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1 ABSTRACT

UDT standsfor UniversalDesignTheorywhich is a design
theorywith theaimof integratingabroadvarietyof engineer-
ing domains,suchasmechanicalengineering,materialsci-
ence,informationscience,chemistry, chemicalengineering
or pharmaceutics.All engineeringdomainshave in common
thattheiroverallgoalis tocreatesomethingnew in theworld,
a machinein mechanicalengineeringor a specificdrug in
pharmaceutics.

The UDT consistsof several parts.Onevery important
partof thetheoryis thekernelof theUDT which is basedon
anaxiomaticapproach.In thispaperwewantto describethe-
oretical fundamentalsand practicalrequirementsof UDT’s
axiomaticapproach.Oneimportantrequirementwearedeal-
ing with is to enlarge,expandor extendatheory. In thetradi-
tional view of axiomaticapproachesthis seemsto bealmost
impossible.UDT wantsto giveananswerto this problem.

In our paperwe describethebasicelements,anabstrac-
tion modelof differentabstractiondomainsandtheaxiomatic
framework of theUDT.

Keywords: Universal Design Theory, Design Process,
SolutionPatterns(CaseBasedReasoning),ConceptualDe-
sign

2 INTRODUCTION

Theconceptof theoryis a systemof statementswhich is em-
pirical substantialand contentful, informative, generaland
rich in explanation.This conceptis foundmainly in thearea
of analyticaltheoryof scienceand in naturalscienceitself
andhasto bedistinguishedfrom theoperative or instrumen-
tal theoriesrepresentingstructuralconcepts,e.g.mathemat-
ical theories.But nevertheless“Theory shouldnever forget
thatit is nothingbut appliedpractice”(GabrielLaub)[8].

Theoriesof designe.g. [10], [11] or designmethodolo-
giesin general[7] aredifferentfrom theconceptof theoryin
sciencein thesensethatscientifictheoriesview natureanalyt-
ically andin anunbiasedmannerto find generalexplanations
for its behavior, whereasdesigntheoriesusephenomenato
synthesizeartefacts.The processof synthesizingandits re-
sult, theartefact,is drivenby needs,estimationsandevalua-
tionsof designersandcustomers.

A UniversalDesignTheory(UDT) is adesigntheorycon-
taining findingsandknowledgeaboutdesignfrom different
scientificandengineeringdisciplinesin a consistent,coher-
entandcompactform. It servesasa scientificbasisfor ratio-
nalizing interdisciplinaryproductdevelopment.A Universal
DesignTheorytakesall thecommonfeaturesof differentsci-
entificandengineeringdomainsinto accountin orderto find
a systemof statementsof generalvalidity with regardto the
explanationandpredictionof artefactsandthewayof design-
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ing them.
In this paperwe want to usethe term“theory” and“de-

sign theory” in the senseit is usedin science.And here
we want to refer to any systemof knowledgethat is con-
cernedwith the physicalworld andits phenomenaandthat
entailsunbiasedobservations and systematicexperimenta-
tion. In general,it involvesa pursuitof knowledgecovering
generaltruthsandtheoperationof fundamentallaws.

To achieve this goal we first look at a simplemapping
processwhich alwaystakesplacein designprocesses.This
mappingprocessmapsa problem(or a designtask)onto a
solutionandwecall thisprocessasolutionfindingprocessor
justknowledgeaboutdesignsolutions.

Succesfuldesignrequiresa lot of experienceandknowl-
edgein a certaindomainto find propersolutionsfor given
designtasks.UDT which is ableto supportsolutionfinding
processeseffectively requirestheutilisationof domaininde-
pendentdesignknowledgetosolvegivendesigntasks.At this
weassumethefollowing:

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

2. Complex taskscanbedecomposedinto partialtasks.

3. The accessto domainindependentknowledgeresults
from similardesigntasks.

4. Knowledgeof a certaindomaincanbeappliedto and
utilisedby anotherdomain.

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

Theaim is to establisha theoryof designwhichexplains
andpredictsdesignprocesses.This paperis concernedwith
theconceptualelementsof theUDT. Thesebasicconceptions
aretheelementstheUniversalDesignTheoryis basedonand
theabstractionlevelsfor thenavigationto thedesignprocess
andthebasicassumptionswhich form theaxiomaticframe-
work of theUDT.

2.1 ELEMENTS OF THE UNIVERSAL DE-
SIGN THEORY

Theexplanationandpredictionof designandits implemen-
tationin adesigntheorywedefinetheprincipleelementsthe
UDT is basedon.

