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Abstract

This paper describes research and educational paradigms of Design Computing and Virtual
Architecture. The paper providesexamples of resear ch projectsand educational programsat the
Key Centre of Design Computing and Cognition, University of Sydney, along with preliminary
results obtained through different paradigms. These paradigms include cognitive and
computational models.

1 Introduction

Desgn Computing (DC) and Virtud Architecture (VA) have generdly been looked a as a
ubset of computer gpplications that assst desgners in moddling, presanting and andysing
designs. Currently, most Computer-Aided Architecturd Design (CAAD) applications are
used a the later stages of the desgn process dfter the crucid decisons of creating desgn
artefacts have been condgdered. DC and VA have generdly been driven by technologica
devdopments in which they reied on software devedopers to implement and market
software with rdevant features and utilities that support some aspects of design activities
In this paper, we condder DC and VA as research aress in which the results of the research
lead to more than additiond computer programs. Such results would lead to a better
underganding of desgning and computer support for desgning. The fod of these research
ae (a) devdoping theoriess modds and methods of designing; (b) usng these theories
modes and methods as the badis for the development of computationd tools; and (¢) using
these theories, modds and methods as the basis for teaching. The firg set of gods has more
to do with desgn research raher than drictly desgn computing research. In order to
achieve the fird set of gods, it is sometimes useful to consder computationd models of
desgn as a way of dmulating desgn processes. However, human desgnes can dso
provide the bass for developing theories, modds, and methods of desgning. The second
st of gods looks a the implications of paticular theories modds and methods of
desgning when consdering computer support or automation of specific desgn tasks. This
st of gods has a more direct corrdation with the mgority of desgn computing research
currently teking place a univerdties The third sat of gods brings this underganding of
design processes to bear on how we teach design.

The ressarch in Virtud Architecture involves the development of representational modes



as a metgphor for virtud worlds and 3D virtud environments. Various digitd media, agent
technologies, and interactivity between people ae explored in these representationd
modds. Desgning virtud places is viewed as developing computer-mediated dynamic
worldsthat create a sense of place.

In this paper we gpproach teaching Desgn Computing in a coherent and pedagogica
process tha is more than teeching the techniques of usng ceatan CAAD software
applications.

2 Research Paradigms in Design Computing

The paadigms tha we found useful and diginctive in pursiing reseerch in Desgn
Computing indude cognitive and computational modds. Cognitive modds are empiricaly-
based ressarch that involves the devdopment of experimentd dudies of desgners while
desgning. Computationd modds are axiom-based or conjecture-based research. Axiom
based research involves the identification of a set of axioms and their consequences to
derive logic-based computationd modds of desgning. Conjecture-based research involves
an andogy between a cognitive or computationd process that leads to computationd
modds spedific to desgning.

This paper describes the characteridics of each of the three paradigms and gives examples
of research projects a the Key Centre of Dedgn Computing and Cognition a the
Univeraty of Sydney that illugrae the goproach and prdiminary results obtained through
the different paradigms.

2.1 Empirically-Based Design Computing Research

Empiricaly-based research uses the experimenta paradigm in which experiments are st up
and then data is collected and andysed to produce a st of results. These results are then
used as the bass of dther the devdopment of a hypothess or the confirmaion of a
hypothess about designing. The experiments are typicaly developed to provide evidence
for a paticular theory or cognitive modd of designing. Typicd gpproaches to empiricaly-
based design computing reseerch arer direct obsarvation of the results of designing; surveys
of desgners perceptions, and protocol sudies of individua and collaborating designers
desgning. New protocol andyss methods have been deveoped and are being goplied to
produce nove results concerning the behaviour of desgners as they are desgning which
has sgnificance for the development of computationa tools for designers.

2.1.1 What designers do when they are designing?

Designers were asked to carry out a specific design task and the "think doud" as a protocol
andyss method was employed. Each designer was videotaped and a rich coding scheme
was developed based on both design theory and the need to accommodate the data in the
transcription. The development of the coding scheme is a crucid aspect of the protocol
andyss method. The coding scheme devedoped here used five generic categories. The
advantage of the use of categories is that they dlow for an additiond confirmation phase in
the andyss snce they exhibit interdependence. The five categories developed were (Gero
and McNell, 1998): problem doman - abdraction leve; functionbehaviour-gructure;



andyss and evauation; synthess micro-drategies, and design macro-Srategies.

