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Voorwoord

Deze reader is samengesteld ten behoeve van het vak IDE409 Ontwerptheorie
en -methodologie (OTM). De reader vormt een aanvulling op het boek Produktontwerpen:
Structuur en methoden van N.F.M Roozenburg en J. Eekels.

In de ontwerpoefeningen IDE100 en IDE202 en in onder meer het vak IDE110 maken studenten
al kennis met enkele modellen van het ontwerproces en de meest gangbare ontwerpmethoden. In
een wetenschappelijke opleiding mag echter niet worden volstaan met het doceren van de
methoden zonder meer. Een universitair opgeleide IO-er behoort ook een kritisch oordeel hebben
over methoden. Hij of zij moet een bewuste, beargumenteerde keuze kunnen maken voor de beste
aanpak van een ontwerpprobleem en zich andere dan de gangbare benaderingen weten voor te
stellen. In het vak IDE409 wordt daartoe dieper op de theoretische en methodologische
grondslagen van het ontwerpen ingegaan.

Deze reader bevat enkele teksten die dieper ingaan op de stof van de Hoofdstukken 3, 4 en 5
van het boek Produktontwerpen, en enkele teksten waarin vanuit andere invalshoeken naar het
ontwerpen wordt gekeken en kritische kanttekeningen bij de traditionele modellen van het
ontwerpproces worden geplaatst. Bovendien zijn in deze reader enkele case-studies opgenomen.

Wij hopen dat het bestuderen van deze artikelen zal bijdragen aan het inzicht in de specifieke

aard van ontwerpproblemen en ontwerpprocessen en aan het vermogen om ontwerpproblemen
op een doelmatige wijze te benaderen.
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1 Inleiding

® Roozenburg, N.F.M., Ontwerpmethodologie: een overzicht. Industrieel Ontwerpen,
nr. 11, 1987, p. 22-24

Dit artikel is een aanvulling op Hoofdstuk 3 ‘Ontwerpmethodologie’ van het boek
Produktontwerpen. In dat hoofdstuk wordt uiteengezet wat de begrippen ‘methode’,
‘methodologie’ en ‘ontwerpmethodologie’ inhouden. Het artikel geeft onder meer een antwoord
op de vraag waarom we voor het vak IDE409 de naam Ontwerptheorie en -methodologie
gekozen hebben. Aan het eind van het artikel worden enkele ‘fundamentele problemen’
aangestipt, die ontwerpmethodologen hebben bezig gehouden. Elders in het boek en de reader
wordt daar meer uitvoerig op ingegaan.






Ontwerpmethodologie:

ir N.F.M. Roozenburg is universitair
docent bij de Faculteit van het
Industrieel Ontwerpen van de
TU-Delft. Als lid van de vakgroep
Bedrijfskunde van de produktont-
wikkeling is hij belast met onderwijs
en onderzoek op het gebied van

shadal
L4 9

werpers onder elkaar zijn vaak een meer
uanceerde, soms zelfs sceptische

ning toegedaan. Het gaat uiteindelijk

1 om de creativiteit en die is nu eenmaal
: of nauwelijks te vangen in systemati-

e procedures. .

noe leg je een opdrachtgever uit dat
thodisch werken loont, zo je dat zelf al
doft: je wordt immers voor het resultaat
aald en niet voor het proces. Trouwens

. is methodisch werken eigenlijk? Toch
tmeer dan hetontwerpproces in de alom
:ende fasen afronden en dat alleen helpt
h nauwelijks de werkelijke problemen op

een

overzicht

Norbert Roozenburg

Ontwerpmethodologie (OM) is een controversieel onderwerp. Ontwer-
pers en representanten van het vak industrieel ontwerpen laten bij
officile gelegenheden niet na te wijzen op het belang van systemati-
sche aanpak en methodische ontwerpen. Sommigen gaan nog verderen
stellen dat juist in zijn specifieke werkwijze de kracht van de industrieel
ontwerper ligt. In veel opleidingen voor industrieel ontwerpers is dan
ook een ruime plaats voor OM ingeruimd. Het lijkt niet overbodig

eens bij OM stil te staan. Is OM een mooi geval van de Kieren van de
Keizer, of wel degelijk een waardevol gereedschap voor de industrieel

ontwerper?

Norbert Roozenburg zal in een reeks artikelen in dit tijdschrift een
overzicht geven van dat deel van OM dat voor produktontwerpers van

direct belang is.

te lossen?

De ontwerpmethodologen zelf maken het
ook al niet gemakkelijk. Enkele belangrijke
figuren van het eerste uur, zoals Christopher
Alexander en Christopher Jones hebben
publiekelijk het nut van OM betwijfeld. Toch
wordt in de praktijk juist het meest op de
modellen van de beginperiode (1960-1970)
teruggegrepen, terwijl veel van het huidige

methodologisch werk ver van de praktijk lijkt

af te staan. Is OM niet te speculatief? Al dat
denken en discussiéren heeft wel tot een
aantal mooie modellen geleid, maar echt
onderzocht is er niet zoveel, en in de praktijk

loopt alles nu eenmaal anders dan je denkt.
Bovendien, is de veronderstelling dat er een
methode voor het ontwerpen bestaat niet
net 20'n grote misvatting als het idee van
een gemeenschappelijke methode voor het
wetenschappelijk onderzoek? ‘Anything
goes’, niet alleen in de wetenschap zoals
Feyerabend in ‘Against Method’ beweert,
maar ook bif het ontwerpen.

Wat is ontwerpmethodologie?

Veel ontwerpers zien OM als een losbla-
dig systeem waarin op elk blad een manier
te vinden is om een onderdeel van het



ontwerpen uit te voeren. Al doorbladerend
ontdekken.zij dat de klapper nogal oneven-
wichtig is samengesteld. Sommige taken
zijn uitvoerig gedocumenteerd, andere
daarentegen geheel niet. Bovendien blijkt
een groot deel van de klapper gewijd te zijn
aan zaken die niet direct met het ontwerpen
zelf te maken hebben. Teleurgesteld wordt
de klapper terzijde gelegd en de samenstel-
lers wordt soms een niet ingeloste belofte
verweten.

OM is niet de verzameling van methoden,
hoewel beide alles met elkaar te maken
hebben. OM is de wetenschap van de
methoden. Natuurlijk construeren methodo-
logen wel eens nieuwe methoden, maar hun
belangrijkste bezigheid is methoden die zich
in de praktijk ontwikkelen, kritisch te bestu-
deren en te evalueren. Wat is een methode,
wat voor een type wetenschap is OM en over
welke problemen gaat het?

Methode

Of een methodoloog een werkwijze al
dan niet een methode noemt, hangt af van
het abstractieniveau van de beschrijving.
Zonder een flinke mate van abstractie zijn
geen algemeen geldende methoden te
vinden. Je kunt nooit over de methode voor
het ontwerpproces spreken, want de keuze
van abstractieniveau is nogal arbitrair en
hangt sterk af van het gebruiksdoel van de
methode. In OM gaat het dus niet om
opdrachten of recepten voor een specifieke
taak, maar om systemen van regels en
structuren van processen die gelden voor
klassen van verwante handelingen.
Een methode ontstaat door kenmerkende
delen van een proces te onderscheiden en
relaties in de tijd daartussen aante geven. In
de riiethodologie gaat het dus om wat er
moet gebeuren en wanneer. De vraag ‘wie
doet wat?’is strikt genomen geen methodo-
logische, maar een organisatorische vraag.
Auteurs van ontwerpmethoden laten helaas
vaak in het midden voor wie hun methoden
bedoeld zijn: de individuele ontwerper, een
interdisciplinair produktontwikkelingsteam,
een complete industriéle organisatie? Dat
leidt nogal eens tot misverstanden, want
wat een goede methode is voor één ontwer-
per, is niet automatisch goed voor een
grotere organisatie, en omgekeerd.

Methodologie

Methodologie is de wetenschappelijke
studie van methoden. 'Wetenschappelijk’
omdat men het oordeel over methoden
zoveel mogelijk baseert op feiten en logische
overwegingen.
Tot nu toe waren de meeste OM studies
nogal filosofisch van aard: slechts hier en
daar werd het ontwerpproces experimenteel
onderzocht. Dit is minder vreemd dan het
lijkt, want het gaat uiteindelijk niet om de
vraag hoe ontworpen wordt, maar hoe
ontworpen moet worden, en juist dat is niet
alleen door middel van experimenten vast te
stellen.
OM is vooral een kritische, waarderende,
normatieve bezigheid. Maar zonder beschrij-
ving van de werkelijke gang van zaken kan
OM het toch niet stellen. De behoefte aan
experimenteel verkregen descriptieve
inzichten in het ontwerpproces komt de
laatste jaren dan ook steeds duidelijker naar
voren. De descriptieve en normatieve
benadering moeten elkaar aanvulien en zijn
trouwens vaak moeilijk te scheiden.

Ontwerpen

Moeilijker dan ‘'methodologie’ is het
afbakenen van het begrip ‘ontwerpen’. De
meeste ontwerpmethodologen doen dat
dan ook niet expliciet. Zij gaan ervan uit dat
ontwerpen een bewust denkproces is dat
een rol speelt in a/le vormen van bewust
handelen. Bovendien wordt vaak veronder-
steld dat datgene wat ontworpen wordt

. maar weinig invioed heeft op de structuur

van het ontwerpproces. Dat wil zeggen: het
ontwerpen van produkten, gebouwen,
beleidsvoorstellen, en zelfs computerpro-
gramma’s zou in grote lijnen op dezelfde
wijze verlopen en moeten verlopen. Gezien
het tamelijk hoge abstractieniveau van de
huidige modellen van ontwerpprocessen
valt met dit uitgangspunt nog wel te leven.
Maar er zijn natuurlijk verschillen en het is
aannemelijk dat deze bij verder onderzoek
tot verschilien in methoden zullen leiden.
Zo zijn er bijvoorbeeld verschillen in repre-
sentatiemogelijkheden, die samenhangen
met de theoretische stand van zaken binnen
een discipline. Ontwerpers van computer-
programma’s kunnen hun problemen en
oplossingen beschrijven in dezelfde (en
sterk geformaliseerde) taal. Een produktont-
werper of architect kan dat niet. Zij hebben
het heel wat moeilijker bij het ‘bewijzen’ dat
hun oplossing de (gezochte) oplossing is.
Overigens hield Eekels onlangs een pleidooi
om OM niet te beperken tot het produktont-
werpen alleen, omdat onder het industrieel
ontwerpen nog veel meer zaken vallen die
ontworpen moeten worden, zoals het
fabricageproces, de fabriek en bedrijfskun-
dige objecten als het beleid, het strategisch
plan, de ontwikkelingsorganisatie etc.
(Ontwerpmethodologie: mogelijkheden en
grenzen, DUP, 1987).

Methodologie of ontwerptheorie?

De methodologie van het wetenschappe-
lijk onderzoek heeft een heel wat eerbied-
waardiger verleden dan OM. Het is dan ook
niet vreemd dat methodologie-handboeken
vrijwel uitsluitend over onderzoek gaan. Is
OM als apart vakgebied eigenlijk wel nodig?
Immers, wetenschap en techniek, onderzoek
en ontwerpen zijn tegenwoordig zo nauw
verweven, dat ze nauwelijks meer uit elkaar
te houden zijn. Toch moet dat. Het ontwer-
pen is een anders gerichte activiteit dan
onderzoeken. Bij ontwerpen gebruik je
kennis om iets ten goede te veranderen in je
omgeving, bij experimenteel onderzoek
dwing je veranderingen in een deel van de
omgeving af om de kennis erover te vergro-
ten. Beide processen kennen vergelijkbare
elementen, maar ze zijn anders geschakeld.
Dat brengt methodische verschillen met zich
mee en daarom is OM nodig.

Het is niet zo dat onderzoekmethodologie
niets te bieden heeft voor ontwerpers.
Allereerst omdat in ontwerpprocessen
wetenschappelijke kennis overal een belang-
rijke rol speelt. Om die kennis goed te
gebruiken is bekendheid met onderzoekme-
thodologie geen overbodige luxe.
Daarnaast is het zo dat activiteiten, bedoeld
als ontwerpproces, heel gemakkelijk kunnen
ombklappen tot een vorm van onderzoek,
bijvoorbeeld als je iets ontwerpt op basis
van een theorie, daarvan een werkend
model maakt en dan ontdekt dat het niet
werkt, omdat de theorie niet deugt. Je leert
dan - onbedoeld — iets over de theorie en
deed eigenlijk een wetenschappelijk experi-

ment, mits één en ander methodologis:
verantwoord was opgezet.

Ten slotte: OM en onderzoekmethodol
gaan beide over methoden. Uit de ontwi
ling van de onderzoekmethodologie ziji
enkele lessen te leren voor ontwerpme!
dologen. De eerste is dat het niet vruch
is uitsluitend methoden te bestuderen.
grens tussen onderzoekmethodologie ¢
andere takken van de wetenschapsfilos
blijkt niet scherp te trekken. Automatisc
komt men terecht bij problemen rond d
aard van wetenschappelijke kennis, de
logica, de ethiek en dergelijke. Ook voo
OM is dit te verwachten. Het ‘hoe’ hang
eenmaal samen met het ‘wat’. Het verb
ren van ontwerpmethoden vraagt om e
diepere analyse van de aard en de struc
van ontwerpproblemen.

De tweede les is dat de filosofische ben
ring alleen onvoldoende inzicht geeft in
verschijnsel wetenschap. In de modern
wetenschapsfilosofie wordt dan ook alg
meen erkend dat vakwetenschappelijke
benaderingen, zoals de historische en
vooral de sociaal-psychologische, een
belangrijke rol kunnen en moeten spele
Ik meen dat dit ook voor de studie van t
ontwerpen zo is. De puur methodologis
benadering zou moeten worden aange»
met historische studies van ontwerpen
uitvinden, onderzoek van de sociale stri
ren waarin ontworpen wordt en psychc
sche studies van de eigenschappen var
ontwerpers. Om de integratie van derg
studies aan te duiden zouden de begrip
‘Ontwerptheorie’ of ‘Ontwerpleer’ bete:
hun plaats zijn dan OM.

Training

l

Brief _| . Programming ..{_ Experi

| Data collection

| Analysis

Synthesis ___|

Development _|

|

Solution {_Communication

Archer’'s bekende ‘Basic desig:
procedure’. Het topje van deijs!
de ‘Systematic Method’ omvat
tientallen activiteiten plus een
relatiediagram.

Fasenmodelien

Archer’s ‘Systematic Method For De
ners’ (Design, 1963-4) is waarschijnlijk |
bekendste voorbeeld van de eerste rest
ten van OM, maar ook in andere discipl
zijnvoorbeelden van dergelijke fasenm
len te vinden, zoals het Duitse VDI-2222



odel voor werktuigbouwkundig ontwer-

'n en het Engelse RIBA Plan of Work voor

» architect.

et deze modellen beoogden de ontwerp-
ethodologen een rationele structurering
in het ontwerpen; intuitie en creativiteit
uden binnen het geboden systematische
der optimaal tot hun recht komen. Dittype
odel is nogal normatief en daartegen

ordt vaak bezwaar gemaakt. Zo is er de
itiek dat de stringente scheiding tussen
1alyse en synthese — die meestal voorge-
hreven wordt — niet erg realistisch en
relmatig is. Die kritiek is juist en onjuist.

j die deze modellen zien als een psycholo-
sch model voor het denken van één
1twerper, hebben ongetwijfeld gelijk.

2 fasenmodellenzijn echter vooral bedoeld
yor het structureren en plannen van het
erk van een team van ontwerpers en
1dere specialisten. In dat geval ontkomt
en niet aan het — desnoods wat kunst-
atig — faseren van het project, omdat
wders het verdelen en afstemmen van

ken, het plannen en budgetteren, tussen-
dse evaluaties en voortgangscontrole niet
iogelijk zijn.

iervoor vormen de fasenmodellen een
terst nuttige basis en het is niet vreemd dat
j het meest toegepaste gereedschap van

2 OM zijn.

ethodiek

Een tweede belangrijk thema van OM is
2 methodiek, dat wil zeggen: de methoden
1technieken zelf. Aanvankelijk bestond het
'erk vooral uit hetinventariseren en classifi-
aren van methoden, veelal ontleend aan
ndere disciplines zoals management,
esliskunde en psychologie.
ones’ ‘Design Methods: Seeds of human
itures’ (John Wiley & Sons, 1970) is het
este voorbeeld van deze benadering. Zijn
oek bestrijkt het gehele ontwerpproces,
raar er zijn ook methodenoverzichten die
ch tot enkele aspecten van het ontwerpen
eperken zoals Rickards’ ‘Problemsolving
wough creative analysis’ (Gower Press,
974). Uiteraard bevatten dergelijke studies
teeds een systematische indeling die de
euze en toepassing van technieken moet
ereenvoudigen. Tot op zekere hoogte is
>’n indeling arbitrair. Het is met ontwerp-
:chnieken als met gereedschap: je kunt er
Itijd iets mee doen wat zinvol is, maar
igenlijk niet bedoeld was. Zo is brainstor-
1ing een creativiteitstechniek, maar ook
itstekend geschikt om snel de in een groep
anwezige kennis over een probleem te
ergaren.
'eel technieken blijken een problematische
erst stap te bevatten, waarin het op erva-
ing, inzicht en overzicht van de ontwerper
ankomt en waarbij de techniek zelf nauwe-
jks helpt. Een voorbeeld is het kiezen van
:arameters bij de morfologische methode.
Jok hier geldt, zoals bij alle gereedschap:
et resultaatis zo goed als de gebruiker, wat
iatuurlijk niet wil zeggen dat het gereed-
chap zelf géén invioed op het resultaat
eeft.

undamentele problemen

Rond 1970 verminderde de belangstelling
oor fasenmodellen en methodiek.
de resultaten van OM vielen tegen, zeker in
iet licht van de toen hooggespannen
rerwachtingen. Tot dan toe was OM sterk
jeinspireerd door operations research,

besliskunde, problemsolving en onderzoek-
methodologie. Men ging zich realiseren dat
ontwerpproblemen in veel opzichten anders
zijn dan de problemen van die disciplines.
Een ontwerpprobleem is géén onderzoek-
probleem en meer dan een keuze- of optima-
liseringsprobleem.

Door teveel te kijken naar de methodolo-
gieén van andere disciplines waren de eigen
problemen van het ontwerpen uit het zicht
geraakt, zo werd terecht geconstateerd.
Wat is ontwerpen eigenlijk, waarin verschilt
het van andere vormen van denken en doen
en wat zijn daarvan de methodische conse-
quenties? Het onderzoek wordt nu funda-
menteler en het veld van studie breder. lk
kan slechts enkele onderwerpen noemen.
Ontwerpproblemen worden benaderd als
ill-defined problems. Dat zijn problemen
waarvoor niet duidelijk is vast te stellen dat
de oplossing gevonden is, omdat de pro-
bleemstelling zelf als het ware mee ontwor-
penwordt. Dergelijke problemen vragenom
een andere aanpak dan de nogal lineaire
‘systems-engineering approach’.

