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Abstract

As artifacts are designed, knowledge is accumulated gradually and — as this
knowledge is organized and reused — designs and design processes are continually
refined. An understanding of the nature and growth of design knowledge and its
reuse is essentia for implementing better design systems and effective design
practices. To develop such an understanding, we introduce artifact theory as an
interdisciplinary theory about an artifact that is essential for designing that artifact.
This theory encapsulates various types of synthetic, analytic and process knowledge
and reconciles many disciplinary theories in the context of the artifact. We argue
that it is necessarily a contextual theory and hence is ephemeral. While highly
mature and well understood design domains may have complete artifact theories, in
most domains artifact theories evolve during design. That is, designers not only
produce a manufacturable description of the artifact, but also produce the
corresponding artifact theory. We observe that this involves both adaptation and
reuse of elements of existing artifact theories as well as development of new
elements. Hence, we propose the view of design as building and reuse of artifact
theories as the basis for understanding design and for developing design
environments. We describe artifact theory in terms of several disparate views of
design and bring them together leading to a unifying view. We discuss the
implications of the view for computational design environments and outline our
current research efforts in advancing and supporting this view.



1. Introduction

In designing an artifact, designers bring together knowledge from various sources
for use in context as shown in Figure 1. The sources may include basic sciences
such as physics and chemistry, engineering sciences such as thermodynamics and
fluid mechanics, manufacturing and production sciences, empirical knowledge from
handbooks and manuals, catalogs, previous designs, experience and creativity of
designers, etc. A comprehensive design environment (computational or otherwise)
should provide access to these various sources of knowledge, facilitate their use,
help designers organize and reuse what they learn, and support sharing,
collaboration and negotiation of design knowledge. The focus of this paper is on
understanding the nature of design knowledge and its growth and the resulting
implications for design environments.

The motivation for this work arises from a simple but important observation that
engineering design not only involves knowledge use, but also knowledge building.
This can be corroborated by the fact that even moderately complex design problems
involve extensive argumentation and reconciliation, experimentation and
understanding, development of new modeling assumptions and methods, and other
activities typical of the task of knowledge building. While some elements of the
knowledge required for design may remain invariant, often many elements are
newly developed. However, most design environments are not evolutionary in that
they do not support capture of newly generated knowledge and its reuse in future
designs — at least not computationally. This paper presents a basis for
understanding knowledge building during design processes and for developing
design environments that can evolve with the accumulation of knowledge.

We introduce artifact theory as the encapsulation of knowledge about an artifact
that forms the basis for understanding and supporting design knowledge and its
growth. A theory is systematically organized knowledge applicable in a relatively
wide variety of circumstances, especially a system of assumptions, accepted
principles, and rules of procedure devised to analyze, predict, or otherwise explain
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Figure1: Designers use knowledge from many sourcesto design an artifact



the nature or behavior of a specified set of phenomena. In general, a theory should
answer a variety of questions about the phenomenon under its purview. An artifact
theory is a contextual theory that provides us with knowledge for designing and
analyzing an artifact and for explaining and predicting the nature of the artifact. By
contextual, we mean that the purview of an artifact theory is limited to a single
artifact or a set of artifacts.

The outcome of a design process typicaly is viewed as a manufacturable
description of the artifact consisting of detailed geometric models and drawings,
specification of materias, list of parts and assembly specifications, etc. To reflect
the knowledge building aspect of the design process, we extend this view and
propose that design is a process of constructing a theory of the artifact, not merely
constructing a manufacturable description (Figure 2).
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Figure 2: The outcome of design is an artifact theory
which includes a manufacturable description

In general, artifact theory building involves both development of new elements of
the theory as well as use and adaptation of elements of existing theories. This view
of design as building and reuse of artifact theories and the shift towards expectation
of artifact theories as the outcome of design provide several benefits to design
practice. First, an artifact theory can explain the state of the artifact and can predict
conseguences of any changes. Second, artifact theories, or elements there of, can
be reused or adapted for new designs. Despite this, there is a gap between support
for theory building and for theory use. Many design systems take the view that
design is mainly utilization of existing artifact theories and do not alow the
building or evolution of theories. They ignore the activity of knowledge building,
resulting in loss of the artifact theory that is so painstakingly developed during
design. The view of design as building and reuse of artifact theories suggests that
design environments should not only support use of existing theories, but should
also support capture of new theories. With the addition of such theories, design



environments should be constantly enriched and evolved.

The rest of the paper focusses on elaborating the need for contextua theories,
advancing the view of design as building and reuse of artifact theories, and
identifying its implications for design environments. We provide a philosophical
and empirical basis for artifact theory and bring together severa disparate views of
design to establish a unifying theme. We then describe the nature of design process
with respect to how knowledge is created, shared and reused in design, and identify
its implications for computational environments. Finally, we raise some research
questions and outline our current research efforts on elaborating and characterizing
artifact theories, formalizing them in terms of languages, and supporting their
development and use as a natural process of design.