Protocol analysis results

At a gross levd a desgner’'s time can be spent ether on podulaing solutions, cdled
dructure, or in reasoning about the function and behaviour of possble or podulated
desgns Figure 1 shows a typicd didribution of the time spent between these two large
classes of activities by a dedgner. It is interesting to note tha it is dmost twenty minutes
into the session, for this desgn, before any Sructure is proposed.
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Figure 1. Typicd plot of distribution of time spent on function and behaviour (light), as against
structure (dark), for an experienced designer (Gero and McNeill, 1998).

Condderdble detall about various aspects of desgners behaviour can be determined using
the protocol andyds method. A surprigng finding in this experiment, from the andyss of
the spectrum of desgn event lengths across a typicd desgn sesson, is the very short
duration of each desdgn event. Without experiments with human designers such information
would not become available.

2.1.2 Insights of designers’ actions

Suwa et d (2000) looked into the cognitive processes of a practicing architect usng the
technique of protocol andyss. The protocols of his desgn sesson were collected as a
retrogpective report after the sesson. The desgn sesson, which lasted for 45 minutes, was
to work on the conceptud design of a museum on a given Ste in a naurd environment in
the suburb of a large city. The architect was encouraged to draw sketches on tracing paper.
His sketching activities were videotgped. In the report sesson, he taked about what he had
been thinking of for each droke of his pendl during the desgn sesson, while watching the
videotape.

In cognitive science, there has been a prevailing view that human cognition is a Stuated act
and that physcd peformances representing the world, percaving and conceving ae
dynamically coupled and they, as a whole, form a coordinated cognitive activity (Clancey,
1997). The findings in this experiment provided empirica evidence for this datement in
many ways, and therefore suggest that dedgning is a gStuated act. Fire, the architect
invented desgn isues or requirements not just by the use of explicit knowledge but dso
by condructing judifications or reasons for them on the fly during the process. The
condruction of those judifications or reasons was dynamic in the sense that the architect



dd s through unexpected discoveries of unintended visuo-spaia features of the
developing solution-space, i.e. design sketches Making unexpected discoveries is seen as
the act of rerepresating the visud fidd in the sketch. This way, the emergence of
conceptud idess, i.e. design requirements in this case, is Stuated in the acts of representing
and percaving. Unexpected discoveries of unintended visuo-spaia features are entirdy
dependent on whet the desgner has 0 far drawn in sketches, and thus on wha kinds of
configuration of drawvn dements the designer sees in front of him or her a the moment. The
emergence of a conceptud idea enabled the architect to see his own sketches from a new
point of view, and thus encouraged the generdtion of a new perception. This indicates that a
designer's perception is entirely dependent on, or coupled with, his conception.

2.1.3 Cognition-based CAAD

Protocol andyss is utilised to examine the desgn processes in order to provide information
for a cognitiontbased CAAD system. Retrogpective protocols has recently been used in
svad dudies to explore human desdgn ativities dnce they minimise the interference
caused to the desgners. This sudy (Tang and Gero, 2001) follows the same method in
which paticipating desgners fird desgn for the desgnated brief. An expat and a novice
were videotaped then retrospectively they reported the design process with the ad of the
videotapes of their desgning in thefirg phase.

In the empiricdl data, shown in Table 1, the expert's encoded protocol conssts of 338
ssgments with an average time span of each segment of 8 seconds, wheress the novice's
encoded protocol consists of 145 ssgments with an average time span of 20 seconds. The
experimenta duraion was 45 and 48 minutes repectively.

Table 1. Number of segments and average time span of the novice and the expert

Number of sgments Average time span (seconds)
Novice 145 20
Expert 338 8

The result indicates that the shift of focus from one topic to another was on average every 8
seconds for the expert and 20 seconds for the novice. The speed of shifts is much faster
than what was expected. In terms of usng a CAAD sydem, the time this expert took to
shift his focus was of the order of that for a user to pull down a menu, sdect the function,
and input paamees The surprisngly fast speed of change of topic during conceptud
designing provides a bads for why designers during conceptud designing Hill prefer usng
pen and paper even when expensve, powerful, and cutting-edge CAAD sysems are
avaladle for thar use It is amply because sketching skills usng pen and paper dlow them
come up to the speed of thought, follow their idess, and be creative. The speed here is not
relevant to computationd power nowadays because even the lales CAAD sysgem cannot
effidently support this desgn phase. The interaction between designers and machines is not
aufficdently intuitive and smple enough to follow the tran of thought o tha the use of a
CAAD system does not match the devel opment speed of thought and idess.