Veel aandacht krijgt de logische structuur
van het ontwerpen. Onder meer Eekels en
March tonen aan dat het denken en redene-
ren bij het ontwerpen door eigen patronen
worden gekenmerkt die niet tot deductie en
inductie zijn te herleiden (zie /ndustriéle
Doelontwikkeling en The Architecture of
Form, Cambridge University Press, 1976).
Studies op wetenschapsfilosofisch terrein
leiden tot het inzicht dat ook bij de weten-
schappelijke theorievorming a priori kennis,
intuitie en ideeén een onmisbare construc-
tieve rol spelen; het is dus helemaal niet
nodig dergelijke zaken buiten de deur te
houden om wetenschappelijk te werken,
zoals in de beginperiode van OM wel eens
werd gedacht.

Weer andere studies gaan over de functies
van kennis bij het ontwerpen en over de
vraag of er een ‘designerly way of knowing’
bestaat —- zoals Archer poneerde — als
tegenhanger van de nogal verbale weten-
schappelijke kenwijze.

Als laatste noem ik Eekels’ ‘Structuuranalyse
van het handelen en maken’. Zijn schema’s
maken inzichtelijk hoe denken en doen,
modelien en werkelijkheid, doelen en
middelen, feiten en waarden op elkaar
ingrijpen bij het ontwikkelen, realiseren en
gebruiken van produkten. Zij zijn een
krachtig hulpmiddel om mogelijke o6rzaken
van methodische problemen tijdens een
project te onderkennen (zie /ndustriéle
Doelontwikkeling, Van Gorkum & Comp,
1973).

Invergelijking met de periode 1960-1970 ligt
het zwaartepunt niet meer bij normatieve
systematische methoden als zodanig, maar
bij wat daaraan ten grondslag ligt. OM
streeft nu naar groter inzicht in de aard en
moeilijkheden van het ontwerpen, zodat
ontwerpers beter in staat zullen zijn ze/f hun
ontwerpproces te structureren, rekening
houdend met eigen stijl en mogelijkheden
en de specifieke situatie waarin ontworpen
wordt.

Dat is, lijkt mij, een zinvolle doelstelling om
na te streven. <

Eekels’ ‘Str van de handeling’.
Ditis het schema voor de handeling
in het algemeen. Het boek ‘indus-
tridle Doelontwikkeling’ bevat
nadere uitwerkingen.
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2 Prescriptieve modellen van het ontwerpproces

* VDI Guidelines 2221, Systematic Approach to the Design of Technical Systems and
Products. VDI-Verlag, 1987.

* Cross, N. and N.F.M. Roozenburg, Modelling the Design Process in Engineering and in
Architecture. Journal of Engineering Design, vol. 3, no. 4, 1992.

De twee teksten van dit deel van de reader vormen een aanvulling op Hoofdstuk 5 ‘De structuur
van het ontwerpproces’ van het boek Produktontwerpen.

De VDI Richtlijn 2221 is een heel karakteristiek voorbeeld van een prescriptieve
ontwerpmethodiek. De richtlijn is de neerslag van de ideeén over ‘systematisch ontwerpen’ in de
werktuigbouwkunde die in de afgelopen decennia zijn ontstaan. Duitse en Oost Europese
werktuigbouwkundig ingenieurs hebben daaraan een grote bijdrage geleverd, maar in de richtlijn
zijn ook duidelijk Angelsaksische invloeden te bespeuren. Voor wat betreft de opzet is VDI 2221
vergelijkbaar met Hoofdstuk 5 van het boek, maar de richtlijn gaat dieper in op de verschillende
fasen en activiteiten. Bovendien bevat de richtlijn voorbeelden van systematisch ontwerpen op
het gebied van mechanische systemen, fabricageprocessen, mechatronica en software. Daarmee
heeft men willen aantonen dat de systematische benadering van VDI 2221 algemeen toepasbaar
is voor het ontwerpen van technische systemen en producten. Maar is dat ook zo?

In het artikel Modelling the Design Process vergelijken Cross & de modellen van
werktuigbouwkundig ontwerpen en architectonisch ontwerpen. Zij vragen zich af waarin en
waardoor deze modellen verschillen en pleiten voor een (hernieuwde) ‘integratie’ van het typisch
werktuigbouwkundige en het typisch architectonisch model.
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Preliminary Note

The VDI Society for Product Development, Design
and Marketing (VDI-GKE) published Guideline
VDI 2222, “Systematic Approach to Design — Con-
ceptual Design of Technical Products™, in 1977.
That Guideline examined the most important funda-
mental principles for a systematic approach to design
and it received national and international recogni-
tion from both engineering design practitioners and
educators.
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VEREIN DEUTSCHER INGENIEURE

1 Aims

The competitive manufacture of technical systems
and products is influenced decisively by the effective-
ness of the design process. This process is character-
ised by a wide variety of tasks which must be carried

out under conditions specific to each company and

under conditions imposed by market trends and
technical developments. A systematic approach to the
design of technical systems and products which is to
be generally applicable in practice must take account
of this wide variety. It is intended to achieve this
aim by structuring the most important relationships,
and the working methods deduced from them, with
the aid of several VDI Guidelines.

Guideline VDI 2221 deals with the generally valid
principles of design independently of a specific
branch of industry. It defines those design stages
and results which, because of their logical nature
and usefulness, provide a general approach in prac-
tice. The most important methodological principles
which provide the basis for the solution of problems
are those of the systems approach [101, 102]. Also
included are the familiar design methods recom-
mended principally for mechanical and precision en-
gineering [17, 18, 20, 23, 25]. In this Guideline, the
examples of the general approach applied in various
branches of industry are intended to indicate special
relationships and ideas, though the differences be-
tween branches are becoming less marked due to
the influence of multidisciplinary design teams. In
addition, the examples are also intended to provide
assistance when reassessing and improving the ex-
isting design approach within an organisation. with
the objectives of: reducing the expense and effort
involved; making the optimum use of computers:
and ensuring the marketability of the products de-
signed. In order to achieve uniform data processing
within a company, it is important to integrate the
use of computers within a systematic approach to
design. This Guideline has therefore been produced
with particular reference to the application of com-
puters in design.

An additional aim is to summarise and order the
wide variety of design methods which have arisen
in recent years as a result of work carried out in
research and practice. This should enable the reader
to recognise their typical applications without the
need for detailed descriptions.

The terms required for a general approach are also
defined. This is both to facilitate understanding this
Guideline and to unify the meaning of the terms
in research and practice.

Based on this Overall Guideline further detailed
Guidelines are to be produced. These will describe.



with the help of examples. topics such as the individ-
ual design phases. for example conceptual design and
embodiment design, and also particular design pro-
cedures in different branches of industry, for exam-

ple mechanical engineering and precision engineer-

ing. This will make it possible to cover in much
greater detail the particular requirements and meth-
ods of individual design stages and of different spe-
cialist areas. It will also permit the ideas of the differ-
ent schools of design methodology to be taken into
account.

Producing these detailed Guidelines does not bring
into question the overall aim of creating a generally
applicable approach to design. Instead, it is hoped
that by describing special relationships and applica-
tions the validity of the overall approach and the
possibility of applying general methods in specific
cases will become clearer.

Planning

Preliminary
study

2 Fundamentals of the Systematic Approach

A multitude of different problems need to be solved
in the course of design. It is thus natural to transfer
the approach utilised in the process of solving gener-
al problems to the process of design.

The process of solving problems represents a perma-
nent relationship between goals, planning, execution
and control, linked by decisions. Systems engineer-
ing, as an interdisciplinary methodology for solving
problems associated with artificial systems, provides
a general description of this process [101, 102]. The
model of the systems approach shown in Fig. 2.1
divides the development of a system into /ife phases,
progressing from the abstract to the concrete. The
model also contains a strategy for solving problems
which is, in principle, applicable to every life phase.

Problem Analysis: Every problem or task initially
has the effect of confronting the solver with some-
thing which is more or less unknown in terms of
the solution to the problem. The scope and extent
of this confrontation depend on the level of knowl-
edge and information at the disposal of the solver.
It will frequently be necessary to obtain more infor-
mation about the problem, thus discovering further
requirements of the task, details of the constraints
and possible methods of solution.

Problem Definition: Subsequent definition and pre-
cise formulation of the problem to be solved, based
on a more detailed level of information, facilitate
the search for a solution. This is because the essence
of the task and the requirements to be met are ex-
pressed in the language of the problem solver, with-
out a specific solution in mind.

System Synthesis: In the course of searching for solu-
tions during this particularly creative phase of the

e [jfe phases of @ SyStem e———p

System System System System System
development  production  installation operation  replacement

Problem
analysis

‘ Problem
definition
System
synthesis

System
analysis

Evaluation
Fig. 2.1. Model of ;
the systems approach, Decision
after [102, 104]




process, ideas or everi concrete solutions are devel-
oped and combined. A most important feature is
the development of, or recognition of, a number of
different solutions.

System Analysis: In this step the proposed solutions
are analysed in order to gain the information neces-
sary to reach a decision.

Evaluation and Decision: An evaluation of the char-
acteristics of the proposed solutions against the spe-
cified requirements is essential in order to arrive at
a decision about whether to develop the preferred
solution for the system further or to stop the devel-
opment altogether.

Not until these steps are appropriately combined
may we refer to a strategy of plan or approach. The
simplified representation in Fig. 2.1 of a linear link-
ing together of the steps is not sufficient to reach
a solution in the case of complex problems. It is
important and customary to make use of repeated
cycles in which the different steps are processed sev-
eral times. This iterative procedure, shown in
Fig. 2.2, leads to an increase in the level of informa-
tion for a step being repeated, and corresponds to
a learning process.

Problem

Next
phase

Fig. 2.2. Cycles in the systems approach to problem solving

The procedural steps contain individually and in
their entirety the activities of collecting, processing
and transmitting information. In such information
conversion, the output of information from one step
results in a gain of information, either for the next
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procedural step or for the preceding one. The collect- !
ing and processing of information are also essential |
for synthesis and analysis, which are always closely
linked and interdependent.

A breakdown of the problem-solving process into
parallel paths is recognised by cybernetics as being
an effective and economical strategy for solving com-
plex problems. This strategy has proved effective in
practice, and consists of subdividing a complex over-
all problem into defined sub-problems at as early
a stage as possible. In this way, solutions can be
found more easily. The sub-solutions are then com-
bined into an overall solution.

This important strategy is shown in Fig. 2.3, which
also illustrates the fundamental systematic approach
of structuring a system into sub-systems and system
elements. Such a structuring promotes: the recogni-
tion of sub-problems by revealing patterns and rela-
tionships; the discipline to proceed systematically;
the development of alternative solutions; the adop-
tion of familiar and well-tried sub-solutions; and the
introduction of a rationally organised division of la-
bour. All the aforementioned also provide the basis
for the application of computers in design.

L— Overall problem

L, ,~ Sub-problems
v

-
// Individual problems

Individual solutions
(System elements)

el Sub-solutions
(Sub-systems)

Overall solution
(System)

Fig. 2.3. Method of structuring problems and systems

A further, generally valid and established approach
to solving problems is to proceed through several
phases in increasingly concrete terms — the strategy
being: from the abstract or general to the concrete
or specific. Thus, for example, fundamental relation-



ships are first determined in principle, and embodi-
ment details not established until later. The following
strategy proceceds in the same direction: from the
niost important to the less important, or from the main
problems to the sub-problems.

Findings of the psychology of thinking [103], based -

on behavioural research, indicate that such strate-
gies, and procedures based on them, should not nec-
essarily be pursued in a strictly linear fashion. Hu-
man thinking is typically characterised by alternating
between the abstract and the concrete, between con-
centrating on the whole and on the individual ele-
ments. It is therefore important for a plan of ap-
proach to include iteration, the repetition of phases

or steps, with those of little importance being passed

over rapidly or even skipped.

Particularly in problems of Industrial Design, where
external appearance is critically important, it is nec-
essary to view the problem as a whole at the outset
and attempt an overall solution before progressing
to a division into sub-problems. In this case, the
overall appearance of the solution takes priority over
the individual elements of which it is composed, and
the approach is to design from the “outside” to the
“inside”, rather than vice versa which is the more
usual approach. Further examples of this approach
are tasks involving ergonomics, which are oriented
towards human perception, for example visually,
acoustically or by taste. This approach to design is
common in architecture and consumer products.

The Industrial Design and the systematic approaches
should not be viewed as opposites. Both approaches
should be used where appropriate during the devel-
opment of a technical system. Thus, for example,
in the case of a consumer product where the empha-
sis is on customer appeal, the preliminary design for
its external appearance will be carried out before
its function-oriented design. Using this approach, it
is often possible to identify important requirements
missing from the preliminary definition of the prob-
lem. :
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3 Plan of Approach

A general plan of approach must be applicable to
the whole range of technical tasks. For this reason,
these tasks will first be characterised in order to pro-
vide a basis for the structure of the approach recom-
mended.

3.1 Tasks of Design

The wide variety of tasks is determined in the first
instance by their origin. An important distinction
must be made here between requests from the prod-
uct planning department within a specific company,
requests from customers on the basis of a fixed speci-
fication, and in-house requests for production and
test equipment, that is there are external and internal
sources of requests.

The second determining characteristic is the type of
production. 1t is obvious that products and product
ranges manufactured by batch or mass production
require a different organisational structure and a dif-
ferent emphasis in design than products manufac-
tured singly.

The third determining characteristic is the degree of
novelty. This differentiates on the basis of completely
new designs, further developments of existing designs
and adaptive designs. The degree of novelty of a
design task can either refer to the overall product
to be developed or merely to individual assemblies,
and determines to a considerable extent the design
steps required, the aids employed and also the organ-
isational structure needed.

The design process must be adapted to each particu-
lar branch of industry, since the demands made on
products in different branches vary. In precision en-
gineering, for example, the goals of miniaturisation
and functional quality lead to an increased use of
microelectronics; in heavy engineering aspects of
safety are generally in the foreground; in machine
tool construction, the emphasis is on working accu-
racy, speed and flexibility; and the motor industry
pays particular attention to safety, appearance, er-
gonomics and costs. Chemical process engineering,
which is frequently concerned with large-scale plant
and equipment, places heavy demands on safety, reli-
ability, and operational efficiency to ensure the nec-
essary consistent high quality and low production
costs of the chemical products.

In accordance with the different demands made on
the products to be developed, the following design
goals generally need to be fulfilled: optimisation of
function; minimisation of costs; conformity with ex-
treme conditions, for example with respect to perfor-
mance, weight and precision; and appropriate ergo-
nomics, including a characteristic and appealinig ap-



pearance. Depending on their relative weighting,

each of these goals should be paid appropriate atten-.

tion and one goal should not dominate the whole
design approach. -

The sequence of the design process is not only deter-
mined by the demands made on the product itself,
but also by general requirements and constraints,
both external and internal to the company. These
include:

Competitive Situation: This leads to product de-
velopments having to be undertaken more fre-
quently and quickly and increases the necessity
for product innovations and diversifications.
Computers provide a means of speeding up the
design and manufacturing processes (CIM -
Computer Integrated Manufacture).

Pressure of Costs: This makes it necessary to con-
tinually reduce costs, including both production
and operating costs (overall product costs [53]).

Pressure of Time: This makes it necessary to plan
carefully the overall design and production pro-
cesses.

Special Requirements: These are increasing, par-
ticularly in the manufacture of one-off products.
In the case of plant and products for special pur-
poses, there is a particular need for detailed plans
to meet these special demands at favourable cost
and within the appropriate timescale. In such
cases, modules and standard components, togeth-
er with existing production and assembly facili-
ties, should be used whenever possible.

Variety of Regulations: The number of regula-
tions has grown considerably, particularly where
exports to many countries are involved.

Outside Production: In numerous companies,
product development must often take into ac-
count the fact that the whole product or individ-
ual assemblies must be produced without diffi-
culty by outside or foreign manufacturing plants.

Increased Performance and Complexity: The
number of specialist fields of knowledge required
for design is increasing continually.

Advances in Microelectronics: Microelectronic so-
lutions are increasingly replacing mechanical
ones.

Research Findings: There have been important ad-
vances in many classic and modern fields of
knowledge, including strength of materials, mate-
rials technology, machine elements, machine dy-
namics, fluid mechanics, production technology
and information theory. This makes it necessary
for design engineers to continually update their
education and training.
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3.2 General Approach

The systems approach described in Section 2, togeth-
er with additional design methods, is used to develop
a general approach to design which is applicable to
the wide variety of tasks outlined in Section 3.1. Al-
though this Guideline aims to transcend specific
branches of industry, the ideas presented in this gen-
eral approach tend to be more closely associated with
mechanical engineering. Reference to the ideas and
the terminology of other branches will be made in
Section 4, thus indicating the general validity of the
approach.

The life phases of a system illustrated in Fig. 2.1
are equally valid for products in mechanical engi-
neering, precision engineering, process engineering
and software development. Fig. 3.1 illustrates how
the ideas and concepts common in these branches fit

the life phases of systems theory. The starting point _

is provided by requirements and constraints both ex-
ternal (market, customer) and internal to the com-
pany. These either define the design task directly,
or are developed into a product idea or task defini-
tion in a preliminary process of product planning.
The product is then defined in more concrete terms
during the design process so that it can be realised.
for example in the case of mechanical products by
the manufacture and assembly of components. The
product is subsequently tested before it is delivered
to the user by way of sales. In spite of maintenance

Market Need Company
Task potential/goals
Product planning

Task clarification Preliminary study

Manufacture Assembly

System development

tem production
Test Sys p

Sales Service . .
Distribution System installation

v

Operation Consumption
Maintenance

v i

Recycle

v

Further use

I IH 1

A VAR VA v

(Environment Disposal ’ y

System operation

Product monitoring and control

T
)
.
1

> ~—— System replacement

Fig. 3.1. Design within the framework of Guideline VDI 2221
as part of the life phases of a system as shown in Fig. 2.1
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measures or subsequent reprocessing for further use,
the product life cycle is generally limited. The aim
should then be to recycle the old product by putting
the materials to further use. This life phase is gaining
in importance in order to conserve resources and
protect the environment.

Such a sequence occurs for a one-off product, such
as heavy-engineering and chemical process plant,
generally only once, see Fig.3.2. In the case of
batch and mass produced products in mechanical
engineering and precision engineering, it would be
too much of a risk for them to be realised directly
as a finished product. Here, a first round of planning,
design, manufacture and assembly is undertaken to
produce a model, which when tested may indicate
ways of improving the design. This information is
incorporated in a new cycle either to manufacture
an improved model for further tests (thin line), or
to manufacture a prototype. It may then be worth-
while for still further refinements to be made, before
finally putting the finished product into full-scale
production.

The design process, as part of product creation, is
now subdivided into general working stages, making
the design approach transparent, rational and indepen-
dent of a specific branch of industry, see Fig. 3.3.

The overall approach is divided into seven stages,

correspondingly producing seven results. Depending

on the task, either all the stages are completed or
only some, with stages being repeated as necessary.
In practice, individual stages are often combined into
design phases, which assists the overall planning of
the design process. Such a combination into phases
can differ depending on the branch of industry or
company, and also according to the concepts in-
volved (see Section 4).

