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KNOWLEDGE ACQUISITION FOR APPLICATION: COGNITIVE FLEXIBILITY
AND TRANSFER OF TRAINING IN ILL-STRUCTURED DOMAINS

1. Executive Summary

1.1 Overview of Final Repor

This report presents the findings of a program cf research concemned with advanced
knowledge acquisition of difficult material in ill-structured domains. The research program
had three interdependent aspects, which are presented in turn in the report:

+ patterns of learning failure in advanced treatments of complex material and their
causes and consequences;

» new theory-based remedies for the observed patterns of learning failure; and

+ hypertext instructional approaches for forestalling learning failure and developing
cognitive flexibility based on the findings from the first two parts of the program.

As is obvious from these three foci, the research program was very broad in its coverage
of advanced learning, spanning in an integrated manner from what goes wrong, to a detailed
theory of how to fix what goes wrong (or avoid its happening in the first place), to highly
specific instructional implications of the theory, implemented in innovative computer
envirconments. This breadth of coverage of issues related tc advanced learning in compley.
domains allows the interlocking character of important issues to emerge in ways that are not
possible when domains of inquiry are more restricted. For example, it helps greatly to know
what is going wrong in order to know how to fix it; so a lot of research effort went into studying
patierns of learning fajlyre that later was rewarding in its implications for developing new
approaches 1o achieving learning syccess. Each pan of the program enhanced the other parts,
permitting a cumulative story of advanced learning to emerge tha! is both unified and
comprehensive. This Fina! Report tells that interwoven and encompassing story.

In the first part of the report (following a detailed synthesis of the overall program of
study in Section 2, which should be read first), research is presented that has revealed a
substantial incidence of learning failure attributable to various forms of oversimplification
(Section 3). We illustrate some of the special characteristics of advanced learning of complex
conceplual material, and we note how these characteris*ics are often at odds with the goals and
1actics of introductory instruction and with psychological biases in learning. Factors that
contribute to suboptimal learning at the advanced stage are comprehensively catalogued, and the
nature of resulting learning deficiencies are analyzed in great detail. Special attention is
devoted to findings concerning the way that local (and sometimes modest-appearing) learning
failures compound each other to build large scale networks of durable and consequential
misconception. Another important finding in this arena is that many learning failures appear to
result from the use of strategies that are successful at earlier, more introductory stages of
learning (where learning goals are less ambitlious): several findings are presented that
indicate thal what heips early in learning often hurts when more advanced understandings are
attempted laier. Since most studies of learning strategies do not examine the later consequences
of earlier learning, this important maladaplive pattern has gone largely undetected. Datailed
research on one kind of popular learning strategy, the use of anaiogy, illustrates the way early
successes may impede later learning of more advanced treatments of the same material. The
findings from this first phase of the program are imporant for several reasons. The learning
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palterns that were found to lead to failure were frequently unexpected; sometimes they
represented approaches that are mistakenly assigned uniform value in learning and instruction.
Identitying these pittalls 1o advancing in the learning of a topic is important in avoiding them.
You need to know whal is going wrong in order to know how 1o fix it, and the second phase of the
research program builds on the first one in just that way.

The second pant of the research program is the subject of the first chapters of Section 4,
whare we describe a theoratical orientation for more successful advancad knowledge acquisition
in ill-structured domains, Cognitive Flexibility Theory. A learner who has developed ‘cogaitive
lexibility" will be able to utilize conceptual knowledge in an adaptive fashion, selecting and
assembling disparate elements of knowledge to fit the needs of a particular understanding or
problem solving situation (rather than relying on retrigving from memory knowledge that is
monolithically prepackaged for use). This is needed in ill-structured knowledge domains,
where variability across cases in the elements of knowledge that must be used, and how that
knowledge is used in a particuiar case, are 100 great to allow adequate performance using
prepackaged scripts for thought and action that have (o be applied to a wide range of cases --
ill-structuredness does not permit thai kinc. of genralizability of abstract conceptual
representations. The orientation of Cognilive Flexibiiity Theory emphasizes:

- the use of multiple mental and pedagogical representations (e.g.. multiple analogies)--
the more representations or perspeclives available 10 be drawn on, the fuller the
coverage of individual cases during leaming and the greater the flexibility in selecting a
subset to best fit a new case encountered in the future;

+ the promotion of multiple alternative systems of linkage among knowledge elements,
providing flexibility in the routes thal can be explored to assemble knowledge elements
in different ways to best fit the case at hand;

+ the centrality of "cases of application” as a vehicle for engendering functional
conceptual understanding -- in an ill-structured domain, cases differ too much from
each other, however they may be categorized, for any abstraction away from the
individual case 10 be likely to caplure enough of any single case's particulars --
conceptual knowledge must be taught in its context of application; and

+ the need for participatory learning, tutorial guidance, and adjunct support for aiding
the management of complexity.