2.2 Axiom-Based Design Computing Research
Axiombased research produces computationd modds of desgn through the identification



of a s of axioms and the logical consequences of the axioms. This goproach to design
computing ressarch involves specifying rdevant axioms, deriving logical consequences of
the axioms mapping the axioms and their consegquences onto a paticular domain to derive
new rexults For example, an axiomdic logic-based shgpe representation dlows for the
uniform representation of shgpes with or without curved boundaries, the consequences of
which ae representations of complex shgpes that can be manipulated with logicd
implications (Damski and Gero, 1996). Condder the universe of discourse as the gpace
defined in Figure 2. The axiom is that the space can be divided into two complementary
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Figure 2. A space divided into two hafspaces, labeled hg(a) and -hs(a).

The following can be defined or inferred from the axiom: a predicate hqa) is defined for
the hdfspace a ad -hg(a) for the hafgpace @, hs(a) is defined as True and -hs(a) asFalse
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2.3 Analogy-Based Design Computing Research

The devdopment of theoriess modds and methods of desgning often relies on identifying
an andogy with other processes. This ressarch paadigm dats with a rdevant
computational process or cognitive model of design and develops a specific computationd
modd of dedgn. Some examples of computationd modds bassd on an andogy with
cognitive modds of desgn indude cese-based design (desgn basad on precedents,
representation of  cases  induding  multimedia  representations);  design  prototypes
(knowledge chunking); graphica emergence (emergence of shapes, objects, semantics and
dyle from drawings); design by andogy (between doman andogies in particular); and
quditative reasoning in desgn (quditative representation and reasoning about shapes and
gaces). The devdopment of computationd modds of desgning need not rey entirdy on
cognitive modds of dedgners there is the potentid to identify an andogy with other
computational processes and gpply them to a desgn domain. This type of research borrows
heavily from computing fidds such as Al and Opeaions Research to produce specific
computationd modds of dedgn; for example evolutionary sysems (genetic engineering
and co-evolution); and neurd networks (emergence models).



2.3.1 Case-based design

Case-based reasoning provides desgn support by reminding designers of  previous
experiences that can hdp with new gtuations. Desgners learn to desgn by experiencing
desgn studions. This is reflected in the way we teech dudents to be designers. enginears
are taught to have andyticd capabilities and then learn to design in professond practice,
architects are taught through exposure to a range of desgn experiences in the sudio. We
learn to andyse through the use of formd methods but cregting a new desgn requires
previous experience, or a least, exposure to another's design experiences. As a cognitive
model of desgn, case-based reasoning provides the beds for a computationd modd of
design. Case-basad reasoning as a support environment for conceptud design is dtractive
for two reasons. the knowledge is represented as design cases that can be proprietary and/or
familiar to the designer; and the knowledge as case memory can be maintained and updated
automdicdly with the use of the sysem. The gpplication of case-based reasoning to
dructurd desgn, eg CASECAD and CADSYN (Maher et d, 1995), has shown that the
development of these case-based reasoning systems has to take into condderation a forma
representation of design cases and the knowledge

2.3.2 Shape emergence

Emergence is the process of meking properties, which were previoudy only implicit in a
representation, explicit. Figure 3 dearly demondrates the phenomenon. If the right-hand
figure is dravn usang a CAD system, its representation will be that of sx objects located in
geometricd space. However, for humans the dominant fesiures are the centra dar and
triangles None of the feaiures seen by the human obsarver can be "seen', ig ae
represented by the CAD system.
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Figure 3. An object and a composite object, made of six copies of the Single object, which exhibits
strongly emergent shapes.

From the work of the Geddt psychologigts and more recently that of the cognitive
psychologids, it is possble to condruct computationd modds of shape emergence based
on concepts drawn from their research. Humans gopear to didinguish foreground from
background in ther reading of shepes. In order to emerge shapes which were not previoudy
represented a process which manipulates the foreground and background can be
condructed. What is done is to take the primary or origindly represented shape and
"undructure’ it s0 that it now becomes pat of the background, producing an imege
composed of ungructured shapes only. A dructuring process is then passed over this
background to emerge foregrounds which may incude both the primary shape and newly
represented shapes. Gero and Yan (1993) have developed such a process based on a new
representation, infinite maximal lines, dong with astructuring process.