One-off
product

¥

Fig. 3.3 does not include the activities of evaluatlon
and decision which are necessary in all the stages. |
These determine whether or not it is necessary to
repeat preceding stages.

Stage 1 is necessary to clarify and define the require-
ments of the task requested by the customer or the
product planning department. It includes: collecting
all the information available and discovering where
there are gaps; checking and supplementing external
requirements; adding specific company require-
ments; and defining and structuring the task from
the point of view of the designer.

The result is a specification (requirements list) which
can be established independently of any solution.,
This list of requirements is an important working
document which should accompany all subsequent
stages, and which should be constantly reviewed and
kept up-to-date. Important findings in the course of
the design process can lead to existing requirements
being modified and new requirements being added.
Because the specification is so important, all modifi-
cations to it should be undertaken formally and on
a regular basis.

Stage 2 consists of determining functions, first the
overall function and then the most important sub-
Junctions (main functions) to be fulfilled by the prod-
uct or system being designed. The classification and-
combination of these sub-functions into structures
forms a basis for the search for solutions for the
overall product or function.

The result is one or several function structures. These
are usually presented as formal diagrams but, in
some cases, simple descriptions suffice.

In Stage 3 'a search is made for solution principles
for all sub-functions, or initially for the most impor-

z
7

Design > Design < > Design
l % l § l
Manufacture g Manufacture | & Manufacture
Assembly %‘ Assembly %’ Assembly
by ~
Q
‘ v £ v
s 8
Experiment S Experiment 3 Experiment
hS]
Test S Test 9 Test
< [
Model Prototype

Batch produced
product

| Mass produced
. product

ety Product optimisation

Fig. 3.2. Cycles in product creation

13



Stages Results Phages '
L TIk ) Phase |
1 Clarify and define
the task )
A
‘"/ Specification
¥ ~
2 Determine functions
and their structures -

> / Function structure

i 1 [
Search for solution

3 principles and their -
combinations

‘ l

Divide into realisable

Principle solution

L

SN

4 modules
‘ L
\ 4
5 Develop layouts of

key modules

7 Module structure

/

111 I

»/ Preliminary layouts

™~

6 Complete overall B
layout B
K 1 L
7 Prepare production and
operating instructions B

Definitive layout

Product documents

v
L
/

( Further realisation 3

tant sub-functions of the function structure. Physi-
cal, chemical and other effects need to be selected
for this purpose, and these must be realisable in prin-
ciple by embodiment features. In the case of mechan-
ical systems, such embodiment features include, for
example, the geometry (active geometry), the motion
(active motion) and the type of material. The solu-
tion principles discovered for sub-functions must
subsequently be combined in accordance with the
overall function structure. In so doing, further sub-

functions (auxiliary functions) may become appar-

ent, and these in turn make possible the realisation
of certain effects or solution principles.
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Fig. 3.3. General approach to design

H
The result is a principle solution which repéresents the
best combination of physical effects and preliminary
embodiment features to fulfil the function structure.
It may be documented as a sketch, a diagram, a
circuit or even a description.

In Stage 4, the principle solution is divided into real-
isable modules, before starting the complex and time-
consuming process of defining these modules in more
concrete terms.

This results in a module structure which, in contrast
to the function structure or principle solution. pro-
vides a preliminary indication of the breakdown of



the solution into the realisable groups and elements
(sub-systems and system elements) which, together
with their links (interfaces). are essential for its im-
plementation. This can be represented in the form
of layout drawings, process flow charts, circuit dia-
grams or software flow charts. A module structure
is particularly important in the case of complex prod-
ucts. as it facilitates the efficient distribution of de-
sign effort. It also helps with the identification and
solution of embodiment design problems. Thus, for
example, a distinction is made between: design mod-
ules limited according to working principle; assem-
bly modules, allowing easy assembly; maintenance
modules, allowing easy maintenance; recycling mod-
ules; and basic and variation modules, allowing a
modular product system [105].

Stage 5 consists of developing the layouts of the key
modules. The level of refinement of the geometry,
materials and other details should only be pursued
as far as to allow the optimum design to be selected.

The result of this stage is a set of preliminary layouts
for the key modules, which can be represented as
scale drawings, circuit diagrams, etc.

In Stage 6, the preliminary layouts of the modules
are completed by the addition of further detailed
information about the assemblies and components
previously not included, and by the combination of
all assemblies and components. Often it is possible
to define those modules not included in Stage 5 by
selecting standard or commercially available items.

This stage results in a definitive layout containing
all the essential configuration information for the
realisation of the product. The main forms of repre-
sentation are scale layout drawings, preliminary
parts lists, instrumentation flow charts, etc. (see Sec-
tion 4).

In Stage 7 all the final production and operating in-
structions for which the design department is respon-
sible are prepared. This stage thus overlaps with the
preceding one.

The result of this stage is a set of product documents,
in the form of detail and assembly drawings; parts
lists; and production, assembly, testing, transport
and operating instructions.

In all the aforementioned stages several solution vari-
ants are analysed, and where necessary tested in the
form of models or prototypes, and then evaluated. The
activities of selecting, optimising and deciding take
place in all the stages, but they have not been shown
in the general plan of approach. It should be emphas-
ised that the seven stages above can be further sub-
divided into additional steps, depending on the com-
plexity of the task (see Section 4).
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It is important to note that the stages do not necessari-
Iy follow rigidly one after the other. They are often
carried out iteratively, returning to preceding ones,
thus achieving a step-by-step optimisation.

Depending on the degree of novelty and the aim
of the task, the stages will assume different levels
of importance. It would appear dangerous to skip
individual stages completely, because the design pro-
cess would then no longer be comprehensive, and
some of the information necessary for taking de-
cisions could be missing.

For some products, particularly where specialised
fields are involved, it is necessary to execute individ-
ual stages in parallel. Thus, for example, in the case
of large process plant in chemical engineering, the
designs of the chemical process, the mechanical sys-
tem and the structural layout are carried out sepa-
rately, although naturally in close coordination with
each other. Also in the case of precision engineering,
the electromechanical assemblies, the electronics and
the software can all be designed in parallel.

Fig. 3.4 shows a modification of the general ap-
proach for such tasks. According to this figure, it
is more appropriate to undertake the stage of clarify-
ing and defining the overall task and the stage of
determining the overall functions to be fulfilled, be-
fore the subsequent stages are allowed to proceed
in parallel. After completing the design in each
stream, the individual results are combined into com-
mon product documents. This provides a check on
the overall compatibility of the individual results.

The structure shown in Fig. 3.4 can naturally only
act as an example. It needs to be modified to comply
with the specific requirements of the task and of
the particular organisation in each case.

The general approach to design may be summarised
as follows:

— The approach contains: the definition of require-
ments and constraints in order to formulate the
task to be solved more precisely; the search for
and development of solutions; and the selection
and optimisation of solution variants.

— When defining requirements and constraints the
following are necessary: completeness; accuracy;
weighting; independence from specific solutions;
and order.

— The search for and development of solutions takes
place at different levels of refinement and com-
plexity:

e Principle solutions (concepts) for the overall
function and for individual functions.

e Preliminary layouts of modules and elements,



Stages

( Task )

Results

Further realisation

Fig. 3.4. General approach for a project with independent but coordinated sub-projects

individually and combined into groups of a
higher order.

o Definitive layouts of all modules and elements.

e Detailed preparation of production and oper-
ating instructions.

— The decision on the best overall solution is taken
after a comparative evaluation of the extent to
which the proposed solution variants meet the re-
quirements in the specification. Through this eval-
uation the value ratings and shortcomings of pro-
posed solutions can be determined by reference
to a defined ideal solution.
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4 Examples of the Systematic Approach

In this section. five examples, two from mechanical
engineering and three from other branches of in-
dustry. are used to demonstrate how the general de-
sign approach described in Section 3.2 can be applied
to a wide range of design tasks.

4.1 Examples from Mechanical Engineering
Introduction

Mechanical engineering products within the context
of this Guideline are those technical systems in which
the main conversions are of energy and materials,
and which in terms of physical size fall between pro-
cess engineering plant and precision engineering
products. It is not necessary to make further fine
distinctions within the field of mechanical engineer-
ing as all technical systems can be defined in terms
of their function, embodiment, production and oper-
ation.

In addition to the optimisation of function, the aim
in mechanical engineering is to minimise production
costs, for example by means of high material util-
isation and modular construction, and to lower run-
ning costs, for example by high operating speeds and
efficiency. Nowadays, increasing use is being made
of electronics, power electronics for drives and mi-
croelectronics for controls. The use of electronics has
a far-reaching effect on the designer’s approach,
since it is now necessary to take account of electronic
and software solutions in addition to mechanical and
electrical solutions. The designer’s problems are
complicated further by demands for increased safety
and better ergonomics and these have fundamentally
changed the appearance of some products, for exam-
ple machine tools.

Also, in mechanical engineering many standard com-
ponents are available for the designer to select rather
than design afresh.

" The first example concerns the design of a stationary
concrete mixer. in which the main function is the
conversion of material. It is representative of medi-
um-sized machines produced by batch or mass pro-
duction. The second example examines the design
of a hydraulic control board. It demonstrates how
individual sub-systems can be designed in parallel
in the course of developing an overall technical sys-
tem. This second example also illustrates how com-
puters can support the design process. Both examples
use special concepts and terms, which have intention-
ally not been unified. This demonstrates the variety
of terms used in design theory and practice, and em-
phasises that a general approach is possible despite
different detailed terms and steps.

17

Concrete Mixer
Stage 1

This stage, which is often called the clarification of
the task phase, established the following essential re-
quirements for the stationary concrete mixer:
throughput of concrete, mixing quality, mixing time,
noise level, external dimensions and production
costs. See Fig. 4.1.

Stage 2

Determination of the functions to be fulfilled by the
mixer was based initially on the main conversion
and .on the essential auxiliary conversions which
could be deduced from the requirements. Very de-
tailed function structures are to be avoided, because
they predetermine solutions and thus make it diffi-
cult to optimise the overall solution step by step.
On the other hand, a subdivision of the overall func-
tion into sub-functions facilitates the utilisation of
familiar and well-tried solutions, and assists the ra-
tional modularisation of the product (size ranges and
modular systems). The main conversion of the mixer
is one of materials, mixing sand, gravel, cement and
water into concrete. Auxiliary conversions are pro-
vided by the drive energy and the control system.
The overall function “mix concrete” may be subdi-
vided, for example, into the sub-functions “‘supply
ingredients”, “mix ingredients”, and ‘““deliver con-
crete ™, which are all main functions. Auxiliary func-
tions include, for example, “drive”, “support”,
“seal” and ““overload shutdown™.

Stage 3

The search for solution principles depends initially
on the degree of novelty of the task and on the state
of knowledge of the designer. The aim is generally
to utilise well-tried and commercially available solu-
tions, particularly for the realisation of auxiliary
functions. Individual steps associated with this stage
are not applicable for such solutions. In the case
of our present example, commercial solutions which
are available include electric motors, bearings, gas-
kets and control elements.

For those sub-functions for which new solutions are
necessary, or are important to optimise the product,
solutions are found by searching for suitable solution
principles, or, if these are not known, by searching
for suitable physical effects. They are then realised
in principle by establishing their active geometry, ac-
tive motions and selecting materials (active embodi-
ment features). Such solution principles for the sub-
function ““mix”, for example, are different configu-
rations of mixing blades moving in rotation or trans-
lation, and Archimedes screws with various mixing
chambers.



Example: Concrete mixer

Phase:,
St Results
29es Steps Results

Check and supplement external

Clarity and define the task

requirements
Add internal requirements

Reformulate and structure the essential
design requirements

Specificatson Mixer

0 Throughput
o Mix quality

Clatsteaton
of the

Fig. 4.1. Design process for a stationary concrete mixer
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Solution principles which fulfil existing sub-func-
tions must be com@med in accordance with the func-
tion structure. Such combinations are referred to as
concepts. Several concept variants are produced
from the wide variety of possible solution principles,

from which the most advantageous concept (solution -

concept) is selected after a technical and economic
evaluation. In this case, parallel, counter-rotating,
horizontal shafts with projecting mixing blades in
an almost square mixing chamber were chosen.
Complex experiments with models and prototypes
were necessary to determine the definitive concept
(see Fig. 3.2).

The detailed steps in this design stage, namely deter-
mining the physical effects, establishing the active
embodiment features as solution principles and com-
bining the solution principles into a solution concept,
can either be executed individually or integrally. This
depends on the experience of the designer and on
the aids employed, for example design catalogues,
or data banks containing physical effects and solu-
tion principles (either manual or computerised).

Stages 2 and 3 are often called the conceptual design
" phase in mechanical engineering.

Stage 4

Before the concept is refined further, it is structured
into the assemblies and parts which determine the
embodiment, that is those which determine the over-
all layout and main dimensions (main function carri-
ers). The dependent assemblies and parts are then
structured. Thus, for example, in the case of the con-
crete mixer, the mixing chamber and blade shafts
determine the overall layout far more than the pur-
chased drive system and delivery chute. This struc-
turing determines the order of the subsequent em-
bodiment design steps and optimisation tasks.

Stage 5

The embodiment design of the key modules proceeds
initially only as far as to permit functional optimisa-
tion to take place, and important production and
assembly techniques to be established. This includes
determining: the main dimensions; the arrangement
of assemblies and parts, with the key interfaces; and
the choice of materials. This stage can include exten-
sive calculations, and leads to preliminary layouts.

Stage 6

To complete the overall layout, the design of the
key modules is refined and the embodiment design
of all remaining assemblies and parts undertaken.
This stage also includes the selection of standard,
bought-out and repeat parts. The definitive layout
contains all the essential information necessary to
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prepare the production instructions, which will de-
fine individual part shapes, dimensions, tolerances,
materials and surface finishes. The production costs
can still be influenced in the course of Stages 5 and
6, but the most important influence is exerted by
the concept-selected in Stage 3.

Stages 4 to 6 are often called the embodiment design
phase in mechanical engineering.
Stage 7 ’
This stage, which is often called the detail design
phase, concentrates on the preparation of detail
drawings, part and assembly drawings, including
parts lists. It also includes detailed production and
assembly instructions, test regulations and operating
instructions. The result is a complete set of product
documents for the manufacture and operation of the
product.

Hydraulic Control Board

The design of a hydraulic control board, illustrated
in Fig. 4. 2, is used as an example of a design task
where the greater formalisation of the requirements
and of the procedure make it possible to use com-
puters throughout the design process.

*Product-representing models™ are used for the for-
mal presentation and computer processing of steps
and results. These are defined and manipulated with
the aid of ““product-defining data” [106]. It will be
apparent that the computer-aided approach can be
directly related to the general stages proposed in Sec-
tion 3, which are primarily directed at a manual ap-
proach. The slightly different approach described is
intended to indicate the variety of concepts used in
mechanical engineering and in publications on de-
sign methodology. This Guideline goes some way
to reduce this variety, but it cannot and should not
be completely removed in the interests of a pluralistic
development of design methods.

Stage 1

It is important to formulate and structure the re-
quirements, constraints and additional information
on the task to be solved. After clarification, they
should be elaborated into a specification to facilitate
detecting the essential functions and executing the
subsequent design stages. In addition to the require-
ments which are directly relevant to the product the
following are also emphasised:

— the total number of effects and operations neces-
sary to fulfil the main task of the product (accord-
ing to [23]: set of main tasks). This determines
the main function and the main conversion of
the product in the next stage;



SJOQUINU 3|qelIeN

— J ﬂ
‘e1ep 1e31113Wwoab * * T sajnpous 2/qes|eal 14
: ‘ ——— %q 1aputjaAa aunss: —_— 13pU1jA2 94nssal Ut IPIA
aqersen yim sadeys _Q - p ‘g Japuy 9ld pull d ojut apiag
aseqayijgoppow | Y A 4 h. -
paiesaudl sa1ndwo) _A Uy '_ o
. -7 = saynpow jnoheq
waisAs buimeq suoisuswWIp ajqerien yum ajnpow JnoAes ays jo adeys diseg
:..«...%. th.::\Qu \u.&.om\mm _lQﬂ T azemay uonnjos U\Q.\Qt.tl
t |mM. . N
oy WMNQ\QQ\MM.W Joubew &:&E_q aness u.s_\& ajenay = - e sinode] _
elep Suiuyyap-1onpoid | | anjen Aseios m\_\@,_%.i anjea voysid yaams _m% — 4oUMS
‘u0)Je13ual 82104 A Nuh ) $4314482 193443 JO S3YININS 1378 JnoAe]
‘says1ms piny4 Masos e1pes jeixe aping sun - m aping Lol saydioutsd uonnjos |z'g
‘saping y 104 Y2838
:sanbojejed ubisaqg & Z 3 suoroun- 891135096 Anawoab annoy
SO1IS11810818YD ~ $18111BD 198}43 U0nIUNY-gNS] annay SUONIUNY-GNS 10f $111180 133Y43
waisAs yuegeleqg (x0g [9160j04di0yy) XIIEW YIS (sbuimesq) sjapoyy buruasaiday-inohe]
8 ml3 —— " uornjos a/didutsg
: : anjeA 1043u09 v | J | ‘5108448 [eI1SAYd N
. . ._. 9 _ﬁ T il g webeip 11n212 JyneipAK 15193443 [ewayd pue [eaisAyd
: : ’ /M 81N3ONJ3S UONRIUN
¥ . b —— i RS uopaund 183 193449 [@IISAYd
. . p ‘u-g (ay00H ‘moyy 3did ‘ainssa.d :$133443) $108448 Urew ﬁv 58/ &Mw\ﬂ““m:\ os 1€
: : —_—=0 Jdy - ! =p d-v=4 suonenba 1easAyd 0 u01193/3s Aleuiwifaid Y
©re0 suomysod anjep 4P pd o2
@ e 5491413UBpY
] uonoeuu0) Z s84n120.
! 1S uonIuUN
] e 5U0NIBUU0I z \\ : uP\AL/
<
8 40 Jaquinp; - .. (S9139us3qA2)
3 crec iubisap jo swep 4 4monas :a@ww%m\vmﬂﬂﬁwqw . M $84132N13$ UOJIOUNS
3 Jweubep 11n2413 | i : suonauny uolew.ioul
“ auyneipAy aya 104 (gad) | 2NEA 1043U0 N ! pue AbBiaud ‘[eridrepy
elep buiuyap-1onpouy | 18Y0194G - -
sasmonus yayy pue |
™| suonouny surwiaiag
(1Ua1u09 399449 |
[eaisAyd ‘ajqeaydde 41 weJbelp 160) ‘suoienba a16o7 $a1njonas pue
‘pue Jua1u03 [ediboj) suonouny (eaboq
wajsAs yueqeleqg
wasshs Suimesq (sjoquiAs) sjapoyy buipuasaiday-uonauny
(ysim) ‘dway yueisuod :aouew.oysad
m (Juawannbaa yabiey) > 7 :ysbuay wnwixey 01189441934
Q (Juawauinbai [enuass3) * = 4 samod indinQ
.m. ysel ay3
3 - sjusuodwoa psepueis bujsn waisAs j043u0d ublsaq suonanisuf 40 338 auigap pue Ajeerd | 4
=)
3
< a/21yan Jo30W € ysey urey
m 104 x0queab a1jewolne ue (043u0d 03 mojy Abrsug :
~ ysel
(sabenbue) sjapoyy bujuasaiday-yseL '
(aad) yorosdde papie-saandwo) yoeoidde jenuey
ejep buiuiyap-1onposd 5 » 3 5
saseyy | pue sweiboid 193ndwo) (WYd) siapow bupussaidal-3anpoid :spie Uiy IopM synsay sabers