Following Cognitive Fiexibiily Theory, learning proceeds by a nonlinear process of “criss-
crossing” the cases in a knowledge domain in many conceptual directions, maximizing coverage
within the domain (imporant because ill-structured domains give a different appearance in
different of their sectors), increasing linkages across different parts of the domain, and
instilling in the learner the importance of not being limited in the perspectives used to analyze
the domain. This new approach to conceptualizing learning and instruction can be contrasted
with the approaches of traditional texts and lectures, whose more linear and compartmentalized
nature makes them more likely 1o miss the complexities and irregularities of ill-structured
knowledge domains. Resuits indicating successtul transfer for learners who are presented
instructional material according to the tenets of Cognitve Flexibility Theory, compared to
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control subjects receiving the same content presented with more traditional and conventional
organizations, are presented.

The third part of the repon, presented in the second half of Section 4, introduces a
computer hypertext approach that has been systematically developed based on the instructional
implications of Cognilive Flexibility Theory. The theoretical underpinnings and novel design
features of the hypertext approach, used to produce Cognitive Flexibility Hypertexts, are
presented in detail, followed by a report concarning transfer gain from using a Cognitve
Flexibility Hyperiext compared to learners in a control condition who see the same content
presented in a more traditional computer learning environment lacking key features of Cognitve’
Flexibility Theory. Finally, the Cognitve Flexibility Hypertext approach receives a highly
detailed illustration in an application of Cognitve Flexibility Theory to the analysis of
instructional needs in a very complex and ill-structured domain, a hypertext for case-based
learning of the struclure of conceptual knowledge and its application in the military strategy of
the “indirect approach.” Aithough this strategy has been the basis of some of the most successful
modern military campaigns and is thought by many contemporary expert military strategists to
be the most useful one for the United States and its allies 10 pursue cumrently and in the coming
decades (nol to mention its prominence in U.S. strategy in the recent Persian Gulf War), the
strategy is often discounted in military planning as unreliable because it is not directly
teachable, as instead relating to the ineffabla an or genius of command that is the lucky
possession of some military decision makers. We argue that indeed SIA can not be taught--if it
is taught conventionally as a well-structured domain. The last chapter shows how it can be
taught in the very different way that characterizes Cognitve Flexibility Theory, using the new
technological possibilities opened up by Cognitve Flexibility Hypertexts.

2 S ( Maior 2 |

The program of research presented in this Report has had many important successes in
areas of learning and instructional theory and practice that have been in great need of progress.
A full appreciation of these advances, which have been presented in major invited addresses to
the American Psychological Association, Cognitive Science Society, American Educational
Research Association, and other organizations (see Section 6), will of course require a careful
reading of the Report. However, some of the more significant aspects of this work are
highlighted below.

« Aot has been written about the need to better understand complexity and
ill-structuredness, given the prevaience of such features in real-worid knowledge domains.
However, that acknowledged need has not been well addressed by systematic analysis of the
features of complexity, and how those features relate to (especially how they make difficult) the
attainment of advanced knowledge acquisilion goals. Progress in this area has been a central
accomplishment of this resear-h effort.

+ The cognitive characleristics of novices and experts have received ample study, but
not much altention has been paid 1o the very important and lengthy stage of learning that comes
between introductory learning and expentise. This neglecled phase of lsarning received
exiensive study in our program. Our findings thal early iearning strategies and successes may
seriously interfere with more advanced learning provides an important and praviously barely
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suspected indication of barriers 10 the latzr attainment of expertise (as well as indications of
how those barriers can be avoided or surmounted). We now know that the path from novicehood
to expertise is not one of monotonic progress, but rather requires a stage of undoing the results
of earlier learning before fuither progress can be made.

- There has been some research on the existence of misconceptions in complex
knowledge areas. However, insufficient attention has been devoted to such issues as: the
ditferent kinds of misconceptions and the ramifications of misconceptions of different types; the
sources and pattarns of development of misconceptions (e.g., in the interaction of learner
biases, teaching strategies, testing practices, textbook wriling styles, etc.), as well as the ways -
misconceptions relate to and influence each other in the ecology of knowiedge domain

representation. All of these important research questions received considerable illumination in
our studies.