2. Artifact Theory

What is a theory and what is its nature? We present a brief overview of scientific
theories, especially with respect to their nature in design. There is abundant
literature and debate on the definition, structure, and growth of scientific theoriesin
the areas of philosophy of science and logic. Although some broad and general
consensus exists, viewpoints differ. Readers interested in views presented by
various schools of thought regarding this issue should refer to the critical
introduction by Suppe[1].

2.1. Nature of Scientific Theories

Without delving into debates on the philosophy of science, we will discuss some
essential functions and properties of scientific theories. Mehlberg summarizes
empirical and theoretical aspects of scientific theories which we accept as the basis
for discussion of theories[2]. He suggests that empirical aspects are determined, in
substance, by a few essential functions discharged by any scientifically acceptable
theory within the scientist’s overall activity. He also argues that scientific theories
could not discharge their essential functions without employing three formal
components. These components provide a mechanism by which knowledge is put
into storage and used at will, i.e, they are the means by which a theory is
formalized. The essential functions of a scientific theory are listed as below.

1. Summarizing. One of the principal functions of a theory is to
summarize potentially large amount of information in a few
condensed statements. For example, the theory of mechanics can be
condensed into a single variational principle from which many
mechanical laws can be derived.

2. Predicting. A theory should not only summarize established laws and
facts, but also predict what may be established in the future. A theory
must predict any fact which would be observed under any specifiable
circumstances. For example, the theory of mechanics is expected to



predict mechanical laws which might be discovered.

3. Explaining. The essence of explanation consists in reducing a
situation to elements with which we are so familiar that we accept
them as matter of course, so our curiosity rests. A theory should also
determine why a fact known to have taken place actually did so, why
alaw known to be valid in its proper realm of phenomena is actualy
valid there, etc.

4. Controlling. A theory should enable us to bring about desirable
changes in our environment by following procedures which the theory
indicates.

5. Informing. A scientific theory should provide us with relevant and
dependable information about objects which are observable. The
dependability of information is due to its being supported by the
outcome of other investigations. In other words, scientific theories
should provide us with empirical knowledge.

The following are the three formalisms by which a scientific theory discharges the
essentia functions listed above.

1. Logical Formalism. Using the logical formalism, the elements of
science are built one upon another to generate new knowledge — the
reverse of the process of explanation [3]. The axioms and definitions
of a theory are manipulated using logical formalisms to generate
theorems of the axiomatic system. Substitution of different logical
formalismsin atheory may give different predictions or explanations.

2. Mathematical Formalism. Mathematical formalisms are essential to
discharge empirical functions. Examples of mathematical formalisms
are Hilbert spaces (in quantum mechanics) and linear algebra (in
structural mechanics). The difference between logical formalism and
mathematical formalism is that substitution of different mathematical
formalisms in a theory does not affect the explanations or predictions
of the theory.

3. Metaphysical Formalism. Scientific theories are based on some
assumptions or axioms that are undecidable on |ogico-mathematical
grounds and are not susceptible to any observational test. This class
of axioms forms the metaphysical formalism of a theory. For
example, in dynamic theory of gases, one of the axioms is that gases
consist of rigid molecules that fly about in all directions, colliding
with each other and with the containing wall.

While these empirical and theoretical aspects provide a basis for evaluating a
theory, all generally accepted scientific theories do not discharge al the functions
equally well and do not have all three theoretical formalisms. Typically, a theory
will discharge some functions better than others.



2.2. Reconciling Theory and Practice in Design

Philosophy of science strives to understand the nature and structure of scientific
theories, including their roles in the growth of scientific knowledge. The subject of
philosophy of engineering, which is not as well established as philosophy of
science, addresses similar issues in the context of engineering. It addresses
guestions such as what is the nature of theory in engineering design practice and
what is engineering knowledge? Addis presents the views of various philosophers
of engineering and weaves the views together to establish the nature and role of
theory in design[3]. He addresses the question of whether the normally accepted
classification of theory and practice is relevant in the context of design, specifically
in structural engineering. Most engineers agree that a gap exists between theory
and practice; however, Addis argues that there are several possibilities of gaps, as
shown in Figure 3, and that it is often unclear which gap is under discussion.
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Figure 3: Gaps between theory and practicein design [3]

An engineering science is closer to a pure science such as physics, and its ultimate
aim is to understand and explain the phenomena under its purview. Both
engineering and pure sciences make use of theories for such explanation. On the
other hand, engineering design is concerned with the production of artifacts in
conditions less predictable and less under control. The aim of engineering design
and engineering science are quite different. Engineering design uses what is
typically called engineering knowledge, which may consist of empirical data, rules,
laws, intuition, design procedures, experience and codes of practice.  While
engineering science and theories are useful, for example in establishing empirical
rules and in analyzing the artifact, they are rarely directly useful in designing.
Engineering knowledge does not fall easily under either category of theory or
practice.

