdesigningartefactsare interconnectedn-
separablyand can be describedby the theoreticalelements
object processandsolutionpattern

Hereanobjectpatterndescribeknowledgeaboutdesign
objectsand processpatternsdescribeknowledge aboutde-
signprocessedlVith theseelementghe mappingprocesde-
tweena designtaskanda solutioncanbeimplemented.

Object pattern

An objectpatternis an applicationindependent
descriptionof a solutionwhich is adaptableto
a certain problem.A solutionis concernedvith
knowledgeabout real objects.Object patterns
supportthe solution finding processby the de-
scriptionof thesolutionitselfin connectiorwith
a solution context and a solution supposition.
Object patternsrepresentdesignknowledgein
elementarynitsexplicitly and declaative

The principle ideathis definitionis basedon is thatthe
intrinsic designsolutionis alwaysrelatedwith the givende-
signtask(problem)andembeddeih adesigncontext. Object
patternsanfurtherbe structuredsothatmechanisms$or de-
compositiorandabstractioretc.processesanbe supported.

Artefactsandthe processf designingthemareinterre-
latedwith eachotherinseparablyDesigningthem,thedesign
processtself, is controlledby socalledprocesgatterns.

Process pattern

A processpatternis a setof relatedobjectpat-
terns.A processpatternis applicationindepen-
dentand adaptable It includesa descriptionof
designsteps.A designstepis a processwhich
leadsto a definedtarget statewith respectto a
definedstart state

A designsolutionin generalwhich meetsthe require-
mentsnow canbeanobject,suchasa peaceof softwareor a
mechanicamachine,or a processsuchasa workflow. This
circumstancearedescribedy a solutionpattern.



Process Pattern
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Figure 1: Strategy for implementinghe UDT with the conceptf objectand procesgatternsasbasicelements

Solution Pattern

A solutionpatternis a genealisation of an ob-
jectanda procesattern.It describesapplica-
tion idependenand parameterisedheintercon-
nectionbetweeran artefact,its elementsandits
develompment.

In contrasto procesgatternsaanobjectpatterndescribes
astaticalsolution.A procesgatterndescribes proceduren
time. Fig. 1 shows how thesetwo elementsvork together

Designprocessesanbe interpretedasinformationpro-
cessewhich describe(partial) solutionsin differentstates.
Beginning with the startstateSg (fig. 1) which includesa
setof all information of a designtask a tamget state Sy is
achievedvia intermediatestatesS; by objectandprocespat-
terns.

If thereis a known setof requirementsfor which there
hasbeendesigned solution,thena known processattern
PPs, s, togethewith anobjectpatternO Ps ) leadsdi-
rectlyto thetamgetstateSr (Alternativel in fig. 1).

If thereis no object/procespatternthenthe stratey is
thata setof elementarnpbject/procespatternss usedto pro-
ceedsuccesskly to target state(Alternative 2 in fig. 1). In
this caseprocesspatternswith a differentcompleity will be
used At this we distinguishbetweermicro procesgatterns,
suchasP P(s; s,) OF PPs,_, s;), ahdcomple procespat-
terns,suchas P Ps; s,,,), Which allows to usedifferental-
ternative wayswhentherearedifferentO Ps.

Objectand procesgatternsarethe conceptuaklements
to describea stepwisesolutionfinding processn design.De-
signin generalcan be interpretedas a refinementprocess,
leadingfrom the abstracto the concretefrom thegeneralo



the specific.This refinemenprocesss sub-diidedin differ-
entdesignstageor we wantto referto theabstractiormodel
of design.

3 ABSTRACTION MODEL OF DESIGN

Besidegheelement®f theUDT theabstractiormodelbuilds
a basisfor the UDT. The abstractiormodelconsistsof sev/-
eralabstractiorievels eachlevel describingthe necessarin-
formationsetsusedin design We concentratenainly on me-
chanicalandproces®ngineerindut assumehattheseinfor-
mationsetsarealsotruefor otherdisciplines,suchaschem-
ical engineeringchemistry pharmaceuticsetc. althoughthe
usageof singleinformationsetsmight differ.

We sub-dvidethedesignprocessn theabstraction-layers
specificationfunction-, physical-andembodimentayer.