P180q 104303 JNeJPAH :3ydusex3

20



pieoq |013U0D J1|NBIPAY 10§ SS820IU UDISE(Q ¢ 7 VY

q uonesi(eal s3yiiny v

[}

Layout design phase

(pa101s e3ep IND)
buissaoosd

18Y14ny 104 sIXe-2
buoye saaijs 104 sajeu
-1p1003-A ‘-X paje|naje)
‘erep Buisnoy

‘(aad)

elep Buiuljap-1onpoid

vonel
-uasaLdas annaadsiad g-g

anjea
103U03 [RUO01IIIIIP
Y3Im 18102 bussnoy
4O U0NeIASIdIl G-

T
re i)

iy
1
’

NN

ANNN
J
\

AN

buisnoy ayy jo buimesp j1e13q

\\ Suawnaop 3oNpold T

I

WE]
suonannsu) bunesadg
$34npadosd Ajquiassy
SU013INAISUI UOIIINPOIS

SU01INAISUY

uonanpousd asedasd

ﬁ' bunesado pue z

weyd 21604 1101)931110J

6 puno.e parow 1noAey aanuyeq
uonejuaLo Jo sjbue 2.8 SIUIWIJB Se YIIAIS
's8eUIP1003 -A *-X '|IN) YoM, spueq 1aqqn,, SN NN
e Uy Juawa|a Aions 104 s8 SU01128UL03 dINeIPAH #.
sabessed pue salie ¥
-punog 104 3st| 10393/ =
"S]UBWaI JO JAGUINN ? i uonenjesd
x . 2/WOU033 PUE [2IUYII
‘(aad) AN (ubisaq jerisnpuy)
ejep Buruiyap-1anpo.d N aoueseadde jeusa)xy
: 181/ saed
vonejussaldal g-& $/9A8) 03U} saijquiasse
pue jnoAe| g-z 104 goeds Burysom Jijds pue sied o sbuimelp ajeas
waisAs buimesq p1e0q j013U09 dijneipAy ayi 104 1noAe]
uonenwis [e- 25 -]
2iweuAp 104 erep 1nduy - U U I*l npes pus|q
§ ag ‘e1ep burids
208 = &5 ] — I T B ‘apinb buyids “ad [—-]—] 11ed jeuonound synoAes Aseurwi)au
=ty =0 1wt T :pua uosid ‘burids m “Wu ’ 1 Aueurteld
suoysuawip burids C1 e e e .
S
99 = ¢ =47 EEE S AN BT 1
o 2g =g : : ,
- ]l
siudws|a uoisid Jof | L _(: L voIsuUBWIp [eU0IIoUN S
SuOISUBWIP [eUONIdUNS zgH— [—%q| +tg —+ sia19welp uonenierd
N ¥ s 's80€4405 |01}U0D X1 4 21W0u093 pue (eIUYI3 |
8= p “= g =uil ‘adeys d/seq uoisld I.HM f N spoyiaw bui
=) t= 7 A Z € JAA L N -Imogjnuew pue sjeliaien
‘(aad) X7 —» » 1 [N Ajquiasse suoisuawip pue
e1ep buruljap-19Npod 4z ~ [} N _ Jeuoniouny | suonauny Aoy §9a4a pue xiH
g, u! N s1u10d U01193UU0I Yt u
19putA2 wﬁl i £Aq ‘S1930WBIP JBUUI y L.&.rk
aAeA BY) 104 SUOIS a L ‘g l.w. ‘$3131A83 [10 JO U0I1eJI0]
| . N I ) (s1sed pue
-UaWIP [BUOIIIUNY 1D3)3, 13puijAa ane,
1p [UORIUNY 398[3S i _:_D__..ﬂﬂ.l pUIIAD 3AEA

waisAs Bunenoe)
waysAs buimeiq

o 7

£og

1noAey ayl 4o vos3)dwo)

anjeA J03U03 [eUOIIIBIIP J0) Buimelp pauoisuawIq

$3//quuasse [euo1auny)
sa/npow jo jnodeq

sajnpow ayi 104 (Gdd)
ejep Buiulyap-1anpoLd

e
@,wwm m%w gs
‘s

£7 Tan,'fqll

F
‘a
)

bursds

uoisid

burids

WM

uoistd

-
=
—

24manis a|npoyy

1noAel
(je49n0 813/dwo)

sa/npow Aay jo
sinodey dojarag | 9

21



— the total set of instructions necessary for activities,
recommendations and operations required to pro-
duce the appropriate product documents (accord-
ing to [23]: set of instructions).

Task-representing models are used during this stage,

usually consisting of language elements formulated
in a specific manner. This stage is often called the
task formulation phase.

Stage 2

The starting point for this stage is to identify the
main function to be fulfilled. The main function is
the most important component of the overall func-
tion, but it can generally be realised only with the
aid of auxiliary functions.

It would appear particularly suitable for this example
with its overall control function, to produce func-
tions and function structures on a purely logical level
(logical function structure) and on the level of mate-
rial, energy and information conversions (general
function structure). Such function structures (func-
tion-representing models) can only be processed easi-
ly by computers if they consist of a limited number
of standard elements, for example technical symbols
and their unique combinations. Care should be taken
to ensure that in addition to their character content,
their logical and physical process content is also con-
tained in the appropriate data structure.

Stage 3

Principle solutions now need to be sought to fulfil
the logical and general function structures. In order
to achieve a better algorithmic formulation, this
stage has been split into two sections.

Stage 3.1

The physical realisation of single functions or of the
function structure is done by selecting physical or
chemical effects, for example from a design cata-
logue [23]. These are often described by means of
physical equations. For the design of the control
board under consideration, the propagation of pres-
sure, laminar flow and Hooke’s Law were selected
as the main physical effects. The linking of these
effects through the function structure leads to a hy-
draulic circuit diagram, which already represents a
principle solution at the purely physical effect level.

A computer-aided approach is carried out in the fol-
lowing manner. The hydraulic circuit diagram is
stored in the computer with the aid of interpretive
programs and product-defining data. These contain
the logical operations of the functional units and
their connections for use in all subsequent design
stages. The hydraulic circuit diagram can easily be
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constructed and modified on the screen. Aids for
Stages 2 and 3.1 include functions, and physical and
chemical effects for fulfilling those functions, repre-
sented by mathematical, physical and chemical equa-
tions or graphic symbols. These two stages are often
called the furiction phase [23].

Necessary software: drawing system, program mod-
ule for the logical combination of elements.

Stage 3.2

Further refinement of the principle solution is under-
taken by determining the active geometry, which is
formed from the geometrical, kinematic and material

features which enable the physical effects to be real- -

ised (the effect carriers). Fig. 4.2 examines only the
directional control valve with the sub-functions of
“guide”, “switch™ and *‘actuate™. The effect carri-
ers, realised in principle, determine the layout. Their
link with the active geometry establishes the principle
solution by defining the fundamental layout. This
fulfils the required functions through physical and
chemical processes, and information processing pro-
cedures. It is represented in diagrammatic form using
layout-representing models.

Naturally, several solutions need to be examined to
discover the best. Thus, for example, a rotary rather
than a linear principle could have been selected for
the valve, but was not for reasons of manufacture
and assembly. Working aids during this stage include
diagrammatic representations of the components
and their connections. They only provide informa-
tion on the active geometry (active spaces, active sur-
faces, etc.).

The final layout, derived from the logical and physi-
cal contents of the hydraulic circuit diagram, de-
pends essentially on the designer’s creativity. At pres-
ent, a computer-aided approach can only assist indi-
rectly, for example if constantly recurring sub-func-
tions and effect carriers are available in a database.
possibly in the form of design catalogues. In this
case a range of possible solutions can be generated
on the screen as a search matrix (morphological
box), possibly supplemented with basic graphical
representations.

Necessary software: database systems for design cat-
alogues.

Stage 4

When using a manual approach, the division of the
principle solution into layout modules to facilitate

further processing is not really necessary for such

simple assemblies as the directional control valve.
but is helpful for more complicated assemblies.

When using a computer-aided approach, the design

i
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process needs to be divided more finely and, for this
reason. modularisation is particularly recommended.
It has proved helpful to establish the basic shapes
of frequently repeated parts along with special geo-
metrical features such as recesses and openings. The
quantities, both in terms of number and size, are
completely variable. With the help of the computer,
appropriate basic layouts can be drawn with variable
dimensions and any required number of special fea-
tures. Here the specific approach depends on the par-
ticular branch of industry considered.

Necessary software: 3-D drawing system for sym-
metrical and asymmetrical bodies.

Stage 5

The embodiment of the key modules or areas is de-
veloped. The preliminary layouts produced show the
overall arrangement, main shapes and functional di-
mensions. They also define essential components,
materials, mould seams, assembly procedures and
necessary connections. Sufficient information is now
available to proceed with detail dimensioning. Aids
for this stage are technical drawings of various types.

A computer-aided approach can assist with complex
calculations, such as volumes and strengths for es-
tablishing dimensions, and with combining basic ele-
ments into functional assemblies for dynamic simula-
tion. Since all the geometrical data are in the com-
puter, any modifications necessary can be carried
out quickly and without error, taking into account
the effects on adjacent elements.

Necessary software: as in Stage 4.

Stage 6

When the shapes and sizes of the key functional as-
semblies have been determined, it is possible to pro-
duce the definitive overall layout by completing the
embodiment design of the remaining areas, adding
any dimensions still missing. This definitive layout
should provide sufficient information for a full tech-
nical and economic evaluation against the specified
requirements. The aids employed are the same as
in Stage 5.

When using a computer-aided approach, the working
space is split into distinct levels. The valves are all
placed on one level, say the top level, and the hyd-
raulic connections made in accordance with the hyd-
raulic circuit diagram. The connecting lines initially
link the directional control valves to other elements
in the form of “stretching rubber bands™. This per-
mits the connections to be retained when the valves
are moved in order to obtain a non-intersecting
layout. A hydraulic layout ready for installation
completes this stage of interactive design.
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Necessary software: 3-D drawing system and pro- |

gram modules specific to the product, for example
for hydraulic layout and for “ rubber-band’ connec-
tions.

Stage 7

The design of the product is concluded by the form
design of individual parts. Important information on
the production, distribution, application and reuse
(recycling) of specific components in the product is
documented in the form of production drawings and
operating instructions. The aids used are technical
drawings, parts lists and instructions. ’

Using a computer-aided approach, it is possible to
use the stored geometrical data to generate automati-
cally the shape of the cast housing and then, for
example, to produce the data for an NC machine
to cut an electrical discharge tool for the manufac-
ture of the mould. During Stages 3.2 to 7 geometrical
and technical quantities are manipulated and repre-
sented primarily by sketches, drawings and other
graphical means, so these stages together are often
called the layout design phase [23].




4.2 Example from Process Engineering
Introduction

Process engineering is concerned with converting
substances chemically, biologically and physically to

change their natures, properties and compositions. -

A chemical process is a complex set of effects, which
are linked to each other and to their environment
by conversions of material, energy and information.
These effects take place in an integrated system of
machines and equipment which form the process en-
gineering production plant.

Like all technical systems, a process of converting
substances passes through several life phases
(Fig. 2.1) [104]. At the outset, the need for a new
process is triggered by the requirement for a new
substance or for an improvement to an existing pro-
cess. This need can arise as a result of changes in
cost and availability of raw materials and energy,
environmental considerations, or technological de-
velopments. The technical possibilities are then ex-
amined to achieve the desired process in a technically
feasible, economically viable and industrially exploit-
able manner. If the results are favourable at this
stage, process design is followed by plant and equip-
ment design with all the necessary detail decisions.
This is followed in turn by production and procure-
ment, on site assembly, and commissioning.

Process engineering design has a very considerable
influence on the eventual capital requirements and
operating costs and it represents a good example
of the general approach recommended for each of
the life phases of a system. However, it does deviate
from the general approach in a number of detailed
aspects.

Process engineering design, in common with all de-
sign, essentially involves processing information.
Gaps in the information frequently become apparent
and have to be filled by theoretical and experimental
work. These gaps interrupt the cycle of problem-
solving, and necessitate independent investigations
including: determining substance properties; func-
tional testing of individual pieces of equipment; and,
to check overall integration and safety, constructing
a pilot plant. Such measures are not apparent from
the diagrams in Figs. 3.3 and 4.3. They may be neces-
sary both as phases following the design phase in
Fig. 3.2 or as phases running in parallel.

More specialised fields of knowledge tend to be re-
quired in process engineering design than in mechan-
ical engineering and precision engineering design. In-
terdisciplinary cooperation is required between spe-
cialists in fields such as: technical chemistry; bio-
technology; process engineering; mechanical engi-
neering; production engineering; electrical, instru-
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mentation and control engineering; civil engineering
and building construction; safety engineering; and
industrial administration. The complexity of such co-
operation cannot be reflected in the approach de-
scribed below. However, the systems engineering ap-
proach provides the flexibility for differentiating the
overall approach into any required number of de- .
tailed stages and steps [101, 102].

Approach

Process engineering design is most suitably divided
into three phases of refinement: a preliminary study
(feasibility study), a main study and detail studies.
The latter may partially overlap the main study in
some cases.

The preliminary study, which makes extensive use
of synthesis and analysis, includes the following
steps:

— clarify the need for a new system,
— determine the boundaries of the system,

— define the fundamental requirements,

— examine the fundamental solution principles and
their feasibility from technical, economic, politi-
cal, social, psychological and ecological points of
view,

— select the most promising fundamental solution
principles with the aid of verifiable evaluation cri-
teria.

The preliminary study also determines the practica-
bility of the chemical or biological reactions, includ-
ing the selection of raw materials and an examination
of the resulting consequences.

The preliminary study thus corresponds to product
planning in mechanical engineering as shown in
Fig. 3.1. It is often a very large and complex task.,
and can lead to the project being discontinued if
the results are unsatisfactory.

The design phase in Fig. 3.1 is thus equivalent to
the main study plus detail studies. In the main study.
attention is concentrated on the whole process engi-
neering system, developing the results of the prelimi-
nary study in order to produce an overall concept
on which to base the investment decision. In addi-
tion, detail studies are defined in the course of this
main study, and priorities set for their execution.
Fig. 4.3 shows the levels of the main study which.
by analogy, apply also to the preliminary study. In
addition, this figure shows how the design process
for this particular branch of industry relates to the
general design stages described previously.

Stage 1

This stage is usually covered during the preliminary
study, particularly if the preliminary and main stu-



dies are carried out by the same team. In the event
of different departments and personnel being in-
volved. this stage is essential for ensuring that the
requirements are precisely expressed in terms of all
those involved. Further requirements may be added
when the decision to proceed with the project is
taken.

Stage 2

Activities during this stage are at the function level.
The functions to be fulfilled by the process are deter-
mined from the specification, or from other informa-
tion available from the preliminary study, and com-
bined into a function structure. The result. of this
stage is a basic flow diagram.

Stage 3

At the physical effect level, there follows the search,
evaluation and selection of suitable physical effects
and operations to fulfil all the functions, such as,
for example, evaporation or condensation. The func-
tion structure is thus transformed into a process
structure and the result of this stage is a process
Slow diagram. o

Stage 4

Before searching for suitable plant and equipment
to realise the physical operations of the process struc-
ture, it is helpful to divide this structure into real-
isable modules in the form of a modular process struc-
ture. By doing this, plant‘and equipment modules
which have already proved satisfactory can be identi-
fied at an early stage, thus reducing the overall com-
plexity of the task.

Stage 5

At the embodiment level the plant and equipment con-
cepts must be established or selected for all the key
process modules. Where possible these consist of
well-tried solutions or of adaptive designs. The level
of refinement permissible is determined by the invest-
ment decision.

Stage 6

The plant and equipment concepts selected are
linked in accordance with the material, energy and
signal conversions of the process structure. Addition-
al plant components must be added and, if necessary,
detail studies initiated to refine particular aspects of
the design. The result is the pipework and instrumen-
tation flow diagram.

Stage 7

During this stage, the design is completed and docu-
mented to a point at which a definitive decision on
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Fig. 4.3. General approach to design in process engineering

investment is possible. In order to produce all the
documents required for subsequent project planning,
production, assembly on site and commissioning it
is necessary to carry out many detail studies. The
result is referred to as basic engineering.

The approach adopted subsequently to further real-
ise the design corresponds to that of mechanical engi-
neering.

—~—




4.3 Example from Precision Engineering
Introduction

Developments in the field of precision engineering,
particularly consumer products, have been decisively
influenced by innovations in semiconductor technol-
ogy and by the wide variety of user requirements.
The latter have resulted in external appearance and
ergonomics assuming an increasingly important role.
The level of integration, which will continue to grow
in future, and the miniaturisation of circuits now
allow many control tasks previously done by electro-
mechanical means to be solved more economically.
Microelectronics also allow new products to be de-
veloped with functions and performance features
which were simply not possible previously. Inte-
grated circuits, which can be programmed for a spe-
cific task, are used extensively. In the design of prod-
ucts in the field of precision engineering, it is there-
fore necessary for designers from the three special-
ised fields of electromechanics, electronics and soft-
ware to cooperate. In the case of products where
the decision to purchase depends mainly on their
external appearance, it is also necessary for an indus-
trial designer to be involved.

As a rule, precision engineering products are mass
produced, requiring high levels of investment in pro-
duction, sales and service. In conjunction with the
frequent need for change, this involves considerable
risk. This risk should be minimised by means of thor-
ough development testing before commencing mass
production. The need to test models and protoypes
in order to optimise the product, make it necessary
for the design, manufacture and test cycle to be re-
peated, see Fig. 3.2. This repetition accounts for a
considerable share of the time and costs involved
in developing mass produced products.

Approach

In spite of the special circumstances indicated above,
the design process follows the general approach pre-
sented in Section 3.2, see Fig. 4.4. In this example,
each stage will only be described briefly with a few
comments, and details will be dispensed with. For
the detailed procedure, reference should be made to
Guideline VDI 2422, “Methods for Developing
Equipment Controlled by Microelectronics™.

Stage 1

In this branch of industry, the user requirements sel-
dom come directly from customers, but are deter-
mined jointly by several departments within a com-
pany. The Design Department is responsible for pro-
viding the technical input. The result is a specifica-
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tion (requirements list), and in the case of consumer
products possibly a model to indicate the proposed
appearance.