At this we assumethat knowledgeaboutartefactsand
knowledgeaboutdesigningartefactsare interconnectedin-
separablyandcan be describedby the theoreticalelements
object, processandsolutionpattern.

Hereanobjectpatterndescribesknowledgeaboutdesign
objectsand processpatternsdescribeknowledgeaboutde-
signprocesses.With theseelementsthemappingprocessbe-
tweena designtaskanda solutioncanbeimplemented.

Object pattern
An objectpatternis an applicationindependent
descriptionof a solutionwhich is adaptableto
a certainproblem.A solutionis concernedwith
knowledgeabout real objects.Object patterns
supportthe solutionfinding processby the de-
scriptionof thesolutionitself in connectionwith
a solution context and a solution supposition.
Object patternsrepresentdesignknowledgein
elementaryunitsexplicitly anddeclarative.

The principle ideathis definition is basedon is that the
intrinsicdesignsolutionis alwaysrelatedwith thegivende-
signtask(problem)andembeddedin adesigncontext. Object
patternscanfurtherbestructuredsothatmechanismsfor de-
compositionandabstractionetc.processescanbesupported.

Artefactsandthe processof designingthemareinterre-
latedwith eachotherinseparably. Designingthem,thedesign
processitself, is controlledby socalledprocesspatterns.

Process pattern
A processpatternis a setof relatedobjectpat-
terns.A processpatternis applicationindepen-
dentandadaptable. It includesa descriptionof
designsteps.A designstepis a processwhich
leadsto a definedtarget statewith respectto a
definedstartstate.

A designsolution in generalwhich meetsthe require-
mentsnow canbeanobject,suchasa peaceof softwareor a
mechanicalmachine,or a process,suchasa workflow. This
circumstancesaredescribedby a solutionpattern.
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Figure 1: Strategy for implementingtheUDT with theconceptsof objectandprocesspatternsasbasicelements

Solution Pattern
A solutionpatternis a generalisation of an ob-
ject anda processpattern.It describesapplica-
tion idependentandparameterisedtheintercon-
nectionbetweenanartefact,its elementsandits
develompment.

In contrastto processpatternsanobjectpatterndescribes
astaticalsolution.A processpatterndescribesaprocedurein
time.Fig. 1 showshow thesetwo elementswork together.

Designprocessescanbe interpretedasinformationpro-
cesseswhich describe(partial) solutionsin differentstates.
Beginning with the start state

���
(fig. 1) which includesa

set of all information of a designtask a target state
���

is
achievedvia intermediatestates

���
by objectandprocesspat-

terns.

If thereis a known setof requirements,for which there
hasbeendesigneda solution,thena known processpattern���
	��
��� �����

togetherwith anobjectpattern� �
	���� ���
leadsdi-

rectly to thetargetstate
� �

(Alternative1 in fig. 1).
If thereis no object/processpatternthenthe strategy is

thatasetof elementaryobject/processpatternsis usedto pro-
ceedsuccessively to target state(Alternative 2 in fig. 1). In
thiscaseprocesspatternswith a differentcomplexity will be
used.At this wedistinguishbetweenmicro processpatterns,
suchas

���
	��
��� �
���
or

���
	���������� �����
, andcomplex processpat-

terns,suchas
���
	������ ���  !���

, which allows to usedifferental-
ternativewayswhentherearedifferent � �

s.
Objectandprocesspatternsarethe conceptualelements

to describeastepwisesolutionfindingprocessin design.De-
sign in generalcan be interpretedas a refinementprocess,
leadingfrom theabstractto theconcrete,from thegeneralto
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thespecific.This refinementprocessis sub-dividedin differ-
entdesignstagesor wewantto referto theabstractionmodel
of design.

3 ABSTRACTION MODEL OF DESIGN

Besidestheelementsof theUDT theabstractionmodelbuilds
a basisfor the UDT. Theabstractionmodelconsistsof sev-
eralabstractionlevelseachlevel describingthenecessaryin-
formationsetsusedin design.Weconcentratemainlyonme-
chanicalandprocessengineeringbut assumethattheseinfor-
mationsetsarealsotruefor otherdisciplines,suchaschem-
ical engineering,chemistry, pharmaceuticsetc.althoughthe
usageof singleinformationsetsmight differ.

Wesub-dividethedesignprocessin theabstraction-layers
specification, function-, physical-andembodimentlayer.