3.1 DESIGN SPECIFICATION

The designprocesdeginswith a designspecificatiorwhere
requirementf a designobjectare specified.At this stage
the needsareformulatedascompleteas possibleindicating
theintentof a designaspreciseaspossible Unfortunatelyin
practicethe specificationdoesnt containa completedefini-
tion nor all relevantfactsa designerrespectrely a computer
(computationamodel)would needto comeup with a proper
solution. Thereforeasresultone getsa conceptuaformula-
tion of needswvhich hasto be developedandevolvedlike the
wholedesignhasto be.

The goal of a designspecificationis to analyse to de-
scribeandto exposethe aim of a designsothatthe purpose
andthe intention of the designand not a possiblesolution
is formulated.The resultis a designspecificatioror we will
referto arequirmentmodel.

A requirementnodelcontaingrequirements productor
anartefacthasto meet.Requirementsontaine.g.functional,
behaioral, structuralinformation setsandin this sensewe
talk aboutrequiredfunctions,requiredgeometryor thelike.
Requirementgienerallyrepresentonstraintsof designob-
jectsandthereforghey controlthewholedesignprocessRe-
guirementganbeclassifiedasfollows:

¢ Dependingon their origin, we can differentiatebe-
tweenexternalandinternal requirementsExternalre-
guirementsareformulatedneedsy a customerinter-
nal requirementareenterprise-specifianddepencbn
theknowledgeof manufacturingrrocessesr thelike.
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¢ Wecanfurtherdistinguishexplicit andimplicit require-
ments Explicit oneshave anelementarycharacterim-
plicit requirementsan be further derived to explicit
ones.

3.2 FUNCTIONAL DESIGN layer

At theabstractiorievel of the functionalspecificatiorthe be-
havior of an artefactis developedby decomposinghe re-
quiredfunctionsandestablishing networkof functions.The
functionstructureandits sub-functionsene asasupposition
for the subsequergtagesgespeciallyfor the physicalprinci-
ple layer. In functionmodellingtherearea lot of suggestions
to formulize functionsalthoughthey canbe classifiedbasi-
cally into two approaches.

One approachcan be called the input-output(l/O) ap-
proach,the other one the verb-nounapproach.Both ap-
proacheshave in commonthat they are decomposednto
sub-functionsin the latter casethe resultis a hierarchyof
functionsresprectiely sub-functionstheresultof thel/O ap-
proachis anetwork.Thesub-functiongstablistthe basisfor
thesolutionfinding procesgor physicalprinciples.Important
for the solutionfinding processs the fact thatall functions
aredescribedy a setof independenandcompletefunction
verbsandquantitiesTo requireindependencandcomplete-
nessof functionverbsis importantbecauséy this a definite
andunambiguousssignmentanbeguaranteedndall prob-
lemareascanbedescribed.

Product function

A product function describesthe product be-
haviour by termsof inputs and outputsas well

as by a normativesetof independenand com-
plete function verbs. The function verbs deter

mine howthe input is transformedqualitatively
into the output.

The mostabstractstructureof 1/0 functionsis the gen-
eral functionstructue. A generalfunction structurehasthe
threein/output quantitiesmaterial, enegy and information
ande.g.accordingto ROTH [9] therelationsstore, channe]
transform changeandconnect

General Function
A geneal function is a formal description of
theproductbehavior Thefunctionquantitiesare



matter enegy andinformationand whosefunc-
tion verbsare store, channel transform,change
andconnect.

With this conceptit is possibleto describeall technical
systemg9]. A functionwhichis buildedup by relationscom-
posedof physicalquantitiedike force,torqueetc.is calleda
specialfunction.With a speciaffunctionthe enegy flow of a
technicalsystemcanbe describedrery well. Suchfunctions
areimportante.g.in mechanicalliquid, electricalandther
modynamicabystems.

Special Function

A specialfunctionis a formal descriptionof the
product behaviour The productis identifiedby
its systenboundaryand describedby a norma-
tive setof functionverbsandfunctionquantities.
Thesetof functionquantitiesis the setof physi-
cal quantities. Thecombinationof specialfunc-
tions by relating them by function quantitiesis
calleda functionstructue.

After completingthe function structurethe designerde-
termineshow to realizeeachfunction. First the designeide-
terminesphysical principles realizing a function and then
he/shedetermineshephysicalstructureandgeometrywhere
thesephysicalprinciplesoccurs.

