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2 Literature review

This chapter reviews literature relevant to unaerding how shape and form are
generated through making representations, and hoset representations of shape and
form are typically employed in design practice.identifies areas where contributions
remain to be made in both areas and is dividedfimtomain sections.

The first section examines the relative positiofisdmwing and three-dimensional
representations in form creation. The argumentsiketching as a creative tool and three-
dimensional representations as development to@slaad out, and the requirement for
ambiguity in the early stages of form creation @mtcasted against the need for greater
descriptive rigour in the latter.

The second section reviews theories of design amtines the antecedents of
professional design from the earliest stone haredtaxthe beginnings of the industrial
revolution. It continues with an outline of prod&mal design, as an enterprise separate
from the manufacture of finished objects and uraden primarily through drawing.

The third section describes generative mechaniant links are made between shape
generation, design reasoning, and the iterativareadf design. Stiny and Gips’ shape
grammars are introduced as a means of computdiidoainalising shape generation.

The fourth section discusses the changing natumesign practice in the digital era,
and the possibilities offered by virtual and phgsidigital representations. This discussion
initially contrasts information flow in single viral representations, via haptic interfaces,
with information flow in distributed physical andrtwal representations. It then formulates
the initial research questions by identifying raetlacunae in the literature.

The fifth and final section closes this chapterrbgapitulating its salient points and

laying out the definition of the initial directiasf the enquiry.

2.1 Introduction

There are many forms of design representation a@ailto contemporary designers,
some two-dimensional, some three-dimensional, sphysical and some virtual. Among

the most popular of these, at least in the eartizgles of generating a design’s shape, is
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still the designer's sketch. As Stappers and Heseeq1999) observe, despite the
availability of sophisticated and flexible digitalternatives, many designers still prefer to
sketch their initial design proposals.

While drawing has apparently been enormously ssfges professional design it is
possible that it might be inadvertently limitingsitgners. We may not be aware of these
limitations because the culture of design pradteelf has not encouraged the use of other
representations in the earliest stages of creatitigity.

There appears, both in design practice and in deségearch, to be an uncritical
acceptance of the efficacy of drawing as a desigh beyond that which has definitely
been proven. There are recent signs, however, thimtacceptance is beginning to be
questioned. Bilda and Gero (2008), and Jonson (20@5 example have undertaken
studies which suggest that drawing may not be ssngial to experienced practitioners as
was once thought, while Rogers (1996) reminds aisttie cognitive value of any graphical
representationiricludinga designer’s sketch) remains uncertain.

While the ambiguity inherent in a designer’s skeglthought to afford the generation
of unforeseen possibilities, through perceptuacesses such as visual emergence (Soufi
and Edmonds 1996), and while Bordegoni (2004afksé® that design is a opportunistic
process, this same ambiguity can also mean thawvimlya may lack rigour in their
description of form (Tovey 2002). Although digitapresentations are eminently capable
of supplying this descriptive rigour, they in tuare criticised for requiring explicit
structures which Sutherland (1975), Kalay (2006) 8tiny (2006) see as conflicting with
the dynamic nature of creative design practice.iofpdating which particular explicit
structure will be required, at the outset of cragta digital design proposal, is where the
problem appears to lie (Hernandez 2006).

Reading the literature on design theory generahd looking for research on form
generation in particular, can be a frustrating\atgti Twenty-five years ago Cross (1984)
reported that due to the fragmented nature of desggearch, and the lack of basic
textbooks on design, there was no easy way formgep to become familiar with it as a
subject of study. In the intervening years litems to have changed. Indeed, the body of

literature produced since then seems to have bewodez and more fragmented still.
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Other aspects of the literature have changed thotuigh prescriptive role of design
theory from the earliest period of design reseangly now be seen as overambitious in its
aims, and the models of the design process proposat as inadequate and over-
simplified. Viewing design as a problem solving is one example. Simon (1969)
proposes that the key to answering design probléies in choosing a suitable
representation, while Alexander (1964) in turnssiem as the ‘solution’ to the ‘problem’
of context, thereby allowing form to be definedfapctional requirements. Alexander even
goes on to suggest that the apparently complicad&are of many design problems can be
tackled by breaking them down into a series of pudiblems, and by solving these sub-
problems individually and independently.

This early phase of design research, with its ermsighan efficient management and
control of the whole design process, is difficaltrelate to an enquiry (such as this) which
focuses on aspects of design practice which ares rpersonal, and situated activities
instead. An overview of the whole design processiribkely to contain details of the
actions of a designer creating the form of a bddy domestic clothes iron, for example.

Many researchers however, from the earliest pesiodesign research such as Simon
(1969) and Alexander (1964), and onwards to matereexamples such as Steino (2006)
recognise that understanding and manipulating fiemains at the heart of many design
activities. Despite this recognition of the cernityabf three-dimensional form in design our
understanding of how it is created is still lesanticomplete.

This lack of understanding in design research nmayitself be due to a lack of
understanding in design practice. For many desgn#éne transition from a two-
dimensional drawing to a three-dimensional objemhains a difficult, and sometimes
disappointing, experience. Bordegoni (2004b) fomregle stresses that this transition
requires a large degree of effort, skill and exg&re to negotiate it successfully. Part of the
problem may lie in Tovey's (2002) observation tdasigners’ drawings themselves often
contain distortions that are not apparent untilfirst attempt is made to convert them into
a three-dimensional form.

While many digital tools, such as computer aidesigte (CAD) and rapid-prototyping

(RP), have been incorporated into contemporary gdegpractice to address this
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representational shortcoming, their applicatiorgoading to Broeket al (2000) has been
confined almost exclusively to the developmentasfif rather than its generation.

Indeed, during the short history of professionakige, the separation of two-
dimensional generation and three-dimensional devedmt has become part of design
practice canon. In the author’'s experience (of waykn some of the larger design firms)
these activities are now quite often undertakemfityrely separate groups, each consisting
of designers who, as part of the development of ttereers, have specialized in these
roles. This might not appear to be a cause for@onm itself, as many professions thrive
on specialisation within their ranks. However, hesm of the differing constraints and
affordances of the design representations avail@btiesigners, fornsreation (when it is
divided up into generation and development by déffé groups in this way) will inevitably
be undertaken in quite different design ‘spacesinigenerationis confined to the smaller
design space of two-dimensional shapes, while fdavelopmentakes place within the
larger one of three-dimensional forms.

Although the subject of this enquiry is an appdyeaverlooked (or perhaps unfruitful
from the point of view of research) part of theigagprocess, successful form generation
remains highly significant to the design procesawhole Decisions made about the three-
dimensional form of a design during the initial ceptual stages can have large effects on
its subsequent development and engineering ph@isesy (2002), for example, concludes
that being able to fully define the form of a desigarlier in the process would be a
significant contribution to design practice, whiteemeret al (2001) estimate that as much
as 70% of a product’s costs are determined initkeX0% of the design process.

To this end physical models are still seen as aergml aid to defining three-
dimensional form. Broelet al (2000) posit that they allow designers to expexgethe
tactile and visual properties of their designs hie tound, or as a Gestalt whole, while
Eckertet al (2004) have alluded to their wider social functiopncommunicating these
properties to others. Yet despite this recognitibtheir importance there is still very little
information available on the use of physical modelthe early stages of design (Brostk
al 2000). In those studies thdob investigate the use of three-dimensional represients

(Bordegoni 2004a and 2004b, Cugini 2004, Evetral 2005, Giraudi and Bordegoni 2005,
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Prietoet al 2003, Simondetti 2002) there is no examinatiomiv designers are able to
transform their paper drawings into virtual geometrr into physical models.