3.1 DESIGN SPECIFICATION

Thedesignprocessbeginswith a designspecificationwhere
requirementsof a designobject arespecified.At this stage
the needsareformulatedascompleteaspossibleindicating
theintentof a designaspreciseaspossible.Unfortunatelyin
practicethe specificationdoesn’t containa completedefini-
tion nor all relevantfactsa designerrespectively a computer
(computationalmodel)wouldneedto comeupwith a proper
solution.Thereforeasresultonegetsa conceptualformula-
tion of needswhichhasto bedevelopedandevolvedlike the
wholedesignhasto be.

The goal of a designspecificationis to analyse, to de-
scribeandto exposetheaim of a designsothat thepurpose
and the intentionof the designand not a possiblesolution
is formulated.Theresultis a designspecificationor we will
referto a requirementmodel.

A requirementmodelcontainsrequirementsa productor
anartefacthasto meet.Requirementscontaine.g.functional,
behavioral, structuralinformationsetsand in this sensewe
talk aboutrequiredfunctions,requiredgeometryor the like.
Requirementsgenerallyrepresentconstraintsof designob-
jectsandthereforethey controlthewholedesignprocess.Re-
quirementscanbeclassifiedasfollows:

" Dependingon their origin, we can differentiatebe-
tweenexternalandinternal requirements.Externalre-
quirementsareformulatedneedsby a customer, inter-
nal requirementsareenterprise-specificanddependon
theknowledgeof manufacturingprocessesor thelike.

" Wecanfurtherdistinguishexplicit andimplicit require-
ments.Explicit oneshave anelementarycharacter. Im-
plicit requirementscan be further derived to explicit
ones.

3.2 FUNCTIONAL DESIGN layer

At theabstractionlevel of thefunctionalspecificationthebe-
havior of an artefactis developedby decomposingthe re-
quiredfunctionsandestablishinganetworkof functions.The
functionstructureanditssub-functionsserveasasupposition
for thesubsequentstages,especiallyfor thephysicalprinci-
ple layer. In functionmodellingtherearea lot of suggestions
to formulize functionsalthoughthey canbe classifiedbasi-
cally into two approaches.

One approachcan be called the input-output(I/O) ap-
proach, the other one the verb-nounapproach.Both ap-
proacheshave in commonthat they are decomposedinto
sub-functions.In the latter casethe result is a hierarchyof
functionsresprectivelysub-functions,theresultof theI/O ap-
proachis anetwork.Thesub-functionsestablishthebasisfor
thesolutionfindingprocessfor physicalprinciples.Important
for the solutionfinding processis the fact thatall functions
aredescribedby a setof independentandcompletefunction
verbsandquantities.To requireindependenceandcomplete-
nessof functionverbsis importantbecauseby this a definite
andunambiguousassignmentcanbeguaranteedandall prob-
lemareascanbedescribed.

Product function
A product function describesthe product be-
haviour by termsof inputsand outputsas well
as by a normativesetof independentand com-
plete function verbs.The function verbsdeter-
minehowthe input is transformedqualitatively
into theoutput.

The mostabstractstructureof I/O functionsis the gen-
eral functionstructure. A generalfunctionstructurehasthe
threein/output quantitiesmaterial, energy and information
ande.g.accordingto ROTH [9] therelationsstore, channel,
transform, changeandconnect.

General Function
A general function is a formal descriptionof
theproductbehavior. Thefunctionquantitiesare



Proceedingsof ICAD2000
First InternationalConferenceonAxiomaticDesign

Cambdridge,MA - June21-23,2000
ICAD005

matter, energy andinformationandwhosefunc-
tion verbsare store,channel,transform,change
andconnect.

With this conceptit is possibleto describeall technical
systems[9]. A functionwhichis buildedupby relationscom-
posedof physicalquantitieslike force,torqueetc.is calleda
specialfunction.With a specialfunctiontheenergy flow of a
technicalsystemcanbedescribedvery well. Suchfunctions
areimportante.g.in mechanical,liquid, electricalandther-
modynamicalsystems.

Special Function
A specialfunctionis a formal descriptionof the
productbehaviour. Theproduct is identifiedby
its systemboundaryanddescribedby a norma-
tivesetof functionverbsandfunctionquantities.
Thesetof functionquantitiesis thesetof physi-
cal quantities.Thecombinationof specialfunc-
tions by relating themby functionquantitiesis
calleda functionstructure.

