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Abstract

We describe a coherent, eclectic approach to interpreting, representing, and
integrating knowledge from different scientific disciplines or  communities  of
practice. The approach, caled ECLECTIC, draws from a complementary blend of
ethnologicad methods, the hermeneutic andyss of domains, and ecology. Our
description focuses on the conceptua bases of this approach, its vaue, and uses,
paticulaly in handling the methodologicd consderations in the overlapping
phases of interpretation, representation, and integration. We give examples from
our use of the agpproach and describe how it handles difficult methodologica
issues. (1) knowing what quedions to initidly ask of members of stience
communities, (2) identifying ther dates of knowledge, (3) determining the
anadys’s role, (4) determining how the knowledge may be <df dicited by the
members themsdves, (5) verifying that the interpretation and representation of the
knowledge is meaningful to the membes and (6) integrating differing
representations from the communities.

1. Introduction
Et augebitur scientia ...

Anecdotes abound on the number of advances in knowledge and understanding that occur a the
interfaces between disciplines. From our experience, we know that interdisciplinary work can
include a range of activities such as the production of a volume of papers the andyss and
interpretation of knowledge from various science communities, the performance of project work
a interfaces between the sciences, and the conducting of ethnological (cultura anthropological)
research. In addition to the activities liged above, interdisciplinary work involving information
technology may be focused on the production of such artifacts as virtud enterprises, knowledge
bases, organizationd memories, and expet sysems. However, dl interdisciplinary work
involves interpreting, representing, and/or integrating knowledge from diverse fidds and often
encounters challenges in these same areas. The work and ideas reported in this paper are based
on the need to address these challenges.

1 «And knowledge shall increase ...” Taken from the book of Daniel 12: 4. Used by Francis Bacon in his Novum
Organon and often quoted with regard to growth of scientific and technological knowledge.



Our approach incorporates ideas and practices from across a range of disciplines and so we cdl it
ECLECTIC. We bdieve that it offers a unique perspective on and methodologicd solutions to
the chadlenges of deding with knowledge from different disciplines or communities of practice.
Communities of practice are informa networks of people who share amilar interests, experience,
and knowledge (Wenger 1999). These communities form as people pursue shared enterprises
over time, such as working on interdisciplinary projects to solve technical problems. People have
amultaneous memberships in multiple, overlapping communities. For ingance, individuds may
belong to different communities of practice based on ther afiliation, discipling, current work,
membership in professiond societies, and positions held within the organization.

In this section, we introduce the concept of “domain,” and define and describe the phases of
interpretation, representation, and integration. The concept of domain is centra to this paper. We
take a domain to be that body of knowledge that a person or community of practice uses to
address problems within their sphere of expertise. This description is somewhat problematic in
the sense tha what a domain contains will not only vary over time but will change according to
the make-up of the people involved and in relatiion to the condraints of the organization in which
the people work. Some examples of domainsin this volume are as follows:

gpplications of mathematical modeling techniques to complex biologica problems (Maini).

the interface between neurd dynamics and cognitive synthesis (Sporns).

roles for time in microphysical processes of biologica systems (Masuno).

The concept of domain underlies the activities of interpreting, representing, and integrating
knowledge. We view these activities as overlgpping, iterative phases in inter-disciplinary work.
The firgt phase, interpretation, is performed with the am of meking the message of text, or
gooken language—discourse—undersdandable to a hearer or reader. Interpretation is more than
trandation; it is about meaning and context. From the viewpoint of the ECLECTIC gpproach and
the products of its application, meaning within a domain is determined collaboratively. That is,
meaning is not only determined by the spesker/writer but adso by the listener/reader and the
context. Interpretation underlies dl interdisciplinary work, whether it is implicit or formd, such
a in doman andyss discourse andyss, hermeneutics and ethnology. In the ECLECTIC
goproach, domain andyss is formd. We define domain andlyss as involving the interpretation
and representation of abody of problems and the knowledge that is applied in solving them.

In the ECLECTIC approach, domain analyss requires didogue between the andyst and the
expert in the domain or the member of community of practice. Didogue is consdered necessary
from both an ethnologicd and hermeneutic perspective. Didogue is a means for the ethnologist
to ask the expert not only for answers but more bascdly for what questions to ask. Dialogue also
dlows the andyst and the expert to collaboratively negotiate the meaning of knowledge.

In the ECLECTIC approach, representations of knowledge are primarily the form in which the
experts, in didogue with the andyds or themsdves, communicate their knowledge of a domain.
For ingtance, two examples of representations in this volume are as follows:
practitioner’s representations of core issues regarding the practice of internd medicine
(Dioguardi);



prectitioner’s (Perl and Meyer) representations of how to go about doing experimental
physics.

Representations are based on the communities conceptudization of the domain (for example, of
how the domain is composed of parts and how these parts relate to one another). In other words,
these representations could be consdered models. Representations come in a variety of textua
and diagrammatic forms, and we give examples from projects in the next section. These
representations may not only describe what an expert is thinking in terms of problem solving but
adso its context and purpose. These representations serve as the basis for communication (lingua
franca) among members of diffeent scientific fidds on a project, paticulally for virtud
enterprises.

In the literature on artificid inteligence, representations can dso refer to the codification of
knowledge into forms that are computer operationa, such as rules, semantic networks, datitica
models, and cases-based reasoning. While this more codified representation is not the focus of
this article, we will illudrate it when it follows from the firs type of representation, for example,
when the experts naturd language descriptions of how a technology will perform given a st of
conditionsistrandated into fuzzy rules for an expert system.

In the ECLECTIC approach, integration is generdly defined as the coherent combining of
disparate sources, types, and levels of information for some enterprise. Integration is needed in a
host of gtuations, induding when one has knowledge or representations

of different types (for example, quditative and quantitative information);

of explicit or formalized knowledge and tacit knowledge;

from different sources (Smulations, experiments, observations, subjective judgments);

from varying levels (data and metadata, and dso component, subsystem, and system, micro

and macro models such asin smulations, and data, information, and knowledge);

from different pointsin time; and

from different experts; or at its most complex,

from different communities of practice, who may be geographicdly separate and

communicating eectronicadly.

Often, the purpose of integration is decisornrmaking. The reason that disparate information is
being collected and gnthesized in the first place is to provide some coherent input to a decision.
For example, in a project carried out between an automotive company and the Statitical
Sciences Group at Los Alamos Nationa Laboratory (Los Alamos or the Laboratory), the impetus
was to predict the reiability and associated uncertainty of automotive products, often while they
were il in early development (PREDICT 1999). Wha the automotive company did with the
conceptud design of an automotive product, such as a fud injection sysem, hinged on its
predicted riability. If the reiability were too low or the uncertainty too high, the concept would
be redesgned. Once it met targeted numbers, the concept was taken to the next phase in its
devedlopment, manufacturing, or testing. The integration occurred among the automotive
communities of design, manufacturing, chemicd, and software engineering; between expert
judgment and tet and warranty data, as these became avalable, information a the parts,
component and subsystem level; and through time.



Integration builds on the phases of interpretation and representation but is greater than the sum of
these. In our opinion, integraion must not only bring together tangible,  meaningful
representations of the knowledge but the means for usng these representations and the
communities who would use them. That is the means for integrating representations must
themsaves become integrated across the communities practices. Because knowledge is not
datic but evolves through practice, it follows that, unless knowledge is used and updated by its
communities, it will become irrdevant. (McNamaras pegper on the communities of practice
involved in underground nuclear teding eoquently illusrates both the renewd cycles of
knowledge and their dissolution). Thus, in our approach, integration of knowledge includes
ethnologicd methods for ensuring that the means for integration is “owned” by the individua or
communities and becomes part of their problem solving and/or decision making.

2. Background to the ECLECTIC Approach

In the fird subsection, we describe the ethnologica perspective that guides the ECLECTIC
gpproach, as well as some of the ethnologica methods that we have adapted.

2.1 Description of Ethnology

Ethnology, or culturd anthropology, is the study of cultures, culture is defined as shared
knowledge, such as exids in peoples mentd modds and their practices. We bdieve that
ethnology is rdevant and useful to the study of interdisciplinary work for four reasons its focus
on cultures, on knowledge as modds, on knowledge as practice, and its methods for explicating
these.