For many designers digital design itself remains emsentially two-dimensional
enterprise. Drawing is a staple of contemporarygtegractice, while the earliest stages of
design still entail making marks on paper as a whynitially capturing and assessing
ideas. Although virtual three-dimensional repreagohs may be employed for the
subsequent development of those ideas, they wilitnodten still be presented to the
designer, either on-screen or on paper, througlegorm of two-dimensional medium.

Rapid-prototyping, as it can supply physical insit#ions of virtual digital geometry,
does however have the potential (when used in cuwatibn with reverse engineering) to
link physical design representations with the \dltthree-dimensional solution spaces
available through CAD. This raises the possibibifybringing the malleability of digital
representations to the physical domain. Unfortupatkeysical models are, as yet, incapable
of being incorporated iteratively with digital dgsirepresentations in the earliest stages of
design (Simondetti 2002). In contemporary desigactice therefore three-dimensional
design representations are employed, for the menst @s a final verification of the shapes
generated by two-dimensional design rather thaimgaén active role in the generation of

three-dimensional form.

2.2 Design

Simon’s famous, or perhapsfamous statement that: ‘Everyone designs who devises
courses of action aimed at changing existing sdunatinto preferred ones.’ (Simon 1969)
is an old chestnut that is often criticised as eirot so much a definition of design itself
but of any kind of human endeavour.

Archer's (1991) contention that ‘Design is alwayses as setting in train the
production, and the introduction into the world,sofme real thing or system’ can be seen
as a clarification of Simon’s definition, but onkat now includes the production of
artefactsas one of its distinguishing features. In the stemeArcher further defines design
by identifying its pertinent qualities. Design iseful, productive, intentional, integrative,

inventive and expedient. Usefulness and integradigad with the position of design in the
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wider social context but productiveness, intentitjiaexpediency and inventiveness are
directly relevant to a discussion of form generatio

Productiveness, of course, is already subsumedr uhdalefinition of design given by
Archer in the previous paragraph. It does, howeplage design squarely in the world of
action. Intentionality is also linked to the wodéaction and, according to Archer, includes
a designer’s ability to make judgments in a worfidheaomplete and imperfect information.
He posits that designers actively create soluttordesign problems rather than relying on
chance or serendipity. Expediency in turn drawsissingtion between design and the
sciences. Design, Archer states, is judged by ticeess of its results, by the artefacts it
produces rather than by the rigour of its methods.

Inventiveness, however, is identified by Archepae of the most distinctive features of
the design process. The forms of invention thasdes as applicable to design range from
functional inventiveness; such as performing anrafmn or service that had not been
offered before, operational inventiveness; whedesign may function in a more efficient
or convenient way, technical inventiveness; wheredemsign may embody a novel
mechanism or construction and finally, and perhrapst importantly for a consideration of
form generation in design, to inventiveness inabsthetic outcomes of design.

As outlined earlier, Simon (1969) views design peals as ones that can be solved if
one can find the right representation. However ¢ofi975) and Smithers (2001) note that
this assumes a definable problem, and that manigrigsoblems are beyond objective
definition. In a similar vein Alexander and Poyn@d©84) observe that in the field of
architectural design, even if the function of altiing is clearly defined its geometry will
still largely be the result of a designer’s intoiiti Tjalve (1979) notes that in engineering
and product design often only very small areas désign consist of ‘functional surfaces’,
that is to say those parts of the design whosecptat shape is essential to, and can
therefore be driven by, their function.

Dorst and Cross (2001) also talk about creativitydésign in terms of problems and
solutions but, rather than seeing the design probds something that can be initially
stated, see it and its solution as equal partmetise creative process instead. Each resides

in notional design ‘spaces’, respectively termeel phoblem space and the solution space.
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Each refines and develops the other through anionggierative process of analysis,
synthesis and evaluation where they co-evolve lshaxging information between them.

Archer and Roberts (1992) stress that, in the corgé design, ‘problem’ means the
current state of the design rather than an irstialement of requirements for the design to
fulfil. Similarly, the term ‘solution’ in this comixt also refers to a temporary state rather
than the final outcome of the design process. Bwotiblem and solution according to
Archer and Roberts (and as described in Dorst andsCexample) exist in a state of flux
in which they constantly redefine each other.

On a less abstract level, Rorick (1975) states tiatability of designers to directly
apprehend what is in front of them, even if thgtrapension cannot be put into words, is a

vital asset in design as ‘...the real-world maragioh of an environment over time is
always richer than the fantasy-bound creation efdasigner’. Schon and Wiggins (1992)
also emphasise this engagement with the phenomendd when they stress the
importance of recognising that designers work imedium. They also state, in the same
text, that research that concentrates on abstmautepts of design alone ‘...are bound to
miss crucially important features of the designcess, whatever else they may capture’.

Design, no matter how abstract its conceptual fatinds, inevitably entails some
degree of engagement with, and modification of pthgsical world.

A large part of designers’ modification of their ysical surroundings consists of
creating design representations. They use a vaofehpon-verbal media such as sketches,

drawings and constructions which are typified bp<3r(1982) as part of the ‘third culture’

of design.

2.2.1 Vernacular design

Booker (1963) sees drawing as a primary tool ofgiedut physical form has of course
been generated for millennia before the adoptiodrafving as a design representation. For
example Baynes and Pugh (1981) observe that indgsjgn, throughout most of its long
history, the process diuilding ships has been undertaken without reference twinigs.

‘Designed’ objects have of course been in existéocenillennia before even as ancient

an activity as shipbuilding came about. The commaocestor of all designed objects, and
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the earliest known example of human artefact produogcis the stone hand-axe. This first
appeared approximately two million years ago and heen ascribed to Homo habilis
(McKie 2000), our first and oldest direct ancestor.

Bronowski (1973) describes the hand-axe’s invenéisra fundamental innovation, not
only because it is the first human manufactured bod, by requiring our ancestors to set
aside particular stones to make it, it also reguap@urposefulaction. This ability of even
our most ancient ancestors to foresee a situatiothé indefinite future, to imagine a
change to that situation and to put in place aludine the means of bringing that change
about is, of course, also the same ability as tledined in Simon’s famous quote and
included in Archer’s ‘intentionality’.

Tool use is not of course unique to us or our ancesSome animals do employ simple
tools as well, but what is unique about human te# is this forethought implied in the
details of their manufacture. We may also use ttwleakeother objects, indirectly, rather
than through a direct and unmediated manipulatfosuo environment. The significance of
Homo habilis’ stone hand axe therefore lies irfatsricatory depth both in the number of
layers of tools or processes required to maland in the degree of planning implied by
that depth.

This link between design and artefact productiany tegins to suggest why Simon’s
definition of design could not avoid the accusatadrbeing, not so much a definition of
design itself but of any kind of human endeavowstaad. As some evidence of artefact
production, some evidence of ‘technology’ is regdibefore any putative ancestor of the
human race can be incorporated into the genus ‘Hdieould be difficult for any truly
comprehensive definition of design to be otherwise.

However, until the beginnings of the industrialakxion the design of an object and its
manufacture were often the same thing. Homo halsiitme hand-axe, for example, was
produced without the creation of any intermedi&igresentation. Its form is generated by
chipping it directly out of the final material. ledd, rather than seeing it as the earliest
example of modern product design, it is more akémhpps to one of the products of

traditional ‘vernacular’ design.
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2.2.2 Professional design

Vernacular design, or design by making as it migdttermed, is often conflated with
technology. To further define design Archer (19@Bscribes it as ‘envisaging-what’,
differentiating it from the ‘knowing-how’ of techimgy. By separating design from
technology, Archer now makes it possible to disting ‘professional’ design from other
human activities, and representation-use to distgiigdesigners from other professionals.