The concepts behind shape emergence can be extended to emerge shgpe semarntics, where
the shepe semantics are derived from visud patterns of shapes. Since these patterns were
not origindly represented they are emergent when there is a computationa process which
can find and represent them. From seeing drawings, various visud paterns are perceived
by the human viewers Desgners can find different visud patterns from what was intended
to be dravn. The newly discovered visud paterns may play a crudd role in developing
further idess in the same desgn if the desgner is willing to adgpt the visud pattern which
was not there a the moment of drawing. Regardiess of adaptability, visud patterns from
shapes ae defined as shape semantics when the patterns match the criteria for predefined
labdls, such asvisud symmetry, visud rhythm, visua movement and visua balance

Gero and Jun (1998) have developed a computationa modd of shgpe semantic emergence
which is based on three processes object correspondence, grouping, and shape semantics
emergence. In order for shape semantics to exig there needs to be some form of Structured
regulaity in the overdl image. Object correspondence is the process which locates
regularity of shepe repetitions Grouping locates regularity of groups of shegpes, whilst the
find process is hypothess-driven and atempts to find known regulaities amongst the
groups of shapes. In Fgure 4 (a), the initidly drawn image is shown. Fgure 4(b) shows
that an emergent shepe has been found. Fgure 4(c) shows tha the shape semantic
reflectiondl symmetry has been found.

Figure 4. (a) The primary shape as input in AutoCAD; (b) Discovering emergent shapes, (c)
discovering and using reflectiona symmetry based on the emergent shapes (Jun and Gero, 1997).

2.3.3 Situated learning in design: application to architectural shape semantics

Stuated learning is basad on the notion that knowledge is more ussful when it is learned in
rddion to its immediste and active context, ie its dtuation, and less useful when it is
learned out of context. The usefulness of desgn knowledge is in its operaiond dgnificance
based upon where it was used and gpplied. A computationd sysem of Stuated Leaning in
Dedgn (SLiDe) (Reffa and Gero, 20008) was devdoped to ducidae how design
knowledge is learned in rdation to its Stuation, how desgn Studions are condructed and
dtered over time in response to changes taking place in the dedgn environment. SLiDe is
implemented within the domain of architecturd shapes in the form of floor plans to capture
the gStuatedness of shgpe semantics SLiDe utilisess an incremental leaning  dudering
mechaniam tha makes it cgpable of condructing various Stuationd categories and
modifying them over time.



SLiDe is a sysem that locates desgn knowledge in rdation to its Stuaion. It modifies its
behaviour as its Stuation from the design environment changes SLiDe is an active sysem
that responds to dynamic changes in its environment. It sdects gpproprite actions as a
response to its immediate gStuaion through recognigng various contexts to which it is
potentialy dtuated. SLiDe dructures its encountered gtudtions and dasdfies them into
Stuationd categoriesin ahierarchicad manner.

Deveoping a computationd modd of Stuated learning in design to produce these kinds of
Stuationd  categories provides opportunities to assst desgners during the conceptua
design process. One way is to integrae SLiDe with current CAD sysems such as
AutoCAD to make it eader for desgners to conceptudise and explore thelr designs beyond
the mere drafting of them. SLiDe helps to explore shapes of designed dements drawn in
AutoCAD and dlows the designers to have varidies of representations of what they have
designed that may lead them to different moves than are they origindly contemplated as
shown in Fgure 5 (Reffat and Gero, 2000b).

(©) (d)

Figure5. (a) A new move that adesigner selected from the devel oped representations to pursue
further in designing, (b) a new space added by the designer a alater stage, (c) SLiDe-CAAD could
help in maintaining the integrity of cyclic rotation via preserving its necessary conditions, and (d)
SLiDe-CAAD could hdp in maintaining the situatedness of cyclic rotation via preserving its
gpplicability conditions, eg. adjacency and centrdity (Reffat and Gero, 2000b).