- A lot of attention has been devoled recently 10 statements about the need to embed
learning in the kinds of siluations that learning will have to be applied to. The present research
falls within this developing movement of situated learning. However, our work goes beyond the
stale of the art in situated learning in two imporiant ways. First, instead of markedly devaluing
the importance of expiicit conceptual understanding (perhaps on the assumption that it will
either interfere with the extraction of situational information or that it will occur
automatically from exposure to situations), we show how conceplual understanding can be
systematically prometed while retaining the situatedness of its application. Second, much of the
literature on situated learning says that we should do it, but very litlle is offered by way of
articulating specific programs for how 1o do it. We have shown, with a great degree of detailed
specificity, what programs of situated learning and instruction would actually look like. And we
have provided some empirica! suppon for the efficacy of this specitic, theory-based approach
in effecting improved transfer ability, historically a very difficult task in restricted
laboratory studies (although we believe that our findings are just suggestive at this point, with
much more study needed before we would argus ihat our claims have been definitively proven).
The fact that the theory can receive the kind of spacific and explicit instantiation as it does in
our computer hyperiext systems is an indication of its viability.

* Hypertgxt (nonlinear and multidimensional computer text) is one of the most
frequently heard buzzwords in educational technolegy these days. However, instructional
hyperiext development has been 100 ofien characlerized by ad hoc approaches that rely on the
power of the technology and the ease of use of software like HyperCard to link instructional ideas
in haphazard fashion with resulting difficulty of use by learners and dubious prospects for

producing effective learning outcomes. Our hypertext development effort is different, and
betler, in several respeclts:;

+ First, our hypertext approach is theory-based--it is derived from studies of
patterns of learming failure and a theory of learning and instruction tailored to the
special needs of advanced knowledge acquisition in ill-structured domains.

+ Second, the Cognitve Flexibility Hyperiext approach to soltware design is systematic
rather than arbitrary and accidental: the same very specific software design
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recommendations are implemented in the same way in very different kinds of domains.
This systematicity makes the approach much easier to generalize 1o new situations.

« Third, Cognitve Flexibility Hyperiexts are easier for learners io use than other
hypertexts. For example, the notorious hypertext problem of “getting lost in
hyperspace” (lost in a labyrinth of connected pieces of information) is not a danger with
Cognitve Flexibility Hypertexts.

» Fourth, Cognitve Flexibility Hypertexts should make design and daevelopment easier
for programmers than other computer instructional systems (e.g., because of the
specific guidelines, and because Cognitve Flexibility Hyperiexts do not present a "scaling
up” problem).

+ Fifth, we have data indicating the Cognitve Flexibility Hypertext approach leads to
greater transfer than more traditional computer-aided learning approaches that present
the same content (although, again, we would not consider the empirical support

definitive by any means--something as new as this approach is can only proceed one step
at a time; however, the firs!, necessarily simplest steps have given no reason for
discouragement and a basis for optimism about fulure successes).

 Sixth, the fact that we have been abie 10 develop working protoype Cognitve

Flexibility Hypertexts for reai domains proves that it can be done, that the application of
Cngnitve Flexibility Theory to actual hyperiext design is not just an impractical dream.
Hyperiext has the potential to revolutionize learning in complex knowledge areas. Our
systematic, specific, and theory-based program of hypertext research and develocpment
should provide one of the first bases for building a science of hypertext--a solid
foundation for further advance.

These were some of the more important accomplishments of our program of research.
Again, however, the preceding list provides just the barest indication of the richness of our
findings and their significance, and the interested reader is strongly encouraged to pursue topics
of interest in their detailed presentations throughout this Report.

