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Abstract

This paper presents a new unifying theme for design theory by emphasizing the importance of
context . We arrive at our conclusions by examining and then refuting the legitimate bases for
universal methods in design upon which he critical importance of context emerges. The
collaborative aspects of design focuses attention on the conception of shared meaning. We
introduce and elaborate the concept of shared memory as the embodiment both of context and
of shared meaning. Using “shared memory” in vertical and horizontal forms, within and
between disciplines respectively, we both account for past observations of design in practice
and recommend actions to improve design in the future. We examine several practical
implications of the growing importance of institutionalized shared memory and are able to
recommend specific research programs which will help designers make better effective use of
this critical resource.

1 Introduction

1.1 Design, Negotiation, Success and Failure

Design is usually thought of as a practice, mediated by scientific and engineering knowledge,
aimed at the transforming of a set of needs into an artifact. However, needs are not always
well-understood at the beginning of the design process, and a designer's understanding of
these needs often undergoes considerable modification as the design process unfolds. Needs
must be specified and negotiated based on several social environments: the environment within
which the artifact will be marketed and used, as well as the small group environments within
which the artifact is designed and produced. As shown by Bucciarelli (1984, 1988) and
Engelmore and Tannenbaum (1990), engineers spend a significant portion of their time (more
than 50%) in documenting and communicating -- much of it in the form of formal or informal
negotiations. If we accept that the design process transforms needs, we must also recognize
that the requirements based on needs are linked with economic, social, political, legal,
ecological, and firm-specific factors reconciled with scientific and technological factors,
resulting in requirements being continually modifiable and negotiable throughout the design
process.

When an artifact is constructed which violates known physical laws or engineering principles
the failure is not a design failure but a technical failure. For it to be a design failure, the failure
must be a consequence of integration, communication or coordination failures, or
socioeconomic failures. An example of the first three was the failure of the Kansas City Hyatt
Regency Hotel skywalks where it was the failure of the walk-way architect to provide a
complete specification of how to construct the beam and support. This required a re-
interpretation of the “detail” by a fabrication engineer which led to the catastrophe (Petroski
1985).




An example of socioeconomic design failure is the case of Sony's Betamax video technology. .
Inlarge part, the failure has been traced to the failure of engineers to appreciate the customers ..

. reluctance for a technology which provided one hour of viewing while most movies were

around two hourslong, despite the higher quality of display possible with the one-hour tape e
(Bermingham, 1991). -

1.2 Universal Methods Put in Ther Place

Many design theorists still insist that design theory requires universal methods analogous to
universal methods supposedly used in the natural sciences. We believe thisis misguided on
two counts. First, as has been argued over the last twenty years, the existence of a universal
scientific method that legitimates and is practiced by all scientists at al timesis achimera. This
has been most strongly advocated by Paul Feyerabend in Against Method (Feyerabend, 1975).
Second, there is growing evidence that contex-free universal methods are most often
inapplicable and inappropriate in design practice (Hykin and Lansing 1975, Gregory 1979,
Tebay et al. 1984, Juster 1985,UUman 1988, Finger and Dixon 1989,).

2 Past Approaches to Design Studies

2.1 Emulating the Natural Sciences

In a 1980 article, Nigel Cross et al. suggest that for the previous 20 years design research had
been predicated on the implicit desire to emulate natural scientists whose analytic and empirical
techniques were supposed to exemplify a universal method legitimating scientific practice
(Crosset a. 1980). On the other hand Cross also suggests that there was an equally implicit
belief that design is not like science in that the latter is analytic and design is constructive,
noting the paradoxical nature of having these two attitudes at the same time. In fact, Cross sees
H. A. Simon's The Sciences of the Artificial (Simon, 1981) as the definitive statement
intelligibly weaving these seemingly paradoxical attitudes together and laying the foundation
for the practice of would-be "design scientists’.

Simon outlined a series of elements that would embody a science of design - "a body of
intellectually tough, analytic, partly formalizable, partly empirical, teachable doctrine about the
design process." Examples of these elements are the methods of optimization (adapted from
management science and significantly modified using the notion of satisficing) and methods of
problem structuring based on hierarchical decomposition techniques.

2.1.1  From Rational Reconstruction to Social Construction

While the study of design was greatly influenced by Simon's book - many researchers
believing that Simon had resolved the paradox - Cross remained unconvinced and looked to
critiques of what he took to be the image or understanding of science accepted at the time by the
"design scientists'. He found it in the writings of Popper (1963 & 1968) and Kuhn (1970),
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who both in their own waysrecognized that pre-conceptions, or " pre-structures’ arean
unavoidable eement in scientific method 1t should be noted here that although Popper'sand
Kuhn'swork were seen as alter natives to the most well worked out and elegant theory of
science of the time - logical empiricism - Kuhn's was seen as much moreradical. As Cross
points out, Popper'swork may be viewed as an attempt to sdestep some of the internal
deficiencies of the going view without sacrificing the basic principle of the logical
reconstructability of science or, in Smon's case, the computational reconstructability of
science. On the other hand, the upshot of Kuhn's work, according to Cross, casts doubt on
the whole principle of logical and computational recongtructability of science, at least to the
extent that it is possible to capture scientific development in universal weak methodsthat are
essentially independent of specific context and a huge amount of background knowledge.
Kuhn's approach was historical and case-based, pointing to social and psychological factors
essential in scientific development that had not been considered by formal recongructionists
and that wer e difficult, perhaps even impossible, to formalize.

j | Falsificati
Popper disagreed with the proponents of logical empiricism that the growth of scientific
knowledge could be reduced to the study of artificial languages built from or modeled on
logical calculi. However, he did maintain that undersanding how scientific theoriesare
justified was best set forth in arational reconstruction of science. In hisearly work, rational
recongruction was more or less independent of case sudiesin scientific development. Later he
and especially his colleague Lakatos turned to the rational reconstruction of detailed case
studiesin the history of science. Popper has argued throughout that theories are well worked
out conjecturesthat are never verifiable, but ought to prove their mettle through severe critical
tests, that isthe aim of scientists should be tofalsify ther theoriesrather than confirm them.
Discoveries are therefore guided by theory, not observation.

However, Popper's falgfication views have nat gone without criticism. Both Kuhn and
Feyerabend have pointed out that if they had been srictly adhered to, many examplesof
successful theories would never have been developed, since they would have been reected in
ther infancy. Asthey seeit, there are two essential problems with Popper's falsfication
approach:

1 Falgfication, as well as confirmation, with respect to two competing theories require
a neutral observation language to formulate observation satements that can arbitrate
between the theories. However, no such language exists, since all such observation
istheory laden; and '

2 Theories are jdways more than single hypotheses. They are usually an interweaving
of a number of law-like or rule-like gatements supplemented by an often larger
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number of auxiliary hypotheses concerning instruments used in testing them and
specifications of initial conditions and experimental set-up also hecessary for these
tests.

When a theoretical prediction isnot satisfied, any one of the eements needed for testing a
theory can be blamed One could appeal to professonal judgement, but in the case of
competing theories, professionals may disagree.

The upshat is, as Feyerabend argues at length, that both experience and universal scientific
methods under deter mine the establishment of scientific fact necessary for confirming or
falsifying atheory. Social and sometimes cultural factors are always significantly involved in
bringing scientific debate to ardative close and stabilizing concepts, facts (Fleck 1979) and
artifacts (Pinch and Bijker, 1987). Unless debate is brought to a practical close, thereisno
sensein which:

1 scienceprogresses, at least in thepractical sense of building up a body of knowledge
that issocially useful and teachable. Thisiswhy some theorists of science
emphasize confirmation and problem solving.

2 scientists can make mistakes and learnfrom them. This iswhy other theorigts of
science emphasize falsfiability and some theorigts of engineering emphasize therole
of failure in successful design (Petroski, 1985). It isonly in specific socially
congtructed practical contexts that failure can be established and fed back to future
design practice.

Because rational constructivists tend to ignore the social processesinvolved in the practical
closure of scientific problem solving, they do not provide an adequate account of scientific
development and are especially lacking in providing an adequate model of the design process.
The latter reguires an account of the relative closure of design negotiations, whether the design
process sarts with analysis or conjecture, and also an account of how a design consensusis
established for the stabilization of an artifact. It should be noted that the claim that univer sal
methods under determine the stabilization of designs and artifactsis less controversal than the
analogous claim that universal methods under determine the establishment of scientific facts.

213 TheViewsof Kuhn and Feyerabend

A key ideafor Kuhn that enabled him to theorize some of the essential social aspects of science
is his notion of a paradigm. A scientific paradigm embodies the concepts, methods and
techniques that a community of scientists engaged in collabor ative puzzle-solving shares. This
constitutes the dominant phase of science Kuhn calls normal science. Such a community of
scientists does not see problems as falsifying instances but as solvable with the tools of the
paradigm, even if for the time being they arerecalcitrant.




A less prevalent phase of scientific activity for Kuhn are called revolutions. These are periods
‘when a number of problems have either remained unsolved for a relatively long period of time
(anomalies) or some one or other of them is covered by a new theoretical paradigm, even
when, in other respects, it may have as many or more problems than the old paradigm. A
relatively short but usually intense period of competition follows in which the competing
paradigms vie for practioners and resources in a much wider social context than is the case for
normal science practice. Revolutionary activities, for the most part, do not adhere to any of the
proposed universal scientific methods or techniques. In fact there may be strong disagreement
over which methods and techniques are scientifically acceptable, for example, in 17th century
mechanics, a great deal of rhetoric and controversy was generated as to what role experiment
played in physics and how important it was and whether instruments like the telescope can be
relied on to challenge the venerable Aristotelian-Ptolemaic theory and support the new Galilean-
Copernican theory. '

Kuhn's view of revolutionary science was particularly distressing to many rational
reconstructionists because he viewed rival paradigms as incommensurable; that is, as having no
shareable meta-language that would enable adherents from both sides to evaluate respective
merits and demerits. Moreover, the revolutionary process, situated as it is in wider social
contexts, were described by Kuhn as requiring a more political mode of behavior than is
necessary in normal science. This made the process of paradigm switch a matter of rhetoric
and politics rather than rational judgement and evaluation.

Feyerabend developed a position that challenged rational reconstruction and had much in
common with Kuhn's. His major difference with Kuhn was his scepticism concerning the
demarcation between normal and revolutionary science. For Feyerabend the wider social
context, rhetoric and politics is always an essential part of scientific practice. There are always
competing groups of scientists vying for practioners and resources. Science is always a matter
of interpretation and negotiation. It is only through social interaction that scientific knowledge
is relatively stabilized. For examples which argue for social stabilization of scientific problem
solving in various sciences, see Latour and Woolgar, (1979) for biochemistry, Pickering,
(1984) for elementary particle theory and DeMillo et al., (1978) for program verification in
computer science.