Ethnology has focused on the study of cultures for over four decades, beginning with exotic
thirdworld countries and recently including corporate or scientific cultures. Recently,
gthnologists have come to view scientific disciplines as cultures and hence worthy of sudy.
While ethnologists have recently come to this redization, those working in the sciences may
have intuited earlier the culturd nature of their disciplines. That is they may have been aware
that therr discipline or community of practice differed from others in terms of its doman of
knowledge, traditions and customs, and ways of problem solving.

In ethnology, there have been two modern views of culture—culture as modds and culture as
practices. We find both of these views to have meit and we use them in the ECLECTIC
approach; the former more in the representation phase, the latter more in the integration phase
and throughout the approach (especialy whenever knowledge is tacit).

In the knowledge-as-modes view, culture is defined as shared knowledge; tha is it is “not only
people's customs and artifacts and ora traditions, but what they must know in order to act as
they do, make the things they make, and interpret their experience in the didinctive way they do”
(Quinn and Holland 1991, p. 5). What people know is their cultural models—*the presupposed,
taken-for-granted modds of the world that are widdy shared (dthough not necessarily to the
excluson of other, dternative modds) by the members of a society and that play an enormous
role in their understanding of that world and their behavior in it” (Quinn and Holland 1991, p. 4).
These cultural models take either the propostionschematic or image-schematic form, each of
which endbles different kinds of cognitive tasks to be peformed. An example of the former



would be “rules of thumb” or propositions about how one goes about doing “good” research in a
paticular fidd, an example of the latter could be a diagram for evduating the performance of a
system. Another aspect of these culturd models is the use of metaphor; people use metgphor to
map ther knowledge from known physcd domans to the unknown physcd domans or
conceptudizations of socid and psychologica domains.

In the knowledge-as-practice view, knowledge is defined as “doing” or as competence in some
vaued practice. Within the context of this present volume of papers, “knowledge as doing”
includes the desgn of automotive engines, cregtion of sculptures, practice of medicine, or
performance of phydscs experiments. This view of knowledge differs from tha in the previous
goproach, in which knowledge is viewed as cognitive and is not assumed to directly translate to
behavior. In this knowledge-as-practice approach, knowledge is not smply in people' s heads but
in their interactions with their environment as well. Knowledge is viewed as actions teking place
in the stream of experience, which is defined to include “the person’s sdf, the things in the
environment and the factors which provide the background againgt which the person crestes
meaning for him or hersdf” (Kwasnick 1990). Meaning is negotiated as part of the practice; that
is, the members individudly and as parts of their community interpret phenomena using ther
individual and the shared frameworks and perspectives of ther practice. In the knowledge-as-
practice gpproach, the primary unit of study has become communities of practice—informa
networks formed by people as they pursue shared enterprises over time. This gpproach focuses
on the socid process by which learning occurs. Individuds learn as they engage in and
contribute to the practices of ther communities; communities learn as they refine their practices
and ensure a new generation of members (Wenger 1999).

Ethnologicd methods provide an excdlent means for dudying interdisciplinary research, in
paticular for explicating the tacit knowledge and the intefaces between members of
communities. Tacit knowledge and interpersona interfaces are dusve to most techniques of
sudy because individuds ae typicdly unable to describe these outsde the context of ther
practice.

One of the cornerstones of traditiond ethnologicad methods is an emphasis on portraying the
emic view, the ethnologis’s interpretation of indders views in the ingders own words. The
ethnologis’s interpretation is informed by interviews and observaions of the insder. During
both the interviews and the observations, the ethnologist strives to record the exact words of the
insder and a description of their context for andysis The emic perspective’® and its related
practices have been adapted to the ECLECTIC approach.

Another ethnologica practice that has been adapted to ECLECTIC involves the use of ingders.
In fidd research, ethnologists have traditiondly identified one or two insders who would inform
them about the dtudied society, such as by explaning the customs, describing ther culturd
models, and the meanings that their own actions and those of others hed. Ethnologists have
developed the practice of asking these “informing indders’ how to ask ther research questions
(Briggs 1986); that is, given that ethnologists may not spesk the language nor know which
questions are culturaly gppropriate and permissible to ask, they ask the indgders for guidance.

2 We note that the emic perspective is similar to the hermeneutic notion of a shared perspective through shared
dialogue, asillustrated in Figure 2.



Once ehnologigs have identified ingders, they may employ a vaiety of interviewing and
obsarvationa techniques, many of which ae of interex to the ECLECTIC approach. For
indance, one type of interview comes from the knowledge-as-modds school of ethnology; it is
designed to dicit the structure of the indgders knowledge and represent it as taxonomies or rough
ontologies (Spradling 1972; 1979). In addition to interviews, observationa techniques are used
in the ECLECTIC gpproach to gather information on interactions and patterns in behavior, and
generdly gain underganding of knowledge in practice. One type of observation that we have
adapted to ECLECTIC is paticipant observation. Participant observetion is the classc fidd
technique whereby the researcher is not a detached observer but a participant in the activities of
those being gudied. The emphasis is on ganing emic indght into how indders view themselves,
their own and others behaviors. We turn now from ethnologicd methods to two closdly coupled
ideasin the ECLECTIC approach—hermeneutics and ecology.

2.2 Toward an Ecological Hermeneutics

Hermeneutics can be described as the andysis of languageltext to interpret and represent what
another person is saying or writing. In a contemporary setting it reflects a critica gpproach to the
interpretation of text. We expand its scope by treating domains of knowledge and/or expertise in
terms of the text metaphor (see below and Paton 1997). The reader should aso look at the papers
by Erdi and Tsuda, and Lund and Paton in this volume.

We bdieve that it is reasonable and beneficid to goply hermeneutics to acquiring doman
knowledge for the following two reasons. Firdly, domain knowledge is represented textudly and
graphicdly, and these representations have hidoricdly been the subject of hermeneutics.
Secondly, hermeneutics provides a theoretical base and techniques for exploring meaning and
context, concepts key to doman knowledge. Specificdly, hermeneutics portrays meaning as a
collaboration and as more than wha is sad linguidicdly. Thus, hermeneutics dlows the
researcher to find meaning in context, and to strike a balance between what experts say and what
they mean. For these reasons, hermeneutics is particularly gppropriagie to performing doman
anadysis and adding domain knowledge (Meyer and Paton 1992).

Hermeneutics is derived from the Greek word er mhneuw , which conveyed the meaning of
“explan’ or “interpret.” Explanation and interpretation reman two centrd features of an
hermeneut’'s task. Specificaly, two agpects of hermeneutic investigations should be
diginguished: (1) dudy of the principles on which a text is to be undersood, and (2)
interpretation of a text so that its message is understandable to a hearer or reader. Although it
would not be appropriate to review the work of hermeneuticists® in detail here, selected aspects
of their work will be consdered in relation to the genera scope of this paper. In paticular, we
note certain contributions from Schleiermacher, Dilthey, and Ricoeur.