It is designers’ ability, desire, or tendency todmbtheir ‘envisaging-what’ externally
through drawings, models and now other less taegiiedia such as CAD representations
that differentiates the restricted usage of thedwdesign, in the sense that it is commonly
understood, from other more mundane planning dietsvi Design in this definition is of
course once again linked to making artefacts, hetartefacts are now abstract (and often
graphical) representations of an object rather tharobject itself.

Drawing, one such example of a graphical repretientawas adopted as the ‘normal’
medium of design at the outset of the industriabhation (Baynes and Pugh 1981). One of
the consequences of the division of labour broaggatut by the industrial revolution was
the need for systematic production control (Bayaed Pugh 1981), with its concomitant
requirement for precision (Brett 1986) and the mxptiescription of the form of designed
objects at a component level. It was the necessityrovide an unambiguous and more
easily disseminable description of form that ledthe adoption of drawing as the most
convenient tool for this purpose (Baynes and Pl

With design by drawing it is possible for designeda/orced as they now are from
manufacturing the finished object, to produce aistridute only the information required
to describe its form instead (Brett 1986, Bayned &ugh 1981). The notion of the
professional designer therefore, as the individeaponsible for initiating a design (and
who could describe its form unambiguously enoughhsd third parties would be able to
undertake its manufacture) appears at this point.

Form creation is now divided up into generation aedelopment. Generation is the
responsibility of the designer who produces sketcldeawings and, occasionally, simple
models. Development is the responsibility of juni@signers, perhaps a specialized model
maker or rendering artist and, finally, the toolmgkthe person who has to turn these

representations into hardware that could actuaibdpce the finished object. The process
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based representations of vernacular design are inaveory at least, replaced by the state
based representations of design by drawing.

Although this division between generation and depeient looks neat on paper, in
practice, those who were tasked with turning theegative documents (two-dimensional
drawings) into development artefacts (three-dimamai objects) would still have to
generate further design solutions of their own, aodld almost certainly have to add their
own input (albeit tacitly) to the design processaasvhole. Much of the detail of how
components were manufactured would still have Heftrto traditional methods (Booker
1963).

This distribution of form creation, both betweerdiinduals and between differing
media, has long been part of artefact producti@hdrawing, as part of the design process,
does of course predate the Industrial Revolutiopaih architecture and shipbuilding (Brett
1986). A precursor of design through drawing caenele found in the earlier practice of
laying out scale elevations and plans of buildifged the full-sized shapes of the
components of ships) onto the floor of ‘mouldindtdd (Baynes and Pugh 1981, Porter
1979).

Drawing itself, as a design aid, would originaligvMe arisen in both these fields as part
of the constructional practices of carpenters, estmsons and shipwrights. These
individuals, rather than drawing complete designsogoaper, or on the other kinds of
prepared surfaces employed in moulding lofts, wddsle made their marks directly onto
their constructional materials instead (Baynes Bagh 1981, Brett 1986). The purpose of
these marks would simply have been to act as aegfad the subsequent shaping of
individual components, however.

In time this practice of marking directly onto mddés would have led to the use of
templates, i.e., more permanent guides made oatméterial separate from that intended
for the finished component. The original purposeaemfiplates would have been to aid the
construction of parts that were especially arduouky out, or that were intended to be
made in large numbers of nearly identical copies.

The particular significance of the employment ofmpdates in the antecedents of
professional design is that they are an externaisdand a non-symbolic abstraction) of

design knowledge. As such they allow shape to Imsidered in its own right in the design
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of functional objects, as something which can loeest, re-used and disseminated entirely
separately from that object.

The separation of the description of the shapenadlgect from the processes required
to make it also facilitated the pre-planning, ore-pisualisation required for larger
structures (Baynes and Pugh 1981, Booker 1963)art be seen as a precursor of the
sophisticated geometrical methods used to repret@ee-dimensional form in two
dimensions in the industrial revolution and, ultielg, to control the distributed
construction process brought about by the divisiblabour.

It is this creation of intermediate representatjotfse separating of creation of
descriptions of form from the manufacture of thatni, which distinguishes professional
design from its antecedents.

With the invention of professional design the fahtory depth of designed objects now
has to include graphical design representationgsirenumeration, and the definition of
‘tool’ is taken to an abstract and much more maleastate. Drawing can therefore be
thought of as a tool, but one which now enablesariag about shape in an abstract and

exploratory sense.

2.3 Shape generation

Jones (1970) has noted that the employment of dgawi design has extended a
designer’s ‘perceptual span’. Brett (1986) in tsges drawing as a form of thinking, and
Smithers (2001) suggests that early design sketteeslements of the language of thought
employed in design, rather than being represemiatidevices as such.

Drawing, as a way of thinking, appears to be higappropriate to the needs of
designers as some (though by no means all) destdiigons can be seen as ‘wicked’ ones.
It has already been noted that design problemsiar@always well defined (Rorick 1975,
Smithers 2001) and a wicked problem, unlike a Via@ined one, is itself initially
indefinable. The solution of a wicked problem atsddefinition are so intimately bound up
together that to understand the problem itsel imécessary to envisage possible solutions

to it, without as yet fully understanding it (Ritiend Webber 1984). Schon (1998) also
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echoes this dichotomy when he states that desigaetke outset of working on a design
proposal, must attempt to make sense out of situstivhich initially make no sense.
Design drawings, as they can be seen to contaienséats of both problemand
solutions, fulfil the apparently contradictory rémuments for solving wicked problems.
When a designer sketches a representation of grdpebposal, each mark added to it can
be seen to function both as a statement of a desd#isign solutiomnd as the statement of
a new design problem. In this way each new mark qayup of marks), as well
documenting the present state of the design, aanmbvide a stimulus for further design
solutions. Although Simon’s view that solving desigroblems is largely one of choosing
the right representation was criticised on the gdsuthat it assumed a well-defined
problem (Rorick 1975, Smithers 2001), Simon (196@)self addresses this shortcoming
when he states that: ‘A paradoxical, but perhapBstée view of design goals is that their

function is to motivate activity which will in turgenerate new goals.’

2.3.1 Sketching

Sketching activity, with its two-way interaction teen design problem spaces and
design solution spaces, also resembles Dorst andsC¢2001) model of design as an
iterative cycle. This two-way interaction is alsodelled in Schon and Wiggins’ (19923e

— move — seeycle, where they see designing both as ‘...aeraction of making and
seeing, doing and discovering.” and as a ‘...cosat#wn with materials conducted in the
medium of drawing’ where the process of making espntations generates new
conditions.

Thesee — move — s@gcle, as the name suggests, is comprised of lsvoemts: seeing
and moving. Shape generation itself can be seenit@sating this basic unit, moving the
developing design idea back and forth betweennateand external representations (Schoén
and Wiggins 1992, Roemeat al 2001) and all the while moving from the descriptiv
abstract and categorical to the depictive, con@atespatially specific (Fish and Scrivener
1990).