These different representations of the same design help to arouse the designers atention to



potentidly hidden visud fegtures of ther desgn dements This can be cdled, enhancing
the perceptud interaction with desgn dements Further, SLiDe can draw desgners
dtention to a st of shgpe semantics avalable in their current desgns by highlighting a
paticular set of desgn dements that reflect those semantics that the designers may indicate
which of these semantics aitracted them. SLiDe, having tored the designer's interest as the
focus can dynamicdly change the associaion between desgn dements during the design
process by mantaining the gStuation of the desgner's focus. So, whenever the designer
made changes in the dedgn after indicating the semantics of interes, SLiDe can change dl
the interrdated desgn dements to mantain the focus by mantaining the rdationships that
define the gdtuation of that focus Usng SLiDe to provide such fedures in current CAD
sysems can potentidly help to support designers in designing as wel as drafting and a the
same time have the potentid to change the nature of current CAD sysems from passve
sysemsto active support desgn sysems.

2.3.4 Curious design agents for novelty and creativity

Computationd modes of curiodty provide generd-purpose, knowledge-leen heurigtics to
guide the search for potentidly interesting, and possbly even credive, desgns A curious
desgn agent is an agent that uses the search for novel designs to guide its design actions.
Saunders and Gero (2001) developed computational modd of curiosity based on a process
cdled novety detection. Determining interesingness depends upon the knowledge of the
agent and their computationd abilities, things are boring if d@ther too much or too little is
known about them. Hence gStuations that are smilar-yet-different to previoudy experienced
gtuations are the mogt interesting and this is what we mean when we sy that something is
novd. A novd dtuation is one that is Smilar enough to previous experiences to be
recognised as a member of a dass but different enough from the other members of that
dass to require dgnificat leaning. It is a rddivdy draghtfooward to deveop a
computetionad modd of interest basad on this definition of novdty. A very smple modd of
interes used in the following expeiments mantans an average of the novety detected
over a fixed window of the ten mod-recent Stuations. A boredom threshold is used to
determine when the interest in the current area of a design gpace is low enough to warrant a
change in the design process, eg. a switch from problem solving to problem finding.

Architects increesngly face the problem of “information overload” as they try to explore
complex desgn soaces for innovaive solutions Although generdive desgn tools rdieve
some of the burden of desgning, they can make the problem of information overload worse
as desgners atempt to undersand the sgnificance of the desgns produced. Technologies
gmilar to curious dedgn agents may play an important role in future cAAD sysems by
reducing the number of designs presented to an architect to a subset of those that are judged
to be potentidly interesting. Providing desgn agents with moativations that reward the
discovery of interesing desgns more dosdy maches the motivations behind  human
exploration of desgn spaces The goplication of curious desgn agents may dlow future
CAAD Sysems to provide more naurd and rewarding collaborative partnerships between
desgner and mechine.

3. Virtual Architecture and learning environments
Virtud architecture (Maher e d, 2000; Maher, Smoff, and Cicognani, 1999) is an



eectronic representation of architecturd desgn. The phenomenon of virtud architecture
can have two purposes. a dmulation of physca architecture or a functiond virtud place
The dmulaion of physcd architecture is the mogt common purpose of virtud architecture
and is increesingly being usad to visudise, undersand, and present architecturd designs.
The second purpose of virtud architecture involves the design and cregtion of virtud places
in terms of its functiond organizetion and eectronic representation. Architects design
buildings to provide places for people to live, work, play, and learn. Such places are
embodied as buildings with internd spaces cdled rooms, hdls, thedres, eic. An emerging
concept for desgned virtud places is to provide an dectronic location for people to
socidise, work, and learn. The metgphor of buildings and rooms can be revisted and used
in virtud places, suggedting the potentid for virtud places to be desgned by architects and
then congtructed by programmers.

From the ealy Dungeons and Dragons, a text-based virtud world, to Active Worlds
(http:/mww.activeworldscom), a 3-D immedve cdlaboraive moddling world, we
witness a gradud trandtion from textudly described online environments through to virtud
places that are described in 3D geometry, sounds and textures. Various desgn approaches
have been developed to provide virtud world desgners with a st of design principles and
paaneters in order for them to effectivdy desgn an online environment. Among them,
text and grgphicd gpproaches (Cicognani and Maher, 1998) have been identified athough
posshilities dso exis for other goproaches. Our experience in desgning virtud worlds
reveals a process whereby precedents studies are carried out by reviewing the current Sate
of virtud architecture followed by a formulaion of a desgn brief (Maher & d, 1999). This
indicates the importance of both, the product and process of architecturd desgn in
designing virtud worlds

We desgned a virtud conference room for use during the DCNe99 conference
(http:/Amnww.arch.usyd.edu.awkedc/conferences).  The conference room is pat of our
Virtud Campus (http:/Mmww.arch.usyd.edu.au:7778), and is used as a 3D representation of

a place with dide projectors, shared whiteboards, and a chat-like taking capability. The
directionsfor the design of virtua architecture include:

The establishment of principlesfor the design of virtud architecture.
The development of arepresentation framework for virtud architecture
Experimentation with the use of virtud architecture,

The devedopment of a set of proactive objects tha fulfill the nesds in virtud
architecture that are not possible in physcd architecture.