If we wish to bridge the gap between theory and practice, i.e., make practice the
application of theory, we must extend our definition of theory to include not just
engineering science but all engineering knowledge. Addis argues that this extended
definition of engineering theory discharges its functions in ways similar to scientific



theory. Therole of atheory in physical sciencesisto explain certain phenomenon,
whereas itsrole in design isto aid in the transformation of functional specifications
to a solution that can be manufactured. Although the role of engineering
knowledge in design is well recognized both in design research and practice
(exemplified by the applications of knowledge-based systems), there have been
relatively few efforts to formalize this knowledge in terms of theories.

2.3. Artifact Theory as a Contextual Theory

With this extended definition of theory for design, which includes engineering
knowledge, let us ask the question: Isthere atheory that is useful for the purpose of
designing any given artifact independent of the context? Before answering this
question, let us briefly examine the nature of artifact theories in terms of its
empirical aspects. These include informational, explanatory, predictive,
constructive (or controlling) and summarizing functions which are listed in Table 1.
What elements should an artifact theory consist of to discharge these functions?
The informational function demands that the theory must contain and deliver
relevant information about the artifact. This information may include the structure
of the artifact, its geometry, functions, and so on. The explanatory and predictive
functions are similar and demand that the dependencies between information be
captured in the theory (for example, what requirements influenced a particular
design decision and how). The constructive function demands that the theory
capture the knowledge required to design the artifact. This knowledge may include
knowledge about analysis methods, synthesis methods, and evaluation methods.
The summarizing function demands that the theory be compact and make explicit
knowledge that can be reused across several different artifacts.

A genera theory for design should encompass all the engineering knowledge,
concisely or otherwise, and should be able to deliver its functions with respect to all
artifacts. ldeally, a general theory should be able to transform given functional
specifications into realizable physical attributes independent of the context, the
same way that genera theories in physical sciences (e.g., genera theory of
relativity) explain much of the universe. However, no such well trenched theories
exist for guiding the design process. Later in this paper, we describe some efforts
in developing theories for design and analyze them with respect to the empirical
and theoretical aspects of scientific theories.

In the absence of general theories for design, a pragmatic approach is to consider
developing and using more contextual and specific theories for designing specific
artifacts. An artifact theory is such a contextual theory that is essential to design
and build a specific artifact or a class of artifacts. This notion of artifact theory can
be exemplified by the existence of theories such as the theory of bridge construction
and horology (the science of making time pieces). If we look at the history of the
growth of theories in physical sciences, we notice that more unifying and more



Function Elements Examples (from motor design)

Informational Information about the » What is the composition of the cooling
artifact: structure, functions, | system?
geometry, ... » What areits functional requirements?
Explanatory & | Explanation for the state » What requirements caused the selection
predictive of the artifact of symmetric cooling flow?
Prediction of effects of » What happens if requirements become
any changes more stringent?

Constructive Knowledge about design » How do | go about designing a
methods, analysis methods, motor with certain specs?
etc. » How do | simulate motor
thermal characteristics?
« How do | evaluate the performance
of the motor? How do | benchmark it?

Summarizing Patternsin the artifact » What are possible configurations
information model for a cooling system?
* How do | adapt the motor thermal model?

Table 1: Elements of artifact theory and their functions

genera theories came only after several disparate unconnected theories which were
first developed to explain different physical phenomena. Therefore, starting with
the development of contextual theories is a reasonable approach toward developing
amore general understanding of design.

Contextual theories are developed by acquiring and systematizing knowledge in
context. This may lead to the formation of layers of artifact theories reflecting
various levels of contextuaization. The theories at lower levels are formed by
borrowing and adapting theories at higher layers and adding additional context
dependent knowledge. Figure 4 shows the role of context in the organization of
theories. While the most fundamental sciences, such as physics and chemistry, are
congtituents of al artifact theories, more contextual theories exist for specialized
classes of artifacts, more specific theories, eg., the theory of design and
construction of electric motors, are formed by borrowing and adapting general
theories and adding additional context-dependent knowledge. Even more
specialized theories may exist for a class of electric motors, like AC induction
motors. The most specific theories are about individual instances of artifacts.
Different artifact theories may overlap and contain several common elements that
can be transferred and reused across artifacts.

3. Design Studies

To understand building and reuse of artifact theories, we have undertaken three
participatory case studies. The first concerned the design of a third generation AC
induction motor for hybrid electric vehicles. This case study was an experiment in
distributed design between Carnegie Mellon University and Stanford University [4].
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Figure 4: Hierarchy of artifact theories

Since two previous generations had been designed and manufactured, we could
study the evolution of artifact theories over generations. The second case study
concerned the design of a laser tracker which was part of the Madefast experiment
[5]. Thethird project was the wearable computer design project at the Engineering
Design Research Center at Carnegie Mellon [6, 7].