3.3 PHYSICAL PRINCIPLE LAYER

In the layer of physicalprinciple modelingeachfunctionis
mappedon a physicaleffect. Effects(in the sensdaw of na-
tures) are the building blocks madeavailable by natureto
causea certaineffect.

There are physical, chemical, biological etc. effects
which establisha relationshipbetweenphysical quantities.
Theeffectsthemselesareboundedo materialstructureghe
so called effect carrier. The resultis an effective structure
(chainof effects).

Effect

An effect describesa physicalphenomenonAn
effectis determinedby a mathematicaformula
which definesthe quantitativeformulatedrela-
tionshipbetweerthe physicalquantities.

Therecanbe systematicallyselectedhosephysicallaws
which matchthe physicalquantitiesn thefunctionstructure.
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Butif theredoesnotexist adirectrelationshietweerthein-
put/outputguantitiesa chainof effectshasto beestablished.

Then an effective geometryis establishedHere, all in-
formationaboutthe structuralphysicalsolutionis modelled.
Eachphysicaleffectis assignedineffective geometrywhich
is assembledrom the elementseffectiveline, surfaceand
space

3.4 Embodiment LAYER

Thefinal shapéds determinedn theembodimentayer. In this
stagefeaturespartsandassembliesf the productare mod-
eled.

4 AXIOMATICAL FRAMEWORK OF UDT

In orderto work out a UniversalDesignTheory somegen-
eral assumption®n the processof designcanbe made.At
this asa startingpointwe have thefollowing axiom:

Axiom 1 (Axiom of finite physicaleffects)

This axiom is concernedvith the componentor basicele-
mentsdefinedon the abstractiorievel of physicalprinciples.
We know thatwe cannotdesignarything which is incompat-
ible with naturalprinciplesandlaws. And we know thatthese
well-known physicalprinciplesarefinite.

Thefinitenesf physicaleffectsis truefor acertainpoint
of time, the stateof theartin naturalsciencefinding new ef-
fectsis concernedo beresearclin naturalscience.

Fromthis pointof view andresearclbeingdonein design
methodologytheoryandespeciallyin thefield of computer
aideddesignwe amuethat all the elementausedin ary ab-
stractionlevel arefinite.

Hypothesis 1 (Hypothesisof finite basicelements
On every abstractionlevel thereis only a finite numberof
basicelements.

E.g. basicelementson the functionallevel are basicin-
putsandoutputs suchasinformation,enegy andmatterand
operatorssuchaschange channeletc. Thereareseveralpro-
posedontologiesfor function modelling, suchas the verb-
nounapproachwhich modelsfunctionsin anotherway than
theinput-outputapproachbut neverthelessheremustexist a
limited setof basicelementsasthereis alimited setof words
we useto expressour ideas.Otherontologiesare expressed
atdifferentabstractiorevels.



Hypothesis 2 (Hypothesisof finite abstractionlewels)
Thereis a finite numberof abstractiorlevels onecanuseto
modelanartefactor to describedesignprocesses.

With regard to the domain of mechanicalengineering,
theseare e.g.the abore-mentionedevels of the functional,
physical principle layer etc. Different ontologiesof func-
tional descriptionsaredifferentabstractiorievels. The map-
ping betweenthe elementwon eachabstractiorievel canbe
calledatransitionbetweerabstractiorievels.

Hypothesis 3 (Hypothesisof finite transitions)
Thenumberof possibldransitionsetweerdifferentabstrac-
tion levelsis finite. Themappingbetweerthe abstractiorev-
elsis a mappingbetweerthe basicelementsiefinedin each
abstractiorievel.

The mappingbetweenabstractiorlevels andin abstrac-
tion levelsis performedby the elementbjectand process
patternse.g.from a sub-functionto an effect or from func-
tionsto its sub-functions.

Basedonthesewe canstatethefollowing:

Hypothesis4 (Hypothesisof invention)

New artefactarealwaysmadeandcreatedrom a nev com-
binationof known basicelements.That appliesto the basic
elementf the abstractiorievels, e.g. a function, a physical
principle,aneffective surfaceetc.,which areto becombined.

With the hypothesiof inventionwe have concludedhat
a new designsolution can be generatedsystematicallyby
mechanismsf combinationAnd thesemechanismsarecon-
trolled by a setof requirementgivenattheoutset.