Seeing, according to Schén and Wiggins (1992) ¢suaial part of this conversation

(with materials) and consists of several types:eBasic local unit of the design process,
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which we call a move experiment, involves sevenatl& of seeing, all dependent on visual
apprehension, or literal seeing....". The desigoves’ themselves consist of transforming
features of the representation in response to thasgeus kinds of seeing where, as the
same quote continues: ‘...the construction of iguor gestalts ...determine the things and
relations in terms of which the designer thinkspragiation of the qualities in terms of
which intentions are formed, problems are set,sahdtions are judged’

Furthermore, an important feature of t&e — move — sawycle, is that judging these
solutions (generated by sketching activity), asdhbete concludes, also allows for ‘...the
recognition of both intended andhintendedconsequences of moves’ or, in other words,
emergence.

Emergence in design, according to Antonsson andaiC#2001), is the appearance of
features, behaviours or geometries that were bedt or anticipated at the outset of the
design process. Generative systems can also beldebas emergent ones (McCormatk
al 2004), and Evans (2005) notes the importance odfrgemce for the generation of
designs, often as a result of the uncertainty amdiguity contained in designers’ sketches.

Soufi and Edmonds (1996) also note the importanfcevisual representations for
designers as generative tools. Rather than featurréghaviours, they stress instead that
emergentshapescan be generated through interacting with visugdresentations of
designs, and that these shapes arise not only ghralesigners’ perceptions actively
constructing a model of the phenomenal world, s throughthe transformations they
make to the physical world underlying it. They naét@t their model of emergence in
design also coincides with one of Boden’s generatiefs of creativity (creativity as a
transformation of conceptual spaces), and useahisvidence in support of the role of

emergence as an important source of creativityesigh.

2.3.2 Modelling spatial reasoning

It is possible to model spatial reasoning in deskgn adopting Simon’s (1969)
suggestion that Post production systems, as this bbkisgenerate — testodel, could be

used to model human cognition in design more gdligera
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Post productions systems are, as Simon observexniseent of theS — R pairs of
stimulus — response psychology. Each productiothén system (of which there can be
arbitrarily many) consists of two parts: a seonésests or conditions, and a set of actions.
Whenever the tests (or conditions) are satisfied rdquisite action is carried out. With
regards to the details and description of this @secSimon notes that productions ‘...are
usually represented by the notation: ConditierAction’, and that each production acts in
independence of the others. To make this relatipnbbtweenS — R pairs and Post
production systems clearer they have been mappethsigeach other in the following
table:

S— R pairs Stimulus — Response
Post production systems Test/condition — Action

The generate — testnodel itself, when mapped by function against Rosduction

systems an® — R pairs, appears to commence at the point wherefihisi:

S— R pairs Stimulus — Response
Post production systems Test/condition— Action
Simon’s model Generate —  Test

It is here that Schon and Wiggirsee — move — segcle, as their fundamental unit of a
predominantly visual and situated design proceas, ;e used to resolve this apparent
mismatch. By mappin§ — R pairs, Post production systems anddbaerate — teshodel
against thesee — move — saycle it can be seen that Post production systems — R
pairs make up the first two-thirds of the cycledahat thegenerate-tesmodel overlaps

them to make up the latter two-thirds:

S— R pairs Stimulus — Response
Post production systems Test/condition— Action
Simon’s model Generate —  Test
Schdn & Wiggins' model See — Move —  See

Thesee — move — segcle can therefore be seen as equivaletdsis- generate — test:

Simon’s model Test — Generate —  Test
Schoén & Wiggins' model See — Move —  See
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This has interesting implications as Smithers (3Qtds criticised Simon’generate -
testmodel on the grounds that it ignores the situaigttire of many design activities. Part
of Smithers’ objection to Simon’s model is that 8mars sees designers’ use of their design
representations as a form of working memory, aose@ to what he sees as Simon'’s view
of design, as a cognitive process that occursant$arm memory alone. What mapping the
generate — tesiodel against theee — move — samycle shows is that it is possible to
recognise th@enerate — tesimodel at work within a situated, and predominanilual
design activity. Simon himself, when outlining pibés systems for modelling human
cognition (1969), does allow for productions in whiconditions are tests of the outside
world. Thisstimulusdriven production system, whose behaviour is guegby perceptual
productions, would allow the shape generation m®d® be driven in an incremental
fashion by the current state of the design reptasien as well. Theee — move — segcle,
as a fundamental unit of visual design ‘reasoningiw allows qualitative rather than
functional, judgements to be brought in to driveapsh generation. Elements of the
representation can be assessed qualitativelyt@ioebig, too small, too sharp, too curved)

and then transformed in response to these quaditatdgements.

2.3.3 Formalising shape generation in design

Shape grammars, as a form of production systemnsthggiorts geometric representation,
reasoning and emergent shapes (Antonsson and C&gHdr), can be used to formalise
predominantly visual generative processes. McCgho(1996) however reminds us that
the shapes contained in design drawings, unlikeratiore familiar symbol schemes such
as alphabets, are not finitely differentiable. S¥sps they are employed by designers in
shape generation, are not uniquely reducible tdosysn

March (2001), echoes this when he states that nlésignore than combinatorial search,
and that shape grammars represent part of the igaratic break from symbolic
representation and combinatorial search that sgbiéiarlier approaches to design theory.

The key concept behind these statements is thatidgee decompositions that designers

typically employ, and which are modelled in thodeae grammars which support
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emergent shapes, are indefinite rather than corndring are dynamic, can be applied
retrospectively and need not be defined in advéezech 2001).

Shape grammars themselves were initially develofedformalise the processes
required to generate abstract geometrical paintamgis(in theory at least) sculpture (Stiny
and Gips 1972). Shape grammars function througlapipdication of shape rules to shapes.

Stiny and Gips (1978) define the procedure as\vilo

1/ Find a subshape of the given shape that is geimalyy similar to the left

side of a shape rule.

2/ Find the Euclidean transformations (translatiotation, scale, mirror image)
that make the left side of the shape rule identiwahe corresponding subshape

of the given shape.

3/ Apply these transformations to the right sidéhef shape rule.

4/ Substitute the resulting shape for the occueefahe subshape in the given

shape.

The left hand side of a shape rule, when mappeihstgthe previously discussed
models of shape generation, sits in the same &ftl frolumn that contains the stimulus of
anS— Rpair, the test/condition of a Post production sysénd the initiaseeof thesee —
move — seeycle. The right hand side of a shape rule, the igelf, sits in the centre
column under the response of @r> R pair, the action of a Post production system, the

generatesection of th@enerate — tegnhodel and thenoveof thesee — move — segcle:

S— R pairs Stimulus — Response
Post production systems Test/condition— Action
Simon’s model Generate —  Test
Schoén & Wiggins' model See — Move —  See

Shape grammars Shape — Rule
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In design itself the shape grammar formalism hasmdoits greatest application in
generating architectural plans. Perhaps this il architects, of the pre-digital era,
would often generate floor plans through a procefsshape matching and shape
replacement directly analogous to that employedabghape grammar. Stiny himself
recently remarked (2007) that the way in which #ecits used to employ ‘yellow trace’ (in
the pre-digital era) was a useful analogy for eixjihg how shape grammars worked, and
regretted that many younger practitioners, and geumesearchers, had not been exposed
to it. Fortunately, as the author’s earliest exgrezes in design consisted of working in
Norman Foster and Terry Farrell's architecturalcpces from 1987 to 1992, he is in a
position to explain this procedure directly frons first-hand experience of it.

Yellow trace, as the name suggests, is a formaafrig paper. Perhaps the reason for its
employment in this process was the particular eatidirits opacity which, when laid on top
of a design sketch, would render the underlyinggtesisible enough to allow it to be
traced through, but opaque enough not to let thietllying sketch overpower any shapes
subsequently traced over them.