L3 Mil lical

Not enough is known abcut the processes involved in moving a learner from the
knowledge acquired in introductory-level classroom instruction 10 more advanced stages of
learning, and then to the Independent application (or transfer) »f that knowladge to naturally
occurring cases. The problem of knowledge application is especially great in complex and ill-
structured domains, where concepts are harder to learn and where generic rules tend 10 be more
restricted in their scope of application. Eyery kind of military training situation has some
component that produces difficully because of its complexity or ill-structuredness. Successful
performance in these areas tends to corne only with a considerable accumulation of actual case
experience. Application of the iraining principles we are proposing has the potential 10 reduce
the amount of time required to develop advanced skill levels in these difficult areas.
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The development of means 1o help learners and trainees to master complex domains and
foster cognitive flexibility is especially crucial for the modern military, both because of
changing training and performance needs for the individual soldier and changing doctrine. The
increasing complexity of the training goals in the military (for example, associated with the
increasing complexity of the equipment that must be operated) is hardly news. And in many
personnel speciallies the nature of the assignment has always required an ability to deal with
comp!axity and 1o manage data flexibly (e.g., battlefield command; military intelligence}. With
respect to doctrine, with the absence of the previous threat from the Soviet Union in Central )
Europe, the military must be prepared to respond flexibly to developing siluations around the ‘
world, without having a standing force and fully developed battle plans slready at the ready. For-
example, at a recent meeting of NATO military chiefs, Colin Powell joined the others in
endorsing a proposal 1o "make their forces more adaptable to changing situations. "What we are
aiming at is maximum flgxibility,’ said Norwegiar Gen. V. Eide, chairrnan of the alliance's
military committee. [emphasis added]” (Associated Press, 1990). Also with respect o
doctrine, the dorminant strategy of the current era, given limitations of resources and
uncertainly as 1o the characteristics of the enemy and the arena of conflict, is likely to be that
employed in the recent Persian Gulf War, which can be described as a strategy of indirect
approach. Not only does this strategy require commanders (in headquariers and in the
battlefield) 1o llexibly adapt to dynamically changing situations in the way that Cognitve

Flexibility Theory prepares for, but a military strategy of that king is one of the domains that
was studied in the present research.
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Section 2. Cognitive Flexibility Theory for
Advanced Knowledge Acquisition in lll-Structured Domains:
A Detalled and Integrative Synoptic Overview of the
Theoretical Qrientation and the Program of Research

We have indicaled that we believe a major strength of this program of research is the
high degree of integration and interconnectedness we have been able to attain across a very wide
range of related areas of inquiry. The purpose of this section is to discuss the overall program
in such a way as 1o be able 10 provide a readable synoptic view of its entire breadth that
nevertheless presents sufficient detail to make the nature of each of the parts clear.

X s egge ains angd Le ( 0SE

One of our major theoretical clains, backed up by findings in our research, is that
different approaches to learning and instruction will be required depending oncharacierislics ot
the knowledge domain that is the object ot study and the purposes of learning. We have studied

learning in ill-structured domains for purposes of advanced knowledge acquisition, two terms
that will be taken up in turn.

2.1.1 Mi-Structuredness of Knowledge Domains. The concept of Till-structuredness® is
itself ill-structured. As will be made clear throughout the rest of this repont, this does not
mean that the term is so vague that it is useless in classifying domains. In fact, we can offer as a
definition the following: by ill-structuredness we mean that many concepts (interacting
contextually) are pertinent in the typical case of knowledge application, and that their patterns
of combination are inconsistent across case applications ot the same nominal type. However, we
believe the term has agditional meaning that emergas in the successive examples of how we use
it, meaning that is in part determined by its context of use (as suggested by Wittgenstein,
1953). Thus, following the advice that will be found throughout this report, avoid
oversimplification by reliance on abstractions when studying complex concepts that take on
additional character when placed in contaxt, the reader should hold the above definition of
ill-structuredness as partial and provisicnal, pending further elaboration by exposures 10 its
contexts of use. (See section 4.1.5.1 for a more detailed treatment of the nalure and
consequences of ill-structuredness.)

Physical and mathematical sciences tend to be more well-structured than biological
science, which in turn tends 10 be more well-structured than social sciences. However, all
domains contain substantial elements of ill-structuredness. Furthermore, and any domain of
unconstrained real-world knowledge application will be ill-structured. S0, mechanics or the
rules of simple arithmetic or the techniques of stalistics are well-structured; however,
engineering to build a bridge using principles of mechanics, solving word problerns using
arithmetic or using statistics to analyze real data sets are all ill-struciured situations.

212 The Goals of "Advanced Knowiedge Acquisition”. In our work we have been
interested in "advanced knowledge acquisition™--learning beyond the introductory stage for a
subject area, but before the achievement of practiced experiise that comes with massive
experience. This ofien neglected intermediate ¢tage is imporiant because the aims and means of
advanced knowledge acquisition are different from those of introductory earning. In
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introductory learning the goal is often mere exposure to content and the establishment of a
general orientation to a field; objectives of assessment are likewise coniined to the simple
effects of exposure (e.g., recognition and recall). At some point in leaming about a knowledge
domain the goal must change; at some point students must “get it right." This is the stage of
advanced knowledge acquisition (Feltovich, Spiro, & Coulson, in press; Spiro, Feltovich, &
Coulson, in press; Spiro, Vispoel, Schmitz, Samarapungavan, & Boergor, 1987): The learner
must attain a deeper understanding of content material, reason with it, and apply it flexibly in
diverse contexts. Obstacles to advanced knowledge acquisition include conceptual complexity and
the increasing ill-structuredness that comes into play with more advanced approaches 10 a
subject area.