Stage 2

The function structure is determined by establishing
the information flows between the control system,
the overall physical process to be embodied in the
product and the user. The function structure is sup-
plemented by an abstract description of the conver-
sion of information at the key interfaces. -

Stage 3

Once the means of interactive communication with
the user have been determined, the operating and
display means can be selected. The overall physical
process is split into independent sub-processes,
which are coordinated by the control system. Operat-
ing and transfer procedures are chosen, active ele-
ments selected, sensors determined, and interfaces
and connections established. After estimating infor-
mation flows and the storage requirements, the ar-
chitecture of the control system can be selected and
the control tasks to be carried out by the software
determined.

The results of this stage are principle solutions for
the three sub-areas. For the software, this includes
the choice of operating system and a preliminary
structure for the application programs. For the elec-
tronics, this includes: deciding the appropriate circuit
technology; selecting the components in the control
system; establishing the connections; determining
supply voltages; estimating the power and space re-
quirements; producing a concept for the power sup-

..ply; and providing measures for RF suppression.

For the electromechanics, this includes: establishing
the operating and display layouts, accommodating
electrical assemblies; and housing the sub-processes
with their conversions of material and energy.

Stage 4

Division within the sub-areas into realisable modules
makes it possible to define clearly interfaces between
the electromechanics, electronics and software. It is
during this stage that the concept is established. The
design processes in electromechanics, electronics and
software now proceed separately and in parallel, pro-
ducing results which differ slightly from the general
approach, both in terms of their material content
and in their nomenclature.

Stages 5 to 7

In the field of electromechanics, it is frequently indi-
vidual transducers (actuators or sensors) which have
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Fig. 4.4. General approach to design in precision engineering

a decisive influence on the overall efficiency and
costs. In Stage 5 these transducers are optimised. In
Stage 6 the embodiment design of the overall physi-
cal process, the display and operating layouts and
the electronics, including the control system, is car-
ried out. In Stage 7, detail design, production and
operating instructions are prepared.

When optimising the electronics many standard
‘modules and components can be utilised, for exam-
ple control systems, power amplifiers and low-noise
amplifiers for the detection of signals. Providing the
appropriate power supply is frequently an important
factor in the overall cost. In Stages 5 and 6, circuit
diagrams and component lists, together with their
subdivision into assemblies, are produced. In Stage 7
these are used to develop printed circuit board
layouts and the wiring diagrams for assemblies. At
the same time, instructions for testing, automatic de-
bugging and adjustment are produced.

Writing the software for the control system involves
a “top down™ approach, that is it starts at the user
interface and divides the overall program down until
all the detailed control sequences and communica-
tion interfaces are defined. Certain critical modules
may be examined ‘““bottom up”. Structured pro-
gramming follows in Stage 6. Stage 7 then includes
implementation and testing of the program modules
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using simulation techniques. Finally the program is
stored and documented.

Testing

After the results are available from all three sub-
areas, one or several models or prototypes of the
product can be manufactured and tested. This stage
also includes summarising the results in the form
of a complete set of product documents with infor-
mation on production and operation. The type of
model used for testing depends on the stage of the
design process reached. During the first stages, func-
tion models are used to develop the concept and
during Stages 6 and 7, prototypes are used to identify
detail design improvements. A full pre-production
prototype might be built during Stage 7. Occasional-
ly, even at this late stage, major problems with the
design can emerge as a result of testing and necessi-
tate a major redesign.

A special characteristic of precision engineering de-
sign resulting from the use of microelectronics is that
three distinct design areas must be capable of work-
ing independently after the completion of the con-
ceptual phase, see Fig. 3.4. Of course, information
is constantly being passed between these areas, but
the success of the design process depends largely on
how clearly and logically the sub-areas are defined
during the conceptual design phase.



4.4 Example from Software Development
Introduction
In addition to mechanical, process and precision en-

gineering, software development can also be re-

garded as an important area of product design. Soft-

ware development takes place both as an in-house

activity to support other areas of product design,
see Section 4.3, and as a specialised activity in soft-
ware houses, where software is produced either for
general application or to specific orders. Software
development should be carried out systematically in
order to make it possible for it to be planned, opti-
mised and documented. Costs can be reduced by
standardising individual program modules, by the
application of established procedures and by the
careful division of labour.

Approach

The design of software may be viewed analogously
to the design of other technical systems [107]. As
shown in Fig. 4.5, the design process for software
can be related to the stages of the general approach
shown in Fig. 3.3. The approach can be split into
four main phases:

— definition phase, corresponding to Stage 1;

— design phase, corresponding to Stages 2 to 4;

— realisation phase, corresponding to Stages 5 and
6;

— documentation phase, corresponding to Stage 7.

Because of the logical interrelationships, the se-
quence in which each phase follows another is clearly
defined and practically independent of the particular
problem. The transfer from the first phase to the
next is made by way of a specification, which is com-
parable with the specification or requirements list
for mechanical systems. The transfer from the design
phase to the realisation phase is by way of a program
flow chart.

There is little iteration between the main phases. Re-
turning to a phase which has already been com-
pleted, resulting, say, in a modification to the pro-
gram flow chart, is generally not permissible. How-
ever, if the resulting program contains fundamental
errors, such iterations may be necessary.

Micro-phases occur within the main phases men-
tioned above and correspond to the stages in the
general approach.

The micro-phases are closely related and must be
processed systematically following a specific se-
quence. However, in contrast with the main phases,
the sequence is highly iterative, that is the micro-
phases within each main phase may be repeated as
often as required.
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The number and type of micro-phases depend on
the particular problem in question. This has a partic-
ular effect on the scope and nature of the documen-
tation.

Stage 1 - —

The specification which governs the entire project
is determined in this stage.

It is important to gain a deeper understanding of
the problem by studying its origin, its environment
and the means available for its solution by undertak-
ing a situation analysis.

The subsequent problem definition consists of formu-
lating a detailed specification which defines exactly
the problem to be solved, namely the requirements
of the software product. It sets down *““what” is to
be realised but not ““how™ it is to be realised. The
specification must also contain an exact and com-
plete description of the user’s computer system, in-
cluding the hardware and the system software.
Stage 1 is often called the definition phase.

Stage 2

In a function discovery stage, the overall target func-
tions are broken down into sub-functions based on
operational considerations and the interfaces are es-
tablished roughly. Function discovery can be both
procedure-orientated and data-orientated, and hier-
archical and functional relationships are possible be-
tween the individual sub-functions. The resulit of this
stage is a function structure.

Stage 3

Using the function structure as the starting point.
the principle discovery stage consists of searching for
algorithms and data structures which will realise the
sub-functions in principle.

Stage 4

This stage involves modularisation. Starting with the
function structure and the solution principles, the
precise interfaces are established for the program
modules and the algorithms formulated in the form
of a program flow chart. The result of this stage
is a set of requirements for the programmer.

Stages 2 to 4, are often called the design phase. They
include the development of the functional-logical so-
lution to the problem defined in the specification.

Stage 5

It is the task of implementation to convert the func-
tional-logical solution into a program.

The first step in this conversion is characterised by
the nature of the flow chart and depends on the
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specification and the programming language. Its
subsequent steps are translating into source code,
editing. testing and debugging.

Stage 6

Integration involves linking individual program
modules into an overall system. This includes match-
ing the overall system to its operating environment
and setting up databanks.

Stages 5 and 6, are often called the realisation phase.
They consist of writing the program, in one or sever-
al programming languages, to fulfil the specification.
The result of this phase is a runnable system, which
corresponds to a prototype in mechanical engineer-

ing.

Stage 7
Documentation of the results, in the form of manuals
for the user and the installer, often takes place inde-
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r
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Problem definition

I Definition J
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Principle discovery:
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® data structures

Design
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Divide into program
modules

Implementation:
Convert the functional-
logical solution into

a program

Integration:

® Link program modules

® /ntegrate the overall system
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T

Documentation:
® Prepare installation and
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Documen
tation

)
-

pendently of the actual software development,
though it proceeds in parallel and uses the docu-
ments resulting from each of the individual phases.

Further realisation consists of system installation at
the premises of the user.




5 Methods

In order to undertake and support the various activi-
ties and the individual steps in each of the design
stages of the general approach, the design engineer
requires many methods, procedures and aids. About
these much has been written. However, there is often
uncertainty in the minds of design engineers about
their application in practice, which essentially de-
pends on the following:

— the qualifications, training and experience of the
designer;

— the product development programme required to
complete the project;

— the size and structure of the company: and
— the potential of the methods themselves.

Since the factors listed above result in many different
requirements, it is not possible for the methods de-
veloped by a single school of design methodology
to fulfil all the requirements on their own in an opti-
mum way. It is necessary that a system of methods
should permit the best ones for a particular project
to be selected, taking into account the organisational
environment and the resources available for the pro-
ject, such as personnel and finance [44].

The most appropriate selection of methods to under-
take the various design stages depends essentially on
a more exact knowledge of:

— the overall requirements of the project, the activi-
ties required and the available resources; and

— the most important properties and prerequisites
of the methods.

The first condition above is usually met since it is
fundamental to every systematic approach, including
the one described in this Guideline. Sufficient knowl-
edge and experience is not normally available to meet
the second condition.

If necessary, projects adopting a more systematic ap-
proach can rely on knowledge and skill for the selec-
tion of the optimum methods. However, it would
be more desirable to have a modular system, from
which the most appropriate methods could be se-
lected. Developments with this goal include com-
puter-based method banks and knowledge-based ex-
pert systems. However, such systems in a form suit-
able for application in practice are not yet available.

In order to ease the problems of making a prelimi-
nary selection, by providing an overview and by indi-
cating alternatives, established methods are arranged
in a matrix, showing their application in the various
design stages. The matrix provides a systematic aid
for selecting the most appropriate methods for a par-
ticular project.
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To provide a first oricntation, bricf notes indicate
the principle involved and a rough classification indi-
cates the suitability of the listed methods for the
various design stages. Detailed information must be
obtained from the references provided. It is in the
nature of such a collection of methods and recom-
mended references that it cannot be complete, but
only provide a classification scheme for typical meth-
ods and some references. '

Simply studying the matrix of methods cannot guar-
antee the successful selection of the best methods
and references. Training and practice in selection and
application are essential, and so are regular contacts
with practitioners and researchers in academic insti-
tutions who have knowledge and experience in this
area.
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From an analysis of the known or imagined properties of a proposed product ‘_é -
and also the characteristics of the product area, goals are derived which provide g ‘é ° S @
guiding requirements for the product design process. o g @ 5 = é s e
e =512 ¢ = = 0.
s |22|32|5 |g3|% |32
3 32|g€E|¢@ 2as|8 =R
- = 9 > <) o c
2 g9 59 =] 573 Py 8'm
¥ |ES|s2lc8|8E|ls_|¢es
s gE|eE 83|e3|235| a8
5ol 2v|sc|33|2xx|Eo| e
22lecloc|2 o |6 >|2a
Of|loc|{wcs|0EjOoc|jOBlao
Market analysis [1, 2] - ) °
(Need, price, functions, trends, user groups, target groups, ...) ® ®
Prognosis methods [1 to 8]
(User groups, need, trends, ...) ® *
Competition analysis [1, 2, 9] °
(Strengths, weaknesses, expected strategies, ...) ® © °© ° © ®
Competing product analysis [9] . °
(Performance, costs, strengths, weaknesses, functions, technology, ...) ® ® * * °©
Company analysis [10 to 12]
(Finances, personnel, production facilities, ...) ® ° ©° °
Product planning [1 to 14, 70, 71]
(Innovation, marketing, user groups, target groups, ...) ® °e © ®
Problem analysis [1 to 11]
(ABC-analysis, analysis of potential problems, ...) ® ° ° * * hd °
Definition of goals [9, 11, 12, 15, 17 to 20]
(Functions, price, costs, market, target groups, ...) hd ° ° ° * ® ¢
Analysis and specification of product properties
Important prerequisites for a successful_fsearch for the solution to a technically
and economically optimised new product are: the abstraction of the required
properties in the form of functions; the division and structuring of those func-
tions; and the clarification of the conditions, quantified where possible, imposed
on possible solutions.
Describing functions through:
— Verbal definitions (noun and verb) {15, 16, 18, 19, 21 to 24, 90] [} o ° °
- Elementary physical effect functions and basic operations [15 to 25] ° ° o
— Mathematical representation in the form of algorithms, equations, computer ° ° .
models, ... [17, 20, 23, 25, 26, 29, 64, 74, 78, 91 to 94] °c 1 © °
- Drawings, models, technical sketches [27], 3-D models [28], perspective o N
drawings such as those common in Industrial Design [75 to 77] ° ° * ® ®
Structuring functions through:
— Hierarchy of functions (function tree) [15, 16, 18, 19, 24] . . .
- Linked function structure (function net) [17 to 20, 23 to 25] o o o
- Verbal function track (FAST/logical function path) [15, 21, 22] ~ ° ° .
— Mathematical models [17, 20, 23 to 26, 29] o
Quantification of requirements through:
— Specification (requirements list) [15, 17 to 20, 23 to 25, 108] ° ° ° ° ° o o
— Technical weighting (rating the quality of the proposed solution against °
an “ideal” one fulfilling all the functions) [19, 29] ° °
Simulation and similarity analysis [64, 67, 72, 73] o ° ° °
Structural mechanics (Finite Element Methods) [78] ° ®
o well suited o suitable

for the respective stage
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A minimum prerequisite for the development of an optimum solution is to have g @ T -
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Intuitive methods (heuristics) for solving poorly structured [31, 103] and non-
algorithmic problems, and for stimulating human creativity
Creativity techniques [31 to 33, 37]
— Brainstorming [34] o . L]
for triggering associations of ideas within a team
- Method 66 [32] . . o
for including almost any number of participants
— Method 635 [32] . L] o
for searching with a team when time is short
- Provocation [31] o o
for triggering associations using pictures, key words, questions, ...
— Delphi [31]
for collecting ideas through written questioning of 15 to 20 anonymous o °
participants, for example when highly-qualified specialists are unable to o
meet together [82]
Systematic-discursive methods [30 to 33, 36, 37] for solving well structured
[31] and algorithmic problems
Morphology [36]
— Morphological boxes [23, 35, 36, 90] in the form of a 2- (3-, ...) dimen- . . o
sional matrix for the systematic collection, arrangement and combination g
of solution elements
- Reduced morphology [30, 36] using a combination matrix in which incom- o . o
patible combinations are suppressed in order to reduce the overall number d
of combinations
— Property lists [36] as 2-dimensional morphological boxes for combining o . °
solution elements
Systematic variation, for example of physical effects [17 to 20, 23 to 25]. o ° o . °
of structure, of layout, ... [89]
Design/solution catalogues [23, 38, 109, 110] as a comprehensive collection Py . o ° .
of possible solutions or solution elements for developing solution variants
Design rules and guidelines: embodiment design procedure [18], basic rules ° ° ° °
[18]. embodiment design guidelines [18], for example designing for: produc-
tion [18, 39]; assembly [113]; ergonomics [18, 40]; recycling [18, 41]:
minimum noise [42]; integration of functions [95, 96]
Modular systems and size ranges [18, 43, 44] for optimising the technical ° o ° ° . .
and economic properties, the overall scheduling and the application of prod-
ucts, processes, organisational resources, systematic methods, procedures,
etc., through the realisation of similar sub-functions using modules or size
range elements
Combinations (heuristic/discursive)
Combinations of the above methods or method elements: systematic modular 0 o o o o o
system [44]
Synectics [45]: creating new thought models by using unfamiliar analogies. ° * ¢
often non-technical, and using these to analyse and develop the problem
— Reduced synectics: reducing the scope of the analogies, for example asso- ) . o o o
ciating bio-mechanics problems with biological analogies [46 to 48]
o well suited o suitable
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for the respective stage
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Methods
Cost calculation and economic assessment procedures §
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Calculation procedures [49 to 53] for determining the absolute costs for the
total product development (design and production)
Cost comparison calculations [83]: a comparison between solution variants o ° . . .
where only differences in cost allocation are considered
Complete cost calculation {49 to 53] : all the company costs are fully allocated ° . ° .

to the products

Break-even analysis: the appropriate proportion of the fixed costs of the com-
pany are added to the variable costs of a particular product and compared o o ® ° °
with the revenue earned by that product [49 to 53]

Overhead calculation: fixed costs are covered by the allocation of a percent-
age overhead based on specific product costs, for example wages, variable o ° ° °
costs, material costs, ... [49 to 53]

Marginal cost calculation [49 to 53]: assessment of the variable costs of
a product, without attempting to cover the fixed costs, in order to determine [} o ° ° °
a lower price limit

Early cost estimation methods for determining the absolute and relative costs [} [ ° [ ° ° o
of a product as early as possible during its development {29, 49 to 59]

Relative cost catalogues [29, 58]: based on cost factors such as component
shape, material and manufacturing complexity, all identified by a code
number, the overail cost of different designs can be compared. The method o ° ° o
does not permit absolute costs to be determined and relies on the cost rela-
tions existing at the time the catalogue was produced.

Short calculation [60]: determining absolute costs by considering a number

. A . o °
of parameters to describe products, including complex ones © ® °
Cost growth calculation [61]: consideration of physical similarities o o o o )
— Similarity calculation [51, 55] : consideration of general similarities (in addi- ° ° o ° o
tion to physical ones) of components, manufacturing processes, calculation
principles, company structures, etc.
Economic assessment in the form of cost-benefit analysis where the product
| . . R . X . o ° ° ™
is considered as a complete system [67], starting with its initial creation, contin-
uing through its operation and ending with its scrapping [53]
Investment calculation [9, 66] for determining the required investment for the . ° o .
total product development and its subsequent amortisation
Estimation theory [29] with common algorithms for determining design princi-
ples and component dimensions from both a technical and an economic point <] o ° o o

of view

o well suited o suitable
for the respective stage
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Stages
Methods

Evaluation procedures and decision techniques

Through evaluation and selection against technical, economic and general cri-
teria (target functions, cost goals, safety), the overall number of solution ideas
is reduced. After further evaluation the most suitable one is selected.

After working through the design steps in an iterative manner, a decision about
the optimum overall solution is made [9, 15, 16, 61 to 66]

Clarity and define

1

the task

Determine functions
and their structures

Search for solution principles

and their combinations

Divide into realisable
Prepare production and
.operating instructions

modules
Complete overall

of key modules
layout

Develop layouts

3-stage selection (suitable — possibly suitable — not suitable) for a first approx-
imate categorisation of the solution ideas, particularly when using heuristic
methods to find ideas [82]

o

o

3-criteria evaluation (advantages — disadvantages — costs) for a comparative
evaluation of solution ideas and suggestions [82]

Dual comparison [9]: using an evaluation criterion, each pair of ideas, from
a large number, is systematically compared

Cost-benefit analysis [9, 63] for determining the economic value of a product,
or component, during all or part of its lifetime

Use-value analysis [9, 63] for determining the value rating of a solution sugges-
tion for each of several evaluation criteria. The sum of the values for each
criterion is the overall value of the solution suggestion. The optimal solution
is the one with the highest overall value.