The process of generating a floor plan simply imedl tracing elements of designs onto
a loose sheet of this material, and then movingeheacings over the existing drawing. The
loose nature of the sheet of yellow trace, whictladtde slid about over a fixed underlying
drawing or grid at will, meant that architects watde to physically manipulate abstracted
elements from their designs in relation to the rektthe drawing, and to search for
correlations between the traced elements and tterlyng drawing. When an especially
pleasing, or simply intriguing correlation was faua further sheet of yellow trace would
be placed over both the existing sketch plan armd tthced element, and this newly
perceived correlation embodied on the new sheatdxawing of a new, and complete, third

shape. This is, in essence, what shape grammagnmapitations do.

2.4 Discussion

The picture of design practice in the digital eminped by design research is still
fragmented and often contradictory. In the chamgenftraditional to digital design tools,

Roemeret al (2001) claim that there is a mismatch between dbgnitive abilities of
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designers and the affordances of newer digitabtdgtappers and Hennessey (1999), when
assessing why computer-supported tools were noghgsed during the conceptual phase
of design, imply that it is because the digitakaiatives available were not exactly like
pencil and paper in their function and affordances.

Even Sutherland (1975), despite his seminal rolréating CAD, note that CAD is not
a suitable replacement for sketching in design.skég¢es that the unstructured nature of
conventional drawings, which are instantiated symgd a series of dirty marks on paper,
allows designers to concentrate on a drawing saslya representation of an evolving
design. This is in direct contrast to the topolagiand geometrical structure of a CAD
representation which, because it has to be buikxicitly, is in addition to and entirely
separate from the rest of a CAD representationizctian as a representation of the
evolving design.

Since Sutherland’s observation, however, thereblean an entirely new generation of
designers who have grown up in a world that hasgdvwontained personal computers and
digital design software. These designers are morafartable with, and aware of the
constraints and affordances of this newer mediura imay that more seasoned designers
may never be. Jabi (2004), for example, has obdethvat a facility with CAD is now an
accepted part of the standard arsenal of skillmdoamong more recently qualified

designers.

2.4.1 The changing culture of design practice

While sketching would appear from this to stilldre essential design tool, it may not be
as important to conceptual design as was once ttougrecent study of practice by
Jonson (2005) found that sketching had only beepl@rad to initiate designs in 10% of
the cases he examined.

Jonson’s findings in this study also generally Eraje the view that computers and
CAD are unsuitable for conceptual design. Perhapargument can be made here that the
perceived unsuitability of CAD for conceptualizatiarises not because the new tool of
CAD is not properly adapted to previous practidmes, instead that the use of traditional

tools in previous practices has not been propertiesstood (Kalay 2006).
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In design practice, as well as design theory, &ns® that two-dimensional shape
generation has often been confused with three-diioeal form generation. While
sketching does have qualities that can be seennable shape generation, through
ambiguity and emergence, it also has distinct sbamings when used to generate three-
dimensional form. An example of this is given belGw Figure 2-1) where, even in the
hands of a skilled practitioner, the use of sketgho describe this particular form would
be unlikely to predict the changing intersectionwsen its two main elements. In this
example the diameter of the conical element has) begied in increments that are
practically imperceptible in the accompanying ogbioal view yet, as can readily be seen,

has still created major changes in the shape dhtheesection between the two elements:

VI M0 MM

Figure 2-1 some properties of form are difficult topredict by sketching

While physical modelling would address this repréagonal shortcoming, there are
obstacles that remain when trying to integrate jgaysnodels into a digital design process.

Evans (2005), although he stresses the importaheenergence for the generation of
designs through the uncertainty and ambiguity doathin sketches, also allows for the
possibility of emergence through similar uncertgiahd ambiguity in hand-made sketch
models. He notes however that the rigorous CAD rhiodenecessary to create rapid-
prototyped representations makes this ambiguitgtjwaly impossible to reproduce.

Prietoet al (2003), while also upholding the view that skechon paper is preferred to
computing, also observes that many designers stifer generating form by sculpting
physical (often foam) models directly, rather thesimg CAD.

While feedback from handling physical objects cobkdused to give a truer sense of
form, it would be advantageous to include them madrix of representations that included
both traditional and virtual geometry. Stappers afennessey (1999) observe that
computer generated physical objects can have @& plathe early stages of the design
process, and Simondetti (2002) remarks that thidityuto design would be enhanced if

they could be used recursively, rather than just fasal verification.
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There are of course precedents for physical comguti form generation which can be
found in the work of Frei Otto, Antoni Gaudi, anéis$ Isler, but Kilian (2006) notes that
their use in these cases is confined to structopdimisation rather than for aesthetic
exploration.

Although there has been a change in the culturéesign practice, brought about
through the adoption of digital design represeatetj McCullough (1996) notes that there
is often a lag between the adoption of a new tadlthe adoption of new ways of thinking
that might be brought about by that tool: ‘Usualynew tool is used to do things pretty
much as they always had been done; usually a ngkvisadone for quite some time by
means of adapting existing tools’. This lag carséen in those digital modelling programs,
often derived from earlier two-dimensional CAD pagks, which are essentially electronic
paper. They continue to work within the design tiglo drawing paradigm.

Pacey (1999) suggests that another (implicit) ggmadn engineering, which has its
roots in the industrial revolution, might also ketlse root of the confusion and suspicion
over the function of digital technology in creatjxiAs the most profitable inventions of the
industrial revolution were those of self-acting maery, which led to the redundancy or
de-skilling of labourers, the natural goal of anyeantion or technology came to be seen as
simply that of greater automation. However Pacegids that CAD, like the spinning jenny
of an earlier era, rather than being a technolaggssist the automation of skills can be
seen instead as a skill-enhancing invention. He sées computerisation in design as being
no different in its nature from any previous (ndgial) technology. Instead, like all prior
human technologies, he sees using computers &sésehling inventions’ that allow us to
learn about our human ‘...impulses, purposes,tigsiland potential’

CAD and computers can be viewed as tools of théeooporary designers’ trade, and
tools are not neutral agents. Once tools are empldyg change the desired state of the
world their constraints and affordances begin tang/e not only the changes that can be
envisaged, but eventually the changes that conre tdesired themselves. In other words,
tools begin to shape us as well as allowing ufitgpe our environment. Indeed, using stone
hand-axes led to the literal, as well as the pspdical, reshaping of our human ancestors:

Bronowski (1973) observes that, as well as theigdpheurological changes which resulted
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in greater dexterity in our ancestottse physical shape of theiiandsalso changed, over a

number of generations, with the employment of thiediaxe.

2.4.2 The possibilities inherent in digital media

There are however new possibilities inherent in legipg digital representations of
three-dimensional form in design. McCullough (199§)ggests that adopting solid
modelling changes sculptural geometry, which prasfip had no notation, to one that is
now describable and therefore susceptible to géweraonstructions. He employs
Goodman'’s distinction between autographic and ediplgic media in the arts to make this
clearer. Goodman (1969) defines autographic meslithase in which ‘...the distinction
between original and forgery of it is significant;better, if and only if even the most exact
duplication of it does not thereby count as genuiPainting therefore, before the invention
of reproduction technologies such as the camera,anaautographic art, while music, as it
can be described in notation and be reproducediivitddy from that notation, has been an
allographic art for centuries.

Autographic media can also be seen as state-basddallographic media in turn as
process-based. Simon (1969) notes that the grdplejpeesentations employed in design,
as state descriptions, describe the world asseised. Process descriptions, on the other
hand, describe the world as it is acted upon and the means for generating objects
instead.