We conclude, following Feyerabend, that there can be no rational reconstruction of science
exemplifyihg universal methodological principles that all scientists in a given discipline follow,
even for short periods of time. Given that images and theories of science have been
instrumental in suggesting models for design studies, the history of design studies from
Simon's seminal work to the present seems to stop somewhere between Popper and Kuhn,
though a good deal closer to Popper than Kuhn, at least according to an update of Cross et al.’s
1980 article (Roozenburg and Cross, 1991).
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AsHales (1989) says, " ..itis... necessary to gain a better under ganding of the engineering
design processin practice, which callsfor more accurate analysis of what actually happens as

_ distinct from what is presumed to happen.®. Hence, insofar asdesign studies emulate the
natural sciences, rational recongruction of past design behavior is not useful for the positive
task of undersanding design ether in theory or in practice. Nor isit useful in the normative
task of asssting in doing design since prescriptions based on the wrong under sanding of how
one goes about doing design will result in the prescriptions ether being ignored, or wor se,
followed, with poor consequences. In what follows, the recent development of design studies
are summarized and then criticized for not being morein accord with the social congtruction
per spective.

2.2 Design Process Models

In arecent paper, Roozenburg and Cross (1991) specify a smple taxonomy of design models
that had been proposed over the lagt decade. Although it was not an explicit aim of theirsto
provide an exhaustive taxonomy, it isa good garting point for raising some issues which will
lead to a more compr ehensive taxonomy (see Figure 1). Ther taxonomy isdivided into
engineering models, which are all versions of what they call the" consensus modd®, and
architectural models, which serve as critics of the engineering models. A feature of the
consensus model isits emphasis on prescription, whereas a feature of the architectural models
isan emphasison description. There are anumber of other prominent featuresthat are
important in their taxonomy which will carry over into ours. These will be discussed below.

Our taxonomy will differ form Roozenburg's and Crosssin a number of ways. For one, we
call the primary division of engineering models ver sus ar chitectural models into question, since
we believeit rests on the incorrect assumptions that architectural models are different from
engineering modelsin being 1) descriptive and acknowledging prestructure, sarting from a
conjectured solution rather than being 2) prescriptive and inductively based, garting from an
analysis of the problem. However, there are a number of engineering models which
recommend garting from conjecture and are prescriptive as well (Dasgupta, 1989). Moreover,
ther taxonomy leaves out an important group of models focusing on the artifact rather than the
design process. We therefore propose a taxonomy with the primary division being that of
design models focusing on process as againg design models focusing on the artifact itself.
Conjectural models appear both in process models (which are descriptive) and artifact models
(which areprocedural). Our taxonomy will also be a number of levels degper than theirs and
will include a group of models focusing on social factorsin the design process. We are
proposing this taxonomy for its usein itsown right, but also as a smple example of the
dructuring of shared memory.




2.2.1 Consensus Model of the Design Process

In reviewing the history of design models of the design process, Roozenburg and Cross see a
conver gence to what they call the consensus model based on the German school of prescriptive
design process and morphological generation of designs. These models are described in VDI
publications (1977 & 1985) and in dightly different versions in severa textbooks (Pahl and
Beitz, 1986 & Hubka, 1989). The model describes the engineering design process as a
sequence of activities leading to intermediate results: "performance specification, function
structure, principle solution, modular structure, preliminary layout, definitive layout and
documentation.” There are four phases of activities. "clarification of the task, conceptual
design, embodiment layout and detail design." The consensus model perceives and models
engineering design problems much as if they were problems in the natural sciences. Objects to
be designed are technical systems that transform energy, material and information. Functional
behavior of atechnical system is fully determined by physical principles and can be described
by physical laws. While the goal of engineering design problem solving is somewhat different
from those of the physical sciences in that the former seeks to define the geometry and find the
materials of the system so that the required and prespecified physical behavior isrealized in the
most effective and efficient way, problems are set up and the methods implied for solving them
are much like those in the physical sciences. Moreover it is assumed that design should |
proceed from the abstract to the particular and concrete in order to keep the solution space as
large as possible and that complex problems should be split into subproblems for which sub-
solutions are to be found and "synthesized" into overall solutions for the design problem.

We note here that there is no mention of the social factors involved in the design process. For
example, negotiation can enter into all phases of the process changing the very character of the
solution space and determining different decompositions of the design problem at any stage of
the design process. Modifications to the linear sequential process by adding feedback loops is
basically a concession to the real world of design; the strived-for ideal remains the linear
approach with the elimination of iterative learning within a given design task.

Thereis also no mention of the problems of sharing knowledge amongst members of a design
team responsible for different parts of the design, since each member of the design team is
usualy also amember of different research and engineering traditions which conceptualize
problems differently and see the design as awhole, if they attempt to seeit at al, on the basis
of different analogical models. While Roozenburg and Cross perceive the need for an
alternative to the consensus model in studies of architectural design, their studies point the way
more to a Popperian type alternative and less to a Kuhnian or Feyerabendian one.



222 Archi | Models of the Desien P
In their summary of models of the design process in architecture, Roozenburg and Cross state
that early architectural models were similar to engineering design models. However, in the
early nineteen-seventies, they identify architectural design theorists who began to question the
orthodox view, especially as to its insistence that designers should resist bringing their own
preconceptions to bear on a design problem. For example Hillier et al. (1972) and Darke
(1984) suggested that the prevailing analysis-synthesis model in which exhaustive problem
analysis must precede solution synthesis was based on a mistaken view of the role of induction
in science. Like Popper, they argued that design, just as science, must rely on a form of
preconception -- the prior knowledge of solution types. This notion is also similar to Kuhn's
notion of shared exemplars, but Hillier et al. are not concerned so much (or at all) with the
social factors involved, but rather with changing the analysis-synthesis part of the received
model to conjecture-analysis in which the designer must develop a solution conjecture which is
then subjected to analysis and evaluation. Just as in the case for Popper with respect to
scientific problem solving, they lack an account of the social processes involved in the closure
of design problem solving, they provide no model of the process of the closure of negotiations
and hence the stabilization of design. Similar views to Hillier et al., according to Roozenburg
and Cross, are also set out by (Darke, 1984, March, 1984).

A view pointing somewhat in the direction being explored in this paper is expressed by Rittel
(1984). There it is argued that design problems in architecture and planning are inherently ill-
defined or in the words of Rittel “wicked problems” that the systems analysis approach was too
limited to handle. Rittel characterizes design as a multi-disciplinary argumentative process
maintaining that this is as épplicable in engineering as it is in architecture. However, he does
not specify any of the problems involved in sharing knowledge in multi-disciplinary projects
nor does he provide an account of the nature of the argumentative contexts, especially as to
how wider social contexts interact with more restricted technical contexts and what implications
this has for the argumentation.

223 Archi | Models as Critics of the C Model

Roozenburg and Cross argue that what these criticisms of the consensus model of design
process show is that the linear, sequential, analysis-synthesis-evaluation scheme of this model
must be rejected, at least in architecture, and replaced by one with an essentially spiral
structure that emphasizes prestructures and a conjecture-analysis cycle in which an
understanding of both the design solution and problem, the latter of which is thought of as ill-
defined and not strictly hierarchically, are evolved in parallel. This is especially important in
the phases of embodiment layout and detail design in which decisions are strongly interrelated
and the process consists in continuously refining a concept, jumping from one subproblem to




ancther, anticipating decisions till to be taken and correcting earlier decisonsin light of the
current state of the design proposal.

It isacknowledged that the differences between the consensus mode and the ar chitectural
mode may also be due to differencesin knowledge domains and the nature of the respective
problems; being well-defined and science-based in engineering, and ill-defined and arts-based
in architecture. In any case, what Roozenburg and Crossrecommend is steps towards
integration of the models. However, thar reasons are gparse and vague. They point out that it
isobvious that designers need to progress ther projects in a sequence of stages. But the
criticisms ssemming from the architectural model emphasized a non-sequential processing.
Unlessthereis a better underganding of negotiation and trade-off in the design process as well
as a better understanding of how knowledge is shared as decisions are made with respect to
various parts of the design, theright mix of sequential and non-sequential processing will not
 bedeterminable. Moreover, thereisnoreason to believe that theright mix in engineering will
betheright mix in architecture, or that theright mix in one engineering field will be the right
onein ancther. Thislack of uniformity in tradeoff between the two modelsis also applicable to
the other points Roozenburg and Cross make, for example with respect to: problem-analysis
and specification ver sus innovative solution-generation, as well as early solution-conjectures
ver sus adequate problem clarification.

2.2.4 A Hyhrid Model and What 1t L eaves Out

At the end of the article, the authors describe Cross's hybrid modd (Cross, 1989). We
consider this hybrid model an advance over the consensus moddl, but it has many of the
problemsjust raised. Though it specifies adependency at all levels of hierarchical
decomposition: between problem definition and solution concepts and between identifying sub-
problems and gener ating sub-solutions, though it recognizes the necessity of building an
overall solution from sub-solutions, by generating, combining, evaluating and choosing
appropriate sub-solutions, and though it seeksto be prescriptive as well as descriptive, it has
nothing to say about the necessity of sharing knowledge across sub-problems and sub-
solutions that would enable viable decomposition, coordination of decison-making in
establishing sub-problems and pursuing sub-solutions and finally an overall solution.
Moreover it proposes a set of design activitiesrelated to a set of design methods without
indicating the specifics of the technical and social contextsin which they have been applied
ether successfully or unsuccessfully. It isour contention that while methods may be
successful in some contexts, they may not be in others. For us, this means that design
prescriptions should not be made in the abgtract but with respect to the specific technical and
social context of a posed design problem and the reative success or failure such methods have
had in smilar stuations.
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Warfield, in his recent two-volume book on the Science of Generic Design, appears to have
the most ambitious and comprehensive approach to design theory. As shown in the taxonomy
of design (see Figure 1), his approach to design theory is from a systems perspective.
However, he uses arich collection of data from both studies of problem solving in individual
and social settings.

Basic to his development are three claims. First, there exists "universal priors': the human
being, language, reasoning through relationships, and archival representations. Second, is his
proposed Domain of Science Model, wherein, at the aggregate level, there are four
components: Foundations, Theory, Methodology, and Application. Finally, he requires the
tracing of implications backwards to the Foundations and forwards to Applications with a
direct link from Applications to Foundations to complete the cycle.

On the basis that there seems to be no end to large-scale system devel opment, he argues for the
necessity of a science of design. Using his claims given above, he characterizes design science
and draws implications for its methods and applications. He distinguishes between specific
design sciences (which are found in various disciplinary areas of study), generic design science
(which deals with those matters common to al design activity but distinct from the specific
design sciences), and general design science which integrates both. Based on his detailed
laws, corollaries, and principles for generic design, perhaps a more accessible definition of
generic science is that it pertains to the domain of general problem solving in the context of
group activities.

While we question the status of many of his detailed laws, corollaries, and principles for
generic design, amore fundamental problem lies in that his conceptualization of generic design
requires that its theoretical component specifies the appropriate methodology for its domain
(which is al of design) and therefore is committed to the existence of a genera universal

“method for doing design. As such, it is of a piece with classical and, as we have argued
above, essentialy refuted, conceptions of the scientific method. The very same brush tars his
design science.