The methods of education in introduclory and advanced learning seem, in many ways, to
be at odds. For example, comparimentalizing knowledge, presenting clear instances (and not the
many pertinent exceptions), and employing reproductive memory criteria are often in conflict
wilh the realilies of advanced learning--knowledge which is intertwined and dependent, has
significant context-dependent variations, and requires the ability to respond fiexibly to
"messy” application situations. These discrepancies in aims and tactics (along with many others
thal we have observed) raise the possibility that introductory learning, even when it is
"successful,” lays foundations in knowledge and in an approach to learning that interfere with
advanced acquisition. As we have seen repeatedly demonstrated, that possibility is an actuality
(Coulson, Feltovich, & Spiro, 1986; Feltovich, et al., in press; Spiro, et al., in press; Spiro, el
al., 1987).

Muci of our research was conducted with medical students. Medical school is an
archetype of an advanced knowledge acquisition setling (Feltovich, et al., in press). Medical
students have already had introductory exposure to many of the subject areas of biological
science that they go on to study in medical school, but they are certainly not yet expert.
Furthermore, the goals of medical education are clearly those of advanced knowledge acquisition.
Important aspects of conceptual complexity must now be mastered (superficial tamiliarity with
key concepts is no longer sufficient); and the ability to apply knowledge from formal
instruction to real-world cases is certainly something that is expecled of those studying 1o be
physicians.

22 Deficiencies in Ad  Know Acauisil

The first major part of our research program concerns patterns of learning failure in
advanced knowledge acquisition. In this part of the program our focus of study has been on
medical sludents’ learning, understanding and application of important but difficult biomedical
science concepls. This effort has revealed widely held systematic misconceptions among
students, despite their having been exposed to appropriate information (Coulson, et al., 1986;
Feltovich, et al., in press; Spiro, et al., in press; Spiro, et al.,, 1987). Stubborn
misconception, nolwithstanding usual classroom efforts at instruction, have been found for

difficult concepts in other areas as well (e.g., physics: Champaign, Gunstone, & Klopfar, 1985;
White, 1984).

The biomedical misconceptions that we have identified are of varicus kinds (Feltovich, et
al, in press; Spiro, et al., in press). These include contentive errors, oiten involving
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overgeneralization; for example, areas of subject matter are seen as being more similar than
they really are. Errors attributable to dysfunctional biases in mental representation are also
observed; for example, dynamic processes are ofien represented more statically. Prefigurative
*world views"” that underlie learners' understanding processes also cause problems; for
example, the presupposition that the world works in such a way that “parts add up to wholes”
leads students 10 decompose complex processes into components that are treated (mistakenly) as
independent. Furthermore, at all these levels misconceptions interact in reciprocally
supportive ways, and combine to yield higher order misconceptions (Coulson, et al., 1986;
Feltovich, et al., in press). Failures of understanding compound themselves, building up
durable chains of larger scale misconception.

misconceplions. A predominant share of the misconceptions (and networks of misconception)
that we have identified reflect one or another kind of oversimplification of complex
material--associated wilh learners’ earlier experiences with introductory learning, and even
influenced by many experiences with advanced learning. Misconceptions of advanced material
result both from interference from earlier, simplified treatments of that material and from a
prevailing mode of approaching the learning process in general that fosters simplificational
stralegies and leaves learners without an appropriate cognitive repertoire for the processing of
complexity (Feltovich, et al., in press; Spiro et al., in press; Spiro, et al.,, 1957).

We have termed the general tendency to reduce important aspects of complexity the
reductive bias. Several forms of the bias have been identified, selected examples of which
follow (see Coulson, et al., 1986; Feltovich, et al., in press; Spiro, et al., in press) for
examples of biomedical misconceptions corresponding to the types of reductive bias listed):

b Superficial
similarities among related phenomena are treated as unifying characteristics. Interacting
componen~ are treated as independent. Incompleie concepiual acuounts are presented (or
accepted by the learner) as being comprehensive. Instances that are referred 1o as belonging to
the same generic category are treated in a uniform manner despite their being highly diverse.
The irreguiar is treated as regular, the nonroutine as routine, the disorderly as orderly, the
continuous as discrete, the dynamic as static, the multidimensional as unidimensional. (This

first reductive bias is the most general one, encompassing many of the specific ones listed
below.)