Hermeneutical studies have developed in anumber of related areas such as theology (biblical
interpretation), socid philosophy (interpretation of human behavior) and exigentidism (the

3 Note: We distinguish an hermeneuticist as someone who develops the discipline of hermeneutics from an
hermeneut who carries out (say) an interpretative task.



purpose of human existence). The modern origins of the subject are in the biblica hermeneutics
of 17th century German theology. According to Thisdton (1995) the idea of the study of
hermeneutics was probably first used by Dannhauer in his Hermeneutic Sacra of 1654. However,
the mgjor pioneer of the modern discipline is Schieiermacher (1768-1834), whose intellectud
roots were in Chrigtian pietism, Romanticism, and Kantian transcendental philosophy (Thiselton
1995). Schieilermacher elaborated a theory of understanding that depended on the interaction
between two epistemic poles. on the one hand interpersond/relationa and on the other,
critica/comparative. The former pole facilitated creetive understanding and the latter, critical
knowledge (Schlelermacher 1977). A key question that Schieiermacher sought to address was
not how or what we may understand but how the process of understanding a text becomes
possible. Dilthey' s (1833—-1911) work was not only applied to text but more generaly to a
hermeneuticd interpretation of human behavior (that is, asocid philosophy). He focused on the
uniqueness of the “sdlf” and on the fundamentd role played by textua coherence in terms of the
relationship between parts and whole. A key exponent of an hermeneutica approach during the
twentieth century was Ricoeur. His working definition of hermeneuticsis the theory of the
operations of understanding in their relation to the interpretation of texts (Ricoeur 1981). The
Fregean notions of sense and reference are key to Ricoeur’ s separation between discourse and
language, for whereas discourse relates to redity, language rdates to itsdf. Put another way,
terms denote—people refer (see Harré 1986). This dichotomy anticipates the ecologica
dimenson of what ECLECTIC isdl about asit highlights the digtinction between the semantic
closure associated with aforma system and the capacity for a natural system to evolve, adapt,
and anticipate. From our viewpoint, domains are naturd systems and any formal representation
will by its nature be incomplete (see below). For Ricoeur the extremes and often contradictions
of explanation and interpretation within hermeneutics are brought together through the reations
between metaphor and text. Explanation provides the sense or pattern within the discourse (the
relaions of the parts), and interpretation deals with reference (the reation of the whole).

I nterpretation finds the metaphor for the text as awhole. The metaphorica step that is made with
regard to knowledge acquisition isto treat a domain as text as well as discourse about the domain
astext (see Figure 1).

explanation

metaphor text

interpretation

Figure 1. Relation between metaphor and text.

The approach described in this section combines a number of hermeneuticd threads. Firdly,
there is a hermeneutic emphads on anticipating and interpreting knowledge. The anticipatory
phases in a domain andyss seek to establish the hermeneut’s understanding of a domain (that is,



a kind of preunderstanding) and to provide a context in which assumptions and preconceptions
ae made explicit. This is important for a number of reasons, not leest of which is the
management of the hermeneut’'s own thinking and prgudices. Another vauable emphass of an
hermeneutic gpproach is the focus on didogue. This can be used as a means of checking a
hermeneut’s interpretations of knowledge. In order to establish a working rapport between the
hermeneut and others, we have developed a number of techniques for probing and characterizing
the knowledge—both verbdly and visudly. Unlike a number of other approaches, these methods
are very essy to follow. It can be very difficult to isolate knowledge in a domain and categorize it
in any complete or unique way. One solution to this problem is to identify nondigoint
characteritics of a domain. Elsewhere, we have discussed seven such characteridtics, namely
dructure, purpose, theory, metatheory, relation to other domains, history, and metaphor (for
example, Meyer and Paton 1992; Paton et a. 1994; Bench-Capon et a. 1996). These
characteridics or ther anticipation for any doman furnish the hermeneut with a very useful set
of andyticd and synthetic tools.

As noted in the Introduction, domain was defined as a body of knowledge used by an individud
or group of people to address problems. Here we extend the use of the term to include the
following domains as they emerge from the didogica gpproach:
cognitive—the understandings of expert and hermenet,
did ogue- dependent—the sociolinguistic interactions between expert and hermeneut, and
referentid—the objects to which the expet and hermeneut refer when usng words or
diagrams or other representations.

Undergtanding the contexts of the domain is paticularly vauable when a range of viewpoints is
held anong a number of people. The emphass on interpretation rather than trandation is very
important and reflects an gppreciation of a domain as text. The domain-based approach can
provide meaningful didogue between expert and hermeneut and heps both when it comes to
organizing the emerging knowledge in a coherent and usable way. It provides methods for the
generation, representation, and containment of a shared perspective recognizing the importance
of the evolving meaningful didogue, as wel as the incompleteness of modes and languages
(summarized in Figure 2). Awareness of condraints on perspectives and modes leads to the
recognition of a plurdity of views tha impacts on underlying metgphors as wel as ontologicd
issues (Jones and Paton 1997; 1998).

™

Figure 2. The hermeneutic notion of a shared perspective through a shared didogue.



Put rather abdractly, we may say that in a didogue there is exchange interaction between the
participating agents whereas in a monologica approach there is no interaction per se, rather, one
agent acts as an “observer” and defines and describes the “observed” from a singular
(idiosyncratic) point of view.* Exchange interaction presumes that observers are aso observed
athough, within our current discusson, the role(s) of expert and hermeneut are dissmilar. It is a
powerful way of deding with complementarity. Elsewhere, and borrowing from certain
gpproaches to microphysics, it is described as an endosystem view. We seek to apply this
endosystem view to include context and meaning as products of a shared didogue. In this case
the domain models are generated as a product of dialogue and negotiation, and are not based on
the decompostions of an external observer. In some ways this is a renterpretation of the
domain-based view of Meyer and Paton (1992) from the viewpoint of endophysics.

The hermeneutic gpproach that has been developed for characterizing complex domains of
knowledge aso has a digtinctive ecologicd flavor (for example, Paton et d. 1993). A domain is
not only a text, it is dso an ecology, and this latter metaphorica source can be used to account
for contexts, interactions, interpretations, history, openness, hierarchy and levels of organization,
heterogendty, and individudity. Domains, like ecosysems, ae memory evolutive sysems—
complex, autonomous systems. (See paper by Ehresmann and Vanbremersh in this volume) To
accommodeate this wedth of ideas concerning domains, we need a plurdist approach. A number
of metaphoricad disolacements can be made between domains and ecologies, including systemic
and spatid metaphors. As Levins (1984) put it, no single ecologicad modd can smultaneoudy
optimize for redism, generdity, and precigon. In a amilar way, there is no sngle description of
a domain that can be sngularly accommodated. This is very evident for example when systemic
metaphors associated with ecosystems thinking are examined (for example, Paton 2000). For
exampla models may accessideas that imply that ecosystems are like

meachines—notably thermodynamic; balance, feedback, input-output, .

circuits—thermodynamic cycles and eectrica circuit equivaents (and ogu&), e

organisms—arowth, hedlth, life history, adaptability, evolution, . . .

economies—role, niche, currency, resource, producer, consume, . . .

theatres—stage, play, script, actors, . . .

soci eti es—interaction, communication, exchange, competition, . . .

texts—meaning, context, interpretation (for example, plants as phytometers), . . .

What becomes very interesting is that these modd types not only access certain vocabularies of
words, they dso have certain types of diagram associated with them. We aso make use of the
asociations between verbal metgphors and diagrams in developing an appreciation of the
ecology of domains.

Domains are open, evolving systems. Within the metaphorica frameworks of domain-as-ecology
we may condder how an organism occupies a niche (role/job/function) in an ecosystem, as does
an expat within a domain. Different doman experts may fill different niches, and niches can
change as the doman changes. Clearly, this is the case in multidisciplinary domains and aso
within sngle disciplines. To explore this obvious Satement, consder the ecological notion of an
Umwelt, which was introduced by Uexkdl (for example, 1909) to describe those features of the

* Ray Paton acknowledges an important source of this view on monologues and dialogues as coming partly from a
conversation with Koichiro Matsuno.
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environment that are actudly used by an organism. Harré (1990) develops this idea in relation to
a redig account of knowledge in scientific domans. An umwelt could be described as the
species-gpecific habitat. The expert dso has an umwdt within the domain in which he/she works.
Indeed, the umwet is not only defined by the knowledge and expertise of experts, novices ad
other workers but dso by the organization in which the domain is placed and the higtory and
evolution of this larger “sphere” This relates to some of the domain characteristics noted above,
for example, the relaions and common metaphors across domains. In contrast, the Umgebung is
the prospective habitat of an organism that may change during its life higory and over longer
time periods. This recognizes that domans have hidories that may be liner or cyclicd or
network-like over time. Correctly anticipating or refuting the broader context of expertise and
knowledge need not be and in practice is not cynicdly viewed within a framework of
postmodernist decondtruction. In order to assess particular perspectives, the hermeneutic
framework acknowledges a redist account. This places the expert's tasks and drategies into a
context that is cognitive, discursive and organizationd.