2.3 Design Artifact Models

Artifact theoriesof design are based on the premise that design starts with a reasonably
complete functional specification and that universal methods purportedly exist which can be
used to produce artifact specification. General Design Theory (GDT), by Y oshikawa (1987),
Tomiyamaet al.(1989), is one such theory in which this transformation in the ideal case
reduces to die problem of selection of an artifact fitti ng the required specification from a
catalogue of artifacts. However, in the real world, GDT identifies this transformation process




as step-wise refinement using a conjecture-anatysis-evaluation of design®. Dasgupta's Theory .
of Plausible Designs (1989), and other approachesin Artificial I ntelligence (Smither's 1989) are
very similar toGDT. Suh'saxiomatic method (1990) is another artifact-centered approach.

~ Themethods ef the conjectural solutions, at different levels of detail, use analysistools from
optimization, physical and virtual prototyping (smulation).

231 Ap"Artifidal Inteligence' Approach

Whilewedo not believe that it is useful to partition an area of design methods and to labd them
" Al approaches', many resear chersoutside the artificial intelligence community and unfamiliar
with the range and variety of modern computer science techniques do appear to think that there
isadistinct approach. Thuswe attempt here to describe acommon " outsder'sview" but also
describe why it is unnecessarily restricting.

Early Al approaches attempted to reduce all the variety of design methodsinto different kinds
of "search” within problem-spaces. The most smplistic assumption isthat the formulation of
the design problem iscomplete and precise, and therefore that the problem-space can be
defined exactly. The classic problem iswherethereisonly one space and whereit istoo large
for smple enumeration, but where thereis a single evaluation function which isreatively
cheap (in calculation time). If the gpaceis monotonic, avariety of classic search algorithms
(branch and bound, minimax, AO* etc.) can locate the optimum design with reasonable effort
(Rich, 1984). This search isthe process of synthess of an optimum design. Notethat a
position in the problem space corresponds to a completely defined artifact so that the evaluation
is performed quickly on complete designs.

Thetwo reasons why thisinitial approach to formulating design problemsis unreadlistic isthat”
two of the'hardest parts of design are not addressed:

1 the process which leads to a complete, unambiguous specification of the design
problem is not addressed, and

2 the evaluation functioh for complete designsis assumed to be " given" by the
domain-specific knowledge.

Later work in thistradition allows the problem space to be infinite by defining it via a grammar,
rather than a fixed representation. A further expansion of capability arisesif the grammar is
made context sensitive. What this achieves is the formal representation of a variety of possible

! The Analysis-Synthesis-Evaluation (ASE) methodology embeds iteration as fundamental. The distinction
between thisand the conjecture-analysis-evaluation (CAE) mode iswhere the alter natives being evaluated come
from: ASE alternativesare congructed from a detailed analysis procedure, CAE conjecturesareasserted asa

means of making sense of the (under-determined) specifications.

12



problem specifications which can be explored by the designer using the search algorithm,
rather than searching for a simple optimum (Coyne, 1991). Thus the designer can examine
whether the original problem specification was sensible and whether a change in specification
can yield a better design. Sometimes this is achievable all within the same problem space but,
often it is more comprehensible if a problem space of “super-structures” is explored where each
point in that space corresponds to a single specification and hence a whole space of possible
designs.

Current research is taking this type of technique out of the “AI’” domain altogether since
modern mixed-integer non-linear programming (MINLP) algorithms can solve for optimal
designs in the super-structure space (Grossman, 1991), indeed the label “AI” can now be seen
to be inappropriate since “search” as a method entered the mainstream of computer science
more than a decade ago. The entire multiple problem space method is now often envisaged as
being implemented at several levels of detail so that only approximate evaluation functions are
available at the higher levels of abstraction. Thus while evaluations must still be preformed on
“complete” designs, these designs are complete in outline only. This relaxes the second
limitation described above.

The recent construction of multiple-expert design systems is a characteristic of the late-80s.
This significant and important development enables several different competing and
collaborating software packages to generate a range of alternative designs which satisfy hard
constraints in the specification and which have different behavior trade-offs. The designer
operates as one of this team: as a conductor of the process rather than a player, where each
player is concerned largely with a discipline-specific view of the artifact (Quadrel, 1991). Thus
“AI” and other software-based artifact-centered approaches are no longer distinguishable.

Incomplete specifications always cause difficulties. Unlike human beings, current computable
representations have strictly defined limits to their mutability and so will only be able to vary
constraints in specific directions from those given in the initial specification of a design
problem. More abstract representations reduce the limitations, but in the limit “common sense”
knowledge is required and this is not yet available in software (Guha and Lenat, 1990) .

2.3.2 Anifact Models Summary

The main criticism of artifact theories is their restrictive scope and their goals of axiomatized
theories of design. This approach, while amenable to parts of artifact design, are incomplete in
their ability to trade off alternatives, which are mediated by inherently social processes. In their
paper, “Social processes and proof of theorems and programs", DeMillo, Libton and Perlis
(DeMillo et al., 1978) illustrate how in mathematics and in engineering what is acceptable or

reliable is a socially determined process. Using their argument, we propose that formal
axiomatic parts of these design theories depend on the informally determined set of
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specifications. Hence, the reliability and acceptability of the formal specification is necessarily
an informal social process. Thisformal part of design only becomes stable in the domai n,i.e.
becomes part of the shared memory, it comes to be established by the social process. For
example, the use of optimization methods in chemical engineering is much more accepted and
stable than in mechanical engineering.

The process of acceptance of formal methods is based on their reliability in a situated context of
the domain of application. Thus if we accept that these formal theories of artifact design are
actually informally based, to argue that these theories are complete theories of design misses
the point However, we are not against formal methods and argue el sewhere that situated
domain theories (for layout design, see Coyne & Subrahmanian, 1989) can be constructed
empirically by using computational support environments that are cognizant of the formal and
the informal.

3 Arguments for Shared Memory

In the previous section we argued that rationally reconstructed design theories which purport to
result in generalized universal design methods have a number of problems that are perhaps
better addressed by an alternative approach. Our alternative recommends that design methods
need to be contextualfy evaluated using arich historical record of design processes and
outcomes. Capturing this record requires the creation of shared memory - with its
connotations of accessibility and persistence across space, time, and disciplines. In this section
we argue that understanding the role of shared-memory in design is central to any theory of
design whether the theory is to be used to understand the results of desi gn (theory for
explanation) or to be used to improve the design process (theory for prescription).

3.1 What is shared memory?

The most immediate form of shared memory is al around us — it is the codified corpus of
knowledge, techniques, and models (in the sense of useful and workable abstractions of
reality) that exist in every professional group be they scientists, engineers, technologists, or
artists. Indeed, one could argue that without this form of shared memory, there cannot be a
professional group. For expositional convenience, we shall term this form of shared memory
vertical memory since it is concerned with encapsulating increasingly detailed aspects of a
given profession's knowledge. It iscritical to understand that engineering science as
commonly understood, or technology (for example, CMOS technology, fiber-optic technology
etc.), is the elaboration and refinement of vertical memory, but that this, by itsdf, is usually
insufficient for doing even the most focused of designs because negotiation and trade-offs are
required between the designer and potential consumers, producers, and marketers in almost
every case of design.
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In addition to vertical memory, any artifact that requires the knowledge of more than a single

'discipline (whether manifest in a single individual or a design team) requires that meaning be
shared among multiple disciplines, groups, and group members. The multi- and inter-
disciplinary nature of design iscritical. We shall call the record of this inter-disciplinary
communication horizontal memory. Horizontal shared memory always requires careful mutual
tranglation of terms and concepts across groups because members of design groups working
on the same artifact do not share the same experiences, concepts, perspectives, exemplars,
methods, or techniques. Perhaps the most concrete manifestation of this requirement lies in the
observed differences between individuals in partitioning a given problem.

Horizontal shared memory not only concerns sharing among variegated professions but also
among members of the same professions. The sharing across professions follows from the
general observation that design is, inter alia, the collaboration between unlike disciplines or
individuals. The need for horizontal sharing within a profession arises from the differences in
functioning contexts (as in, for example, anong chemical engineersin academe, in
manufacturing plants, in design sho'ps, in Pharmaceuticals, in petrochemicals, etc.) and
meanings readily demonstrated in a host of case studies (for example, the ALCOA study by
Sargent et al., 1991). Consequently, care should be taken to avoid the interpretation of shared
memory as smply across-disciplinary "matrix" with its connotation of impermeable rows and
columns. Thus, what distinguishes design from engineering is that the former emphasizes the
creation and use of shared horizontal memory while the latter is more concerned with the
elaboration and use of vertical shared memory.

3.1.1 Shared memory_and shared meaning

In one sense, shared meaning and shared memory are nearly interchangeable. One cannot have
ameaningful shared memory without shared meaning since memory that is neither accessible
nor understandable can hardly be called shareable. In another sense, shared memory can have
amore physical existence in, for example, databases, cross-indexes, models, papers, and so
on. In this paper, therefore, the term shared meaning is always included in shared memory
while the term shared memory is used when we include this concrete aspect of its existence. In
other words, shared memory is materialized persistent (long lasting) shared meaning.

It is not necessary, in general, to assume the existence of atechnology for integration of
different views. As Evans (1988) and Clark and Fujimoto (1989) note, Japanese industries
have directed their attention towards organizational integration of human specialists and have
produced remarkabl e results without computer technologies. Hence, enhancing
communication between human designers from different perspectives is feasible using
organizational methods such as assignment of team responsibility and proximity of the
designers, or through techniques such as Quality Function Deployment (QFD) for matching
quality control and customer preferences (Hauser and Clausing 1988, Staley and Vora 1990).
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If integration is to be directed towards the availability of the earliest or maximum sharing of
information among those with different perspectives on the design but separated by’ significant
space and time, computational systems become quite relevant - an issue we pursue in the next
section of this paper.

3.2 The Importance of Shared Memory

"Simultaneous" or "Concurrent” engineering are terms that have gained alot of currency
recently. These terms have been used synonymously with avariety of other terms such as
design for manufacture, design for assembly, life-cycle engi neeri'ng, process driven design,
etc. Ineach of these uses of the term, the underlying premise is that traditional design
processes lack information on the later stages of the product realization process (such as
production and operation) in the early stages of the development of the product

In astudy analyzing the traditional design and development process (which is not concurrent)
Danko and Prinz (1989) conclude that successful design depends on the exchange of -
information between appropriate groups in the process. Further, inadequate communication at
critical times between different groups involved in the product realization process will result in
the failure of the product or will require extensive redesign. Summarizing their analysis of
traditional des gn processes they identify the followi ng weaknesses in the traditional approach
to design:

1 Design of product requires knowledge of the later stages of the product realization
process and is held exclusively by those in the later stages.

2 If the knowledge of later phases are not available in the early stages then costly redesign
occurs at the intersection of these phases.