After completingthe function structurethe designerde-
termineshow to realizeeachfunction.First thedesignerde-
terminesphysicalprinciples realizing a function and then
he/shedeterminesthephysicalstructureandgeometrywhere
thesephysicalprinciplesoccurs.

3.3 PHYSICAL PRINCIPLE LAYER

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

There are physical, chemical, biological etc. effects
which establisha relationshipbetweenphysicalquantities.
Theeffectsthemselvesareboundedto materialstructuresthe
so called effect carrier. The result is an effective structure
(chainof effects).

Effect
An effect describesa physicalphenomenon.An
effect is determinedby a mathematicalformula
which definesthe quantitativeformulatedrela-
tionshipbetweenthephysicalquantities.

Therecanbesystematicallyselectedthosephysicallaws
whichmatchthephysicalquantitiesin thefunctionstructure.

But if theredoesnotexist adirectrelationshipbetweenthein-
put/outputquantitiesa chainof effectshasto beestablished.

Then an effectivegeometryis established.Here,all in-
formationaboutthestructuralphysicalsolutionis modelled.
Eachphysicaleffect is assignedaneffective geometrywhich
is assembledfrom the elementseffective line, surfaceand
space.

3.4 Embodiment LAYER

Thefinal shapeis determinedin theembodimentlayer. In this
stagefeatures,partsandassembliesof theproductaremod-
eled.

4 AXIOMATICAL FRAMEWORK OF UDT

In orderto work out a UniversalDesignTheory, somegen-
eral assumptionson the processof designcanbe made.At
thisasa startingpointwehave thefollowing axiom:

Axiom 1 (Axiom of finite physicaleffects)
This axiom is concernedwith the componentsor basicele-
mentsdefinedon theabstractionlevel of physicalprinciples.
Weknow thatwecannotdesignanything which is incompat-
ible with naturalprinciplesandlaws.And weknow thatthese
well-knownphysicalprinciplesarefinite.

Thefinitenessof physicaleffectsis truefor acertainpoint
of time,thestateof theart in naturalscience;findingnew ef-
fectsis concernedto beresearchin naturalscience.

Fromthispointof view andresearchbeingdonein design
methodology, theoryandespeciallyin thefield of computer
aideddesignwe arguethat all the elementsusedin any ab-
stractionlevel arefinite.

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

E.g. basicelementson the functionallevel arebasicin-
putsandoutputs,suchasinformation,energy andmatterand
operators,suchaschange,channeletc.Thereareseveralpro-
posedontologiesfor function modelling,suchas the verb-
nounapproachwhich modelsfunctionsin anotherway than
theinput-outputapproach,but neverthelesstheremustexist a
limitedsetof basicelements,asthereis alimitedsetof words
we useto expressour ideas.Otherontologiesareexpressed
atdifferentabstractionlevels.
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Hypothesis 2 (Hypothesisof finite abstractionlevels)
Thereis a finite numberof abstractionlevelsonecanuseto
modelanartefactor to describedesignprocesses.

With regard to the domainof mechanicalengineering,
thesearee.g. the above-mentionedlevels of the functional,
physical principle layer etc. Dif ferent ontologiesof func-
tional descriptionsaredifferentabstractionlevels.Themap-
ping betweenthe elementson eachabstractionlevel canbe
calledatransitionbetweenabstractionlevels.

Hypothesis 3 (Hypothesisof finite transitions)
Thenumberof possibletransitionsbetweendifferentabstrac-
tion levelsis finite.Themappingbetweentheabstractionlev-
els is a mappingbetweenthebasicelementsdefinedin each
abstractionlevel.

The mappingbetweenabstractionlevels andin abstrac-
tion levels is performedby the elementsobjectandprocess
patterns,e.g.from a sub-functionto aneffect or from func-
tionsto its sub-functions.

Basedon these,wecanstatethefollowing:

Hypothesis 4 (Hypothesisof invention )
New artefactsarealwaysmadeandcreatedfrom a new com-
binationof known basicelements.Thatappliesto the basic
elementsof theabstractionlevels,e.g.a function,a physical
principle,aneffectivesurfaceetc.,whichareto becombined.

With thehypothesisof inventionwehave concludedthat
a new designsolution can be generatedsystematicallyby
mechanismsof combination.And thesemechanismsarecon-
trolledby asetof requirementsgivenat theoutset.