Rather than being defined by the state-based stesicriptions of drawing, shape can
now be described by the rules used to generatd&hitee-dimensional geometry, for
example, can now be described by collections @raunnected surfaces which are in turn
generated by a profile (or profiles) moving alongemeratrix (or generatrices).

The iterative process by which designers createnfean now be modelled by
generative formalisms. An implication of this isattprocess-based representations allow
designers to reason about their designs in terntisegbrocesses used to create them, which
would lead to a yet further level of abstractioydned that noted previously in the adoption

of graphical design representations.
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Process based representations of form, such adetttare-based parametric solid
modelling approach illustrated in Figure 2-2, offan alternative approach to form
generation that is more akin to design through ngkather than design through drawing.
Programs such as SolidWorks or Pro/Engineer, ubeslighout professional practice,
approach form development in a way that is closdraditional craft practice, by using the
digital equivalents of the kind of marking out astthping practices to be found in physical

making.

Figure 2-2 feature based modelling

Furthermore, the malleability of virtual represeintas affords greater opportunities for
experimentation, as any action performed on a sgptation can just as easily be undone.
Virtual representations can be seen to behave aswhy functions, while physical
representations remain, more often than not, asnayeones.

Representational technologies, as tools employstidpe our environment, are also not
neutral. They stand between an idea and its prasemtKalay 2006). To some extent they
determine what is communicable, or what is ‘knowgkdbout a form described by them.
The different affordances of each design mediuraretfore, affect how designs can be
reasoned about. As an example, Halasz (1979) adsdéimat architects working from two-
dimensional drawings alone produce designs thatlem® three-dimensionally expressive
than those produced with the aid of physical madélsother, and perhaps more
empirically verifiable, example of the effects epresentational constraints can be seen in
the shape of product designs themselves in theligiel era. The need to communicate the
form of a design proposal from the designer to iadtiparty, to colleagues, clients,
toolmakers or even, at a later date back to theggdesthemselves often constrained the
form of these designs to those which could be heddé)produced. Both on the drawing

board, and in manufacture, they tended to contaip such shapes as could be made up
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from collections of straight line segments and @amtimg radii. As Pipes (1990) notes ‘It

was not so much ‘form follows function’ as formlfoks drawing style’.

2.4.3 Information flow in a single virtual representation

Dorst and Cross note that there is a flow of infation between problem and solution
spaces (2001), and it was noted previously thagdess’ drawings can be seen to contain
both the problem spaad the solution space of an evolving design propddalvever,
the three-dimensional virtual geometry availableCiAD, in addition to the problem and
solution spaces of two-dimensional shapes thatadmeady available to drawn design
proposalsalso contains the problem and solution spaces of thheensional forms. The
potential reversibility of every design action dable to virtual representations, when
combined with the three-dimensional geometry abélan many CAD packages therefore
makes them potentially very attractive as desigisto

Putting the previously listed objections to CADagenerative tool aside temporarily,
there is a sizable body of literature on haptierifstces that takes a different approach to
addressing its apparent unsuitability for form gatien.

This line of investigation, rather than viewing thigiection to CAD as one of having to
define the geometry of a potential design solutigidly in the early stages of design,
argues instead that it is cognitive dissonancep#reeptual distance that digital tools place
between designers and their ideas, that is theceanirthe trouble. As tactile assessment
has been identified in many studies as an impogarttof the evaluation and development
of design proposals it is worth turning aside tadgtthis argument. Indeed, as Evatsl
(2005) have suggested that physical interactioh détsign representations has the potential
to direct the process of design itself, the argumeffiavour of adding tangible control of
form to digital design tools is a seductive one.

It is this desire for the direct manipulation ofigtual representation that has fuelled the
development of a number of bespoke haptic intesfatbeir champions often make bold
claims about the ‘intuitive’ nature of these degide general, and their desirability as more
suitable interfaces for digital designing in pastar. However, the appeal to intuition

generally, and in interface design in particulamet as convincing as it might at first seem.
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What is regarded as an intuitive interface by desig who may have been trained in pre-
digital design practices may prove to be unnecégdianiting to those who follow them.

Kalay (2006) enlarges on this when she observashkaperceived mismatch between
computational and traditional practices in architee has also occurred in other
technologies. New technologies, she states, aem aiewed through the paradigm of the
old, and she cites the example of the introductibthe motor car which was originally
known as the ‘horseless carriage’. To extend thésaphor a little further, if the interface
design of modern cars had followed the allegedtyiiive path they would all now be
equipped with reins, a whip and a simulated vievihaf rear end of a horse. Would this
interface, given the divergent evolution of the dedess-carriage away from the nature of
horse transport into the modern motor car, stilcbesidered appropriate?

| suspect that the intuitive argument, as usedheyproponents of haptic interfaces, is
obscuring the possibility that these devices areentiely to be a case of a technological
tail wagging a practical dog. When a technologicathpressive ‘solution’ has been
invented, it seems its creators may then go incbeaf a problem to ‘solve’ with it. The
application of haptic devices to form generatioruldcappear to be just this.

The Sensableinterface, as used by Senet al (2002), in their research on the
application of haptic interfaces to product desigan serve as an example. This device,
rather than allowing product designers to reali® form of their designs by carving and
sanding (as they would do when modelling proposaldue foam), due to the constraints
of the technology employed, simulates the actioscofpting clay with a stylus instead.

The application of force feed-back in this and mantlger haptic solutions is also
distinctly punctual (used here in the sense ofngctt a point), and users are reduced to
assessing the form of their designs by proddingnthéth a stylus. Bordegoni (2004b)
predicts that palpation, that is assessing forrautpn whole hand contact with a surface,
will not be within the capabilities of any foresbtma haptic device based on presently
available technologies.

Bordegoni (2004b) has however suggested a solwtitim a variation on the haptic
approach. She suggests that, as a greater or fEms@f form assessment may be mediated
through a tool moving over the surface of that fatoring the process of shaping it, it

would be beneficial to replicate the kinds of wdrip tools and practices that are already
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used by designers. To this end she has develop#itdily enabled digital equivalents of
rasps and scrapers, which mimic the physical qealidf the analogue, real-world objects
that they are intended to replace.

However, as Evanst al (2005) have noted in their studies of existingtitaipterfaces,
when precise control of form is required, which dee of the strongest reasons for
employing CAD in the first place, it is often maeffective to use the digital form shaping

tools already available in CAD through the standaodise and keyboard interface instead.

2.4.4 Information flow in distributed physical and virtual representations

Although the haptic interfaces described in thevioigs section attempt to address the
apparent immateriality of virtual representatiobsth the internal representation of a
design (in the designer’'s imagination) and its eErepresentation, whether physical or
virtual, are part of its materiality, i.e. that kmedge of it which is available to the
designer’'s senses. This materiality exists whetitenot this sensory input comes from
physical or from virtual sources (Peacock 2004).

Yet, while the digital means for representing andnipulating form have been
incorporated and, to a large extent, acculturatedss a number of design domains we all,
designers included, continue to live in a materidture, and to draw on the knowledge that
is encapsulated in physical objects to inspire gmide the creation of new forms (Cross
1982). As well as the virtual digital representasiothat drive the haptic interfaces
described in the previous section there are now @hysical, or material, manifestations of
that virtual digital geometry available to designghrough the technologies of rapid
prototyping.