3 | nadequate communication between phases lead to failure or extensive redesign.
Design and research engineers are not knowledgeable enough to overcome the
brittleness of the design without production and operational knowledge. The different
levels of technological capabilities of the phases may lead to outstripping of the
capabilities of one stage with respect another stage leading to mismatch and the need to
redesign.

4 The desi gn process is not robust enough to to react to unanticipated changes that may
occur due to changes in legislation, availability of materias, etc.

In recent literature on simultaneous engineering, experiences with integration of two or three
phases of the design process (Mohan 1977, Reid 1984, Givens 1988, Boothroyd, 1988) are
described. For example, the design of the Ford Fiesta was integrated from the point view of
serviceability, and design of the Ford Taurus from the point of view of marketing, design
aesthetics, service, production, advertising, and legal regulations (Eigner and France 1978,

16




Vogt 1988). The beneficial results of even limited integration leads to the conjecture that a
completely integrated design process, by synthesizing a holistic view of the product, would
address tradeoffs in a systematic way. In describing a completely integrated approach,

" Takeuchi and Nonaka (1988) and Clark and Fujimoto (1991), use the game of rugby as a
metaphor. The game of rugby, by virtue of its rules forces a co-operative behavior since it
relies on the movement of the entire team from start till they reach the goal. It also emphasizes
the importance of coordinating the special skills of the members of the team on a dynamic
basis.

Takeuchi and Nonaka (1986) identify six basic characteristics that are shared by the
organizations that appear to have addressed integrated engineering: built-in instability (see the
section on Organizational Learning below); self-organizing project teams; overlapping
development phases; multi-learning (across disciplines and functional responsibilities); subtle
control (not relevant to shared memory); and organizational transfer of learning. |

The conclusions of Clark and Fujimoto (1991) based on their study of American, Japanese,
and European automobile companies is that Japanese firms are organized to maximize
knowledge sharing between departments (product and process), between suppliers and the
parent (through long term contracts and reliance on supplier's engineering capability), and
through very quick problem solving cycles that involve the departments. They call this
approach integrated problem solving and show that the lead time to manufacture a product has a
direct relationship to the extent of integrated problem solving. *...fundamentally, the emphasis
in the Japanese system on direct working relationships between engineers and long-term
involvement helps reduce mistakes and rework and enables tool and die shops to handle
changes with fewer transactions and less overhead” (pg. 187).

They document the approach taken by Japanese firms to facilitate maximum knowledge
transfer between the different product development stages and the firm and its suppliers. They
argue that the integration of problem solving has a direct bearing on a number of measures
including product lead time, stage simultaneity, development productivity, and total product
quality (cf. figure 8.9). The essence of their study is that Japanese companies have directed
their entire organizational structure towards the creation and maintenance of what we have
called shared memory on a continual basis. Nevertheless, as we argue in the succeeding
section, organizational means to shared memory are limited in that the memory is constrained
due to the narrow perspectives of individuals and susceptible to the departure of these
individuals.

In interpreting these findings, note that the underlying phenomenon being described is that of
collaboration (or, in the traditional approach, lack thereof) among individuals separated by
discipline or functional responsibility. However, following Schrage (1991), collaboration
does not ineluctably follow from the transfer of information -- it requires a rich set of both
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technical and behavioral antecedents and support, and is consonant with the creation of what
we have termed shared meaning, the persstent form of it being shared memory. In short*
effective amultaneous engineering is effective interdisciplinary design which, in turn, isthe
creation of effective shared memory.

Clark and Fujimoto (pg. 332) also argue that " Computer technology may dramatically raise
the level of product development performance for the indusry as a whole, but by itsef it is
unlikey to createlong term advantage for one group of companies. Competitive advantage will
lie not in hardware and commer cial software, but in the organizational capability to develop
proprietary softwareand coherentlyintegratesoftware, hardware, and " hwmnware" intoan
effective system” (italics added).

In the language of this paper, thisis the process of creation, and perhapsjealous” guarding’, of
firm-gpecific shared-memory. There are thus two agpects of commer cial advantage: having a
system which can integrate effectively and having specific shared memoriesin an accessble
form.

321 Expaiie

Several studies comparing the performance of novices and experts have shown that the crucial
differ ence between the two lay in the formerst lack of experience (see, for example, Chi et al.
1982 and Glasser 1984 in several problem domains; Jeffries 1981 in software). More
particularly, experts and novices differ in their accessto and use of knowledge; i.e., in their
access to shared memory. Thus, these findings lend support for the" knowledge use' theory
as againg the" design schema" theory (Jeffries 1981). |

3.2.2 Creativity and Shared Memory

Another line of argument for the centrality of shared-memory can be derived from the
observations of a variety of sudents of creativity: that creativity in the sciences, arts, or
technology is sgnificantly influenced by the act of collaboration. That is, in order to
undergand most sgnificant acts of creativity in most realms, observations of the lone creative
actor are both inadequate and mideading (Weisberg 1986, L ederberg and Uncapher 1989,
Schrage 1991). Note that we categorically deny that design can be classified into normal and
creative design - rather we follow Vincenti's (1990) distinction between normal design.and
radical design with creativity being an element in ether forms of design. As Schrage
observes, collaboration is not the consequence of communication as information transfer (while
the latter is a necessity for collaboration, it is not sufficient); rather collaboration is the creation
of a shared meaning not just among unlikes (marketing scientists with mechanical engineers)
but also among likes (i.e., biologist with a biologist).

The argument is not that the lone creative genius in the arts or the sciencesiswrong - rather
it'sjust not complete. The concept of the lone worker needs to be expanded when we are to
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consder variegated, generalized, creative acts which are the acknowledged domain of the
design theorist Shared memory is the taking-hold of shared meaning created in specific design
Stuations and applied to other design stuations. Shared memory creation isvery difficult and
may require resour ces beyond any given design project. It needs a subgrate, or an
infragructure, in which theinitial congruction of a shared language are sored and perhaps
reactivated at alater time on the same or a different project

323 Qrganizational Learning

Argyris (1982) in his analysis of organizational learning, shows that or ganizations have
defined methods for problem-solving.  Failure to solve the problem appropriatdy (defined as a
mismatch between observed consequences and the desired consequence) leads to changesin
these defined methods which are incremental and within the context of the larger, morerigid,
organizational culture. A mismatch that is not solvable by these incremental changesrequires
changing the gover ning variablesin the organizational sructure i.e., the organizational culture.
As he pointsout, even if the problem isrecognized, the actorsin these organizations are
trapped in a situation where they either cannot recognize the problem or do not know how to
rectify the problem. Further, the current organizational sructure and ther skills could prevent
changesfrom oCcurring at all.

Warfidd, in following Argyris observations, pointsout that this Stuation exacer bates the
difficulty of solving a design problem. Any attempts to alleviate this Stuation would require
changesin the larger organizational context and hence will probably threaten the sability of the
organization in terms of gructure and power hierarchy. Hence, improving design would
require mechanismsto livewith such ingability which will have to become an integral part of
the organization.

The validity of this conclusion is reinforced by the findings of Takeuchi and Nonaka (1986).
In their case studies of six Japanese design organizations, they point out that such an instability
was built into these organizations. To achieve this" gable gate of ingability”, Takeuchi and
Nonaka show, these organizations have ingtitutionalized continual learning - trandfer of
appropriate (successful and relevant) methods and actions takes place within and across
projectsin the organization thus preventing the rigidification of any particular methods or
actionsin aproject Zuboff (1988), in describing other organizational contexts, also reaches
gmilar conclusions about the coming of ingtitutionalized ingtability by arguing that computer
techndlogy acts to loosen traditional authority sructures. A comparison of hierarchical
dructuresin the U.S. and Europe with those of the Japanese also reinfor ces these prescriptions
for organizational learning (M oses 1990, Clark and Fujimoto 1991). The latter have wide
shallow gructures which, along with congtant lateral movement, act to loosen traditional
organizational authority roles and permit rapid and continual information flow and exchange.
For our purposes, it is sufficient to observe that these conclusions are managerial and
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"organizational responses to the need to create and maintain shared memory in order to achieve .
improved organizational problem solving.

3.2.4._Org{ Uizt .Structuce and Innovation

Organizations, based on their size and social history, have evolved into different structures.
However, many studies on organizations indicate that innovation has been inversely correlated
with the size of organizations (Burns and Stocker 1962, Takeuchi and Nonaka 1986). A
partial explanation of this correlation liesin the fact that integration takes place moreeasily in a
small organization leading to innovative solutions, while the hierarchical structure and other
barriers deemed necessary in I-arge organizations, stifle the percolation of innovative ideas from
different parts of the organization.

Further barriers to integration could take place when a manufacturing organization relies on a
variety of sub-contractors to manufacture subassemblies of their product. In these situations,
the structure of bidding and contracting procedures make the integration task difficult
Examples of how these difficulties were overcome by including the vendors early in the design
process, changing the bidding and contracting procedures, and devising new principal and sub-
contractor links show the role of shared memory in efficient product design and manufacture
(Clark and Fujimoto 1991, Evans, 1988, Givens 1988).

In assessing the need and impact of integrated manufacturing, most authors point to the
existing organizational cultures and the need to change them (Takeuchi and Nonaka 1986,
Vasilish 1987, Bucciarelli 1988). Takeuchi and Nonaka point out that a team-based integrated
engineering approach simulates the advantages normally found in small organizations. The
observation that small-scale industries account for large proportions of innovations in the U.S.
also substantiates the potential advantages of the team-based approach to integrated
engineering. Theideaof simulating small organizations within alarge organization, according
to Takeuchi and Nonaka (1986), results in the large organization behaving as aventure
capitalist financing small and creative groups. In any event, all these approaches are structural
methods to create, sustain, and transfer, shared memory within an organization. Firm-specific
design data, and short communication paths, are likely to be the reason why small firms
innovate more readily than larger firms in which the shared memory is much more fragmented

Finally, deep and rigid hierarchical organizations with formal channels of communications and
distinct areas of responsibilities, actively contribute to a"Taylorism" of the mind. This
reduction, apart from being rooted in a discredited model of work, actively destroys shared
memory since it militates against the exchange of information and the necessary voluntary
coming together of people and getting hold of shared meaning.

20




3.2.5 National Collaboratory Proposal:

A significant assertion in the recent report by Lederberg and Uncapher (1989) -- on the
support needs of scientists -- is that the process of scientific work (not the outcome) is a social
process where collaboration, communication, the demarcation and definition of “new”
knowledge all imply “a community of scientists and science as inherently a social enterprise".
It takes little imagination or argument to extend this notion to design -- where not only the
process but the outcomes (artifacts) are both socially determined and evaluated. As is argued
therein, “..even the isolated investigator works within a social definition of discovery,..".

The report’s conclusion about the need to provide infrastructures to facilitate collaboration in
order to advance the scientific endeavor is completely consonarit with our argument that the
core of a general theory of design (whether positive or normative) must not only involve the
social sciences but must understand and facilitate collaborative activity -- what we have termed
the creation of shared meaning through the generation of shared memory. While adequate
research has not been conducted into the nature of effective collaboration, the recent initiative of
. the National Science Foundation in creating the Division for Coordination Theory and
Collaboration Technology, is a welcome beginning.