This redist account is very clearly seen in the role aitributed to theoretical knowledge within and
between domains. A theory is the evolving cognitive complex that enables people to define
objects in the red world as well as modd, represent, explan and understand. Metaphors and
models are very closdly linked. Modds based on a source (or sources) that differs from the
subject require aticulaion of one thing in terms of something dse. Modds that hdp visudize
scientific domains may make use of sources that differ from the subject (for a comprehensve
sudy, see Miller 1996). The language of modes is metephorical. Metgphor provides the
linguigic context in which modes are described and andogies and smiles are made (Harré
1986; Soskice 1985). At the core of a theory is a conception of a mechanism or structure at work.
Many theories are more than ordered collections of statements—they dso contain an iconic
component.

Figure 3 summarizes some interconnections between the mgor components of the doman of
discourse and four other domains. Two of these (organizationd and public) are relaed to the
larger organizationd concerns and two (persond and modding) ded with persond/idiosyncratic
knowledge. Keeping to the ecologica metaphor, the role (niche) played by domain of discourse
or didogueisreveded by the links between domains.
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The appreciation of underlying theoretical congtructs and the ways in which such congructs are
communicated in visud or diagrammatic forms can hdp an hermeneut explore the Structure and
functiondity of an expert's domain. Figure 4 provides a smple summary of how a number of
diagrammatic forms can be interrdated to Seer a domain andyss. The scraich net a the top of
the figure is a Smple method for collecting ideas around a central organizing concept. From this
visudization, a number of more detalled diagrams and other forms (such as tables) can be
congructed; two examples are shown in the figure. The factor complex reveds interconnections
between the peripherad concepts, thus producing a more detailed network. Even more eaborate
networks can be derived from this, as shown in the bottom left diagram. Another approach is to
refine the scraich net and produce a deeper tree congtruction from which a classification can be
derived. The congruction of such hierarchical sructures or systemic networks not only provides
details about the objects in the domain but aso the theoretical constructs used to conceptudize
them. Indeed, at this levd classfications may be made more complete and underlying taxonomic
drategies may be made explicit for the first time (Paton et d. 1994).

3. The ECLECTIC Approach in Practice

Having reviewed some of the generd background to the ECLECTIC gpproach, we now turn to
describing the gpproach in practice. We note that ECLECTIC is an evolving s&t of tools and
techniques, and so we are reporting on an evolving rather than finished piece of (see Paton and
Meyer 2000). ECLECTIC is based on the adaptation of the ethnologicd approach to
interdisciplinary  projects in Western science. This ethnologicd foundation is supplemented by
the hermeneutic and ecologicd methods where gppropriate. We have organized the next three
sections on the phases of interpretation, representation, and integration as follows. We firs give
a brief description of how we blended the approaches for each phase. We then discuss the
methodological consderations in conducting each phase and illudrate these usng examples. The
examples come from four projects in which various features of the approach have been tested
and goplied: automotive reiability, radioisotope identification, organizationd memory, and
wegpon rdiahility.

Automotive Reliability

As mentioned in the Introduction, this project was caried out between a multinationd
automotive company and the Statistical Sciences Group a Los Alamos. The problems that we
were to solve were a combination of datisticd and culturd—datistica in that we were D create
a process to quantify the reiability, and the related uncertainty, of automotive products while
they were ill in the concept or design phase, before quantitative test data were available
culturad in that we would be introducing to the automotive company a different way of thinking
about rdiddility, a new way of “doing busness” Our datigdicad solution involved formdly
dicting peformance edimates from the product experts representing these edtimaes as
probability didributions, and integrating these edtimates with other rdevant information usng
Bayesan datigtics. Our gpproach to the cultura problem involved ethnologica techniques and is
described in the next subsection. This project has aready met with success in both its Satistica
and cultura aspects. The process for quantifying reliability has received an R&D 100 award and
been adopted for use by the automotive company on al its new concept designs.
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Radioisotope I dentification

The god of this project was to cresie an expet sysem that would correctly identify
radioisotopes from their gamma-ray spectra. Identifying radioisotopes is useful to customs agents
or law enforcement officers who must ded with suspicious packages. Our role in this project was
to assst the experts in diciting and representing their own knowledge as rules for the expert
sysem. Expets identify gamma-ray <spectra indirectly by the ionization they produce in
materids. Measurements of the ionization are recorded as a pulse-height distribution. Because
ganma-ray spectra can be measured only indirectly, experts must try to identify imprecise
features of the pulse-height digtribution and match these to precise features of radioisotope
gpectra. Our approach in this project was to dicit and observe the process that the experts
folowing in identifying gamma-ray spectra. We then described how the experts could perform a
amplified versgon of the dicitation on themsalvesto learn their heurigtics in identifying spectra.

Organizational Memory

This new project is to capture problemsolving knowledge about projects caried out by the
Statistical Sciences Group and to make the knowledge easily accessble and updatesble in a web-
based repository, a knowledge base. The knowledge base will serve as a means for recording
technica lessons learned and as a resource for writing reports and proposas, tracking the
progress of projects, and bringing new members up to speed on the projects. The two main
chalenges are (1) to provide structures for the domain of project knowledge that make sense to a
vaiety of technicd daff, such as datidticians, computer scientists, and ethnologidts, as wel as to
managers, and (2) to design the knowledge base and its interface so as to motivate members of
the group to contribute to the knowledge. This project is in an early prototype stage in a Lotus
Notes Domino application.

Weapon Reliability

In this Los Alamos project, the problem was to quantify the reiability and the rdlated uncertainty
of aging nucler wegpon sysems. This problem was complicated by the wegpon components
potentid aging out of ther origind specifications, but because of the ban on nudear testing, no
new, sysem-level data were avalable. The Los Alamos team's gpproach has been to rely on
formdly dicted expert judgment when data are sparse or open to interpretation. While this
goproach is amilar to that of the automotive project, there have been greater differences between
the wegpon communities of practice, in particular between the survellance engineers and the
desgn phydcigs. These differences mean greater difficulties in representing and then integrating
the communities rdiability assessments. As with the automotive project, performance edimates
are represented as probability distributions and integrated using Bayesan Satistics. However, the
task of integrating the estimates is more complex in the wegpons example because of the greater
complexity of the system being modeled, the degrees of uncertainty, the differences between the
weagpon communities, and the time needed to produce data from smulations or experiments.

3.1 Phase 1. Interpretation
In the interpretation phase, ECLECTIC draws on both the ethnologicadl and hermeneutic

goproaches. The ethnologicd approach provides guidance in identifying indders in the
community, learning what questions to initidly ask them, and determining the sources of explicit
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and tacit knowledge. Both the ethnological and the hermeneutic approaches provide means for
coming to understand the perspective of the insder through, respectively, interviews or didogue.
(From now on, we will use the term interviews when the andyst asks questions and dialogue
when amore informd style of discourse istaking place.)

We frequently doat a proect with the interpretation phase—meking the knowledge
understandable—and our fird condderdion is identifying insiders. As described in section 2.1,
ingders ae people who will collaborate with us in making the gpoken and written
communications on the project undersandable (to us, to them, and to their communities of
prectice). We look to indders as interpreters because the doman being sudied and the
interdisciplinary communities of practice are often foreign to us, the researchers. The indders
know ther domans and ther communities of practice. They can provide “entreg’ into ther
communities by explaning ther workings, identifying and interpreting sources  and
organizetiond features of information, and gquiding us in diciting more information and
olidting wider participation. We note that the ingder has a much larger role in the ECLECTIC
gpproach than the “friendly expert” did in the early “expert sysems’ of the 1980s. The role of
the friendly expert at that time was redricted to providing rules or cases for the expert sysem
and then checking them.