In the design projects studied, designers used many categories of knowledge
including personal knowledge, knowledge from previous designs, knowledge about
physica behaviors, and manufacturing knowledge. A detailled analysis of
knowledge use in the motor design project is presented in[4]. One of the key
observations regarding the design process relates to the large amount of information
generated. For example, the documentation generated during the design of the AC
induction motor is several hundred pages long. The final report describing design
specifications, solutions, experiments, simulations, decisions and rationales is about
300 pages long. Since this design had two years of history, the previous
documentation was used extensively. A significant portion of the design effort
involved accessing and interpreting previous design information. The sought-after
information was not only about final design drawings, but also about simulation
models, underlying assumptions, experiments and their results, and manufacturing
processes and constraints. Embedded within the information in design reports is
knowledge that designers seek in designing other similar artifacts. A good design
report is a compilation of the theory about the artifact (albeit non-computable); use
of these reports exemplifies reuse of elements of existing artifact theories.

In these design case studies, designers did not have enough knowledge a priori to
transform functional specifications into physical attributes. In practice, it is hard to
implement the idealism of function to form mapping via behavior. A significant
amount of contextual knowledge must amost always be invented. While this is
clearly true for novel designs, the requirements for knowledge are unstable even in
mature domains. This instability arises from the variety of requirements imposed



by context, such as new customer requirements, new technologies, etc. For
example, in a case study of the design of transformersin alarge company, Finger et
al. show that although design of transformers is over 100 years old, there is still
significant novelty in the designs[8]. In related work, McMahon identifies several
modes of incremental design including parameter space exploration, improved
understanding of explicit-implicit attribute relationships, change in product design
specification, modification of feasible design space, and change in the design
principle[9]. Researchers working in the area of learning and design reuse have
also looked at how knowledge from prior designs must be rationalized and made
explicit [10, 11].

Designers must seek out knowledge in the context of the design problem, debate the
relevance of this knowledge, and generate new knowledge. As suggested by
Vincenti [12], such knowledge development may involve introducing blind
variations, experimenting, and selectively keeping what works. Vincenti also states
that variations are more likely to be tried out vicariously by analysis and experiment
in place of direct tria in design of mature products. Another significant mechanism
for the growth of engineering knowledge is the occurrence of design failures, when
designer’'s conjectures are fasified [13]. Both Vicenti’s and Petroski’s models of
knowledge growth were observed in the case studies described above.

Designers are aware of the instability of the design knowledge needed; Meyer, who
developed aforma grammar for architectural and structural design of tall buildings,
presents critiques of his prototype grammar by two domain experts[14]. The first
expert criticizes the grammar because it will never be able to capture and formalize
the knowledge behind design of tall buildings completely since the knowledge is
always changing. In other words, artifact theories keep evolving.

"It's a hopeless task. The minute that you've got it you'll want to do something
else.. The problem of designing a building is more like writing a poem than
writing a sentence. The subtleties of that are so immense that you can’t hope to
duplicate it... The structural engineering of buildings, | think, is like being a
builder of armature for sculpture. The stuff that's inside the Statue of Liberty is
Eiffel’s. To try to write a program that would anticipate every sculpture that a
sculptor could come up with would be sort of a big waste of time, | think, although
somebody might argue.” [14]

However, the second expert realizesthat it is desirable to formalize what we aready
know about the design process.

"Other than these comments, | think you are on the right track. | like the idea of
developing a grammar to establish the entire vocabulary, to establish a set of rules
of how you can operate within the process." [14]



4. Disparate Views & Reconciliation

Severa disparate views of design have been proposed in the past to guide design
practice as well as development of computational environments. In this section, we
briefly describe some of these views and identify common themes relating to
artifact theory. The purpose of this section is to elaborate on artifact theory from
the perspective of different views and bring them together, leading to a unifying
theme of design as building and reuse of artifact theories.

General Design Theory (GDT).GDT [15] is a theory of design based on
axiomatic set theory. It states that, given idea knowledge, design is a mapping
process from function space to attribute space with no substantial computation
required. This theory, being too idealistic to model real-world design process, has
been extended with the adaptation of ideal knowledge to real knowledge[16, 17].
Design with real knowledge requires the ability to continually model the designed
artifact until it evolves into a set of candidates that satisfy the given specification.
However, GDT, both in the ideal and real knowledge, only applies to domains with
known topologica structure. Thus, Reich hypothesizes that GDT may be most
applicable in established design domains with well-developed categorizations and
accumulated knowledge about how to mediate between the function and the
attribute categorizations[18]. Designing in these domains may range from simple
selection from a catalogue, to composing systems from available components, to a
stepwise refinement process.

Our notion of artifact theory is similar to ideal and real knowledge in GDT. Ideal
knowledge includes knowledge about topologies of functional spaces and attribute
spaces as well as mappings between them. Therea knowledge includes knowledge
about how to mediate between functional and attribute spaces, i.e., both to propose
refinements as well as to evaluate them. GDT tells us that these are the elements of
knowledge (i.e., artifact theory) required for design. GDT assumes the existence of
topological spaces prior to design, knowledge about mappings between them, and
knowledge about how to mediate between functional and attribute spaces. In
reality, complete knowledge rarely exists a priori, and often a significant part of the
knowledge is invented during designing of an artifact. In terms of GDT, our view
of design suggests the task of designers is to put together the ideal and red
knowledge required for the development of the artifact. Through repeated design of
similar artifacts, this knowledge can crystallize into ideal knowledge.