2.2.1.2 Overreliance on a sinale basis for menial representation. A single,
encompassing representational logic is applied to complex concepts and phenomena that are
inadequately covered by that logic. For example: Understanding of a new concept is reduced to
the features of a (partially) analogous concept. New, highly divergent examples are understood
by exclusive reference to a single prototype. A single schema or theory is profferred and
preferred, despile the fact that its coverage is significantly incomplete. Complexly multifaceted

content has its understanding narrowed fo just those aspects covered by a single organizational
scheme. And so on.

3. Overreliance on "top down™ processing. Understanding and decision making in knowledge
application situations (i.e., cases) rely 100 exclusively on generic abstractions (i.e., concepts,
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theories, etc.); detailed knowledge of case structure is not used enough (i.e., knowiedge of "how
cases go,” as well as reasoning from specific case precedents).

4. Contexi-independent conceptual representation. The contexts in which a concept is relevant
are treated as having overly uniform characteristics. This promotes the representation of
conceptual knowledge in a manner 100 abstract for effective application (i.e., without sufficient
regard for the spacifics of application in context}). Concepts are insufficiently tailored to their
uses; concepts are not recognized as relevant when, in fact, they are; and concepts are
mistakenly judged 1o be relevant in contexts where they are not.

5. Overreliance on precompiled knowledge structures. Fixed protocols or rigidly prepackaged
schemas are presented to leamers and used by them as recipes for what to do in new cases.

6. Rigid compartmentalization of knowledge components. Components of knowledge that are in
fact inlerdependent are trealed as being separable from each other. Learrers develop mistaken
beliefs in the independence of the components. Relatedly, where knowledge components do
function independently, it may nevertheless be the case that conveying relationships betwsen
their conceptual structures would aid understanding; these connections are not drawn. When
components are interrelated, there is a tendency to use just one linkage scheme, thereby
underrepresenting the richness of interconnection in the system and promoting narrow,
doctrinaire viewpoints (see the problem of single representations).

7. Passive transmission of knowledge. Know'edge is preamptively encoded under a scheme
determined by external authority (e.g., a textbook) or a scheme which facilitates delivery and
use. Knowledge is "handed" to the learner. The preemplive encoding is passively received by
the learner, and useful benefits that result from personalized knowledge representations,
derivable from active exploration and involvement in the subject area, do not develop. When
active, participatory learning is encouraged, adequate support for the management of increased
indeterminacy and cognitive load is not provided (e.g., mentor guidance, memory aids, etc.).

The next section will outiine our theoretical approach to remedying the problems ol advanced
knowladge acquisition that are caused by these reductive biases.

2.3 Coanilive Flexibility Theary: Tt Ad { Knowledae Acquisili

Where has our research on the problems of advanced knowiedge acquisition led us? To an
overall theoretical orientation that in many ways derives its fundamental themes from the
specitic nature of those learning problems, as the problems relate to the characteristics of
ill-structured domains and the special goals of advanced knowledge acquisition (i.e., mastery of
conceplual complexity and knowledge application/transter).

In this section we provide a brief discussion of our most fundamental, theoretically
motivated remedies for the problems of advanced knowledge acquisition. The following themes
constitute different facets of what we call cognitive flexibility (Spiro, et al., 1987). The
themes are, in a sense, conditions for developing mastery of complexity and knowledge
transferability. Each of the headlined theoretical commitments has received some form of
implementation, either in our experiments or in our theory-based computer hypertext
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systems. The themes are discussed schematically and in the abstract. Detailed development of
theoretical rationales and examples of our concrete instantiations of the themes can be found
throughout this Report. The role of these themes in fostering transfer has been found in a few
studies discussed herein (e.g., see sections xxx). However, this pattern of empirical support
must be considered tentative at this time, limited as tests have been by the novelty and
complexity of the approach and the need to proceed in a3 step-by-step manner. More
experimental studies are clearly required. However, confidence in the conclusions of Cognitve
Flexibility Theory is substantially bolstered from several converging directions that go beyond
the positive data on transter following Cognitve Flexiblility Theory principles that has been
found: positive confirmatory trends in several other studies; considerable empirical evidence
from the studies of learning failure that point clearly to the tenets of Cognitve Flexibility
Theory as compensating mechanisms and structural features for those patterns of failure; and
the demonstrations of feasibility provided by the development of specific and detailed Cognitve
Flexibility Theory models of the same general type in several disparate domains and
implemented in working hypertext instruction prototypes.