Condderation of the implementation of efficient virtud architecture.

Devdopment of 3D modeler and navigetion tools that support the principles of
virtual architecture,

4. Educational program in Design Computing

The educationd agpproach of Desgn Computing is focused on the use and deveopment of
computationd modds of desdgn processes and digitd media to asss andlor automeate
various aspects of the desgn process with the god of producing higher qudity and new



desgn forms. Desgn Computing aso provides a bass for sudying formad methods of
desgning and ther computationd support. The future of desgn computing incdludes the
desgn of cybergpace as an environment for professond collaboration, bringing the
goplication of design computing from the design of physcd objects to the design of virtud
places.

Here agan, the focus is not entirdy on computer gpplications for design, but on the use of
computationd modds and/or cognitive modds of desgn to inform design teeching. The
Key Centre of Dedgn Computing a the Universty of Sydney caries out teeching and
rearch in the aea of desgn computing. There are agpproximately 300 undergraduate
architecture students, 90 graduate desgn computing/digitd media students, 1520 doctora
Sudents, and 10 academic and research Saff a the Key Centre. The framework for design
computing research presented here is based on research that has taken place a the Key
Centre over thelast 30 years.

A new undergraduate degree in Desgn Computing has commenced this year a the Faculty
of Architecture, Universty of Sydney. The philosophy of this degree is to bring together
three core concepts in desgn computing, united by the keyword "digitd”, dlowing a
sudent to specidise in one while being knowledgesble about the other two. These core
concepts ae devdoping environments for dedgning digitdly; desgning dgtdly ad
interacting with designs digitally.

Developing environments for desgning digitdly involves a conceptud and practicd
underganding of current digita technology for design and can leed to the development of
nev mehods and techniques for desgning, induding languages of designing. Designing
digitaly requires knowledge of the various ways in which desgns can be represented and
generaed. Interacting with desgns digitdly is a new aea tha involves knowledge of
computer-mediated collaboration and how designers interact with and via different digita
media The concept of virtud architecture as @ther a Smulaion of the physca world or as
afunctiond virtud world, brings these three core concepts together.

Graduates of the Bachdor of Desgn Computing will become the new change agets in
society. Specificdly, graduates will be specidigts that support desgn computing activities,
desgners that support their own desgn computing activities, desgners of  computing
environments and virtud architecture teechers and educaors in desgn computing, or
researchersin desgn computing.

5. Directions for Design Computing Research

This paper has described a framework within which design computing research is carried
out. A number of research projects from the Key Centre of Desgn Computing and
Cognition, Univerdty of Sydney, have been presented as vehides for each of these
paradigms. Each of the projects uses one of the paradigms liged. The conduct of research
for each of the projects is different and in some cases quite different. Empiricaly-based
desgn computing research looks like experimentd cognitive science research. Axiom:
based design computing research looks like mathematica/logic research. Conjecture-based
desgn computing research looks like theoreticd enginering ressarch. Thus  dedgn
computing research spans a range of research paradigms. What both the projects and the
framework of paradigms imply is that desgn computing research has now reached a leve



of maturity that dlows it to operate as a sub-disdpline of desgn science rather than as
amply a means of producing software packaeges. In this it contributes directly to the three
gods enunciated in the Introduction. It is one of the primary means of deveoping theories,
models and methods of designing as a process. It uses these theories, modds and methods
of desgning as a process as a bags for the development of design tools and is beginning to
use the theories, models and methods as a basis for teaching (Gero and Maher, 1997).

What directions ae open for desgn computing research? As empiricaly-based research
produces more results, we should have a grester underganding or how human desgners
desgn. Such knowledge will have implications for both how information technology can be
interfaced with human desgners and, perhaps more importantly, provide new conjectures
for desgn computing research to explore in order to provide the foundation for more useful
tools for desgners. Smilaly, as the other agpproaches yidd indghts into designing they
may provide the foundation for nove tools.
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