Rapid prototyped objects, as physical instancedigifal representations which straddle
the physical and virtual divide, can be used tessshose tactile and functional qualities of
proposed design solutions which are unavailablenfron-screen representations. An
alternative approach to the question of informatitmw between problem and solution
spaces therefore is, rather than employing a sifglttual) representation of a digital
design’s geometry, is to split that geometricalrespntation between physical and virtual

representations instead.
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Figure 2-3 tactile assessment of physical represetiopns

Sass and Oxman (2006) have proposed that the physijects produced by rapid
prototyping can be part of the creative procesfih generation, and have amplified the
observations of demographic change in design mgdéabi (2004) when they note an
increase in the adoption of technologies such pisl ©arototyping in design practice. They
suggest that, by incorporating rapid prototypintpithe earlier stages of design, three-
dimensional modelling could become equivalent #taking in design creation. They note,
however, that to do this would require a paradidiift Sn methodology and software
application, but that this shift could potentidiiad to a ‘third way’ of working, a hybrid of
digital and physical. They go on to posit the cqtaef ‘Digital Design Fabrication’ as a
possible way of combining generative computing wisipid prototyping and computer
aided design/computer aided manufacture.

A practical example of this possible ‘third way’'shheen described by Burry (2002),
where digital modelling has been employed as a-effsttive aid to the continuing
construction work on Gaudi's Sagrada Familia. Beeathis building’s geometry is so
organic and complex it has been difficult to modleh CAD. The nature of its form also
makes it difficult in turn for contractors (and etk involved in its construction) to
understand the on-screen wire-frame representatibtisose CAD models that have been
made of it. To get around both of these problenesdiisign and construction teams have
developed a solution in their own form of hand-ra¢eli rapid prototyping.

However, while this approach has led to significaavings in design costs as the
precision required by digital representations i¢ necessary with this hand-mediated
approach, the information flow in it is only oneyyaand is driven primarily by the

constructability constraints of the final object.
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Further attempts to enable the iterative flow dbimation between virtual and physical
digital representations can be found in the cotitrgsapproaches of Broedt al (2000), at
TUDelft, Simondetti (2002) at the Hong Kong Polytaiz University, and Prietet al
(2003) and Qiret al (2006) at Brunel.

Broeket al focus on giving physical models a longer usefel tiy only replacing those
elements of a physical model that have been mablifiavork on the accompanying virtual
representation. To do this they employ modularsda} representations, carved from foam
by bespoke hardware driven by the virtual digiggresentation, and use laser scanning,
and other forms of reverse engineering, to transfedifications made to the physical
model back into the virtual representation. Howeweo working system has been
demonstrated as yet.

While Simondetti has undertaken a series of studiegsering furniture design,
architectural massing and product design, whidisas similar technologies to Broek al,
his emphasis is on ergonomic and functional assassrather than initial form generation.

Prietoet al, in contrast to Broekt al and Simondetti, and more in keeping with Burry,
have taken a hand-mediated rather than a whollyntdogical approach to this problem.
By creating rapid-prototyped models, with the thdémensional equivalent of graph paper
embedded in them, they have been able to use imagping techniques to transfer
modifications made to a physical rapid-prototypegresentation back to the original
virtual representation. This is done by photograghthe physically modified rapid
prototyped model, and using that photograph asidedipaded as a backdrop in a digital
modelling program) to modify the NURBS curves definthe virtual representation.

Continuing work at Brunel by Qiat al has now removed the need for either an initial
CAD model, or a specialized rapid-prototyped repnéstion, using a system of parallel
lines projected externally onto the physical repnéstion to provide the required curves
instead. These however still enforce a particildag predetermined rather than dynamic,
decomposition on the curves that can be extracted the physical representation

Although both haptic research, and the work on daimb physical and virtual
representations, have both generated large amotitdb-based research neither has as yet

been accepted in design practice on any scale.
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Haptic devices in particular, as they have beenlampnted so far, appear to be a
solution to a different, and unspecified, probleather than any faced by designers when
working with digital representations of form.

Furthermore the argument for employing haptic fiaiegs also rests on the assumption
that the designer already has a virtual repredentaft the form of their proposed design to
drive the haptic, as well as the visual interfatehie first place. If Sutherland (1975) and
Stiny (2006) are right about the unsuitability oARZ for form generation, because of the
structured nature of its representations, themtbblem of using digital representations in
form generation is situated at a much earlier siagdne design process than any that a
haptic device would encounter.

While the attempts to link physical with virtualpresentations of form described here
have shown some promise, all have fallen down ds tjuestion of structure when
attempting to return useful design information frothe physical to the virtual

representation.

2.45 Towards research questions

Somewhere between five hundred years ago when nigalaégan to be adopted for
engineering and architectural design (Ferguson18) two hundred years ago when it
became the normal medium (Baynes and Pugh 1981ytat we would now call product
design, the value of making of three-dimensiontdfacts in design has been discounted to
the point where Cross (1994) can claim that theedefinite distinction between it and the
act of ‘designing’.

As a consequence what research has been undemdéehe use of these other design
representations, rather than attempting to uncewsr evidence of possible generative
mechanisms in their employment in design practi@s concentrated instead on their
function as tools for developing design proposdls. date there is little knowledge
available on the possible role that traditional $bgl representations might have played,
and may continue to play in form generation, anchow the newer virtual anghysical
digital, three-dimensional representations now labée to design practice might yet be

used to augment it.
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Schon and Wiggins show that design solutions cdvevwith design representations
such as sketches as a result of the process ofirdravather than drawing functioning
merely as a way to externalize an already comphégenal representation. This see-move-
see cycle also externalizes part of the normallgdéin process of cognition, as the
interaction of designers with their representaticas be seen as a form of distributed
cognition.

However, drawing and sketching have only been tioemal’ medium of design since
the industrial revolution. The nature of form geat@m, from Homo Habilis’ stone hand-
axes up until the beginning of the industrial renmn, has been almost exclusively
process-based instead. Drawing as a two-dimensistadé¢ based representation, when
viewed against the long history of three-dimendiopaocess based physical form
generation, could be seen as a temporary aberiatitie course of human development.

The position of the hand-drawn sketch as the inblét choice for form generation
therefore is not as definite as it once seemedvérsely, CAD, for example, with its three-
dimensional representations, may now have beconaeadturated in design practice that
it may take some part in form generation.

If the design reasoning required to generate shrageawing can be seen as a form of
distributed cognition, it is possible that simifarms of distributed cognition could also be
at work in other external design representations. tAere alternative generative processes,
specific to physical or virtual three-dimensionapresentations, similar to that illustrated

below, derived from the author’s experience of giegiractice?

Figure 2-4 an example of transitional emergence iprocess-based design

This particular example is reminiscent of Schén &vigins (1992) description of
emergence, in a sketch based design protocol, ghrGuappreciation of an intermediate
design product...” Here the intermediate productsgamerated by the process of rounding
off the corners of a solid block: radii have be@pleed to the corners along each spatial

axis in sequence, each axis having all the cortexslie along that axis radiused before
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moving onto the next which, rather than generatimgsmoothly radiused block
automatically generates an unanticipated threeetethfigure in the penultimate step.

While enquiries such as those undertaken by GirandiBordegoni (2005) or Evaes
al (2005), whichhave begun to look at how physical design representat@are created,
have so far been driven by the desire to emulatel n@aking processes. Both argue that it
is the cognitive load imposed by digital interfadbat keeps digital tools from being
effectively integrated in the early design procéssalternative thesis might be that it is the
inflexibility of the structuring of digital repreatations, the difficulty of changing their
structure in response to emergent design solutiensrated by the fluid nature of the early
design process, which is the cause of their nohgaiuccessfully employed in design
practice at this point.