Design as a Computable FunctionFitzhorn proposes that the design process can
be modeled using the abstract model of computability: the Turing machine[19]. In
his model, designs are enumerated strings from a possibly multidimensional
grammar, and design specifications or constraints are formal state changes that
govern string enumeration. He defines a Turing machine in which the state
transition functions are dynamic. This adaptation does not to alter any



characteristics of general Turing machines. The design process is then mapped
onto the dynamic-state Turing machine. The design process is a series of state
transitions from initial specifications to final artifact description via transition
functions, which are constraints on the design. The transition functions themselves
are dynamic. The design includes three distinct, but interrelated elements. the
design process, the artifacts of design, and a set of design constraints. The process
is independent of the design context. The artifacts and constraints are domain
dependent, and he assumes they can be formally defined.

In this model of design, the formal models of artifacts (strings) as well as transition
functions on these models are context specific; these context-specific models and
transition functions form the artifact theory. To use this model of design as the basis
for implementing design systems, one must assume the availability of artifact
theories, i.e., forma models of artifacts and transition functions that transform these
models. These assumptions typically do not hold true in reality, and development of
these formal models and transition functions itself is a central part of the design
process. As Fitzhorn points out, the exposition of design as a computable function
tells us more about what cannot be done than what can be. However, it formalizes
the knowledge required for designing facilitating better understanding of artifact
theories.

Theory of Technical SystemsHubka and Eder present a comprehensive and
unifying theory to promote the understanding of technical systems[20]. They
extend the definition of theory in the context of design in a manner similar to that
discussed in Section 2.2. The term technical system means al human-made
artifacts, including technical artifacts and processes. The primary aim of the theory
is to classify and categorize knowledge about technical systems into an ordered set
of statements about their nature, regularities of conformation, origination,
development, and empirical observations. The content of the theory includes many
aspects of technical systems: their constituents, structures, and the models that
describe them; properties of technical systems and their inter-relationships;
evaluation of technical systems from the viewpoints of engineers, users, and
society; formal representation of technical systems (such as drawings); and historic
evolution of technical systems. Hubka and Eder argue that the lack of a general
meta-theory results in the unsystematic collection of know-how. The theory of
technical systemsis intended to be such a theory which brings together independent
domains and generalizes them. Hubka and Eder distinguish between general
theories and special theories of technical systems: many specia theories provide
concrete statements that are derived from the general theory. Asshown in Figure 5,
the specialized theories are enriched by cross-currents and cross fertilization from
various types of machinery and from established scientific theories such as
thermodynamics and fluid dynamics.
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In away, a special theory of atechnical system is equivalent to an artifact theory,
both in its insistence on context and in its role. Hubka and Eder describe and
characterize severa elements of a general theory of technical systems, concrete
elements of which are developed within the realms of specialized theories, in other
words, artifact theories. However, they do not share our view of design as theory
building; they propose the theory of technical systems as a means to collect and
organi ze knowledge about engineering artifacts for use.

Shared Memory in Design.Konda et al. present a unifying theme for design
theory emphasizing the importance of context [21]. They argue that a theory of the
design process should be constructed that emphasizes the empirical and descriptive
aspects of design, moving away from universal, context-less prescription. They
present the concept of shared memory as the embodiment of both context and
shared meaning and propose that the emphasis should be placed on developing
shared memory. They distinguish between vertical shared memory and horizontal
shared memory: vertical memory encapsulates increasingly detailed aspects of a
given profession’s knowledge, whereas horizontal memory encapsulates the record
of interdisciplinary communication. Horizontal shared memory aways requires
mutual trandation of terms and concepts across groups, because members of design
groups working on the same design do not share the same experiences, concepts,
perspectives, exemplars, methods, or techniques. Creation of shared memory
requires a deeper understanding of how individuals create shared meanings, what
special languages, representations, models, etc., are required to enable different
individuals to share knowledge and experience. The authors also argue that design
systems should not be limited to aiding an activity, but should also focus on



creating communication channelsto facilitate development of shared memory.

Artifact theory can be seen as akind of shared memory because it embodies context
and shared meaning among designers. Artifact theory is an encapsulation of
knowledge about an artifact (or a class of artifacts), i.e,, it is tied to the artifact
whereas the context of shared memory is unspecified — artifact theory, in a way,
makes shared memory concrete.

Artifactual Engineering. Recently, Y oshikawa has proposed a new field of study
called artifactual engineering [22]. The purpose of creating a new field isto bridge
the gap between specialized engineering domains (e.g., mechanical and electrical)
that have evolved separately. Yoshikawa argues that we need to establish an
engineering discipline that denies the existence of domains; he calls it artifactual
engineering. He argues that as long as engineering is portioned into domains and
depends on traditional territorialized principles, the goal of artifactual engineering
will be to show us facets that are not normally visible.