Technical and economic evaluation [29]: by plotting the technical rating and
the economic rating of a product as the abscissa and ordinate of a graph respec-
tively, it is possible to make an assessment depending on its position relative
to the diagonal. A balanced product lies on the diagonal, an expensive one
below the diagonal and a technically weak one above the diagonal.

Weak spot analysis and disturbing factor analysis [18, 20, 58, 112] for recog-
nising and minimising unfavourable product properties

Fault-tree analysis: analysis of potential sources of system failure using AND/
OR relationships for possible system element faults [97]

Expert appraisal, if necessary using a checklist, provides a fast systematic-intui-
tive evaluation procedure which is useful in many situations, particularly with
poorly structured [31] problems. The results should be checked using other
evaluation procedures.

Operations research [64] for optimising well structured and algorithmic prob-
lems using mathematical methods

Decision criteria matrix [65, 16]: decision criteria are weighted and the various
solution variants are evaluated using a value scale based on points or on costs

Relevance or decision tree [66]: the relationships between decisions are repre-
sented in the form of a tree so that the ranking and importance of each decision
can be seen )
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Stages
Methods

Integrated methods (action models)

The systematic procedures described in this Guideline are based on or extended
by other methods used to help with the solution of technical and related prob-

lems. Above all, the computer offers a new range of possibilities for systematic .

design.

Clarify and define |

the task

Determine functions
and their structures

Search for solution principles
and their combinations

Divide into realisable
Prepare production and
operating instructions

modules
Complete overall

Develop layouts
layout

of key modules

Systems engineering [67, 101]: a basic method for the description of systems
of any type and for the solution of problems which arise in those systems.
All problem-solving methods can be considered as applied systems engineering.

Value analysis [15, 16, 66]: a problem-solving procedure which is widely used
in industry. In its practical application it takes into account the combined effects
and mutual influences of three components: methods, procedures and manage-

ment. A retrospective fourth component is the result produced by the above
three.

Design methodology [17 to 20, 23 to 25, 29, 68]: a procedure developed
in German universities which has extended the application of systems engineer-
ing to the design of technical products

Computer-aided design and manufacture

CAE, CAD/CAM, CIM, ... [69, 91, 93, 94, 103]: the same internal computer
model used to describe the shape, dimensions, materials, etc. of components
can be used to produce working drawings and parts lists and also to prepare
production plans, NC-programs, stock lists, requisition orders, cost break-
downs, etc.

Computer graphics for static and dynamic modelling

6-stage methods (work study) [82]

Team working [87] has advantages compared to individual working because
of the additional knowledge available, the synergy effects and the group dynam-
ics. The solutions produced by a team tend to have greater authority and accept-
ability.

Management methods

Management by ... (management behaviour) [84]

Project management [85, 86]

Planning methods [70, 71]

Network planning [79 to 81, 88] for planning the schedule and estimating
the earliest and latest end date for a course of events, including essential
events which lie on the critical path

Capacity planning [3, 9, 80, 88] for the allocation of existing capacity and
for the procurement of additional capacity for design, development, manufac-
ture and assembly

Investment planning for the procurement or construction of manufacturing
plant, computer facilities, test equipment, buildings, etc. [9, 12, 88]

Optimisation calculations [64, 72, 73] for multi-parameter linear or non-linear
optimisation procedures to extend the standard engineering science calcula-
tions [74]

Industrial Design [75 to 77, 98 to 100] for handling and optimising the man-
machine interface [40]
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6 Terminology

The following definitions of terms have been limited
to those which are important for understanding this
Guideline, and to those which would appear to make

a contribution to a generally applicable systematic .

approach to design. It has not been possible to stan-
dardise the terms completely, as some are specific
to one branch of industry and some to a particular
school of design methodology. This should cause few
problems if they are taken in context. For more de-
tailed definitions, the reader should consult the refer-
ences.

A direct translation of some terms from German
into English is difficult. The aim has been to convey
the sense of the German original in clear manner
rather than to achieve a rigorous word for word
translation. Because of this, minor inconsistencies
are bound to arise, but it is hoped that they are
few and far between and that they do not detract
from the main flow of the argument.

Translating the various terms used for *design” and
the ““design phases” is not straightforward and a
few points of explanation might be helpful. The de-
sign process is part of the total product development
activity. This Guideline describes a general approach
for the systematic design of technical systems and
products, which are made up of assemblies, sub-as-
semblies, components and parts. The general ap-
proach is divided into an appropriate number of de-
sign phases, and these, in turn, are divided into design
stuges and, where necessary, these are further sub-
divided into design steps.

The design process in mechanical engineering, for ex-
ample, is generally split into four phases: clarifica-
tion of the task; conceptual design; embodiment de-
sign; and detail design. Most of these terms are famil-
iar, but embodiment design may need some clarifica-
tion. Other publications have used layout design,
main design, general arrangement design, scheme de-
sign and draft design for this phase, which involves
the development of a more or less abstract concept
into a more concrete proposal, usually represented
by a layout drawing. Embodiment design ‘overlaps
detail design and incorporates, as appropriate, both
layout design (the layout, arrangement or disposition
of assemblies, components and parts and their rela-
tive motions) and form design (the shapes, dimen-
sions and materials of individual parts). In many
translations, form design is used in a wider sense,
that is the form design of the whole product.

Possibly other unfamiliar terms are those derived
from words such as “Wirkfliche™ and **Wirkbewe-
gung”. There is no accepted direct translation, and
for the German prefix “Wirk-"" the English word
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“active ™, in the sense opposite to *passive ™, is used.
The above two German terms are therefore trans-i
lated as “"active surface™ and *active motion™, that
is the surface or the motion responsible for the effect
of particular interest at the time.
Active Area (Active Geometry, Active Motion, Ac-
tive Space, Active Surface. Etc)
The area (geometry, motion, space, surface. etc)
of an assembly or part which is contributing to
the —effect of particular interest at the time.

Active Principle (Working Principle)
Fundamental law or principle governing the — ef-
fect of particular interest at the time.

Algorithm
Fixed, clear, finite series of steps and rules, which
when followed lead to a precise solution of one
class of problem.

Aucxiliary Function
Any - function which is not a — main function.
A particular — sub-function can be an auxiliary
function for a — product and also a — main func-
tion for a sub-assembly of that product.

Conceptual Design

Development and representation of a — function
structure and the search for — solution principles
and their structures in accordance with the — task
and the — specification. The result is a — princi-
ple solution or a concept.

Design Process
Totality of the activities with which all the infor-
mation necessary for producing and operating a
— technical system or — product is processed in
accordance with the — task. The result is a set
of — product documents.

Design Phase
A set of related design activities or — design
stages in the — design process. For example the
task clarification phase, the conceptual design
phase, the embodiment design phase and the de-
tail design phase.

Design Stage

A limited set of design activities within a — design
phase of — systematic design.

Design Step
An individual activity within a — design stage of
— systematic design.



Detail Design

Elaboration of clear definitions for all the details
for the production and operation of a — product
in accordance with the — specification. The result
is a set of — product documents.

Eftect

A repeatable, predictable occurrence of a physi-
cal. chemical. biological or data processing na-
ture.

Effect Carrier

A particular physical element (shape, surface or
arrangement) or combination of elements. or in-
structions in the case of computer programs, pro-
ducing an — effect.

Embodiment Design

Elaboration of the arrangement and shapes of the
elements in a — product, and, where appropriate,
the preliminary selection of materials, in accor-
dance with the — principle solution and the
— specification. The result is a — layout design
(preliminary or definitive).

Form Design

Totality of all detailed activities through which
the elements of a — product are determined, that
is the geometrical shapes of parts, their dimen-
sions, surface finishes, materials, and their overall
combination into a product. In the case of non-
material products, for example software systems,
form design is the activity of defining in detail
the elements of a program, and their combination
into an overall solution. The result is a set of
detail drawings or detailed descriptions. '

Function

Relationship between input, output and state
variables of a system independent of a particular
solution. A distinction is made between — overall
function and - sub-function, and between
— main function and — auxiliary function.

The concept of “*function™ is also used in the
natural and engineering sciences to represent a
physical or mathematical relationship, for exam-
ple in the form of an equation.

Function Structure

Arrangement of individual — functions. Relation-
ship between the —overall function and the
— sub-functions.
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Industrial Design
That part of the design process which concen-
trates on the external appearance and ergonomics
of a product, that is the man-machine interface.

Layout Design
The activities involved in laying out or arranging
the elements (assemblies, components, parts) of
a — product. The result is a layout drawing.

Main Function
The — function describing an essential require- -
ment of a — product.

Model (Product-Representing Model)

Abstract or concrete representations of a — prod-
uct or part of a product, for example functional
model, simulation, computer model, mock-up,
etc. They are used to demonstrate the functions,
properties or features of solutions in whole or
in part. Embodiment details and inessential — re-
quirements can be omitted.

Overall Function

Totality of all — functions which a — product
realises or is intended to realise. The overall func-
tion is derived from the — task and can be broken
down into — sub-functions.

Principle
Fundamental law governing a basic — effect.

Principle Solution

Combination of — solution principles for all the
functions in a function structure.

Product

Hardware or software produced as the result the
— design process.

Product Development

Purposeful application of the results of research
and experience, for example of a technical or eco-
nomic nature. The total sequence of activities re-
quired to create a new — product, including de-
sign, development, manufacture, assembly, instal-
lation and operation. The results can include new
products and computer programs.

Product Documents,

All the documents required for producing and op-
erating the product.



Prototype
First physical realisation of a — product.

Requirements

Qualitative and quantitative- definition of the .

functions and constraints to be fulfilled by a
— product. Different weightings can be given to
the requirements.

Result

Result of a — design phase, — design stage or —
design step.

Solution Principle

Fundamental solution of one or more linked —
functions by selecting — effects and essential em-
bodiment features.

Specification (Requirements List)

Collection of — requirements for a — product for-
mulated in writing. The specification forms the
basis of the — task at the start of the — design
process and should be kept up-to-date during the
course of this process.
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Structure

Representation of parts of a whole and their rela
tionship to each other.

Sub-Function
Every — function produced by the subdivision o
a superior function. Subfunctions can be — maii
functions or — auxiliary functions. Sub-function
can be arranged into a hierarchy.

Systematic Design

The systematic, stepwise planning and executior
of the — design process, and the theory support
ing this approach.

Task

~ Set of instructions to create a new — product. [
contains the essential starting information for the
process of design, and indicates the essential anc
desirable — functions and properties. In addition
it contains information on schedules, costs anc
organisational procedures.

Technical System

Set of ordered and connected technical element:
related to their environment by inputs and out
puts at the system boundary, for example :
— product.
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Modelling the Design Process in Engineering
and in Architecture

NIGEL CROSS & NORBERT ROOZENBURG

SUMMARY Models of the design process in engineering seem to have converged upon a
consensus represented, for example, by the German VDI model. However, after starting
Jfrom common origins, models of the design process in architecture have diverged from the
engineering consensus, in response to criticisms from both theorists and practitioners.
There now appear to be significant differences berween the engineering and architectural
design models. Criticisms of the consensus model of engineering design have also been
made, similar in some ways to the earlier criticisms of the architectural design models.
We discuss the similarities and differences between the two consensus models—in
engineering and architecture—and identify prescriptive vs. descriptive emphases. We
suggest that attempts should be made to reintegrate the two models to improve common
Seatures of design education and practice across the disciplines.

1. Introduction

This paper is concerned with the differences that have arisen between models of the
design process in different disciplines, especially between engineering and architecture.
We find these differences both interesting and informative, especially since early
models of the design process in these disciplines had common origins and substantial
similarities. We propose in this paper to analyse the differences that have emerged and
to suggest the need to reintegrate the models.

2. Consensus Model of the Engineering Design Process

In engineering design, models of the design process have been developed since the
early 1960s. This development has converged to what might be called a consensus
model. The model is described in some VDI publications [1, 2] and in slightly different
versions in several textbooks (see, in particular, Pahl and Beitz [3] and Hubka [4]).
German engineering designers have been the main contributors to the development of
the consensus model. Comparable models, though less detailed and less precise, are
those of Van den Kroonenberg [5] in The Netherlands, and French [6] and Pugh [7] in
the UK. : .

The consensus model portrays the engineering design process as a sequence of
activities, leading to certain intermediate results: performance specification, function

Nigel Cross and Norbert Roozenburg, Faculty of Industrial Design Engineering, Delft Technological
University, 2628 BX Delft, The Netherlands.
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structure, principal solution, modular structure (concept), preliminary layout, defini-
tive layout, documentation (see Fig. 1). The activities are usually grouped into four
phases: clarification of the task, conceptual design, embodiment design and detail
design.

Stoges Results

( Task )

\

Ciarify and define
the task

~

l — / Specification

Determine functions
and their structures

l / Function structure

L

~

Search for solution
3| principles and their
combinations

L /

/ Principal solution

-

Divide into realizable
modules

l / Moduie structure
Y /

Develop layouts of
key modules

~

Y l // Preliminary layouts
Complete overoll
loyout

~J

l / Definitive loyout
i 7 Y
7 Prepare production and

operating instructions

~

L - 1/ Product documents
L

~

Q Further reoh‘zoﬁon)

FiG. 1. VDI model of the engineering design process.

This consensus model is fundamentally derived from the ways in which engineer-
ing design problems are conventionally perceived and modelled. Machines and pro-
ducts are technical systems that transform energy, material and information. The
functional behaviour of a technical system is fully determined by physical principles
and can be described by physical laws. The engineering design problem is to find and
define the geometry and the materials of the system in such a way that the required
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prespecified physical behaviour is realized in the most effective and efficient way.
Amongst others, Hubka and Eder [8] have set out these fundamentals in great detail.

Underlying this model is a structure based upon a systems engineering approach to
the development of complex systems. According to this approach, development
projects are to be structured in two ‘dimensions’. The vertical dimension corresponds
to the origination phases in the life cycle of a product (such as feasibility study,
preliminary design, detailed design, planning for production, planning for distribution,
planning for retirement). The horizontal dimension is the problem-solving process that
takes place in every phase of the vertical structure: analysing and defining problems,
synthesizing solutions, simulating or predicting performance, and evaluating and
choosing the best system. This two-dimensional view can be traced to Hall [9] (see
Fig. 2); Asimow [10] was one of the first who applied this view to modelling the
engineering design process.
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6
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7
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FiG. 2. Hall’s morphology of the systems engineering process.

However, the consensus model of engineering design tends to emphasize the
vertical dimension of this underlying structure. The horizontal dimension is not
strongly represented and possibly that is why this dimension is sometimes overlooked
—not so much by its authors (see, for instance, Pahl [11] and Hubka [4]) but by its
users and, above all, its critics, leading to faulty arguments and misinterpretations of
the model.

Two further characteristics of the consensus model should be mentioned. Firstly, it
assumes that design should proceed from the general and abstract to the particular and
concrete, i.e. the problem should be analysed in abstract terms, before any material
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concepts are established, and those concepts are then gradually refined in increasingly
more detail. Secondly, it assumes that complex problems should be decomposed into
subproblems, for which subsolutions are to be found and “synthesized’ into overall
solutions for the design problem (see Fig. 3).

Z Overall problem

r—
,// Subproblems

-— -y
// Individual problems

Individual solutions

, 7 Sub solutions

/ Overall solution

F1G. 3. VDI view of problem decomposition and solution synthesis.

’

By specifying in its vertical structure a set of intermediate results to aim for,
without prescribing in detail how these intermediate results are to be obtained, the
consensus model does not restrict designers to just one way of working. Instead, it tries
to organize the problem-solving behaviour of designers so that this behaviour will be
more effective and efficient than intuitive, unaided, unsystematic ways of working.
The consensus model is a ‘methodology’, though it is a weak or heuristic one. It is a
weak methodology because it is built upon weak knowledge (experience) about the
consequences of the possible actions to be taken (in terms of the insights gained with
respect to design decisions). It is a heuristic methodology because following it requires
‘sensible’ (knowledgeable or informed) interpretation by the designer of the vaguely
defined ‘rules’ and terms and—even if properly applied—success is not guaranteed.

3. Developments in Architectural Design Methodology

Early models of the design process in architecture were often very similar to models of
the engineering design process. For example, the model of architectural design
developed by Marcus and Maver [12] (see Fig. 4) had similarities to the model of
engineering design by Asimow. The editors of the 1962 Proceedings of the Conference
on Design Methods [13], Jones and Thornley, represented engineering design and
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architectural désign, respectively, and both used similar models to help describe and
teach the design process. In industrial design there was also a similar basic model of
the design process represented by Archer [14] (see Fig. 5). -- -
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F1G. 4. Maver’s model of the architectural design process.
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F1G. 5. Archer’s model of the industrial design process.

However, in the early 1970s, architectural design methodologists began to criticize
this shared view of the design process. Hillier ez al. [15] were among the first to
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question the orthodox view that designers should resist bringing their own preconcep-
tions to bear on the problem. They argued that designers not only do but inevitably
must ‘prestructure’ their problems in order to solve theni: They suggested that the
prevailing ‘analysis-synthesis’ model of design (in which exhaustive problem analysis
must precede solution synthesis) was derived from a fallacious view of the role of
inductive logic in science and that designers have to rely on a form of preconception
—their prior knowledge of solution types. Hillier et al. therefore proposed a model of
design based (like Popper’s view of science) on the centrality of conjectures. In this
‘conjecture-analysis’ model, the designer must first generate a solution conmjecture
which is then subjected to analysis and evaluation, rather than analysis preceding
synthesis or conjecture. (Similar arguments and proposals in a systems engineering
context have also been made by Rzevski [16].)

Later, Darke [17] developed this model a little further. Based on interviews with
architects, she proposed a ‘generator—conjecture-analysis’ model, which prominently
identified the role of a ‘primary generator’ in design. According to Darke, very early in
the design process the designer imposes (or identifies) a particular, strong generating
concept or a particular, limited set of design objectives. This again contradicts the view
that the design process must begin with an exhaustive problem specification, from
which solution concepts may then be synthesized. Instead, solution concepts are seen
to be based on ‘primary generators’ or ‘prestructures’. '

March [18] also argued that the essential logic of the design process requires that
solution concepts are produced not by analytical, inductive or deductive reasoning but
by ‘productive’ reasoning (a form of Peirce’s ‘abduction’). (A comparable argument
with respect to the logic of design was developed by Eekels [19] and by Roozenburg
[20].) March outlined a rational design process as consisting of “(1) the creation of a
novel composition, which is accomplished by productive reasoning; (2) the prediction of
performance characteristics, which is accomplished by deduction; and (3) the accumula-
tion of habitual notions and established values, an evolving typology, which is
accomplished by induction”. He proposed a ‘P-D-I" model of the design process: an
iterative procedure of production-deduction-induction (see Fig. 6). The production
of a design proposal, March suggested, must be based on an initial statement of
requirements and on a presupposition or protomodel. There is similarity here to Hillier
et al.; they suggested a model comprising prestructures—conjecture-analysis and March
suggests one comprising presuppositions—conjecture-analysis-evaluation. _

The nature of design problems also came under scrutiny. Rittel and Webber [21]
argued that design problems in architecture and planning are inherently ill-defined (or,
as they called them, ‘wicked’) problems. They pointed to the limitations of the
analytical approach to wicked problems, and characterized design as a multidiscipli-
nary ‘argumentative’ process. It is now widely recognized that design problems are ill-
defined problems.