The first questions we ask the ingder are how to ask our questions. That is, when we firs enter a
project, we may not yet spesk the language, know the meaning of certain terms, or even which
questions would meke sense to the practitioners. For this reason, we explain the ams of the
project to the insgders and find out what questions we should ask, and how, and of whom. For
example, in usng the “asking how to ask” method on the weapon performance project (Meyer
and Booker et d. 1999), we learned that the engineers and the physicists think of performance
veay differently and frame ther questions accordingly. For example, the engineers think of
performance in terms of measurements, the specifications the system is to meet, and whether it
currently meets those specifications, while physicists think in more nebulous terms of processes
that could potentially lead to degrees of successful or failed performance,

Typicdly, we are only certain tha we have identified the indders in retrogpect. That is, we
describe the role to those who contact us, ask them how to ask questions, and wait to see who
begins to carry the work forward in their community (Meyer and Booker et a. 2000). Once the
indders have been identified, we ask them privaidy what they would persondly like to gan
from participating in this work and how they will judge its success or falure. We have found that
the ingders often have unvoiced reasons, gods, or motivations for championing the work. If we
eicit ther reasons in advance, we can work toward their redization and ensure the continued
paticipation and good will of the indders. For example, in the high-tech rdiability projects,
indders motivations have ranged from wanting to pass on their knowledge before they retired,
to developing a process for predicting reliability to the stage where it could be demondrated in
the field, adopted by the company, and applied to dl new product development programs (Meyer
and Booker et a. 2000). Continued participation is the ided because it dlows the participants to
more fully, deeply evolve the interpretation, representation, and integration of the knowledge. In
the examples given beow, the work on the automotive and wegpon rdigbility projects has been
going on for four to seven years.
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A second congderation in the interpretation phase is the state of the knowledge. That is, whet is
the gtate of the knowledge in the domains? What sources of information are dready avalable a
leest somewhat codified in text and which reman implicit? To visudize the dae of the
knowledge, imagine two ends of the continuum. On one end is knowledge represented in the
form of text, graphics, or eectronic archives. Some examples of this knowledge would be
procedures for ways of doing busness and accepted scientific theories and practices. This
knowledge is farly datic and has been described as explicit or “knowledge as possession.” On
the other end is implicit knowledge that has not yet been formdized, recorded in text, nor, often,
even aticulated. This knowledge resdes in the thinking and actions of individuds and ther
communities. For example, much of implicit knowledge fdls into the category of “how to”
expertise. This knowledge has been cdled tacit, expert judgment, or “knowledge as practice”
The firg end of the continuum is predominant when the multidisciplinary work is wel
edablished, aether as a whole or in its individud disciplines. The second end of the continuum
dominates when the endeavor is new, with no rdevant precursors, such as in desgning a nove
approach or product.

In our experience, when there is an abundance of formaized knowledge, the role of the andyst
will be that of a mirror; that is, the andyst will passvdy mirror the information and reflect it
back. In other words, the analyst adopts the existing terminology. When the state of knowledge is
predominantly implicit, the role of the anays will be to assgt in condructing the knowledge, to
help bring coherence to it. The andyd’s role will be more active than in the firg dtuation. For
example, in the firg gdtuation, the andyst will adopt the exiding terminology; in the second, the
andys will collaboratively build the vocabulay and negotigle meaning with the other
participants.

In the ECLECTIC approach, we determine the state of knowledge by asking the insder: For
example, what are the sources of information for this field of inquiry, domain, or project? If there
is a lot of information, we ask the indders to identify what is relevant to the ams of the endeavor
and to describe how. For ingtance, in the weapon rdiability project, there was a huge formalized
body of knowledge, much of it dectronicdly archived and accessble but only smdl portions
were declared reevant. This was because the archives documented a former way of quantifying
nuclear wegpon reliability based on underground testing, apractice that ceased in 1992. The new
practices for certifying reliability were not yet fully established a the beginning of this project,
and so the mgority of knowledge was implicit, despite the magnitude of archived information

3.2 Phase 2: Representation

Currently, the gpproach is based manly on ethnologicd methods in this phase. However, we
expect that hermeneutic representations (Figure 4) will play a grester role in this phase in the
future, as we develop techniques tha will dlow individuds to sdf dicit and represent their own
knowledge. For now, though, we follow ethnologicd methods in interviewing insders to learn
whether they have existing representations or, if not, in asssting them to creste ones compatible
with their practices. As in the interpretation phase, the focus in this phase continues to be emic;
that is, on portraying the representations from the ingders points of view and in their words or
diagrams. The ethnologicd methods are supplemented with techniques from hermeneutics in two
gtuaions. (1) use of the container metgphor to asss the indders in bounding their statements of



17

the problem; and (2) use of transfer relation diagrams (Figure 4) to depict the flow of information
between communities of practice, as this flow has determined by ethnological interviews and
observation.

We turn now to describe our current implementation of the approach. Once we have identified
the state of knowledge and its sources, we move from a phase that focuses on interpretation to
one that includes both interpretation and representation. Representations in the ECLECTIC
goproach are the form in which the members of the communities and the anadyss collaboratively
communicate their knowledge of adomain.

If the date of knowledge is farly well established and written information is available, we work
with the ingder to make sense of the doman. Our making sense of the doman focuses on
defining the scope or boundaries of the domain and its pre-exising dructure, particularly the
interrelationships of the pats and the purposes, tasks and drategies it addresses. One
condderation in the representation phase is the type of representation, and we include and exploit
diagrammatic representations as well as purely textud ones. In our experience, practitioners
frequently wish to present their knowledge as diagrams (for example, Paton et d. 1994). Often
diagrams dready exig within ther communities of practice or larger organizations that prescribe
how tasks are to be performed. Quinn and Holland (1991, p. 5) argue that cultura knowledge
may take either propostionschematic or image-schematic form, each enabling the performance
of different kinds of cognitive tasks.

We refer to the project on predicting automotive reliability to illustrate how we represent
knowledge in gStuations in which it has been a leest somewhat formdized. We asked our insder
to define the doman of product reiability and to identify sources of information on it. In
essence, we were asking for the takenfor-granted culturd models (Quinn and Holland 1991) of
product engineers that enable them to act as they do and interpret information within the
reliability domain. The insder explaned tha the company gpproached rdiability in terms of
meting peformance requirements, for example, for fud consumption and dlowable fud
emissons. Reiability was assessed for each automotive product and the systems, subsystems,
and components of which they are composed. For example, Figure 5 (Kerscher et a. 2000)
shows a smple generic subsysem D that is composed of components A, B, and C. If the
components A, B, and C in the diagram are dl in series, the rdiability of subsystem D will be the
product of the rdliagbilities of the components.

Figure 5. Rdiability success tree diagram.
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Another condderation in this phase is whether the knowledge mugt be in quantitative form,
which is the norm in sdientific applications® We will describe how tacit knowledge was given
quantitative form in the automotive project. In this project, one of the chdlenges was to quantify
the rdiability of the product while it was ill in the concept or design phase, before quantitative
test data were available. We proposed to draw on the knowledge of the product experts and ask
them to provide numericad estimates. First, however, we asked the insder how we could ask this
question; that is, we asked tow the product experts thought about reliability. We learned that the
desgn enginears thought in the metric of incidents per thousand vehides faling to mest
gpecifications. We dso learned that the product experts thought in terms of what could
potentially cause the product to fall, or its fallure modes. Some examples of falure modes for the
outer sel component of a fud sysem could be that the sed did not hold or that the extreme
temperatures caused the sedl to crack.

Usng what we had learned, we collaborated with the insders to draft a set of questions, or a
work shet, to formadly dicit initid rdiability esimates from the experts. The worksheets named
a paticular component and asked the experts to identify its sgnificant falure modes, explan
why these modes were sgnificant, and estimate their incidence. The worksheets dso included
three quedtions to dicit rdiability estimates. The fird quedion was essantidly “What is your
esimate on the mos likdy number of tota falures to occur, for dl falure modes, per 1,000
parts?” The second and third questions were smilar but asked for the highest number and lowest
number of falures the expert reasonably expected. We arrived a this framing of the question
through separate didogues with the automotive ingders and the datigticians on the project team
and, later, pilot tests. (In essence, we treated the indders and the datisticians as two ends on a
line and worked the ends to the middle, ariving a a way to frame the quedion that was
satisfactory to both.?) The satisticians needed the expert estimates in a form that would trandate
to uncertainty distributions so they could use a Bayesan gpproach to the anayss, the indders
and experts needed the questions to match their way of thinking about performance.

The format of most likely number, and the reasonable worst and best case numbers, alowed the
datidicians to convert the edimates into uncertainty distributions. Didtributions were combined
according to the representations of the product as shown in Fgure 5. This process will be
discussed further in the integration phase.