Hypothesis 5 (Hypothesisof solutionfinding )
Eachproductrequirementpointsat leastto onesolutionarea.
From this follows that a solution is determinedunambigu-
ously if the setof requirementsis complete,consistentand
valued.

This hypothesisis basedon the assumptionthat there
mustexist a completesetof requirementsaftera designhas
beenfinishedandthesamemustbetrue in reverseorder. In
addition to that the set of requirementsmustbe consistent
andvaluedbecausethe processof requirementmodelingis
subjective.

4.1 DESIGN EXAMPLE

To illustrate theseratherabstractconceptswe introducea
small designexample.This exampleshows the designof a
robotgripperwith thedesignsystemDIICAD-Entwurf1. This
exampleis not meantto prove or validateany of the state-
mentsmadebut servesasanexample.

The designwith DIICAD-Entwurf startswith modeling
thespecification,in abroadersensealsocalledrequirements.
The specificationsare won by clarification of the task and
containthepreconditionsof thedesign,the to-beproperties
of the future product,the requirements,and the description
of theproduct’simmanenttaskstructure. In thefollowingthe
taskstructureis mappedontothefunctionstructure.Thiscan
bedonemanuallyor automatically. Thereasoningprocessis
donein a case-basedmannerby objectpatterns.

Onthefunctionalmodelinglevel theproductfunctionand
its network,thefunctionstructure,is established.In thiscase
aproductfunctiondescribestheproductbehavior in termsof
inputsandoutputsaswell asby a normative setof indepen-
dentandcompletefunctionverbs.The functionverbsdeter-
minehow theinput is transformedqualitatively into theout-
put. Functionsrespectively functionverbsareselectedfrom
alimited setof functionverbsandconnectedwith eachother
by physicalquantities.

Figure2 (1) showstheestablishedspecialfunctionstruc-
tureof arobotgripperin termsof theinput-outputmodel.The
productbehavior, therequiredtransformationprocess,is de-
scribedby theenergy typepressure (input)which is changed
in the energy type force. Then the force is channeled, dis-
tributedandamplified(output).

After thator in mostcasesduringfunctionmodelingthe
solutionprincipleis elaboratedby combiningphysicaleffects
accordingto therequiredfunctionstructure.Hereaneffect is
determinedby a law which definesthe quantitative formu-
latedrelationshipbetweenthephysicalquantities.

An exampleis shownin Figure2 (2).Eachsinglefunction
(1) is assigneda physicaleffect (2). Thereasoningprocessis
performedin a casebasedmannerby meansof solutionpat-
terns.

Thesolutiongainedcoversall informationof a product’s
physicalsolution,suchasthephysicaleffect thatis described

1DIICAD in "DIICAD-Entwurf" standsfor Dialog-orientedIntegratedandIntelligentCAD systemandEntwurf meansliterally translateddesign,blueprint,
sketchor roughdraft with which theearly stagesof a designareintendedto support.DIICAD hasbeendevelopedsince1978.And themoduleDIICAD-Entwurf
supportstheearlydesignstagesandtheembodimentstageandis basedonsocalleddesignworkingspaces[6], [5], [2], [3], [4].
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(1)

(2)

effective space

effective line
effective surface

(3)

Figure 2: ModelingStructuresof theRobotgripper

by amathematicalequation, geometricalandstructuralinfor-
mationsuchaseffectivelines, effectivesurfacesandeffective
spaceswhichcanbeseenonlayer(3) (Figure2).

5 Summary and future work

In this paperwe dissusseda proposalfor a universaldesign
theory. Theresearchis stronglymotivatedby theresearchbe-
ing conductedsofar by thedesignmethodologycommunity
with a strongpracticalbackgroundbut a moreor lessweak
formal fundament.In this paperwepresentedtheconceptual
framework. Oneaim in the future is to formulatethis con-
ceptualand practicalmodel on a strongformal fundament
andbeingableto validateit by observationsandexperimen-
tation.Anothergoal is to makethis designtheoryuniversal,

whichmeansto bring togetherasmany differentdomainsas
possible,suchaschemistry, chemicalengineering,material
science,technicalbiologyetc.[1].

With theresultwe wantto achieve the following advan-
tages:

" A theoryof designwhich is applicablein practice.

" Experience-basedknowledgewill be madeavailable
for futuredesignprocesses.

" The designprocessbecomeseasierto control sinceit
doesnot longerdependontheinterpretationof asingle
designer.

" The designprocessbecomesmore efficient and reli-
able.
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