The result of these criticisms and reformulations of the design process in architec-
ture appears to have been a general rejection of any linear, sequential, analysis-synthe-
sis—evaluation scheme. There is no well-formulated consensus model of the design
process in architecture (nor any longer in industrial design) but we may conclude that
there has emerged a ‘type model’ with the following features:

e it has essentially a spiral structure;

e it recognizes the importance of prestructures, presuppositions or protomodels as
the origins of solution concepts;

e it emphasizes a conjecture-analysis cycle in which the designer and the other
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F1G. 6. March’s model of the architectural design process.

participants refine their understanding of both the solution and the problem in
parallel;

e it assumes design problems, by definition, to be ill-defined problems.
These and other related arguments and developments have been presented by Cross
[22].
In retrospect, we might say that in architecture and industrial design the attention
of the design researchers and theorists shifted from the vertical (linear, procedural)

dimension of the design process to the horizontal (iterative, problem-solving) dimen-
sion.

4. Differences between the Models

After starting from common origins, there now appear to be significant differences
between the consensus or type models of the process of engineering design and that of
the process of architectural design. A major difference is the apparently linear,
sequential nature of the engineering model os the spiral, cyclical nature of the
architecture model. Models of the engineering design process tend to emphasize the
sequence of stages through which a project is expected to progress (e.g. concept—
embodiment—detail stages), whereas the models of architecture and industrial design
emphasize the cycle of cognitive processes that the designer is required to perform
(e.g. productive-deductive-inductive thinking). In emphasizing the sequence of stages
that is expected to occur during project development, the engineering model is more
prescriptive; in emphasizing the thought-processes that have to be employed by the
designer, the architecture models are more descriptive.

In both architecture and engineering, it was at first proposed that solution concepts
should be synthesized only after rigorous and exhaustive analysis of user requirements
and other basic features of the problem. Architectural design methodologists now
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stress the importance of generating solution concepts early in the design process,
drawing upon presuppositions. This shift is also a reflection of the prescriptive-
descriptive split.

Another example of divergence from a once shared view is concerned with
representations of problem structure. The engineering design consensus model is based
on a view of the problem structure as essentially a tree-like structure; the overall
problem can be broken down into distinct subproblems, each with sub-subproblems,
etc. After initially assuming that architectural and planning problems could also be
hierarchically decomposed as trees, Alexander [23] soon specifically rejected this view
[24], and most planners, architects and industrial designers now accept this.

There may be some straightforward reasons for these differences between the
models. In particular, the knowledge domains of the professions are different. Archi-
tects lack, for their essential problems, the equivalent of the engineering sciences that
are available for engineering designers; the architects therefore have to rely much more
on trial-and-error design procedures. Architects also tend to view their design prob-
lems as inherently ill-defined problems, whereas engineers’ problems are more usually
well defined.

There may also be fundamental differences related to preferences in cognitive
styles between engineers and architects. Such a dichotomy might arise because of
differences between engineering’s science-based, problem-focused education and archi-
tecture’s arts-based, solution-focused education, as suggested by Lawson [25]. Cross
[26] identified cognitive styles (such as serialist ©s holist, convergent vs divergent)
with ‘designing styles’ and suggested that models of the design process by different
authors also could be characterized as representing different cognitive styles. Thus,
some models represent a serialistic design strategy, while others are holistic, some
represent a convergent design strategy, while others a divergent design strategy.

The characteristics of the consensus models of engineering design and architectural
design are contrasted in Table I.

TaBLE 1. Comparison of characteristics of the engineering and
architecture models

Characteristics of the Characteristics of the

engineering model architecture model

Assumes problems are (or can be) Assumes problems are ill-defined
well defined

Systematic, expert process Opportunistic, argumentative process

Starts with problem-analysis; avoids ~ Starts with solution-conjecture; accepts
preconceptions prestructures

Linear Cyclical

Tree-like problem structure Lattice problem structure

Prescriptive of design behaviour Descriptive of design behaviour

5. Criticisms of the Consensus Model of Engineering design

The consensus model of engineering design has not been without criticism. To begin
with, it has been observed that the model has been developed with the design of new,
innovative technical systems in mind. Therefore it pays too much attention to the
conceptual design phase at the expense of the phases of embodiment and detailed
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design {11, 27]. In practice, many product design projects can or must do without the
‘invention’ of new technical principles and start from known, ‘proven’ concepts.
However, the consensus model offers little procedural advice with respect to embodi-
ment and detailed design. It has even been questioned whether detailed procedural
models for these phases may exist [28, 29], because the decisions to be taken in these
phases are strongly interrelated, owing to the complexity of technical systems. The
process in these phases is essentially one of continuously refining a concept, jumping
from one subproblem to another, anticipating decisions still to be taken and correcting
earlier decisions in the light of the current state of the design proposal. Therefore, it
seems that the iterative problem-solving model mirrors these phases better than does a
linear procedural model.

As in architecture, the model of engineering design has also been criticized from an
empirical point of view. In practice, the behaviour of engineering designers very
seldom resembles the behaviour prescribed by the consensus model. Several authors
[27, 30, 31] have stated that, contrary to what the consensus model assumes, working
from abstract problem formulations to concrete solutions and splitting problems into
subproblems are iterative and recursive processes that rely upon anticipations of
possible solutions. As such these observations do not disqualify the model, because it is
a prescriptive model that intends to structure, and not to predict, design behaviour, but
there is not much sense in prescribing ‘impossible’ behaviour. However, there is until
now little empirical evidence in favour of the effectiveness of the model contrasted to
conventional intuitive ways of working, or against it. Empirical research into the
engineering design process is only beginning to gain momentum, so opinions on the
value of the model as a heuristic method for engineering design are still largely based
on personal experiences and beliefs in its rationality.

The model has also been criticized from a methodological point of view. For
instance, function structures might be of limited heuristic value [32], partitioning the
design process into a large number of small steps might lead to an uncontrollable
explosion of possible solutions [30] and often, when appearance is important, the total
form of a product has to be determined before or in relation to the form of the parts
(as ‘dictated’ by the chosen principles [2, 33]).

6. Towards Reintegration of the Models

We believe that there are good reasons for trying to get the consensus or type models
to converge, i.e. for seeking to integrate the two types into a common version again. It
is clear that both models have particular strengths and weaknesses. For example, it is
obvious that all designers need to progress their projects in a sequence of stages,
similar to the engineering model; it is also obvious that designers must employ varying
cognitive procedures during the design process, as in the architectural model. In
contrast, a weakness of the engineering model is that it emphasizes problem analysis
and specification, perhaps at the expense of innovative solution generation; a weakness
of the architecture model is that it emphasizes early solution conjectures, perhaps at
the expense of adequate problem clarification. A more developed, generalized model of
the design process would integrate the strengths of both models, while avoiding their
weaknesses.

In particular, it is in design education that integrated models are now urgently
required. If a design education curriculum is based on extreme versions of either type
model, then not only do we risk training future designers with impoverished under-
standing of the nature of design and with crippled design ability, but also we shall lose
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the benefits and progress that genuinely have been made in the course of developing
both the consensus models over the recent decades. These comments apply not only to
the education of professional designers but also—and perhaps especially—to the
rapidly growing development of design in general education (i.e. in the schools), where
the educational weaknesses of simplified models of the design process have already
been criticized [34].

An integrated model is still a long way off although some authors have attempted
to move towards it [35]. The present authors have also each attempted some
integration in their recent books. Roozenburg and Eekels [36] deal with both type
models. They consider the basic design cycle (see. Fig. 7), a model of the problem-
solving process in design, as the more fundamental model, and use this cycle (instead
of a linear procedural model) as the frame of reference for the discussion of
methodological problems and methods.

function

———————  Criteria

synthesis

tentative design

o

expected properties

evaluation

value of the design

acceptable design

F1G. 7. Roozenburg and Eekel’s model of the basic design cycle.

Cross [37] has proposed a ‘hybrid model’—it has descriptive and prescriptive
traits—(see Fig. 8) with the following features. Firstly, a symmetrical relationship is
assumed between problem and solution, and between subproblems and subsolutions.
This attempts to demonstrate and indicate that the relationship is not one way from
problem to solution, but that problem definition is often dependent upon solution
concepts. This is an acknowledgement that making solution conjectures is often a
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means of helping to clarify the problem. At lower levels, there are similar interactions
between-identifying subproblems and generating subsolutions. The upper and lower
double-headed arrows in Fig. 8 indicate that the designer’s thinking will oscillate to-
and-fro between problem/subproblems and solution/subsolutions. '

OVERALL 9 o OVERALL
PROBLEM SOLUTION

—

claritying
objectives

improving

o details

evaluating
alternatives Y

A

o setling generating 0
requirements alternatives

SuB- Py suB-
PROBLEMS SOLUTIONS

establishing
functions

F1G. 8. Cross’s model of the engineering product design process.

Secondly, there is a hierarchical relationship between problem and subproblems,
and between solution and subsolutions. This attempts to demonstrate and indicate that
an important and inescapable part of problem clarification is the activity of decompos-
ing it into subproblems, for example, by identifying subfunctions and specifying
performance requirements. On the other side of Fig. 8 is indicated the necessity of
building the overall solution from subsolutions, for example, by generating, combining,
evaluating and choosing appropriate subsolutions. The descending and ascending
arrows at the left and right of the diagram indicate that the designer will expect to
progress from problem to subproblems and from subsolutions to solution.

Finally, within this overall framework there is a proposed set of design activities
(which are related to a set of design methods). These activities and methods promote
and assist the design process, whether this is exploring the problem-solution relation-
ship, decomposing problems into subproblems or synthesizing subsolutions. It should
be noted that the activities could also be presented as a sequential process, starting
with ‘clarifying objectives’ and ending with ‘improving details’.

7. Conclusion

We have discussed some positive and negative features of both consensus models. The
consensus model of engineering design is essentially a concise prescription of the tasks
in a design process. It is strong in its rationality—as founded in the theory of technical
systems—but has some shortcomings with respect to the cognitive processes that take
place in the heads of designers. In contrast, the models that nowadays prevail in
architecture reflect design as it is carried out by practitioners. ﬂ‘ hese models are
primarily descriptive and, hence, they offer little guidance to those who believe—as wg
do—that better ways of working than those in practice are possible and worthwhile to
develop. _
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We have argued for the need to make a reintegration of the consensus models of
engineering and architecture, building on the strengths of each. Good models will be
built upon rationality adapted to the properties and features of the tasks to be
performed, and to the cognitive characteristics of the designer. This calls for an
integration of the insights that have been gained from design methodology in both
engineering and architecture, if design practice in general is to benefit from these
insights. Above all, it is in education that models of the design process are needed that
are neither overly prescriptive nor weakly permissive, but are reliable, robust and
formative of good design behaviour.
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3 Descriptieve theorieén over ontwerpen
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* Cross, N., Discovering Design Ability. In Buchanan, R. en V. Margolin, Discovering
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In het vorige deel van deze reader werden prescriptieve modellen van het ontwerpproces
besproken. Daarin wordt beschreven hoe een ontwerpproces doorlopen zou moeten worden.
Deze modellen zijn hoofdzakelijk ontstaan uit twee bronnen: praktijkervaringen van ontwerpers,
en het theoretiseren van ontwerpers en ontwerpmethodologen over hoe het beter zou kunnen. In
dit deel van de reader staan een aantal artikelen waarin - soms stevige - kritiek op deze
modellen wordt geuit. Meestal komt die kritiek voort uit onderzoek naar het werkelijke verloop
van ontwerpprocessen in de praktijk. Vandaar dat dit deel de titel ‘descriptieve theorieén van
het ontwerpen’ heeft meegekregen.

Het eerste artikel Planning Problems are Wicked Problems van Rittel en Webber sluit aan bij
Hoofdstuk 4 “Wat is ontwerpen?’ van het boek Produktontwerpen. In dat hoofdstuk wordt de
kern van het ontwerpen gedefinieerd als het bedenken van de vorm en de gebruikswijze van een
product, gegeven uitspraken over het beoogde gedrag van het nieuwe product in de vorm van
uitspraken over functies en/of gewenste eigenschappen. Dit “terug redeneren’ van Functie naar
Vorm blijkt geen deductief proces te kunnen zijn, en kan daarom niet buiten intuitie en
creativiteit. Elke (aankomend) ontwerper weet dat natuurlijk uit eigen ervaring, maar in het boek
wordt met behulp van wat formele logica tot op zekere hoogte bewezen dat dit zo is!

In het boek ‘Produktontwerpen’ blijven echter veel vragen onbeantwoord. Bijvoorbeeld: wat zijn
de kenmerken van ontwerpproblemen, waarin verschillen ontwerpproblemen van andere
problemen (zoals het oplossen van een wiskundig vraagstuk), welke verschillende soorten van
ontwerpproblemen zijn te onderscheiden (en in hoeverre vragen die om een andere aanpak), en
wat maakt ontwerpproblemen nu juist zo ‘problematisch’ om op te lossen (als dat al zo is)?
Aan dit soort vragen hebben ontwerpmethodologen veel aandacht geschonken, vanuit de
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gedachte dat een helder inzicht in de aard en structuur van ontwerpproblemen één van de
voorwaarden is om betere ontwerpmethoden te bedenken.

Als belangrijkste kenmerk van ontwerpproblemen wordt in de literatuur vaak het feit genoemd
dat ontwerpproblemen zich voordoen als ‘slecht-gedefinieerde’ (‘ill-defined’, ‘ill-structured’,
‘wicked’) problemen. Deze gedachte werd voor het eerst in de Zestiger jaren onder meer door
Horst Rittel naar voren gebracht. Rittel was een wiskundige en ontwerper, die aan de Hochschule
fiir Gestaltung (HfG) in Ulm les heeft gegeven, en, naast Christopher Alexander, Bruce Archer en
Christopher Jones, één van de ontwerpmethodologen van het eerste uur. Rittel zocht een
alternatief voor de lineaire, stap-voor-stap modellen van het ontwerpproces die in die tijd
gangbaar waren. Er waren veel varianten, maar die schreven allemaal een stringente scheiding
voor tussen het definiéren en het oplossen van problemen.

Probleem-definiéren werd gezien als een “analytisch’ proces waarin ontwerpers zo
onbevooroordeeld mogelijk de ‘onderdelen’ of “aspecten’ van het probleem bepaalden en de eisen
t.a.v. de oplossingen formuleerden. Probleem-oplossen werd gezien als een ‘synthese’ van
deeloplossingen voor de verschillende aspecten en eisen. (Voor voorbeelden van dit soort
modellen, zie Archer’s Basic design procedure in het inleidende artikel, Lawson’s Descriptions of the
design process en Cross & Roozenburg’s Modelling the design process). In praktijk bleek echter dat
ontwerpprocessen niet in een lineair keurslijf te dwingen zijn en dus zo ook meestal niet
verlopen. Rittel meende dat dit komt omdat ontwerpproblemen ‘wicked problems’ zijn. Hij had
daarbij overigens de meer grootschalige ontwerpprocessen op het gebied van stedebouw,
openbaar vervoer, onderwijsontwikkeling, e.d. op het oog. Voor Rittel zijn ‘wicked problems”: ‘a
class of social system problems which are ill-formulated, where information is confusing, where
there are many clients and decision makers with conflicting values, and where the ramifications
in the whole system are thoroughly confusing.” Deze karakterisering lijkt ook heel goed op
architectuur en productontwerpen van toepassing. In het artikel in de reader sommen Rittel en
Webber 10 eigenschappen van ‘wicked problems’ op. Bijvoorbeeld: er is geen ‘definitive’ (niet één
enig juiste) formulering van dit soort problemen mogelijk; welke informatie relevant is hangt af
van het soort van oplossingen waaraan men denkt. Het formuleren van het probleem is het
probleem. ‘One cannot understand the problem without knowing about its context; one cannot
meaningfully search for information without the orientation of a solution concept; one cannot
tirst understand, then solve’. Dergelijke gedachten brachten Rittel en Webber (en vele andere
ontwerpmethodologen) tot het afwijzen van de vroege, op de ‘systems approach’ gebaseerde
methoden van ontwerpen, die berustten op eerst uitvoerig informatie verzamelen, dan analyse
van de gegevens, en pas daarna - als een afzonderlijke fase -het genereren van oplossingen. Zij
zagen ontwerpen veel meer als een iteratief proces waarin het beeld van het probleem zich in
wisselwerking met het beeld van de oplossing ontwikkelt, onder invloed van de uitwisseling van
opvattingen en ideeén van de betrokkenen bij het proces.

Het idee dat ontwerpproblemen slecht-gedefinieerde problemen zijn en dat de zogenaamde
‘first-generation” methoden te star waren en gebaseerd op een verkeerd beeld van
ontwerpproblemen heeft algemeen ingang gevonden. Maar er is ook kritiek op geuit. Zo heeft
bijvoorbeeld H. Simon betoogd dat er geen scherpe grens is tussen ‘ill-structured” en ‘well-
structured’ problemen; er is eerder sprake van een spectrum dat loopt van slecht tot goed
gestructureerd. Zo bezien kan ook eigenlijk niet gezegd worden dat elk ontwerpprobleem slecht-
gedefinieerd is, want ook bij het ontwerpen komt men problemen uit het hele spectrum tegen. En
is het niet juist een kenmerk van ontwerpprocessen dat aanvankelijk slecht-gedefinieerd
problemen in het ontwerpproces overgaan (of behoren te gaan) in goed-gedefinieerde problemen
door de interpretaties en beslissingen van ontwerpers?

Herbert Simon is een eminent denker (Nobelprijswinnaar!) die heel veel invloed heeft gehad op

hoe wij ontwerpen zien. In het artikel Problem Forming, Problem Finding, and Problem Solving in
Design geeft hij een kort overzicht van zijn theorieén.
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Die vinden hun oorsprong in het onderzoek dat er vanaf de jaren zestig onder andere door de
pioniers op het gebied van de Kunstmatige Intelligentie is gedaan naar 'problem Solving': om
computers te maken die zelfstandig problemen zouden kunnen oplossen werd er onderzocht hoe
mensen dat nu eigenlijk doen. Daartoe werden veel proeven gedaan (onder andere door Herbert
Simon) waarin proefpersonen geobserveerd werden terwijl ze bezig waren met het oplossen van
eenvoudige schaakproblemen, geometrische puzzeltjes en wiskundige vergelijkingen. Deze
proeven leverden veel inzicht over de basisfactoren die een rol spelen bij probleemoplossen, en
de verschillende probleemoplos-strategién die mensen er op na houden. Herbert Simon was een
van de eersten die ook wees op de beperkingen van dit onderzoek: hoe kun je op basis van
theorieén die je ontwikkelt aan de hand van zulke simpele puzzeltjes uitspraken doen over zeer
ingewikkelde processen als ontwerpen?