A practicad condderation in this phase involves widening the participation from the ingders to
the larger communities of practicee We can illudrate ore of these trandtions usng the
automotive project. The measures described below may seem labor and time consuming, and
indeed they are, but they have led to the willing participation of the communities—a necessary
condition for the project going forward.

After the worksheet was drafted as described above, we asked the indder to pilot test it on
himsdf. We had indructed the ingder to think aoud as he completed the worksheet to identify

® Probabilities are often used when experts think in precise numerical form, and fuzzy logic when they do not
gM eyer and Booker et al. 2000).

In the future, we intend to apply the endosystemic view from the ecological approach to such problems. We
believe that the endosystemic view might provide insight into how to resolve differences between the communities’
ways of representing their knowledge.



19

problem areass. The am of the pilot test was to identify areas where the representation would not
fit the communities rdiability practice, ask the indders for fixes, and then revise the worksheet.
(Our procedures are described in detail in Meyer and Booker 1991, pp. 153-159, and are smilar
to the usability engineering methods of Jacob Nielsen 1993). The indder then sdected additiona
ingders from the desgn and manufacturing communities to further pilot test the worksheet. We
note that the pilot testing took place through teleconferences rather than face to face because the
insders were spread across the continent.

Next, we worked with ingders to ensure that the protocol for administering the worksheets was
compatible with the communities of practice. We had learned from the ingders tha the product
experts worked in teams of four to eight engineers led informdly by team leaders. The results of
team meetings were generdly a consensus on how to proceed in the design or manufacturing of a
product, given performance issues. We had dso eicited from the indders the amount of time that
the product experts typicdly spent in meetings assessng product rdiability. Taking dl this into
account, we decided that the protocol for the dicitation would take place in two meetings in
which (1) the ingder would work with each appropriate team to kick off the effort, request that
the team members roughly complete ther worksheets individudly, and answer any of ther
questions, and (2) the ingder, in cooperation with the team leaders, would use flip charts to dicit
and record the team’s answers to the worksheet questions. Other parts of the protocol included
timing the dicitation to after the company had announced and endorsed the project; and knowing
the mechanisms by which the ingder initidly contacted the teams to solicit ther participation.
The information the indder gave to the teams to motivate their participation had been carefully
designed according to what the insder and what we expected the team members to consider in
deciding to participate (for further details, see Meyer and Booker et a. 2000).

Another congderation is the degree to which representation will have to be computer-executable,
or automated. While our focus in ECLECTIC has been to evolve representations of the
practitioners  thinking, the structured nature of this gpproach tends to create representations that
can be implemented by the computer. In the automotive project, for example, the rdiability
edimates are propagated (as probability didributions) according to the diagrams of the
components, subsystems, and systems to obtain an overal product rdigbility digribution a a
point in time. In the next section, we give additiond examples of representations, such as
asociative networks, that are a fird step in representing implicit knowledge and that can be
implemented on a computer system.

When the knowledge being studied is largely tacit and embedded in practice, the analyst takes an
active role in interpreting and representing “what it is that people know.” The andyst may dart
by asking the indder to identify the domain or to bound the problem. This sep may resemble
creating a Statement of the problem. For example, in creating an expet sysem to identify
radioisotopes, the ingder defined the problem and the andyst asked questions until they arived
a a datement of the problem that was acceptable and understandable to both. Much of the
didogue revolved around subtleties of what was being measured directly, namdy pulse-height
digributions. The find daements of the problem darified that the insdrument was to identify
radioisotopes from their gamma-ray spectra but that gamma-ray spectra are detected indirectly
by the ionization they produce in materids Measurements of the ionization are recorded as
pulse-height didributions. Thus, experts (and expet sysems) must identify the imprecise



features of the pulse-height digribution and match these to precise features of radioisotope
spectra (Meyer and Booker et a. 2000).

Another technique for bounding the problem is to introduce the container metgphor from the
hermeneutic gpproach. The anadyst can describe this concept to the indder to assst in
determining what belongs to the domain and what does not, and therefore need not be
considered. For example, the god of one new poject was to create an eectronic repository, an
organizationd memory for ddidicians, computer scientits, and ethnologiss. The andyst
dicited an ingder’'s modd of the domain, dating with what the organizationd memory should
contain. As the analyst continues to cary out the domain andyss, the Structure and functioning
of the domain can be represented in scraich nets, factor complexes, hierarchica trees, and
networks of transfer relations (see Figure 4). We note that the andys is in an active role of
helping evolve the implicit knowledge, as opposed to passvely mirroring the knowledge, as is
the case when the knowledge is dready explicit.

We have found that additiond methods are necessary for diciting and representing task-based
knowledge. Task-based knowledge should be dicited or observed as it is practiced. This is
because the “know how” of experienced members of a community rapidly becomes unconscious
and they cannot recal or describe it out of context. There are severd methods for diciting task-
based knowledge, depending on whether the tasks involve browsing eectronic records. In the
radioisotope project, for example, the spectroscopists referred to eectronic libraries of spectra to
identify radioisotopes. If the task involves dectronic libraries, the method of “machine adaptive
leaning” may be ussful. This method induces users implicit modes from ther browsng and
represents these as associative networks (Bollen 1998); that is, the Sites that the user accesses in
sequence are linked together, resembling a factor complex (see Figure 4). For ingtance, if the
spectroscopist accessed the libraries in this order—Dbarium 133, iodine 131, xenon 133, iodine,
barium, iodine, and barium—the associative network would show barium and iodine closdy
linked to each other, and the xenon more distantly linked to the iodine.

For tasks that do not involve navigaing through eectronic records, we use a combination of
three methods to acquire the knowledge—verba protocol, participant observation, and reflective
«df-dicitation. The verba protocol technique from psychology (Ericsson and Simon 1984)
involves having the practitioners think aoud as they peform a task so that the researcher can
trace and document their thinking. The pilot-test Stuation described earlier is one example that
relies on the think doud technique, and usability tests are ancther.

We ae dso usng a cusomized verson of participant observation to acquire task-based
knowledge. As mentioned in section 2.1, paticipant observation is a technique whereby the
andys paticipates in the activities of those being studied with the am of ganing ingght into
how insders view their own and others problem-solving tasks (Meyer 1991). We have had to
talor this technique because of logidics. In some cases, our projects involve communities in
other states or countries, and travel funds are congtrained. In other cases, we have limited access
to communities work aress because of security requirements. Instead of participation, we have
used our knowledge of Stuation, gained by interviews, records research, and domain anadyss, to
form hypotheses on how ingders view their work, the other communities of practice, and our
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joint enterprise. We then check our hypotheses againgt subsequent relevant information and
didogue with the members

Sdf-dicitation is a method that we have been developing as part of ECLECTIC. We define it as
occurring when experts reflect upon and dicit and diagram their own knowledge concerning
some task, typicdly as they are peforming it. In sdf-dicitation, the expert plays the role of both
himsdf and the andyd. Sdf-dicitation is not only a method but dso a god; tha is, we am to
enadble experts to peform ther own domain andyss and propose tha this capability ads
interdisciplinary  work toward becoming sdf-sustaining. We ae developing guiddines and
software to asss individuds in scoping, defining, dtructuring, and  representing  thelir  own
knowledge (Paton and Meyer 2000). Sdf-didtation reates to the integration of knowledge
within communities of practice, as will be described in the next section.

Experts in the automotive project are making the trangtion to sdf-dicitation. In the beginning
years, we (the Los Alamos team) dicited from the ingders, and the indders learned firgt-hand
the technique of “asking how to ak” as we jointly developed the rdiability questions. They
learned to reflect on how they and the desgn engineers thought about rdiability. They
participated in the pilot testing of the questions (the worksheet) and led the diciting of the
edimates from the design engineers. The indders were then ready and willing to adapt the
gQuestions to the next three communities of practice—manufacturing enginears, chemicd
engineers, and Software engineers. For example, for the manufacturing engineers, the indders
changed the question from parts per thousand to parts per million, to reflect the manufacturing
engineers ways of thinking. They pilot tested the questions and conducted the dicitations of the
manufacturing engineers on ther own. With the software engineers (engineers who developed
the software that ran automotive parts), the ingders needed a little assstance from us because
this community of practice thought of performance in a radicdly different way (for example,
hours of operating time).