3.2.6 Design Reuse

One of the critical characteristics of a discipline which has reached the status of “engineering” is
the existence of the handbook (Shaw, 1990) -- a perfect example of vertical shared memory
freezing and legitimizing the collective knowledge of the discipline with a practical purpose.
The building code (around in some form since Hammurabi) along with the ship-building
guidelines of Lloyd's of London are more ambitious versions of the handbook in that they
contain elements of horizontal shared memory. This shared memory is the fruit of the work of
multiple disciplines as applied to building construction in the first case and ship building in the
next. The underlying purpose of such repositories is the enabling of reuse at increasing levels
of granularity -- from nuts and bolts to bathrooms and HVAC (heating, ventilation, and air-
conditioning) to buildings and ships. Reusing the knowledge of successful (or least not yet
unsuccessful as Petroski points out) designs and design methods is perhaps the fastest, most
efficient, high quality route to improving design. Nevertheless, reuse is not as wide as one
might expect for two reasons. First, existing repositories tend to be for vertical shared
memories only and with limited information (as described above, considerable variations in
language, meaning, storage, etc exist even within a given discipline when other social and
cultural factors vary). Second, the “returns” to reuse increase dramatically as the granularity of
reuse increases -- however, increasing granularity necessarily requires increasing
understanding between individuals in different disciplines, professions, organizations,
cultures, and societies. Not only does reuse require that multiple views be articulated and
reconciled, but our arguments against universal methods require that all the relevant context of
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a design berecorded and used in evaluating the potential for design reuse - both process and
product Wediscuss the production of " gdandard" handbaoks later in this paper.

- Of equal importanceis avoiding thereuse of unsuccessful approaches, models, methods, and
artifacts (Pttrodd 1985). Onecan rely on traditional ingitutions (academe, publications,
conferences, etc.) to, at least partially, create shared memory of successful methods. It would
require special effortsto retain the memory of failuresin order that they be avoided though
pectacular failures are usually retained More often they are swept under therug. However,
the myriad approaches, methods, tools, and designs, which failed arerardy recorded The
impact of even smple systems (sructured field-service records and using free-text search for
ungructured information) which revolutionized some vertically-integrated companies (Cassdy,
1991), underscores therole of failures. A lack of appreciation for the importance of failure and
the pervasiverole of shared memory in design, could thuslead to the continued useor re-
invention of failed methods best left unused but not for gotten.

More generally, shared memory cannot be universalized - the context of the item must also be
retained. Thisimplies, of course, that the entire enterprise is predicated on a case-sudy
approach to the observation and recording of design activities. Hence, the concept of shared
memory further reinforces our conclusions about the satus of design theory where we concur
with Hales (1987), Besant and McMahon (1979) and L eifer (1991) on the need to develop rich
empirical evidence on design.

4 Theoretical Visons and Implications

4.1 Theoretical Aims

We have argued that it has been a mistake for design theoriesto heretofor e have taken astheir
primary raison ditre the goal of recommending a set of universal precriptions for designers
to follow. In arguing thus, we have maintained it is unlikely there are any universal methods
that are not either nearly vacuous or moreor less inapplicable or inappropriate unless
specifically adapted to particular Stuationsor particular types of Stuations. Implicit in our
argument has also been the rgection of theidea that design theories are merey tantamount to
recommending universal design methods. Rather, and now we make this explicit, we take a
classical view of the aim of theories and maintain that one of ther essential aimsisto explain.
Thismeans, in the case of design theories, that not only should they have a prescriptive
dimension, but also they should be able to explain why, for example, methods woric as well as
they do, how they might work better if adapted to specific Stuations, or why they fail. This
emphasis on explanation, in turn, also has implications for the prescriptive dimension because
the latter must be understood in terms of the explanatory framework being developed. In the
research program or theoretical schema we have been sketching, we have stuated the
prescriptive dimension in specific design settings, emphasizing social as well as technical
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factors and demonstrating the need in these situations to share meaning and informeation, i.e.,
the need to create shared memory. The upshot has been anew way of approaching the
prescriptive dimension - challenging the status of universal methods and recommending a
case-based approach to formulating and evaluating design methods, techniques and tools.

4.2 The Need for Design Theory: Prescription, Description and Context

The need for design theories was recognized as a means to deal with the complexity of the
design process and thus to increase its speed and quality. The response to this need was to
prescribe theories of design whose main objective was to formalize the design process. Such
prescriptive theories while formalizing the design process did not take into account the
complete empirical phenomena. They were descriptively incomplete. Thisis evident from
observational studies we have cited showing that this perspective overlooked important aspects
of design practice. Ullman (1991) also discusses these limitations of the current state of
design research in the United States.

Stauffer and Ullman (1988) using a summary of findings from empirical studies of the actua
design process conclude "...[data] ... point to adynamic, heuristic approach to design asitis
actually performed by human designers’. Instead of forcing increasingly varied empirical data
into a general prescriptive theory that becomes nearly vacuous, inappropriate or inapplicable,
we are recommending that the design process should be captured without sacrificing its specific
richness and the details of the social context in which it is carried out From our point of view, -
the emphasis should be on the specifics of this context, especially the features which enable
classifying various approaches and practices arising in a given case, whether they actually fail
or succeed, asto similarities and differences with respect to other known cases. In thisway, a
theory of the design process can be constructed which emphasizes the empirical and descriptive
aspects of design, moving away from contextless prescription while at the same time
preserving its prescriptive efficacy.

Our theory of design is that there is no discipline of design. We contend that "a body of
intellectually tough, analytic, partly formalizable, partly empirical, teachable doctrine..."
(Simon, 1981) is not a coherent discipline and any attempt to force it to be coherent loses the
essence of design. A critical aspect of design isthat it is multi- and inter-disciplinary. By this
we mean that it is the interactions between individuals (human or otherwise) with different
ways of looking at the same problem that creates the problems which theories of design attempt
to manage. -Rendering design into a single discipline removes this difficulty for the design
theorist but not for design.

Since we reject context-free universal methods, it follows that it is impossible a priori even to
identify which disciplines are required to be involved for any design problem except through
past records of similar cases: shared memory.
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4.3 Shared Memory: The implications for design

We have argued that an emphasis on shared memory should replace the emphasis on universal
methods as the aim of design research. More pragmatically, we suggest that shared memory
needs to be created by appropriate organizational structures, creating necessary technical
substrates, and generating tools and methods to codify knowledge.

It is clear that some degree of horizontal memory is created by individual mobility of designers and
judiciously creating appropriate reward systems to encourage the transfer of information. The
Japanese organizational style of achieving this needs to be more thoroughly understood in order
that organizational approaches more suitable to other cultures can be derived. In many ways, the
organizational and managerial styles prevalent in the U.S. today act to prevent the creation of
shared memory. Yet these styles might have a certain legitimacy from other perspectives.
Institutionalized instability jeopardizes existing authority and status structures and is bound to be
resisted. Hence, the process by which such institutionalization is to occur needs to be investigated
by careful field studies of real organizations which have, successfully or unsuccessfully,
attempted to become stably unstable organizations.

Depending on how much integration is emphasized, specialists in each product realization phase
can be teamed together to varying degrees. The rules of the integration game will have to be such
that it fosters co-operative behavior. The level of co-operative behavior achieved will be based on
the necessity of, and reward structures accompanying, such a behavior. In general, since, as we
have argued, design is a socially mediated process and shared meaning must be consensually
established, the existing reward systems which are highly individually oriented (at least in the
U.S.) would need to be suitably modified. What possible alternatives exist, how they are to be
injected into a design organization and the reaction of the labor market to such reward systems are
issues which need to be investigated. Clark and Fujimoto (1990) have begun some of this work
in their comparisons of Japanese, European, and U.S. automobile firms and have identified
successful variants in other U.S. industries; in short, it can be done.

Organizational approaches, however, are limited because the investiture of shared memory in
individuals leaves the organization vulnerable to individuals quitting the organization though
retaining individuals for longer within the firm will help. . They are also limited by the cognitive
limitations of any individual. In addition, generating horizontal shared memory is, we anticipate,
a difficult task. For all these reasons, a substrate which helps in generating and retaining shared
memory is also required. Additionally, no single organization has the incentive to share its
knowledge and experience with its competitors. Hence, third parties (academe, the National
Science Foundation, consortia) need to be tasked to generate shared memory repositories.

More specifically, creation of horizontal shared memory is not synonymous with the creation of
accessible databases or usable tools. How individuals create shared meanings, what special
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‘languages, representations, models and so on, arerequired to enable different individualsto share  *
knowledge and experience, are all issues that need careful investigation before areasonable
subgrate can becreated Some approachesto these problemsare given later in this paper but a
scan of the literature shows that consider able work remains to be donein this area.

This subgtrate must also facilitate capturing the context and history of a particular design in
order that the experience, good or bad, can bereused (or not used) within another design
context Thisalsoimpliesthat asmuch of the negotiation among designer s and with other
relevant parties, such asusers, needs to befacilitated and captured. Therecent eaboration of
the various dimensions of design artifacts and processesis a gart towar ds contextualizing
design (cf. Westerberg, 1989). '

Theimportance of horizontal shared memory does not in any way detract from the importance of
vertical shared memory. Indeed, most of the work currently being done by engineering and

design researchers can be characterized as the codification of specialized knowledge which is,

thus, adding to the corpus of vertical shared memory. Hence, our work does not suggest that

such efforts and the methods that are derived from them are éther invalid or inappropriate. It does -
suggest, however, that creating such vertical memory does not, ipso facto, create horizontal

shared memory. That is, explicit effortswill berequired in order that these tools and methods can

be shared in the horizontal sense. '

Aswe haverepeatedly stated, creating shared memory, especially horizontal shared memory, is
not an easy task. It isalsoimportant to recognize that thisisboth an expensive and long-term
task. Even in the limited case of Toshiba's " software factory” (Brackett, 1991), their system to
maximize software reuse took nearly a decade to create positive pay-offs and was very expensive.
Observe that both time and money are required of both the organizational and substrate approaches
to creating shared memory. Hence, a short-term per spective (a widely discussed, and criticized,
orientation of American management) will render this task infeasible.

plications for Desion Education and Confinuing Educat

The existence of disagreement in the legitimacy of particular methods in design (or in science)
is often signalled by the phrase, " ..you can't do that!*'. Innovative design often leads the
development of analytical method, a designer with a deep appreciétion of a subject can easlly
create adesign for which thereis no appropriate analysis but which nevertheess" fed right" .
Over-emphasis on analysis in the education of designers has a stultifying effect on their
creativity ~ but thisis already well-known.