If we try to build up process theories in artifactual engineering now, we ought to
learn from the history whereby structural dynamics was established by referring to
knowledge needed in making bridges and building before structural dynamics
came into being. The lesson is that it is necessary not only to produce a massive
amount of products but aso to consider industry, which has produced vast amounts
of knowledge, an important source of wisdom. This knowledge has not been
systematized, and formally it is the same type as the knowledge required for
making a delicious omelet. If this can be called primitive knowledge, then in
artifactual engineering it may be possible to attain research methods aiming to
establish process theories, including general information about the degree to which
systematic knowledge using it is organized into effective knowledge via abduction.
[22]

Artifactual engineering shares concepts with theory of technical systems and shared
memory in design. Although artifactual engineering denies the existence of specific
domains (as currently established in engineering), its relation to the role of context
is unclear. However, similar to our view of design, artifactual engineering
emphasizes the study of artifacts and their design processes as opposed to specific
engineering domains alone. In our view, generalization of artifact theories to form
more general theoriesis the essence of artifactual engineering.

Axiomatic Design. Suh proposes two axioms for design, namely the functional
independence axiom and the information minimization axiom [23]. These axioms
can be considered to form the metaphysical basis for a theory of design. While this
theory has a metaphysical formalism (i.e., the axioms of design), it lacks logical and
mathematical formalisms, i.e., how to design from such axioms logically and
algorithmically. While the axioms themselves are useful, further work must be
done in developing logica and mathematical formalisms to complement them.
These formalisms can be developed within the context of specific artifacts leading
to development of contextual artifact theories based on Suh’'s axioms of design.



These contextual theories should interpret the axioms in the context of specific
artifacts and provide design procedures based on them.

Programming as Theory Building. In the domain of software engineering, Naur
argues that computer programming is equivalent to constructing a theory about the
program [24]. Naur argues that programming is primarily building knowledge of a
certain kind as an auxiliary product. This knowledge is generated, in part, through
matching some significant part of an activity in the real world to the formal symbol
manipulation done by a program running on a computer. Naur describes how
programmer’s knowledge is encapsulated into a theory. Having such a theory
enables programmers to explain, justify, and answer queries about their program.
This notion of “theory about the program” is similar to our notion of artifact
theory.

5. Building, Sharing & Reuse of Artifact Theories

To support design as artifact theory building and use, we need to understand the
nature of the design process in terms of how knowledge is created, shared, and
used. In this section, we argue that the artifact theory is necessarily shared among
the design participants and is developed collaboratively by the team. This has an
important implication that design systems can support capturing of elements of
theories by supporting and capturing systematic discourse. Based on this, we
propose amodel of design process that can be the basis for design environments.

5.1. Artifact Theory in Design Discourse

We assert that the artifact theory is shared among participants in the design
discourse. While there may be some tacit elements in design knowledge, we believe
that much of this knowledge can be expressed, captured, and communicated.
Designers working on the same design must be able to express the theory of the
artifact to one another. While design knowledge generated by a single designer
may remain implicit, what needs to be communicated will be expressed and made
explicit. This assertion can be verified by the content and quantity of information
shared during the design discourse in the case studies described earlier.

This assertion can be verified by the content and quantity of information shared
during the design discourse in the case studies described earlier. The theories
developed and shared in discourse typically reside in various communication tools
and are expressed in many forms. We define design discourse as the interactions
between participants in the design — both human designers and computer tools.
We assert that the artifact theory is shared among participants in the design
discourse.  Among these participants are clients, designers, manufacturers and
suppliers. Human designers deal with ill-conditioned issues of the problem that are
understood well enough to be incorporated in computer tools. Computer tools deal



with issues that are well understood and can be formulated in specific
computational methodologies.

Several researchers have explored various aspects of design discourse and placed
discourse at the center of design process. Bucciarelli, based on ethnographic
studies involving an X-ray system design, describes the style of design discourse
and presents three illustrations. constraining discourse, naming discourse and
decision discourse[25]. The first is about setting of performance specifications
early in the design. The second is about naming, which is a design phenomenon
that crystallizes images of parts and functions of the design in the minds of
participants. The third is decision making. All three, i.e., setting requirements,
naming, and decision making, can be seen as the outcome of an argument. An
example of amodel of discourse isIBIS[26], in which designers propose, criticize,
refing, abstract, and make concrete ideas and concepts that lead to a final product.
Konda et al. argue that design is an activity in which designers move toward a
shared understanding of the design artifact by negotiation and reconciliation of
several different perspectives[21]. The view taken in this document is that
designers construct a theory of the artifact collaboratively through negotiation and
reconciliation of different perspectives and interests. From the case studies, the
following properties of design discourse can be observed.

« Information Content. Large quantities of information are generated
and communicated in the discourse among the design participants. In
[4], we present gross quantitative measures of information generated
and communicated during the AC induction motor design. We observe
that the discourse changes as design moves from defining and
finalizing specifications to detailing a manufacturable description of
the artifact.