Hypothesis 5 (Hypothesisof solution finding )
Eachproductrequiremenpointsatleastto onesolutionarea.
From this follows that a solution is determinedunambigu-
ouslyif the setof requirementss complete,consistentand
valued.

This hypothesisis basedon the assumptiorthat there
mustexist a completesetof requirementsfter a designhas
beenfinishedandthe samemustbetruein reverseorder In
additionto that the setof requirementsnust be consistent
andvaluedbecauséhe processof requiremenmodelingis
subjectve.
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4.1 DESIGN EXAMPLE

To illustrate theserather abstractconceptswe introducea
small designexample. This example shaws the designof a
robotgripperwith thedesignsystenDIICAD-Entwurfl. This
exampleis not meantto prove or validateary of the state-
mentsmadebut senesasanexample.

The designwith DIICAD-Entwurf startswith modeling
thespecificationin abroadersensalsocalledrequirements.
The specificationsare won by clarification of the task and
containthe preconditionsof the design,theto-be properties
of the future product,the requirementsand the description
of theproductsimmanentaskstructuee. In thefollowingthe
taskstructurds mappedntothefunctionstructureThiscan
be donemanuallyor automatically Thereasoningprocesss
donein a case-basethannelby objectpatterns.

Onthefunctionalmodelinglevel theproductfunctionand
its network,thefunctionstructurejs establishedn this case
aproductfunctiondescribeshe productbehaior in termsof
inputsandoutputsaswell asby a normatie setof indepen-
dentand completefunction verbs.The functionverbsdeter
minehow theinputis transformedjualitatively into the out-
put. Functionsrespectrely functionverbsare selectedrom
alimited setof functionverbsandconnectedvith eachother
by physicalquantities.

Figure2 (1) showvsthe establishedpecialfunctionstruc-
tureof arobotgripperin termsof theinput-outpu model.The
productbehaior, the requiredtransformatiorprocessis de-
scribedby theenegy type pressue (input) whichis changed
in the enegy type force Thenthe forceis channeled dis-
tributedandamplified(output).

After thator in mostcasesduring function modelingthe
solutionprincipleis elaboratedyy combiningphysicaleffects
accordingo therequiredfunctionstructure Hereaneffectis
determinedby a law which definesthe quantitatve formu-
latedrelationshipbetweerthe physicalquantities.

An exampleis shovnin Figure2 (2). Eachsinglefunction
(1) is assignedh physicaleffect (2). Thereasoningprocesss
performedn a casebasednannetby meanof solutionpat-
terns.

Thesolutiongainedcoversall informationof a products
physicalsolution,suchasthephysicaleffectthatis described

1DIICAD in "DIICAD-Entwurf" standsfor Dialog-oriented ntegratecand I ntelligent CAD systemand Entwurf meanditerally translatecdesign,blueprint,
sketchor roughdraft with which the early stagesof a designareintendedto support.DIICAD hasbeendevelopedsince1978.And the moduleDIICAD-Entwurf
supportghe earlydesignstagesandthe embodimenstageandis basedn socalleddesignworking spaceg6], [5], [2], [3], [4].
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Figure 2: Modeling Structureof the Robotgripper

by amathematicaéquation geometricalindstructurainfor-
mationsuchaseffectivelines effectivesurfacesandefective
spacesvhich canbeseenonlayer (3) (Figure2).

5 Summary and futurework

In this paperwe dissusseé proposalfor a universaldesign
theory Theresearclis stronglymotivatedby theresearcibe-
ing conductedso far by the designmethodologycommunity
with a strongpracticalbackgroundout a moreor lessweak
formal fundamentlin this paperwe presentedhe conceptual
frameavork. Oneaim in the future is to formulatethis con-
ceptualand practical model on a strong formal fundament
andbeingableto validateit by obserationsandexperimen-
tation. Anothergoalis to makethis designtheoryuniversal,

which meango bring togetherasmary differentdomainsas
possible,suchas chemistry chemicalengineeringmaterial
sciencetechnicalbiology etc.[1].

With the resultwe wantto achieve the following adwan-
tages:

¢ A theoryof designwhichis applicablein practice.

¢ Experience-basekinowledgewill be madeavailable
for future designprocesses.

e The designprocesdecomeseasierto control sinceit
doesnotlongerdependntheinterpretatiorof asingle
designer

e The designprocessbecomeamore efficient and reli-
able.
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