What our shared mernofy model proposes, however, is that true undersanding of an area of
engineering is much more than smply a good familiarity with the relevant mathematical
methods and Underlying engineering science. Practicing designers know thiswell, but course
syllabuses are often squeezed to contain merely the core analytic techniques because emphasis
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- on empiricism isfelt to be indefensibly unscientific. We hope that we have shown a srong

fundamental basisfor the importance of practical knowledge which will help design
educationalists express their deeply-held beliefs in ways which might be more convincing to
their more " scientific" colleagues.

432  IrnpliCaft®™ for Authority. and SfifHfaf is

One might well ask: if "horizontal™ shared memory is cross disciplinary and cross group, who
has the authority to decide what belongs and what does not belong in shared memory and
whoserespongbility isit to collect, organize and maintain it? We do not believe, as must be
the case with Warfied's integrated design science, that shared memory is necessarily the
responsibility of a discipline which has authority over specific disciplines to determine what
belongs in shared memory and what does not |If past history is any indication, no specific
discipline will ever willingly give up this authority to an integrated discipline in Warfield's
sense. Warfield argues for a single integrated discipline, on the contrary we maintain that
independent views, even incommensurate views, are vital.

All that shared memory requires, at least with respect to its content, is thejoint and
collaborative activity of relevant groups or disciplines to create it This means that these groups
must agree on procedures for organizing shared information and agree on protocols for
accessing and storing it. This agreement can only result from negotiation.

4.3.2.1 Scope andinterlinguae

The scope of inter-disciplinary agreements is problematic. Negotiations are most easily
resolved at the level of individual designs, but the long-term use of shared memdry requires
more long-term and thus more broadly scoped partitioning. The usual mechanism for reaching
such agreements is through consensus standardization.

The goal isfor individual engineers and scientists specialized knowledge, and thence the

‘relevant implications for each other's knowledge, to be shared. However their limited

cognitive capacities and incommensurate terms, languages, and methods, mean that they must
consensually arrive at some inter linguae to convey shared meanings, limited as they might be.
It must be the responsibility of each discipline to record and update design history information
according to the agreed mechanisms, using standardized inter linguae if necessary. There exist
concepts for which direct translations do not exist between disciplines, but which nevertheless
define critical information for designs, e.g. aesthetic and structural concepts. They are only
directly accessible by persons prepared to put on the mind-set of the originating discipline.
Two incommensurate disciplines do, however, communicate through the medium of a
proposed artifact: the physical location of a beam and column are unambiguous to both
architects and engineers. Incommensurate concepts have to be stored in shared memory and
can be interrelated but do not require trand ation languages.
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Therefore, these" languages' cannot coalesce into a single common language, but will remain a
diver se, disordered collection of overlapping common languagesrather than a proper super-sgt
of all.

4322 TheQuality of Shared Memory: Standards and Certification
While process-oriented suggestions to improve design practice leave the responsbility clearly
in the hands of active designer s, persstent shared memory as an important contribution to
design raisestheproblem of " sandard" or " certified” data. Engineering practice places great
reliance on sandards, handbooks and guidelines, and the organizational infrastructure which
supportsther production isextensive, complex and intricate. The production of Sandardsis
also extremely time-consuming.

Many standards represent collections of horizontal, multi-disciplinary information required to
designate the quality of specific types of product, for example, the metallurgical and practical
definitions for copper pipe for plumbing. Other gandards apply more abstractly to less-
immediately useful information but with a wider scope in use, for example, the allowed range
in chemical compostion of a stainless sted alloy. Modern indudrial practice (e.g. QFD) also
results in company-specific information enforcing the preferred modes for operating individual
machines (for producing copper pipe perhaps). '

Clearly the daborate gandar dization mechanisms are inappropriate for ephemeral guidelines
and yet we arerecommending that such guidelines be sored more persstently, and that

wor king practice be remembered for longer than has hitherto been the case. Thisraisesthe
problem of distinguishing valuable shared memory from therest and is also related to the
indexing problem mentioned later. We mug be car eful that we do nat replace the problem of
the lack of relevant information with the problem of too much irrdevant information.
However, even if the shared memory is directly applicable, how does a user know that it is
right ? The personal authority of the originator, or the originating company even, may be
meaninglessto the user.

The example of the evolving community of materials property information suppliers may give
aclue to thefuture, even though such information is atypical of engineering in general
(Sargent, 1991). While some information for critical useisre-evaluated by each company,
other dataisre-evaluated on an industry-wide basis and published as handbooks (the military
aer ogpace materials handbooks, for example). Some information companiesre-sdl originally
public-domain data with value added in the sructuring and quality control with attention to
context while yet others merdy survive by improving access and providing compendia. The
establishment of a market in shared memory data for engineering design will be a dow but
necessary business.
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133 Implications for Desien Envi

Currently popular research and development efforts such as integration frameworks, though
intriguing from our perspective, are partially misleading -- they, by and large, still refer to
creating consistent interfaces to and between the specialized tools of a particular profession and
not for creating channels of communications or tools for collaboration between professions.

Modemn research projects developing multiple-expert “AI” design systems do, however,
address these issues of making multiple views work together on a common problem without
requiring their integration or direct communication because they can communicate through the
medium of the software representation of the artifact itself, just as architects and structural
engineers can always fall back on the engineering drawings to see the implications of each
other’s reasoning even if they do not understand the reasoning itself. (e.g. Quadrel, 1991).

From our perspective we view these integrated design “frameworks”, “workbenches” or
“environments” as curiously limited to aiding activity rather than awareness. By activity we mean
access to software tools which perform some processing of information, whereas we believe that
awareness results more from perceiving context and is therefore related to information retrieval.
This bias arises, we feel, from the prejudice that databases are dull but that software which “does
something” is intrinsically more interesting.

43,4 Meani | Widely-Applicable Techni

We should not confuse widely applicable software tools as performing the task of creating
horizontal shared-memory. For example, it is, arguably, the case that optimization techniques
are universally applicable in design contexts: they can be used in marketing, each of the
engineering sub-disciplines, manufacturing, sales, etc. It does not follow from this that the
study and use of optimization techniques creates or facilitates shared memory since the

substance of specific models, not the structure, is what determines context. The latter
manipulation of these procedures can reasonably be understood by all those trained in
optimization methods, the former -- the specific interpretation -- remains opaque without .
explicit translation, communication, and discussion; in short, without the deliberate creation of
shared meaning. While the study, elaboration, dissemination of such widely usable techniques
is essential, it is equally essential that we distinguish between what they accomplish from what
they do not -- they do not form the currency of meaningful discourse let alone that of the
creation of shared meaning.

435 Why P intive P Model S . Useful
Although we have derided prescriptive process models as representing an infeasible and
unrealistic view of design, the fact remains that they are often useful. If our approach is to
have any useful validity then we should be able to explain why useful techniques work,
whatever the theoretical foundations they claim to be based upon.
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Our experiencewith complex design problemsisthat the negotiations between parties
exploring trade-offs are greatly aided if the context of the trade-off is clear whether a general
policy isbeing enunciated or whether a specific fix is being proposed, i.e. in discusson across
abgtraction or resolution levels (Humphreys, as quoted by Hales, 1989). The appropriate
context marker hereisthelevel of abgraction and thisis conveniently related to the " phasg' of
thedesign activity: initial specification, conceptual, embodiment or detailed These phasescan
be used managerially to structure meetings and document categories and so avoid inter-level -
misunder standings. '

Prescriptive-phase models of the design process create extra work because, in practice,
designers are observed to moverapidly from very detailed to highly srategic issues and back
again in the cour se of aminute or so. The representation of abgraction as phases of work
with infrequent iteration iscompletely unrealistic, movement between levelsisingtead highly
dynamic. If our suppostion iscorrect, that prescriptive methodologies are useful because they
enable effective sharing of meaning by making abgraction visible, then we would suggest that
explicit representation of abgtraction or intention by some notation that did not interfere with
designerswork would be even more effective. Currently this would not be easy.

4.4 Approaches to Creating Shared Memory

Here we outline a few current research projects which we fed serve as examples of the kind of
work that explorestheroles of shared memory in design. From our fundamental analyss of
the matter of design we believe that universal methods do not exist and ther efore that context
must become an essential aid. These projects sudy how context is derived from shared
memory and how these concepts can lead to clear improvementsin the practice of design.

4.4.1 Design Higory Capture

A number of effortsin the recent past have focussed on capturing design history. Of special
interest isthe gIBIS system (Conklin and Bergman, 1990) which is designed to assist and
capture design discussions and hence therationale for the design. In actual experiments with
using this system, it was found that the system was found useful despite initial doubts of its
utility on the part of the designers Several other systems which address aspects of design
history rationale for constraint-based systems. Below, we describe two recent, and different,
approaches to design history.

4.4.1.1 n-Dim: Shared Information Environment for Engineering Design

The n-Dim project, currently underway at EDRC, integrates a variety of efforts (including

gl BIS) to capture design as it progresses, especially for large prgjects, (Subrahmanian, 1991).
Its underlying hypotheses is that design engineers use a variety of models to represent and
organize information and methods, and that design isinherently a social process where group
cognitive views need support. Other important aspects are a task-level view for configuring
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-and managing the design process and an infor mation-management system that allows for ,
defining and displaying a user'scurrent design context. The approach isbased on providing a
uniform paradigm for structuring and hence modeling varied data objects: text, drawings,
artifact models, and human and computational agents. The proposed n-Dim system is expected
to evolveinto a learning environment in which team member s have increased abilitiesto
notice, reflect and communicate in addition to the usual support for hypothesis formation,
experiment, exploration and evaluation.

4412 Engineering Design Notebook

Theengineering design notebook (EDN) project at the Center for Design Research at Stanford
isintended to provide a working environment in which an engineer can design productively

for hoursat atime. Aswell as supporting conceptual agility and processing of annctated
drawings, it supplies organization and navigation facilities to construct amap of design
activitiesindexed by project requirements (Leifer, 1991). The purposeisto test the hypothess
that design knowledge conservation (shared memory in our terms) islessexpensive than re-
invention.

No special user behavior isrequired for EDN to provide navigation assstance, but if the user
chooses to use certain conventions when creating text-graphic items, then the utility of the
system increases. An important component of EDN is the automatic summarizer which uses
gpatial parsing to organize sets of text-graphic pages into a hierarchy, though fully automatic
generation of summaries is probably not desirable.

Clearly indexing and navigation of design knowledge is crucial to the effective use of all types
of repository. While most higtorical data now is either pure text documents or graphical
engineering drawings, we can expect that text-graphic information will grow in volume
(especially asinitial conceptual design is performed more frequently on the computer) and it
presents unusual indexing problems which must be addressed if shared memory isto be truly
useful.