Tool Usage. For reasons arising from the need for efficient
information exchange and from the diversity of participants, design
information is transmitted in a variety of representational forms|[27].
Different media are suitable for different needs and representational
forms, and hence different media are used for modeling and
communication of design information.

Knowledge Intensiveness. Design discourse is knowledge intensive,
i.e,, much knowledge is exchanged in discourse. In previous studies,
we have presented analyses of patterns in knowledge use in the
evolution of design in the case studies and show that much of it isin
deed embedded in the discourse [4, 28].

5.2. Model of the Design Process

In this section, we present a model of the design process that incorporates theory
construction, theory sharing through discourse, and use of existing theories. This
model, shown in Figure 6, is a basis for developing computational environments.
The model consists of several participants including designers and computer tools,



the artifact theory being constructed, a collection of existing artifact theories that
are available for reuse, conceptual knowledge, and external knowledge. Designers
characteristics include competency in generating and evaluating design solutions,
ability to acquire and assimilate conceptual knowledge, ability to communicate with
other designers, and ability to use and build elements of artifact theories. Computer
tools may be used in the design process to perform specific tasks, for example, a
finite element analysis tool for therma analysis. While these tools may be
independent of the artifact, their use in the artifact design (usage models) is
included in the artifact theory. These usage models may include analytical
assumptions, assumptions about appropriate representations for the artifact, and so
on. For example, when a general mathematical tool such as MATLAB is used to
perform simulation, the modeling methods and assumptions underlying the dynamic
model are a part of the artifact theory. Conceptual knowledge refers to the
knowledge associated with individual designers, which is not codified and hence
not accessible to others. External knowledge refers to any knowledge accessed and
used by designers outside the design environment.

The process of theory construction involves several tasks, including reconciliation
of different perspectives, conceptualization and generation of ideas, reuse of
existing theories, and experimentation. This necessitates severa interactions
between the elements of the model shown in Figure 6. Reconciliation of
perspectives requires that designers communicate with one another.  This
communication may require sharing the theory itself, represented by the
interactions between the designers and the artifact theory. The interactions between
the designers and the existing artifact theories reflects access and reuse of these
theories.

Other interactions are shown with dashed arrows which may include interactions
through synchronous communication such as face-to-face meetings, telephone and
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Figure 6: Model of design process
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video conferences, application sharing via computers, and shared whiteboards.
Asynchronous communication may be by e-mail and faxes. Other interactions
included interactions between designers and tools and between designers and
conceptual and external knowledge. Conceptualization of knowledge requires
understanding of the context — both the context about the artifact and what is
available in the world that is relevant. This requires that relevant information be
available on as-needed basis. Recent advances in information technologies can
benefit enormoudly in this regard — information on manufacturing processes,
catalog parts, and so on can be made readily available.

6. Implications for Design Environments

Although design involves artifact theory building, the outcome of design is usually
not seen as the theory, but rather only as a manufacturable description. Of the four
elements of a theory listed in Table 1, only the first and part of the second are
usually considered to be the outcome of design and most current design
environments conform to this view. However, the foremost implication of the view
of design as building and reuse of artifact theories is that design environments
should support explication of artifact theories in computational forms as well as
their use in future designs. In effect, they should bring together and integrate the
theory building and theory use aspects of design. Whether or not support is
provided for explicit theory building, theory building is inherent in the design
process. Since these theories necessarily are shared among design participants, by
supporting design discourse in a structured fashion, design environments can assure
explicit artifact theories as the outcome of design.

In general, computational tools used in a design process can be categorized into two
broad categories: those that primarily support use of existing knowledge and those
that primarily support creation and sharing of new knowledge through discourse.
The former category of tools have certain knowledge about the artifact and support
a specific design activity. For example, in the motor design studied, a tool that
performs thermal analysis of an AC induction motor has embedded in it knowledge
about AC induction motors. The latter facilitate the design process, communication,
argumentation, etc.. These support articulation and sharing of newly discovered
knowledge, for example, word processors, e-mail, and documentation tools such as
PENS [29] which provides limited support for structured modeling.

A gap exists between those tools that support theory use and those that support
creation and sharing of theories (Figure 7). This is because the theories shared in
the latter category of tools are not immediately visible and are not immediately
incorporated into the former. A closer relationship between the two categories of
tools will make the design processes more efficient and productive. Ideally, design
environments should facilitate articulation of the knowledge developed during
design in computable formsthat is explicit and that can be readily used.
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Figure 7: Gap between theory building and theory use

The view of design as building and reuse of artifact theories has some important
implications for development of integrated design systems. Integrated design
systems result from well developed and consolidated artifact theories. To integrate
task-specific tools in the context of designing of an artifact, we need to know the
interactions between the tasks, for example, the mappings between vocabularies of
different tools. For example, in the AC induction motor design project, the tools
used include AutoCAD for drafting and geometric design, MathCAD for thermal
analysis model solving (resistance model) as well as for fluid dynamic analysis,
Algor for finite element thermal analysis of end turns, and machining planning
software tools at the job shops. The questions in integrating these tools include: do
we have knowledge about interactions between these tools? If we know the
interactions and incorporate them in an integrated design system, how stable are our
assumptions about these interactions? The answers depend on the dynamic
characteristics of the artifact design — how often the technologies change, how
much and how often the context and requirements change, etc. The less dynamic
the artifact design is, the more likely our assumptions about interactions remain
valid, making integrated design systems possible. Unfortunately, many
unpredictable interactions often occur between designers and disciplines, and
therefore concurrent design systems cannot connect together discipline-specific
toolsin predefined ways [30].