2.3.1, Avoidance of Qversimplification and Qverregularization. Because of the strong
bias towards oversimplification that we have observed, it is clear that advanced knowledge
acquisition rust place a high premium on making salient those ways that knowledge is not as
simple and orderly as it might first seem in introductory treatments. Where the problem is so
often a presumption of simplicity and regularity, the remecly is to take special measures to
demonstrate complexities and irregularities. It is important to lay bare the limitations of
initial, first pass understandings, 1o highlight exceptions, to show how the superficiaily similar
is dissimitar and how superficial unities are broken. Where conceptual error frequently
occurs from atomistic decomposition of complexly interacting information, followed by
misguided attempts at "additive” reassembly of the decomposed elements, the remedy is to take

pains to highlight component interactions, 10 clearly demonstrate the intricate patterns of
conceptual combination.

This is a very general theme, encompassing many of the others that follow in this list. Cognitive
fiexibility involves the seleclive use of knowledge to adaptively fit the needs of understanding
and decision making in a particular situation; the potential for maximally adaptive knowledge

assembly depends on having available as full a representation of complexity 10 draw upon as
possible.

2.3.2. Mulliple Representalions. Single representations (e.g., a single schema,
organizational logic, line of argument, prototype, analogy, etc.) will miss important facets of
complex concepts. Cognitive flexibility is dependent upon having a diversified reperioire of
ways of thinking about a conceptual topic. Knowledge that will have to be used in many ways has
10 be learned, represented, and tried oul (in application) in many ways.

The use of multiple representations is important at different levels. For example, we have
tound multiple analogies to be very useful in understanding complex individual concepts (Spiro,
et al., in press; see the example below of force production by muscle fibers; see also Collins &
Gentner, in press; While & Frederiksen, 1987). However, the importance of multiple
representations may be even more important for targer units of analysis. For example, we have
found that students’ understandings of the entire domain of biomedical knowledge is adversely
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affected by the lendency 1o use just one way of modeling the various phenomena they encounter,
one that comes from the metaphor of the machine. This one "lens” leads them to take for granted
certain issues related to the nature of explanations, the structure of mental models of functional
systems, and so on. These students develop understandings that do not capiure important aspects
of the biomedical domain (e.g., inherently organic processes). Their understandings would be
more complete it they were 10 augmeni the seleclive view that results from their mechanistic
bias with other understangings that selectively emerge from the unique aspects of other
cognitive "lenses,” for example, from organicist metaphors (Feltovich, et al., in press).

The need for muluiple representations applies not only 1o complex concepts, but to cases as well.-
In an ill-structured domain, cases (examples, occurrences, events--occasions of use of
conceptual knowledge) tend 10 be complex and highly variable, one to the next. The complexity
of cases requires that they be represented from multiple theoretical/conceptual

perspectives--il cases are treated narrowiy by characterizing them using a too limited subset
of their relevant perspectives, the ability to process future cases will be limited. First, there
will be an assumption that cases are simpler than they in fact are, and attempts to deal with new
cases will prematurely conclude after they are only partially analyzed. Second, there will be
insufficient preparedness 1o deal with the specific patterns of interaction of
theoretical/conceptual perspectives within cases. Third, to the extent that performance in
future cases will require reasoning from sets of precedent cases (which is always a greater need
in ill-structured domains), the likelihood of having case representations availzble in prior
knowledge which are maximally apt in their relation to some new case is lessened {0 the extent
that cases are narrowly represented in memory. This is especially so when there is subsiantial
across-case dissimilarity; the relative novelty of a new case in an ill-structured domszin will
require more elaborate efforts to find appropriate precedents--the wider the variety that is
available, the better the chances of finding a fit.

2321 An Example of Mulliple Representations: Integrated Multiple Anal gies for
Complex Concepls. As we have said, our studies of medical students have indicated that one of the
most serious contributors to the problems of advanced knowledge acquisition is the use of a
single knowledge representation. Complex concepts can rarely be adequately represented using
a single schema, theoretical perspective, line of exposition, and so on. Navertheless, in

practice, complex concepts frequently are represented in some single fashion, with substantial
consequences.