4.4.2 Sructuring.On-Line Text to Suppart Sharing Information

Any attempt to record and or ganize information to create shared memory for design need to
apply the best available techniques for information management. For an exemplary use of
human-selected indexes of articlesin technical domains to congtruct maps of changing shared
memory see Callon et al. (1986). However, to tackle the problem of implementing shared
memory and changing shared memory, automated indexing techniques are needed. Current
automated technologies— string-based information retrieval (IR) — often fail to represent
relevant information even in reatively small databases, and therefore new approaches need to
be applied Moreover, the demands of sructuring on-line text to support capturing and
organizing shared information go beyond traditional IR because documents need to be
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characterized based on their conceptual content if it isto be useful in creating shared memory.
If we expect our systemsto perform such tasks, we must have the ability to capture and use
the natural language of a text

Our hypothesis, in confor mity with the CLARTT Project (Evanset alL, 1991), isthat units of
text greater than " strings between white space” or keywords arerequired to capture concepts
and extend information management beyond current limitations. Therole of selective natural
language procasihg (NLP) iscritical: it not only defines the units of information that are used
in other processes but circumscribes the NL P task to insure that it is manageable and robust
However, it isimportant to merge selective NL P with gatistical, numerical, and heurigtic
techniques for text management

Jug asimportant is the automatic congtruction of thesauri from very large text corpora using
theresults of selective NLP. Ideally these thesauri would capture the rdevant and
characterigic terminology of a domain, itsinterconnections and equivalence classes and aid in
organizing theresult into Sructures which are amenable to trandation from one discipline or
group to another. Thiswould be a primary way of recording and organizing shared memory.
However, to become really useful, these procedures must be able to handle corporawhich are
at aminimum in the gigabytesrange. Not only will these corpora come from scanning texts
on-line, but also, especially in the case of design projects, asit isproduced in thedesign
process. Thismeans that these automated procedures mug not only be able to handle very
large cor pora quickly, without glitches, and effectively, but they mus also be able to update
already produced thesauri when new textual data appears. The CLARTT Project is
approaching the capability of being able to identify the rdevant and characteristic terminology
of adomain within the required parameters There are three basic partsto the CLARTT
approach to capturing and sructuring shared information: 1) The utility of phrase-based
indexing (Evanset al., 1991); 2) Automating the process of thesaurus discovery (Monarch
et al., 1991); and 3) Using "latent semantics' to identify concept equivalence classes (Evans

o al., 1991). All these are useful in shared memory implementation, though problems of
identifying conceptual links will require new techniques (Monarch et al., 1991).

443 Representationsin Al

The extensiveresearch program in Artificial Intelligence in creating enabling technologies for
knowledge sharing (Neches et al., 1991) is obviously of consderable importance.
Investigating the creation and provison of accessto extremdy large knowledge bases,
knowledge-based reasoning, case-based reasoning, and learning and knowledge acquisition,
all contribute to the creation of shared memory. In arecent report by Reich et al. (1991), they
suggest how learning could be integrated into a design system which specifies some of the
issues and suggests some of the components involved in acquiring, maintaining and using
what we call in this paper shared memory.
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444 Ensincering C Ontologs

An example of a project aimed more fundamentally at enabling communication between distinct
- disciplines is the recent development of a concept ontology at ALCOA Technical Center. There
a novel method for systematizing the concepts behind the information stored in many disparate
databases containing materials test data is being developed. The conceptual structure produced
will be used as a basis for the development of software systems which integrate different types
of engineers’ easy access to the ALCOA “shared memory” of materials test data. The reason
why the meanings of the concepts require explicit structuring are ambiguous vocabulary,
multiple valid names and because similar information is obtained by different laboratories using
different methods and different scientific conceptual structures. The complexity of the
relationships between concepts required a new software technique (“CODE” produced by the
Artificial Intelligence laboratory of the University of Ottawa ) of unusual sophistication in its -
handling of defaults and inheritance (Skuce and Monarch, 1990).

Much of the structuring of concepts is a consequence of the physical fundamentals underlying
materials properties and universally true facts relating properties to manufacturing processes.
As a result, this ontology of the shared memory will be generally useful.

€6, . ”»

Current efforts focusing on new technologies, such as rapid prototyping, which allow multiple
views from different disciplines to be quickly iterated, juxtaposed and integrated, and with |
wide applicability, need to continue. These clearly aid horizontal shared meaning formation
but without attention paid to the persistence of this shared memory their major benefits may be
less is hoped for.

Clearly, we have only provided a small sampling from the available literature that either
directly, or with some modifications and re-interpretations, can be used in generating,
maintaining, and propagating shared memory. In no way does this reflect upon the relevance
or literature not explicitly covered which would require a separate paper.

5 Conclusions

We have argued that design research whose aim is to specify universally applicable methods is
of dubious value. Rather the richness of the varied environments within which design occurs
and its results used and evaluated should be matched with the capture of equally rich
contextual information. We have also argued that design is almost always a collaborative act
using pérspectives and knowledge from several disciplines which, to be fruitful, requires that
the parties involved create shared meanings of the design artifact. Shared memory, as an
overarching theme, implements such contextual richness and makes shared meaning
persistent. As the empirical evidence shows, an account of shared memory in design explains
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the successes and failures of design methods and artifacts. Equally significant,
ingtitutionalized shared memory would beimportant in improving the design processand
therefore design outcomes.

In characterizing our concepts, we make the distinction between vertical and horizontal shared
memory. Vertical shared memory embodies the collective knowledge of a specific discipline.
Horizontal shared memory addresses sharing of meaning between individuals who are
separated by disciplinés experience, space, time, organization, and culture. Thisdistinction is
not purely an academic one. It helps us undersand the nature and potential role of specific
design research. Perhaps of greater importance, it identifies the lacunae in current design
research programs and identifies some of the challenges found by those attempting to fill such
lacunae: In short, it helpsin undersanding design stuations and identifying design research.

Finally, shared memory as a unifying theme for design practice and research isnot acall to
stop current approachesto design research. Rather it isacall to expand design research to
include individual, organizational and social eements which help designers collabor ate by
creating shared meaning, and maintaining it as shared memory. In the spirit of Clark and
Fujimoto, " compar ative advantage will be in senstive integration of hardware, software and
humanware into an effective system for desgning™.




BIBLIOGRAPHY

Aigncr, J,, Franz F, " The Fiesta Concept of An Economical Vehicle', SAE Technical
Paper Series, No 780424, 1978.

Argyris, G, Reasoning, Learning and Action, Jasso - Bass, San Francisco, 1982.
Asimow, M., Introduction to Design. Englewood Cliffs. Prentice Hall, 1962.

Boothroyd, G. B., "Making it Smple: Design for Assembly" , Mechanical -
Engineering, 28-32, February 1988.

Bessant, J. R., McMahon, B. J., " Partidpant Observation of a Major Design Decision
in Indugry”, Design Studies, 1(1), July 1979.

Bermingham, J. A., "Why Product Development at Sony isDriven by the Engineering
and Manufacturing Groups Rather than Marketing", L ecture at Graduate School of
Indugtrial Adminisgtration, 24th September, 1991.

Brown, D. R., Cutkosky, M. R., and Tanenbaum, J. M., " Next-Cut: A computational
Framework for Concurrent Engineering”, Proceedings of the Second | nternational
Symposium’on Concurrent Engineering, Morgantown, W.VA, FEB. 9,1990.

Bracken, J., " Software Reuse in Japan: A Close Look at Toshiba Experience’, Slides
from thelecture at Software Engineering Indtitute, Carnegie Mellon University, 1991.

Burns, T. and Stalker, The Management of | nnovation, London, Tavistock, 1962.

Bucciardli, L., " Reflections on Engineering Design practice’, Design Studies,
Vol.5(2),1984.

Bucciardli, L,. " An Ethnographic Per spective on Engineering Design”, Design
Studies,Wol 9, 1988.

Calon, M., Law, J.,, Rip, A. (eds), Mapping the dynamics of science and technology :
sociology of science in the real world, Basingstoke : Macmillan, 1986.

Cassidy, M.P. " Employee Empowered Quality Improvement”, Proc. 11th Intl.
Electronics Manufacturing Technology Symp., Sept. 16-18 1991, |EEE Publ.

Chi, M. T,, Glaser, R., and Rees. E., " Knowledge sructures and Memory
Development”, In Advances in Psychology of Human Intelligence, Erbaum, Hillsdale,
NJ, Pages 7-75, 1982.

Conclin, J., and Begeman, M.L. "gIBIS: A Hypertext Tool for Exploratory Policy
Discussion”. Proceedings of the 1988 Conference on Computer Supported
Cooperative Work (CSCW-88). Portland, OR. 1988.

Congant 11, E. W., " The Social L ocus of Technological Practice: Community System
or Organization", In Bijker, W. E., Hughes, T. P., and Pinch, T. K., Social
Construction of Technological Systems, MIT Press, Cambridge, 1987.

Coyne, R., ABLOOS Abstraction Based Layout Design System, Phd Thesis,

. Engineering Design Research Center, May 1991.

Coyne, R., and Subrahmanian, E., " Computer Supported Creative Design: A
Pragmatic Approach”, In Proceedings of the International Round Table Coherence on
Models of Creativity and Knowledge-based Creativity, Heron Island, Australia, 1989.

Cross, N, Naughton, J., and Walker, D., Design Method and Scientific Method,
Design: Science: Method. In Jaques, R. and Powell, J. A., Westbury house, Guilford,
England, Pages 18-27. Cross, Nigel, Developments in Design Methodology, Wiley,
1984.




Cross, N., (Ed.) Developments in Design Methodology, Chichesten Wiley, 1984.
Cross, N., Engineering Design Methods, Chichester: Wiley, 1989.

Danko, G. and Printz, F," A Historical Analysisof the Traditional Product
Development Processasa Basisfor an Alternative Process Modd" , EDRC report,
" Carnegie Méellon University, 1989.

Darke, L, 'The Primary Generator and the Design Process', in Cross, N., (Ed.)
Developmentsm Design Methodology, Chichester: Wiley, 1984,

Dasgupta, S., " The Structure of the Design Process®, in Advancesin Computers,
Yovits, M. (ed), Academic Press, 1989.

Demillo, R. A., liptonm, R. J., and Perlis, A. J., " Social Processes and Proofs of
Theorems and Programs (Revised Verson)", Georgia I ngtitute of Technology, GIT-
|CS-78/04, August 1978.

Dixon, J. R., "On a Research Methodology Towards a Scientific Theory of Desgn**,
Artificial Intelligencefor “ Engineering, Design, Analysis and Manufacturing (Al-
EDAM) 1(3).

Eagman, C, Bond, A., Chase, S, " A Formal Approach to Product Model
Information”, Tech. Report, Graduate School of ARchitecture and Uebam Planning,
UCLA, 1989.

Englemore, R. S,, Tenenbaum, J. M., " The Engineers Associate: |SAT Summer
Study Report”, Unpublished, September., 1990.

Evans, D.A., Ginther-Webger, K., Hart, M., Lefferts, R.G., Monarch, |.A.,
"Automatlc Indexmg Using Sdlective NLP and Firg-Order Thesauri.” {|t RIAO
'91/}, April 2-5,1991, Autonoma University of Barcelona, Barcelona, Spain, 624--
644.