Distributed agent architectures for concurrent engineering systems have been
proposed, for example [31], where the focus is on integrating existing systems via
shared models of knowledge. The claimed advantage of the agent-based model of
collaboration is that computational resources can be utilized opportunistically and
added incrementally [32]. The fundamenta problem of information sharing and
development of shared vocabularies (ontologies) still remains a bottleneck. It
usually takes considerable effort to build such ontologies to make an agent a player
in problem solving. Such ontologies have been developed and demonstrated in
specific applications — however, the generality of such development processes and
feasibility of the overall philosophy of plug and play is still questionable. Olsen et
al. [32], based on experiences with agent-based architectures, conclude that



information technology must address a basic need — the need for collaborators to
establish information sharing agreements and to incorporate these agreements into
the tools they use. These observations leave us with several questions: when is
integration of tools possible and when not? It is conceivable that we can integrate
tools at the level of sharing detailed geometric information, for example using
PDES/STEP standards — but to what levels can we raise this integration? What
aspects of design can be integrated and what cannot be?

7. Resear ch Questions

In order to both practice and support design as building and reuse of artifact
theories, several questions must be answered which include: What is the content of
an artifact theory? Can we formally represent and capture it, and if so how? How
can we transfer elements of artifact theories across artifacts? How can we support
theory building and use in computational environments? In this section, we outline
our current research efforts in answering these questions. A more complete
description isgivenin [28].

What do designers look for in documents and reports concerning previous designs
and what do they transfer across designs? In addition to looking for answers to
specific questions, we believe they look for patterns in artifact information and
transfer them across generations of artifacts and across different artifact types.
These patterns are magjor constituents of artifact theories. The artifact information
consists of information about composition of the artifact, i.e., how various concepts
or subsystems compose the artifact. For example, the motor designed is composed
of a stator, arotor, a specific type of cooling system, etc. Artifact information also
consists of descriptor models that describe various aspects of the artifact and its
subsystems or subconcepts. For example, the motor has a therma model, an
electromagnetic model, and a design process model, among others. The patterns
both in artifact composition and in descriptor models of the artifact capture
significant knowledge about the artifact. The patterns in artifact composition
capture synthesis knowledge, e.g., knowledge about what concepts can be
combined well and how they can be combined. The patterns in descriptor models
capture knowledge about specific aspects of the artifact. If these patterns can be
made explicit during design, they become visible and can be reused in similar
designs. Our assertion is that that design environments should support not only
modeling of artifact information but also explication and reuse of patternsin artifact
information.

To develop computational environments that support theory construction and use in
terms of patterns, we need appropriate computational representations for patternsin
the artifact information as well as for artifact information itself. We propose that
the artifact information can be represented in terms of generalized graphs, and
patterns can be represented in terms of grammars on these graphs. This is true for



both patterns in concept composition as well as descriptor models. Posing the
theory in terms of forma grammars is appropriate since grammars can capture
knowledge effectively as corroborated by many knowledge-based applications in
engineering design, for example [14]. Grammars also facilitate formal analysis and
characterization of artifact theories and development of metrics for design such as
complexity metrics and similarity metrics.

A computational environment can cohesively support theory building and use by
providing support for explicating patterns in artifact information in the form of
grammars and for using these patterns effectively in future design and modeling
activities. In [28], we study theory construction and use in terms of grammars using
an environment based on n-dim[33]. This environment supports concurrent
development of models of artifact information as well as grammars underlying
them. It also provides severa features required for collaborative modeling
including information management, access control, negotiation, etc. thereby
facilitating the discourse through which artifact theory is shared and consolidated.

8. Conclusions

Universal theories for design do not exist; that is, we do not have theories that are
all-encompassing and that provide support in designing any artifact of choice. In
the absence of such universal theories, a pragmatic approach is to consider
developing and using contextual theories for designing specific artifacts. We have
introduced artifact theory as such a contextual theory. We have argued that design
involves development of not only a manufacturable description of the artifact but
also its theory. This theory building often involves both creation of new elements
as well as use of elements of existing theories. This view of design — as building
and reuse of artifact theories — provides a framework for understanding the nature
and growth of design knowledge. This view, as a guiding principle for design
practice, can benefit organizations significantly in building their respective
corporate memories. However, in correspondence with this view, design
environments should support structured discourse and structured modeling of
design information making the underlying knowledge explicit leading to
computable and reusable artifact theories.
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