Frequently, representing the knowledge of communities of practice requires diagramming the
flow of information. Underdanding and representing the flow of information is necessary to
determine how the different domains and niches of experts fit together for accomplishing some
common purpose. Moreover, these diagrams can serve as guidesin the integration phase.

Our technique has been to diagram the informeation flow at two leves, top down and bottom up,
and to draw on ecologicd models for guidance. The factor complex or network of transfer
relations (Figure 4) are convenient forms for representing the information flow. The top-down
view is often provided by insders who hold manageria posgtions and who can describe the “big
picture’ (for example, the functions of each community, the knowledge that they hold, and the
type of technical questions that are referred to them). The bottomrup view is obtained from
goecidids and often reflects their ecologicad niche. Typicdly, the specidids explan ther
expertise, the technica questions they ask and respond to, and their sources of information. We
note that this view focuses on the scientist’'s daly practice and is more accurate than the
generdized picture that emerges from the top-down view.

If the enterprise or the community of practice is newly established, the practitioners may be
unable to describe the flow of information, especidly at an abdract leve. In such stuations, we



have asked the indgders for a bottom-up view, for their specific roles and tasks. To illustrate what
we might receve from a bottomup interview, we refer to the project on radioisotopes—the
project whose goal was to create an expert system for identifying radioisotopes. We asked an
indder to describe the information received by human experts and their decisons and were told
the following. The experts, gamma spectroscopists, examine the pulse-height distributions of the
observed gamma rays, the detector response functions, and libraries of photo pesk energies
asociated with specific radioisotopes. The experts use the pulse-height digtribution to identify
the observed gamma-ray peaks. The observed peaks are compared to the detector response
function to determine if they are consstent with the detector response or are due to datistics or
noise. The experts identify dl the features in a pulse-height didribution and refer to the library to
categorize a peak. An example of an expet’'s decison is that it “looks like a Bignuth pulse-
height distribution because of the observed pesks, and the extra features look like the Compton
edges associated with the observed peaks.”

We then asked an ingder for the inputs and outputs he expected the expert system to have. The
expert sysem was to have essentidly the same information flow as the human expert; that is, the
indder expected the expert sysem to (1) distinguish “pesk shape’ from that which is “not a
peak,” (2) compare pesk energy to library energy usng fuzzy membership, (3) tdly the pesk
matches for al isotopesin the library, and (4) determine the best maich to identify the isotope.

A practicd condderation in representing knowledge, particularly tecit or task-based, is keeping
the representations flexible so that they can evolve. For ingance, in the project on wegpon
religbility, the representations for two of the magor communities, survellance engineers and
weapon designers, were in flux for severd years, in part because the practice was trangtioning
from one based on underground nuclear testing to one involving a vaiety of sciences. The
representations for the surveillance engineers and the designers had to be different to reflect their
different ways of thinking and assessng performance; however, their representations also needed
to interface because information was exchanged between the two communities. Thus, when one
community’s representation changed, it typicaly affected the others representations and dl the
representations hed to be redone, taking much time and effort.

3.3 Phase 3: Integration

Integration is a daunting task—not only does it involve interpretation and representation,
complex tasks by themsdves, but it must synthesze varieties of these into a coherent whole. In
interdisciplinary  projects for ingtance, the representations from the different experts and
communities of practice, or disciplines, will be diverses These representations will reflect
different theoreticd bases, assumptions, and types (qualitative and quantitative) and sources of
information (Smulation, experiments, obsarvations, or subjective judgment). Adding to the
difficulty of integration is the smdl amount of avalable guidance on how to perform it. For
example in the atifidd intdligence literature concerning ontologies, the problem of how
integration should be performed is described as “more or less unsolved” (Pinto and Gomez-Perez
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et a. 1999).” Given the generd lack of guidance on how to perform integration, this phese of
ECLECTIC is necessaxrily in more of a devdopmentd dage than those of interpretation or
representation.

For the integration phase, ECLECTIC draws mostly on ethnology, especidly the knowledge-as-
practice approach. This approach focuses on communities practices, how they work separately
and together in solving a problem. Such a focus is necessary to understanding how to integrate
their representations and to designing technologies to bring together their diverse representations
and records. Also necessary is the use of interviews and didogues to check that members agree
with how the integration has been done.

Given that our gpproach to performing integration is gill evolving, we anticipate grester use of
the hermeneutic agpproach in this phase, paticulally in the andyss of doman interrdations
(Figure 3). Specificdly, we expect that explicating the theory, meta theory, structure, and
purpose of a doman will bring rigor to determining how different domains may be integrated. In
addition, we aso believe thet the ecologica concepts of niche, of umwelt and umgebung, may be
useful in darifying domain interrdaionships.

We turn now to our method of implementing integration. A key condderation has been the
cregtion of an integrating technology, an edectronic repository such as a knowledge base or
organizationd memory, to bring together the disparate information, organize, and represent it,
and genadly make it accessble for use in problem solving or decison meking. We have
developed three of these knowledge bases for the automotive and wegpon rdigbility and
organizationa memory projects mentioned earlier. Based on hypertext, these knowledge bases
have grgphicd user interfaces and bring together, often for the firg time, the information and
representations of different communities of practice. The information ranges from
- data (individud test results) to knowledge (experts' interpretation of the data),

explicit to tacit knowledge (for example, formad reports to informa presentations and

transcripts of interviewsin which expert judgment was dicited),

quditative (naturd language statements about the problem) to quantitative, and

historical and current data to hypothetica future cases.

The representations range from textud descriptions of the experts problem solving to rdidhility
diagrams and datistics. The representations were designed as described in the previous sections
through interviews with members of the communities of practice. In the oldest knowledge base,
the knowledge is largdly eplicit, namey reports or presentations, and has been uploaded into the
appropriate categories and cross-linked by the andyss. In the newer knowledge bases for the
automotive and wegpon reliability projects, both tacit and explicit knowledge are included. The

" The word integration has held different meanings in the field of artificial intelligence. For example, in the field of
ontological engineering, Pinto and Gomez-Perez et al. (1999) have identified the following three uses of integration:
integration—to build a new ontology by assembling, specializing, or adapting other ontologies already
available;
merge—to build an ontology by merging several ontologies into a single one that unifies them all; and
use—to build an application using one or more ontologies.
However, each of these three types of integration is considered difficult and the problem of integration, largely
unsolved (Pinto and Gomez-Perez et a. 1999, p. 7-2).
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experts are sdf-diciting, providing the dructure of the knowledge and then uploading their files
into the gppropriate categories in the structure in the automotive knowledge base.

A key issue in integration is when and a what level representations should be unified® For
exanple, in ontologicd engineering, one of the questions is whether integration should be
performed during the dicitation, acquigtion of knowledge, or during the implementation, when
the representations are made executable on the computer. While we agree that integration does
and should occur throughout an enterprises life cycde, we propose that the unifying
representation should occur late in the process and at the most encompassing level. Because the
different communities of practice have different knowledge and ways of thinking, it would be a
grave midake to try to force one representation during the dicitation stages. In both the weapon
and automotive rdiability projects, the different communities of practice—the physcists and
engineers and the desgn, manufacturing, chemicd, and software engineers—give edimates of
performance using the representations and language with which they are familiar. In these two
projects, the unifying representation that we sdected was Bayedan datigics an andyss
drategy. We had earlier determined that this unifying representation would be compatible with
the communities practices, their diverse representations, and the project’'s gods. After the
experts had provided ther estimates in ther respective forms, these were trandated into the
probability form that would be handled by the unifying representation.