Evans, D.A., Handerson, S. K., Monarch, I. A.,Pereiro, J., Hersh, W. R., Mapping
Vocabularies using " Latent Semantics’. Technical Report No.~CMU-L CL- 91-I
Laboratory for Computational Linguistics, Carnegie Mellon University, 1991 16pp.
Proceedings ofthe 1991 Spring Congress of the American Medical Informatics
Association (AMIA)

Evans, W, " Smultaneousengineering” , Mechanical Engineering, February 1988.

Finger, S., and Dixon, J. A.,'A Review of Research in Mechanical Engineering
Design”, Parts| and 11, Research in Engineering Design, Vol. 1 (1& 2), 1989.

Fleck, L., Genesis and Development of A Scientific Fact UnlverSIty of Chicago
Press, 1979,

French, M. J., Engineering Design - Conceptual Stage, Heinaman, London, 1971.
Gagparski, W., Understanding Design, Intesystems Publishers, Seaside, CA, 1984.

Glaser, R., "Education and Thinking: Role of Knowledge', American Psychologlst
19(2), Pag&s 93-104, Feb. 1984.

Givens, L., " Smultaneous Engineering: Isit really happenning", Automotive
News,pp. 67-69, October, 1988.

Gregory, S A., "What We Know about Designing and How We Know it",
Institution of Chemical Engineers, Design Congress, University of Ashton, 1979.

Grossmann, |.E., V.T. Voudouriss, O. Ghattas, " Mixed-Integer Linear Programming
Reformulations for Some Nonlinear Discrete Design Optimization ProblemS' EDRC
06-102-91

35




Guha, R.V., and Lenat, D.B. “CYC: A Mid-Term Report”, Al Magazine, 11(3), pp
32-59, 1990.

Hales, C. , Analysis of the Engineering Design Process in An Industrial Context, Phd _
'}'gg;xs, Department of Engineering Science, Cambridge University, United Kingdom, -

Hauser, J. H., Clausing, D., The House of Quality, Harvard Business Review, pp
63-73, May-June 1988.

Hillier, B, Musgrove, J., and O'Sullivan, P., "Knowledge and Design",(1972),

- Reprinted in Cross, N., (Ed.) Developments in Design Methodology, Chichester:

Wiley, 1984.
Hubka, V., Principles of Engineering Design, Butterworth Scientific, London, 1982.

Humphries, P., "Processes Within Design Teams", Contributions to SER/ESRC
Workshop on the Process of Design, London, June 1989.

Hykin, D. H. W,, and Lansing, L. C., “Design Case Histories: Report of Field Study
of Design in the United Kngdom Engineering Industry”, Proceedings of the Institute
Jor Mechanical Engineering, 189(23), 1975.

Jaques, R. aand Powell, J. A., Design Science Method, Westbury House, Guilford,
England, 1980.

Jeffries, R., Turner, A. A., Polson, P. G., Atwood, M. E., "The Process Involved in
Designing Software", In Anderson, J. R. (ed), Cognitive Skills and Their Acquisition,
Erlbaum, 1981.

Jones, C., "A Method for Systcmétic Design", Conference on Design Methods,
Jones. C and Thronley (ed), Pergamon Press, Oxford, 1963..

Juster, N. P., "The Design Processes and Design Methdologies", Technical Report,
University of Leeds, Department of Mechanical Engineering, May 1985.

Kuhn, T., The Structure of Scientific Revolutions, Second Edition, University of
Chicago Press, 170.

Lakatos, I, Philosophical Essays, Worrel, J, Gregory, C. (eds), Cambridge
University Press, Cambridge, UK, 1978.

Latour, B, Woolgar, S., Laboratory Life: The Construction of Scientific Facts,
Princeton University Press, 1986.

Lederberg, J. and Uncapher K. “Towards a National Collaboratory: Report of an
Invitational Workshop at The Rockerfeller University”, 1989

Leifer, L.J., “Instrumenting the Design Process”, Intl. Conf. on Engineering Design
(ICED’91), August 27-29, Zurich, 1991.

Mohan, J. G., "Design for Serviceability", Automotive Industries, Vol. 157, July 15,
1977, pp. 16-20.

Monarch, LA. et al., “The CLARIT Approach to Thesaurus Discovery,” forthcoming
LCL Technical Report, 1991.

Monarch, L A. et al., “Thesaurus Discovery in the Engineering Design Research
Center,” forthcoming EDRC Technical Report, 1991.

Moses, J, "Design Organizations", EDRC Design Lecture Series, Carnegie Mellon
University, December 10, 1990.

Neches, R. et al. “Enabling Technology for Knowledge Sharing”, in Al Magazine, )
Fall 1991. .

Nadler, G., The Planning and Design Approach, John Wiley & Son, New York, 1981

36




Nirenberg S., Monarch |., Kaufmann T., Nircnberg L and Carbondl J. Acquisition of
VeryLargeDatabases. Methodology, Toolsand Applications, Carnegie Méellon
Univer gty Center for Machine Trandation technical report CMU-CM T-88-108 (1988).

Pahl, G., and Beitz, W., Engineering Design (English Edition) The Design Council,
1984.

Petroski, R, To Engineer isHuman: TheRole of Failurein Succesful Design, St.
Martin's Press, New York 1985. ‘ '

Pinch, T. K., and Bijker, W. E., " Social Congruction of Facts and Artifacts’, In
Bijker, W. E., Hughes, T. P., and Pinch, T. K., Social Construction of Technological
Systems, MIT Press, Cambridge, 1987.

Pickering, A., Constructing Quarks: A Sociological History of Partical Physics,
University of Chicago Press, 1984.

Poppcr K. R., The Logic of Scientific Discovery, Harper and Row, New York, 1968.

Popper, K, R., Conjectures and Refutations: The Growth of Scientific Knowledge,
Harper and Row, New York, 1965.

Pugh, S, Total Design: Methodsfor Successful Product Design. Addison Wedley,
1990.

Quadrd, R., AsynchronousDesign Environments: ArchitectureandBehavior, Phd
Thesis, Department of Architecture, Carnegie Mellon University, September, 1991.

Rabins, M., J. et al., " Research Needsin Mechanical Systems. Summary of sudy
from ASME Board Research to U.S. National Science Foundation”, Mechanical
Engineering, Vol. 108, Number 3, pp 27-43, March 1984. -

Reid, M. F., " Desgn — Requirements of Maintenance,", | EEE Proceedings, Vol. 131,
November 1984, pp646-47.

Reigh, Y., Coyne, R., Madi, A., Steier, S., Subrahmanian, E., " Learning in Design:
An EDRC (US) Perspective'. EDRC Technical Report,05-54-91. 1991.

Rittel, H. W. J.,.and Weber, M. M., " Planning Problems are Wicked Problems’, in
Cross, N., (Ed.) Developments in Design Methodology, Chichester: Wiley, 1984.

Rosenberg, N., Cross, N., "Modds of the Design Process - Integrating Across the
Disciplines’, I nternational Conferenceon EngineeringDesign (I CED-91), Zurich,
1991.

Roth, K, " Foudations of Methodical Proceduresin Design”, Design Studies,
2(2),Pages 187-215, April 1981.

Sargent P.M., Materials I nformationfor CAD/CAM, Butterworth-Heinemann Publ.,
Oxford, UK, 1991.

Sargent, P.M., Subrahmanian, E., Downs, M., Greene, R. and Rishdl, D. "Materials*
Information and Conceptual Data M odelling” Computerization and Networking of
Materials Databases: Third Volume, ASTM STP1140, Thomas|. Barry and Keith W.
Reynard,.editors, American Society for Testing and Materials, Philadelphia, 1992,

Shaw, M. " Informaticsin the 1990's: Implication for Computer SCience Education”,
SEl Tech Report, Software Engineering Ingitute, Carnegie Mellon University, 1990

Simon, H. A., The Sciences of the Artificial, MIT Press, 1980.,

Skuce, D., CODE User Manual, Department of Artificial | ntelligence, University of
Ottawa, May 1990.

Smithers, T. et al. " Desgn as Intdligent Behavior: A Design Research Programme”,
DAI, University of Edinburgh, 1989.

37




STEP: Sandard for Exchange of Product Data. 1SO Draft Proposal, 10303, Dec.
1981. '

SouffeTjL., Ullman, D., " A Comparison of Results of Emprical Studiesinto the * _
Mechanical Design Process', Design Studies, ((2), Pages, 107-113, April 1988. -

Subrahmanian, E., Westerberg, A. and Podnar, G., " Towards a Shared Information -
Environment for Engineering Design” , in Computer-Aided Cooper ative Product

Development, MIT-JSME Workshop, Nov., 1989. Lecture Notesin Computer

Science Series No. 492. D.Sriram, R.Logcher and SFukuda (Eds.), 1991.

Suh, N. P., The Principles of Design, Oxford University Press, 1990.

Staley, S. M., Vora, L. S, " Reconciling Design Theory and M ethodology: QFD/TIES
and itsPlace in the Domain of Science Modd", Tech. Report: SR-90-41, Ford
Research, Feb. 1990.

Takeuchi, H. and Nonaka, |., " The New Product Development Game", Harvard

.Business Review,pp. 137-146, Jan-Feb, 1986.

Tebay, R., Atherton, J., and Wearne, S. H., " Mechanical Engineering Design
Decsions: Instances of Practice Compared with Theory", Proceedings of thel nstitute
for Mechanical Engineering, 198, B(6), 1984.

Tomiyama, T., Kiriyama, T., Takeda, H., Xue, D., Yoshikawa, H, "Meta-modd:
Key Intdligent to Intdligent CAD Systems', Research in Engineering Design, 1(1),
Pages 19-34, 1989.

Ullman, J., Stauffer, L. A., and Dieterich.T., " Prdiminary Results of an
Experimental Study of the Mechanical Design Process’, Technical Report-856-30-9,
Depart of Computer Science, Oregon State Univ., 1987.

Ullman, D., " Current Status of Design Research in theUS", ICED-91, Zurich: 1991.

Vasilish, G, " Smultaneous Engineering: Managements New Competitive Tool", .
Production, 36-41,July 1987. s

Vincenti, W. G., What Engineers Know and.How they Know ft, Johns Hopkins
Press, 1990. )

VDI-2221, German Engineering Society. 1985.

Vogt Jr, C F., "Beyond CAD and CAM: Design for Manufacturability”, Design
News, March 7, 1988.

Warfield, J, The Science of Generic Design: Managing Complexity Through Systems
Design, Vol 1 & 2, Intersystems Pulishers, Seaside, CA, 1990

Winograd, T., Flores, F., Understanding Computers and Cognition, Ablex,
Norwood, N. J., 1986.

Westerberg, A. " Design Theory and Methodologies' . Lecture notes EDRC Course,
Carnegie Médlon Univerdty, 1989.

Y oshikawa, H., " General Desi gn Theory asa Formal Theory of Design”, IFIP WG
52, Workshop on Intelligent CAD, Cambridge, MA, 1987.

Zuboff, S., In the age of the Smart Machine: Thefuture of Work and Power, Baisc
Books, New York, 1988.

38