In dit artikel beschrijft Simon het ontwerpen als een zeer speciale vorm van probleemoplossen-
waarbij hij sterk de nadruk legt op het verschil tussen ontwerpen en het oplossen van zulke
eenvoudige puzzeltjes. Daarbij doet hij als scherp observator en bijzonder helder analyticus een
aantal uitspraken die je als ontwerper direct zult herkennen.

Op een aantal punten verklaart hij ook het gedrag van ontwerpers door te wijzen op de
cognitieve beperkingen die mensen nu eenmaal hebben. Zo kunnen we maar aan een beprkt
aantal dingen tegelijk in ons korte termijn geheugen (onze 'aandacht’) houden, en gebruiken we
tekst en tekeningen als een soort 'extern korte termijn geheugen' om deze beperking te omzeilen.

Bryan Lawson is een architectuur docent die grote bekendheid heeft verworven met zijn
empirische en theoretische studies van het ontwerpproces. Uit zijn boek How Designers Think,
hebben we twee delen overgenomen. In Descriptions of the design process kritiseert Lawson de
prescriptieve modellen (die hij ‘maps’ noemt) vanuit empirische bevindingen over het feitelijke
gedrag van ontwerpers. Zijn eerste punt van kritiek is dat deze modellen eigenlijk geen echte
‘maps’ voor een ontwerper zijn: het zijn ‘descriptions not of the process but of the products of
that process. They tell us not how architects work but rather what they produce in terms of
feasibility reports, sketch plans, production drawings, and what they do in terms of obtaining
planning approval and supervising the construction of the building.” Met andere woorden, het
zijn meer hulpmiddelen voor het management van ontwerp-processen dan voor het ontwerpen
als zodanig. Zijn andere punt van kritiek is dat de gangbare prescriptieve modellen onvoldoende
inspelen op het specifieke karakter van ontwerpproblemen (‘ill-defined problems’) en op de
‘solution-focused’ werkwijze van ontwerpers in de praktijk; met dat laatste bedoelt hij dat veel
ontwerpers al vroeg in het proces oplossingen overwegen als hulpmiddel om het probleem te
doorgronden.

In Problems and Solutions geeft Lawson een kernachtige samenvatting van de belangrijkste
karakteristieken van ontwerpproblemen en -oplossingen enerzijds, en het ontwerpproces
anderzijds.

In het vierde artikel A dialogue concerning at least two design worlds van Bucciarelli en Schon
weerklinken een aantal ontwikkelingen die deze eeuw in de wetenschapsfilosofie hebben
plaatsgevonden. Tot ca 1950 werd het bedrijven van wetenschap nog overwegend als een
rationele activiteit gezien. In die opvatting wordt wetenschap gekenmerkt door een specifieke
methode of familie van methoden en zijn het in laatste instantie alleen neutrale feiten en logica
die over het wel en wee van wetenschappelijke beweringen beslissen. Onder meer Kuhn's
paradigmatheorie en Feyerabend’s aanval op het idee van een universele wetenschappelijk
methode hebben geleid tot de relativering van dit logisch-positivistische ideaalbeeld van
wetenschap. Feiten zijn in meer of mindere mate theoriegeladen of zelfs sociale constructies en
naast argumenten (logica) zijn ook sociale factoren en maatschappelijke belangen van
(doorslaggevende) invloed op de inhoud van wetenschappelijke kennis. Kennis kan op heel
verschillende wijzen worden verkregen en wetenschappelijke kennis kan geen aanspraak maken
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op een bijzondere status uitsluitend omdat via ‘wetenschappelijke’ methoden te werk zou
worden gegaan.

Een recente en zeer relativistische interpretatie van wetenschap is het sociaal-constructivisme.
Uitgangspunt daarvan is dat feiten niet klaar liggen om ontdekt te worden maar dat zij het
resultaat zijn van sociale processen waarin over de waarheid van beweringen onderhandeld
wordt op basis van belangen van betrokken partijen. Feiten worden in deze opvatting sociaal
geconstrueerd. Tegenover het traditionele idee dat wetenschappers concensus (moeten) bereiken
door een beroep op feiten en methodologische regels stellen sociaal-constructivisten dat
wetenschappelijke feiten juist het gevolg zijn van consensus die in sociale processen tot stand
komt (Kroes, P., Ideaalbeelden van wetenschap, Boom, 1996).

Dergelijke ontwikkelingen in de wetenschapsfilosofie hebben ook de ontwerpmethodologie niet
onberoerd gelaten en geinspireerd tot nieuwe theorieén en andere vormen van onderzoek. Donald
A. Schon en Louis L. Bucciarelli zijn twee exponenten van deze nieuwe benadering, die een
alternatief wil bieden voor de traditionele ‘rationalistische’ modellen en theorieén van de
ontwerpmethodologie.

Als introductie tot de dialoog van Schon en Bucciarelli bevat de reader een uittreksel uit het
proefschrift van Kees Dorst.

In het vijfde artikel, Discovering Design Ability, karakteriseert en verdedigt Cross het ontwerpen
als een specifieke activiteit. Het artikel is opgezet als een pleidooi om in technische opleidingen
vooral ook het vermogen om te ontwerpen ('design ability') bij studenten te stimuleren. In veel
technische opleidingen is dat nog helemaal niet vanzelfsprekend: men heeft de neiging veel
theorie te onderwijzen, en gaat er daarbij stilzwijgend vanuit dat het ontwerpen vanzelf wel
komt als je alle basiskennis in huis hebt. Cross bouwt zijn pleidooi op aan de hand van een
aantal belangrijke vragen:

¢ Is ontwerpen als activiteit te onderscheiden van andere activiteiten?

¢ Kun je ontwerpen beschrijven, en kun je het aan iemand leren?

¢ Kan iedereen ontwerpen? (Is ontwerpen bijzonder?)

® Kun je het vermogen om te ontwerpen ook verliezen?

* Is ontwerpen ook een vorm van intelligentie?

Zijn conclusie is dat ontwerpen inderdaad iets is dat waard is apart en grondig onderwezen te

worden. Op basis van zijn antwoorden op de vragen formuleert hij een aantal aanbevelingen
voor het ontwikkelen en onderwijzen van het ‘ontwerpvermogen' .
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2.3

Planning Problems
are Wicked
Problems -

Horst W. J. Ritteland
Melvin M. Webber

A great many barriers keep us from perfectmg [an idealized]
planning/governing system: theory is inadequate for decent
forecasting; our intelligence is insufficient to our tasks; plural-
ity of objectives held by pluralities of politics makes it
impossible to pursue unitary aims; and so on. The difficulties
attached to rationality are tenacious, and we have so far been
unable to get untangled from their web. This is partly because
the classical paradigm of science and engineering—the para-
digm that has underlain modern professionalism-—is not ap-
plicable to the problems of open societal systems. One reason
the publics have been attacking the social professions, we
believe, is that the cognitive and occupational styles of the
professions—mimicking the cognitive style of science and
the occupational style of engineering—have just not worked on
a wide array of social problems. The lay customers are
complaining because planners and other professionals have not
succeeded in solving the problems they claimed they could
solve. We shall want to suggest that the social professions were
misled somewhere along the line into assuming they could be
applied scientists—that they could solve problems in the ways
scientists can solve their sorts of problems. The error has been a
serious one.

The kinds of problems that planners deal with—socieral
problems—are inherently different from the problems that

Originally published as part of ‘Dilemmas in a general theorv of planning’,

Policy Sciences, 4 (1973), 155-69. Reproduced by permission of Elsevier
Scientific Publishing Company.
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scientists and perhaps some classes of engineers deal with.
Planning problems are inherently wicked. —

As distinguished from problems in the natural sciences,
which are definable and separable and may have solutions that
are findable, the problems of governmental planning—and
especially those of social or policy planning—are ill-defined;
and they rely upon elusive political judgment for resolution.
(Not ‘solution’. Social problems are never solved. At best they
arc only re-solved—over and over again.) Permit us to draw a
cartoon that will help clarify the distinction we intend.

The problems that scienusts and engincers have usually
focused upon are mostly ‘tame’ or ‘benign’ ones. As an
example, consider a problem of mathematics, such as solving an
equation; or the task of an organic chemist in analyzing the
structure of some unknown compound; or that of the chess
player attempting to accomplish checkmate in five moves. For
cach the mission is clear. It is clear, in turn, whether or not the
problems have been solved.

Wicked problems, in contrast, have neither of these clar-
ifying traits; and they include nearly all public policy issues—
whether the question concerns the location of a freeway, the
adjustment of a tax rate, the modification of school curricula,
or the confrontation of crime. :

There are at least ten distinguishing properties of planning-
type problems, 1.e. wicked ones, that planners had better be
alert to and which we shall comment upon in turn. As you will
see, we are calling them ‘wicked’ not because these properties
are themselves ethically deplorable. We use the term ‘wicked’
in a meaning akin to that of ‘malignant’ (in contrast to ‘benign’)
or ‘vicious’ (like a circle) or ‘tricky’ (like a leprechaun) or
‘aggressive’ (like a lion, in contrast to the docility of a lamb).
We do not mean to personify these properties of social systems
by implying malicious intent. But then, you may agree that it
becomes morally objectionable for the planner to treat a wicked
problem as though it were a tame one, or to tame a wicked
problem prematurely, or to refuse to recognize the inherent
wickedness of social problems.

1. Thereis no definitive formulation of a wicked problem

For any given tame problem, an exhaustive formulation can be
stated containing all the information the problem-solver needs
for understanding and solving the problem—provided he
knows his ‘art,” of course.

This is not possible with wicked problems. The information
needed to understand the problem depends upon one’s idea for
solving it. That is to say: in order to describe a wicked problem
in sufficient detail, one has to develop an exhaustive inventory
of all conceivable solutions ahead of time. The reason is that
every question asking for additional information depends upon
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the understanding of the problem—and its resolution—at that
time. Problem understanding and problem resolution are
concomitant to each other. Therefore, in order to anticipate all
questions (in order to anticipate all information required for
resolution ahead of time), knowledge of all conceivable solu-
tions is required.

Consider, for example, what would be necessary in identify-
ing the nature of the poverty problem. Does poverty mean low
income? Yes, in part. But what are the determinants of low
income? Is it deficiency of the national and regional economies
or is 1t deficiencies of cognitive and occupational skills within
the labour force? If the latter, the problem statement and the
problem ‘solution’ must encompass the educational process.
But, then, where within the educational system does the real
problem lie? What then might it mean to ‘improve the
educational system’? Or does the poverty problem reside in
deficient physical and mental health? If so, we must add those
etiologies to our information package, and search inside the
health services for a plausible cause. Does it include cultural
deprivation? spatial dislocation? problems of ego identity?
deficient political and social skills>—and so on. If we can
formulate the problem by tracing it to some sorts of sources—
such that we can say, ‘Aha! That’s the locus of the difficulty’,
i.e. those are the root causes of the differences between the ‘is’
and the ‘ought to be’ conditions—then we have thereby also
formulated a solution. To find the problem is thus the same
thing as finding the solution; the problem cannot be defined
until the solution has been found.

The formulation of a wicked problem is the problem! The
process of formulating the problem and of conceiving a
solution (or re-solution) are identical, since every specification
of the problem is a specification of the direction in which a
treatment is considered. Thus, if we recognize deficient mental
health services as part of the problem, then—trivially enough—
‘improvement of mental health services’ is a specification of
solution. If, as the next step, we declare the lack of community
centres one deficiency of the mental health services system,
then ‘procurement of community centres’ is the next specifica-
tion of solution. If itis inadequate treatment within community
centres, then improved therapy training of staff may be the
locus of solution, and so on.

This property sheds some light on the usefulness of the
famed ‘systems approach’ for treating wicked problems. The
classical systems approach of the military and the space
programmes is based on the assumption that a planning project
can be organized into distinct phases. Every textbook of
systems engineering starts with an enumeration of these phases:
‘understand the problems or the mission’, ‘gather information’,
‘analyse information’, ‘synthesize information and wait for the
creative leap’, ‘work out solution’, or the like. For wicked -
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problems, however, this type of scheme does not work. One
context; one cannot meaningfully search for information
without the orientation of a solution concept; oné cannot first
understand, then solve. The systems approach ‘of the first
generation’ is inadequate for dealing with wicked problems.
Approaches of the ‘second generation’ should be based on a
model of planning as an argumentative process in the course of
which an image of the problem and of the solution emerges
gradually among the participants, as a product of incessant
judgment, subjected to critical argument. The methods of
Operations Research play a prominent role in the systems
approach of the first generation; they become operational,
however, only after the most important decisions have already
been made, 1.e. after the problem has already been tamed.

Take an optimization model. Here the inputs needed include
the definition of the solution space, the system of constraints,
and the performance measure as a function of the planning and
contextual variables. But setting up and constraining the
solution space and constructing the measure of performance is
the wicked part of the problem. Very likely it is more essential
than the remaining steps of searching for a solution which is
optimal relative to the measure of performance and constraint
system.

2. Wicked problems have no stopping rule

In solving a chess problem or a mathematical equation, the
problem-solver knows when he has done his job. There are
criteria that tell when the or a solution has been found.

Not so with planning problems. Because (according to
Proposition 1) the process of solving the problem is identical
with the process of understanding its nature, because there are
no criteria for sufficient understanding, and because there are
no ends to the causal chains that link interacting open systems,
the would-be planner can always try to do better. Some
additional investment of effort might increase the chances of
finding a better solution.

The planner terminates work on a wicked problem, not for
reasons inherent in the ‘logic’ of the problem. He stops for
~ considerations that are external to the problem: he runs out of
time, or money, or patience. He finally says, “That’s good
enough’, or ‘This is the best I can do within the limitations of
the project’, or ‘I like this solution’, etc.

3. Solutions to wicked problems are not true-or-false, but
good-or-bad

There are conventionalized criteria for objectively deciding
whether the offered solution to an equation, or whether the
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proposed structural formula of a chemcial compound, is
correct or false. They can be independently checked by other
qualified persons who are familiar with the established criteria;
and the answer will be normally unambiguous. '

For wicked planning problems there are no true or false
answers. Normally, many parties are equally equipped, in-
terested, and/or entitled to judge the solutions, although none
has the power to set formal decision rules to determine
correctness. Their judgments are likely to differ widely to
accord with their group or personal interests, their special
value-sets, and their ideological predilections. Their assess-
ments of proposed solutions are expressed as ‘good’ or ‘bad’ or,
more likely, as ‘better or worse’ or ‘saustying’ or ‘good
enough’.

4. Thereis noimmediate and no ultimate test of a solution
to a wicked problem

For tame problems one can determine on the spot how good a
solution-attempt has been. More accurately, the test of a
solution is entirely under the control of the few people who are
involved and interested in the problem. :

With wicked problems, on the other hand, any solution,
after being implemented, will generate waves of consequences
over an extended—virtually an unbounded—period of time.
Moreover, the next day’s consequences of the solution may
yield utterly undesirable repercussions which outweigh the
intended advantages or the advantages accomplished hitherto.
In such cases one would have been better off if the plan had
never been carried out.

The full consequences cannot be appraised until the waves of
repercussions have completely run out, and we have no way of
tracing all the waves through all the affected lives ahead of time
or within a limited time span.

5. Everysolution to a wicked problem is a ‘one-shot
operation’; because there is no opportunity to learn by
trial-and-error, every attempt counts significantly

In the sciences, and in fields like mathematics, chess, puzzle-
solving, or mechanical engineering design, the problem-solver
can try various runs without penalty. Whatever his outcome on
these individual experimental runs, it does not matter much to
the subject-system or to the course of societal affairs. A lost
chess game is seldom consequential for other chess games or for
non-chess-players.

With wicked planning problems, however, every im-
plemented solution is consequential. It leaves ‘traces’ that
cannot be undone. One cannot build a freeway to see how it
works, and then easily correct 1t after unsatisfactory perform-
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ance. Large public works are effectively irreversible, and the
consequences they generate have long half-lives. Many peo-
ple’s lives will have been irreversibly influenced, and large
amounts of money will have been spent—another irreversible
act. The same happens with most other large-scale public
works and with virtually all public-sefvice programmes. The
etfects of an experimental curriculum will follow the pupils into
their adult lives.

Whenever actions are effectively irreversible and whenever
the half-lives of the consequences are long, every trial counts.
And cvery attempt to reverse a decision or to correct for the
undesired consequences poses another set of wicked problems,
which are in turn subject to the same dilemmas.

6. Wicked problems do not have an enumerable (or an
exhaustively describable) set of potential solutions, nor is
there a well-described set of permissible operations that may
be incorporated into the plan

There are no criteria which enable one to prove that all
solutions to a wicked problem have been identified and
considered.

It may happen that no solution is found, owing to logical
inconsistencies in the ‘picture’ of the problem. (For example,
the problem-solver may arrive at a problem description
requiring that both A and not-A should happen at the same
ume.) Or it might result from his failing to develop an idea for
solution (which does not mean that someone else might be
more successful). But normally, in the pursuit of a wicked
planning problem, a host of potenual solutions arises; and
another host is never thought up. Itis then a matter of judgment
whethere one should try to enlarge the available set or not. And
it is, of course, a matter of judgment which of these solutions
should be pursued and implemented.

Chess has a finite set of rules, accounting for all situations
that can occur. In mathematics the tool chest of operations is
also explicit; so, too, although less rigorously, in chemistry.

But not so in the world of social policy. Which strategies-or-
moves are permissible in dealing with crime in the streets, for
example, have been enumerated nowhere. ‘Anything goes’, or
at least, any new idea for a planning measure may become a
serious candidate for a re-solution: What should we do to
reduce street crime? Should we disarm the police, as they do in
England, since even criminals are less likely to shoot unarmed
men? Or reapeal the laws that define crime, such as those that
make the use of marijuana a criminal act, or those that make car
theft a criminal act? That would reduce crime by changing
definitions. Try moral rearmament and subsitute ethical self-
control for police and court control? Shoot all criminals and
thus reduce the numbers who commit crime? Give away free
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loot to would-be thieves, and so reduce the incentive to crime?
And so on.

In such fields of ill-defined problems and hence ill-definable
solutions, the set of feasible plans of action relies on realistic
judgment, the capability to appraise ‘exotic’ ideas and on the
amount of trust and credibility between planner and clientele
that will lead to the conclusion, ‘OK let’s try that’.

7. Everywicked problem is essentially unique

Of course, for any two problems at least one distinguishing
property can be found (just as any number of properties can be
found which they share in commbdn), and each of them is
therefore unique in a trivial sense. But by ‘essentially unique’
we mean that, despite long lists of similarities between a current
problem and a previous one, there always might be an
additional distinguishing property that is of overriding import-
ance. Part of the art of dealing with wicked problems is the art
of not knowing too early which type of solution to apply.

There are no classes of wicked problems in the sense that
principles of solution can be developed to fit 2/l members of a
class. In mathematics there are rules for classifying families of
problems—say, of solving a class of equations—whenever a
certain, quite-well-specified set of characteristics matches the
problem. There are explicit characteristics of tame problems
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