For example, in the automotive project, the design engineers give their estimates of defects in
parts per thousand, and the nanufacturing enginears, in parts per million for the components or
subsystems within a system for some unit of time (for example, a 12 months, 10,0000 miles, or
a million hours of operating time). For the integration to occur, the experts must choose some
common time reference, such as 12 months. The andyds or ddidicians, then identify
probability digributions for these estimates and combine them to produce the digtribution that
represents the whole component or subsystem. All the digtributions of the individud dements
are then combined according to the rdiability logic flow diagram, shown in Figure 5, to form the
digribution of the entire automotive product. The rdigbility, including the uncertainty, is then
cdculaed a vaious points in time usng a time-predictive religbility modd to caculate the long-
term performance of the entire product (Kerscher et al. 2000; PREDICT 1999).

An overview of the process tha we followed to arive a a reliability probability digtribution is
illugtrated in Figure 6.

8 We credit Sallie Keller-McNulty for bringing this consideration to our attention.
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Figure 6. Integration within the communities of practice.

As shown in Figure 6, ° we sdected an andysis Strategy (far Ift rectangle), in this case Bayesian

datidics. As mentioned earlier, this andyss drategy serves as the unifying representation. We
sected the andyds drategy according to consderations described earlier in the interpretation
and representation phases and depicted in this figure, as the types of information/knowledge (the
second rectangle from the left), the interdisciplinary perspectives of the communities of practice
and therr scientific decison objectives. The representations of the communities knowledge were
brought together via the information integration technology (third rectangle) and unified through
Bayesan datistics and a common time reference to provide a decison metric (fourth rectangle).
This metric predicts sysem performance a a point in time in the form of a rdiability probability
digribution.

As we progress through the integration phase, the didogue between the analysts and the experts
continues to play an important role. Here dialogue serves as a check on the means by which the
integration is done, paticularly the use of a unifying representation. For example, in the wegpon
reliability project, the find probabilities and uncertainties for the overdl system are reviewed by
the communities to ensure that they “make sense” That is was there some assumption in the
representation that caused the end result to lack credibility, to be overly optimisic or
pessmigtic? At a more detaled levd, the individud experts have reviewed the representations of
their judgments and requested changes. For example, some of the wegpon experts have requested
that labels and caveats be added to the trandations of thelr estimates. Specificaly, the plotting of

° We credit Greg Wilson, Sallie Keller-McNulty, and Alyson Wilson for developing this figure.
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expert judgments, as probabilities and uncertainties, has caused concern on the part of some
experts that decison makers and other users might not be aware of the subjective bases of these
judgments. The experts have requested that their plotted results dways be labeled as based on
subjective judgments so that they will not be confused with repestedly sampled obj ective data.

Ancther form of didogue is emerging with the automotive knowledge base; it is between the
users of the knowledge base and the knowledge base itsdf. For example, the experts may use the
interface, an application of Lotus Notes Domino software, to dectronicdly sdf dicit and enter
the categories of information (the knowledge dructure) that they intend to populate with
uploaded files. In this case, the didogue is between the expert (the disembodied andyst) and the
observed knowledge base. Another form of eectronic didogue is occurring among members of
the communities of practice. The software dlows the different members to view, comment on, or
amend each other’s entries depending on how the members have defined their own and others
eectronic rights. For example, on the automotive project, the core community of practice (the
project team) has the greatest voice and eectronic access in determining the desgn and
populating of the knowledge base. The project team, in turn, defines the access of the other
communities, for example, if they may read only portions of the knowledge base, may edit
documents (for example, in completing the worksheets), or may make changes to the sructure of
the knowledge base. In this way, the communities are able to dectronicaly collaborate on the
creation and evolution of the knowledge base. We note that dl of the above forms of didogue
can be considered part of the feedback loop, back to when the information is being integrated
within the dimengion of time.

Time is emerging as an important condderation in integrating knowledge, not only in our
projects'® but dso in naturdly occurring cases of integration. The dlassic case of integration is
the neurophysiology of the human mind. We mention the neurophysiologica example because
we have examined it in atempts to extract some of the conditions necessary to al types of
integration.

The human mind integrates fragmentary input from dal the senses into a coherent, meaningful
whole. It is wdl known that our sense organs gather information and send it to the thaamus, a
brain gructure, which in turns sends the sensations to regions of the brain’s cortex. What is not
known is “where and how these fragments of information ae integrated into a meaningful
wholg’ (Herbert 2000). Cdl physologistss and philosophers of human consciousness have
pondered this “binding problem.” They have asked how it is that we, for example, can take in the
color and boundaries of our offices; the sounds, smels and textures of the furnishings and
integrate them into a unified sense of “officeness” Llinas a cel physiologist, has argued that
consciousness has more to do with timing than with anatomy and proposed that the thalamus
functions as the bran's clock. Usng the magnetoencephdograph (MEG) to sudy the brain's
waves, Llinas has shown that “the thdamus is in condant didogue with the brain’s higher
processing centers. An eectromagnetic loop sends pulses from the thdamus to the cortex, but
the different sensory centers of the brain dso message the thaamus in return. Consciousness
exigs when these oscillations are in sync—pulsng a the same rae—so smells, sounds, and so
forth assemble in akind of €ectromagnetic symphony” (Herbert 2000).

10 For example, in the automotive project, experts from the different communities had to agree on a common time
reference for their representations before these could be unified.



27

Time seems to be a necessyy condition of integration in a leet two ways (1) the
gynchronization of the different sources of information as mentioned above and (2) the renewd
and evolution of the knowledge. As McNamara discussed in her paper, the desgning, testing,
and refining of prototype nuclear devices a the Nevada Test Ste served as a means of
integrating the different disciplinary perspectives that the Laboratory’s wegpon community
brought to bear on its tasks physcs, engineering, metdlurgy, and the operaiond expertise
necessary to fidd a test. In preparing for a nuclear test, various communities a the Laboratory
worked semi-independently on separate but interrelated problems in fidding a nuclear test. Once
preparations had been moved from the Laboratory in Los Alamos to the Nevada Test Site, the
test director would rehearse the shot procedures in a series of “dry runs’ to check diagnostics,
timing and data collection, and firing equipment, ensuring that the individud operations and
technologies would function as a unified sysem when the devices was actudly fired. In essence,
he was forcing synchronization to a culminaing event that would take place in the blink of an
gye. This experimenta cycde was a proving ground for senior experts and training for the
apprentice experts. The code runs, diagnogtic results from previous tests, and calculaions
leading up to and during the test would be the focus of intense discusson between and among
the communities. Meanings would be negotiated for every successful or falled step dong the
way. Individud communities and the wegpons community, as a whole, learned through the
experimenta cycle, so that communa knowledge was congtantly evolving.

We note that the Los Alamos knowledge bases differ in the rate a which knowledge is
collaboratively updated. We update one Los Alamos knowledge base biannudly as a result of
feedback and usability tests obtained from users. This knowledge base cannot be updated directly
by the dispersed users in a client server mode because they are not connected by a secure
network. By contrast, the automotive knowledge base under development is accessed by users
directly via emal or browser and updated continuoudy as they refine the dtructure of the
repository and contribute dectronic files.

For knowledge to evolve optimdly, the technology for integration should facilitate easy, direct,
and continuous updating by those most qudified—the communities of practice. We would
further argue that if knowledge is to continuoudy evolve, the technology for integration must be
integraied within the community. In other words, the technology, such as the knowledge base,
must be “owned” by the communities and become part of their problemsolving practices. (We
note that the ECLECTIC approach creates representations that fit the communities practices,
their problem-solving or decison tasks, so tha there is one barrier less to their adopting and
usng the technology.) The knowledge that the community members gan from usng the
knowledge base to make decisons is folded back into the knowledge base. Smilarly, the results
of goplying any data mining or adaptive learning techniques (for example, to determine implicit
mental models of users by the order and frequency with which they access particular Stes) dso
become part of the growing knowledge base.

4. Concluding Remarks

Representing, interpreting, and integrating knowledge present chdlenging problems to many
emerging and edablished disciplines tha must make use of the trandfer of ideas, ways of
thinking, and practice. This paper, indeed this volume of papers, presents many issues that must
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be faced as domains of knowledge evolve. Like the knowledge domains it seeks to address,
ECLECTIC is an evolving gpproach that not only reflects its history (i.e, the background of
people gpplying it and the domains to which it has been applied) but dso anticipates and is
sengtive to future areas of multidisciplinary knowledge.
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