McCullough notes (1996) that, in general, thera iag between adopting new tools and
adapting practices to them. There is also a spelafj between design practice itself and
the understanding of the implications of that pracin design research where, as Cross
(1982) observes: ‘the world of ‘doing and making’ usually ahead of the world of
understanding...” Digital design in particular, agoam in its own right, is still largely
misunderstood (Oxman 2006).

The role of physical objects themselves in genegadéind developing form in design is
still not clearly understood. Even in the era dfi@il design there is still a perceived need
for more research into how traditional non-digitldsign tools have functioned in the
design process so far (Roeraral 2001). For many years their function in the design
process has been at the level of tacit, or ‘takemgfanted’, knowledge. However, as digital
representations of form were intended to suppldntsical objects and processes, and
physical objects and processes are still being atmtyside them, it would seem that our
knowledge of the function of these physical objeatd processes in design is incomplete

It seems that any enquiry directed toward discogemore appropriate ways of using
existing digital design tools might be better ainadjaining a fuller understanding of this
critical initial phase of the design process. Iri®orst and Cross (2001) have called for
more studies of designers’ practices to gain aebeitderstanding of how creative design

occurs.



Form Generation in Design 47

So, as CAD may have become acculturated amongstrrassgigners and physical, craft
based processes are still being employed in didéaign, it seems that a re-assessment of
how physical representations are being used aldegsirtual representations is now

required.

2.4.6 Lacunae

Sketches, the informal drawings that are oftensagter’s first attempt to represent the
shape of a design proposal, are thought to prozidelleable and flexible medium that is
well suited to generating design proposals. Thaseldeen a substantial amount of research
into the use of sketching in design, under the icubf graphonomics, but Bordegoni
(2004a) states that there has been no complementakyon the use of three-dimensional
representations as a means of generating form.kBrbal (2000) also remark that very
little literature is available on how physical méslare used in the early stages of design.
There is, it appears, an unwritten assumption sigeresearch that designers’ sketches
necessarily deal with three-dimensional form, sat ttesearch into sketching will, by
definition, automatically deal with three-dimensibform generation as well.

Emergence has been identified as playing a critiolal in the creative design process
but most research has so far been limited to te#l fof two-dimensional pictorial
representations.

While the use of multiple representations is felte beneficial for emergence (Soufi
and Edmonds 1996), and switching between reprasmmahas been identified by Akin
(2001) as a feature of the design process, with ekeeption of Kilian (2006) who
concentrates on non-geometrical representatiossimesearch, there is little evidence of
this area as a topic in the literature.

If we accept that representation switching is itehle, or even desirable due to the
different constraints and affordances of each wsr@tion (as we can only reason about
shape and form so far in each), then the abilityetoain in the virtual domain, as haptic
interfaces allow, does not seem so compelling. Byipy physical models of digital design

proposals, instead of the haptic augmentation éiai representations, would also allow
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designers to experience the tactile and visual gnt@s of their designs unimpeded and in
the round.

When Schén and Wiggins describe design as a pradesse — move — see’ they of
course emphasise the visual aspect of designingekier this emphasis on the visual may
be constraining the design reasoning possible db wiinich engages with visual qualities
only. Stiny and Gips allude to the place of tactifsessment in both their seminal paper on
shape grammars (1972), and subsequent book Algudtihesthetics (1978), when they
refer to paintingand sculpture as applications of shape grammars. Begpis, the
subsequent representational poverty of shape granmpdementations can be seen in its
application in architecture where it is confined tteo-dimensional plans, composed of
straight lines, and often arranged as more orrexgangular elements.

The implementation of shape grammars in areas ascproduct design, which deal
with solid volumes which may be bounded by frea¥fdorganically’ curved surfaces, have
often merely extended the rectangular, straight, litwo-dimensional paradigm of
architectural grammars. One example of an impleat&mt which steps a little way out of
this mould however, Agarwal and Cagan'’s coffee mgkammar (1998), seems to be more
concerned with the parametric variation of presxisforms rather than generating those
forms per se. Stiny himself has recently (200&erated the potential for shape grammars
to incorporate tactile assessment yet, althougtithegsearch shows that there is an interest
in employing tactile assessment in design, shapmipar research has so far not engaged

with this area.

2.4.7 Initial research questions

Perhaps this representational poverty arises urtintelly because the terms shape and
form are, to some extent, used indiscriminately emerchangeably. This may be of little
importance in everyday speech, but the distinctibasveen them are implicit in any
activity that is directed toward creating physittalee-dimensional form. This is hinted at
when Simon (1969) observes that: ‘...it should learcthat “space” inside the head of the
designer or the memory of a computer may have d#éfgrent properties from a picture on

paper or a three-dimensional model’. This obseomatin the context of this literature
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review begins to beg the question of how three-dsimnalis the design proposal that is
contained within a design sketch?

Although drawing can be seen as an active formesigh reasoning, rather than the
passive creation of representations, it may noagsde synonymous with form generation.
Conversely, given the lack of research into the afsthree-dimensional representations,
and the contradictory evidence of millennia of \slar design, questions also begin to
arise about the generative potential of three-dsimeral representations.

Could physical and virtual three-dimensional desigpresentations also display similar
evidence of an ability to function in form geneoatias an active form of design reasoning?
Rather than viewing them as competitors to draveirggthey instead part of a larger matrix
of generative design representations? If multippresentations are beneficial for
emergence, how does the way that designers jumyebatdesign representations affect the
way that they transform, or ‘move’ within, their gign representations? The initial

questions raised by this review of the literatimeréfore can be précised as:

e Is drawing still the ‘normal’ medium of design?

* Has the use of CAD become so acculturated in dessgpractice that it may now
take some part in form generation?

< If design reasoning takes place as a form of tisted cognition in drawing, can
similar reasoning be identified in making otheregrl representations?

e If this is so, could the tactile as well as the usis qualities of physical
representations be used to address the represeaiatioverty of design practice

generally, and computational design in particular?

2.5 Endnotes

As was noted earlier, physical models have beerd usethe generation and
development of form throughout recorded history B and Pugh 1981). Before the
adoption of drawing as a design tool in other Beldrge scale traditional structures such as
ships and cathedrals would have been designedghritie use of scale models in addition

to drawings (Porter 1979).
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Although sketching and drawing began to take atgrg@art in form generation with the
advent of design as a profession, three-dimensipimgdical objects have continued to be
used in it as design aids (Baynes and Pugh 198tketdimensional physical objects as
design aids do have a number of shortcomings hawdbey are essentially parochial in
nature; there will always be a limit to the numbépeople who can have direct knowledge
of, or interact directly with them (Sterling 200%)nd they are neither as flexible nor as
disseminable as digital representations of form.

Digital tools, such as CAD, can be both flexiblehem applied to form development,
and restrictive, when applied to form generationdéveloping a three-dimensional form
they afford the possibility of practically unlimdemanipulation, but only after that form
has had a definite geometric structure imposed.oflthough the speed and flexibility of
CAD, digital modelling and rapid-prototyping havedn beneficial to the later stages of
design, their use has so far been confined to #weldpment of three-dimensional form
rather than its generation.

Form generation itself is contingent, evanescéatative and ill-defined. However the
iterative nature of design in general, and shapemgdion in drawing in particular, breaks
down when designers begin to employ physical anduali three-dimensional
representations. To examine this breakdown theoauthdertook two closely related data
gathering exercises; a series of design protoculsaareverse-engineering task. The details
of their employment and their role in developing tlesearch questions further are covered

in the following chapter.