Our remedy has been to approach learning in all of the domains that we have studied with the
goal of promoting multipie representations (e.g., multiple precedent cases for a new case;
multiple organizational schemes for representing the same content material in our computer
hypenexis; etc.). Here we will briefly consider just the case of analogy. We have discovered a
large number of misconceptions that result from the overextended application of analogies
(Spiro, et al.. in press). To combat the negative effects of 2 powerful and seductive single
analogy, we employ sets of integrated multiple analogies. Whenever a source concept in an
analogy is missing important aspects of a target concepl, or the source concept is in some way
misleading about the target concept, we introduce another analogy to counteract those specific
negative effects of the earlier analogy.
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So, where we tind that misconceptions about the nature of force production by muscle fibers
often develop because of a common analogy to the operation of rowing crews (sarcomere “arms”
and "oars" both generate force by a kind of "pulling®), other analogies are introduced to mitigate
the negative effects of the limited rowing crew analogy (Spiro, et al., in press). An analogy to
turnbuckles corrects misleading notions about the nature of relative movement and the gross
structures within the muscle. An analogy to “finger handcuffs® covers important information
missing in the rowing crew analogy about limits of fiber length (the elastin covering on muscle
fiber bundies constricts at long lengihs, slopping extension in a manner similar to the
cross-hatched finger cutfs when you try to pull a finger out of each end). Andsoon. A
composite imaging technique that helps the user to integrate the mulliple analogies, so that the
correct aspecls of each analogy can be selectivelv instantiated in relevant contexts of use of the
target concept, has also been developed. The procedure facilitates the learning of a concept
(through the pedagogical benefits of analogy), while maintaining the integrity of the concept's
complexities (by using multiple analogies 10 cover the concept's multifacetedness and !0 vitiate
the force of incorrect aspects of any single analogy). (Also see Bunstein, 1983.)

2.3.2.2. Theory-based hyperiext systems 1o implement the themes of advanced
nowledge acquisition in ill-structured domains: The jmportance of revisiting and rearranging
in_the development of multiple representations. Much of the work on computer hypertext
sysiems has been driven by the power of the technology, rather than by a coherent view of the
cognitive psychology of nonlinear and mullidimensional learning and instruction. In contrast,
our hypertex! approaches have a basis in cognitive theory--they derive from the themes of
Cognitive Flexibility Theory. And their realm of operation is specified; they are especially
targeted at advanced knowledge acquisition in ill-structured domains. (There is no point in
imposing the extra cognitive load of nonlinearity and multidimensionaiity if the domain being
studied is simple and well-structured, or if the goals of learning are the more easily attainable
ones of introductory treatments.) We will briefly characterize our approach to implementing
Cognitive Flexibility Theory in computer hypertext systems.

Our hypertext systems build mulliple representations in a manner that can be understood using
a metaphor of landscape exploration. Deep understanding of a complex landscape will not be
obtained from a single traversal. Similarly for a conceptual landscape. Rather, the landscape
must be criss-crossed in many directions 10 master its complexity and !0 avoid having the
fullness of the domain attenuated (Spiro, et al., 1987; Wittgenstein, 1953). The same sites in
a landscape (the same cases or concepts in a knowledge domain) should be revisited from
different directions, thought about from different perspectives, and so on. There is a limil to
how much understanding of a complex enlity can be achieved in a single treatment, in a single
context, for a single purpose. By repeating the presentation of the same complex case or concept
information in new contexts, additional aspects of the multifacetedness of these “landscape sites”
are brought out, enabling the kind of rich represeniations necessary in a complex and
iil-structured domain. Thus, cognitive flexibility is fostered by a flexible approach to learning
and instruction. The same content material is covered in different ways, at different times, in
order to demonstrate the potential flexibility of use inherent in that content (Spiro & Jehng, in
press; Spiro et al., 1987).

233, Centralily of Cases. The more ili-structured the dornain, the poorer the guidance
for knowledge application that "top-down" structures will generally provide. That is, the way
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abstract concepts (theories, general principles, etc.) should be used to facilitate understanding
and to dictate action in naiurally occurring cases becomes increasingly indeterminate in
ill-structured domains. The application of knowledge to cases in an ill-structured domain (i.e.,
a domain in which cases are individually multidirnensional, and irregularly related one to the
next) cannot be prescribed in advance by general principles. This is because, in ill-structured
domains, there is great variability from case to case regarding which conceptual elements will
be relevant and in what pattern of combination. In an ill-structured domain, general principles
will not capture enough of the structured dynamics of cases; increased flexibility in responding
to highly diverse new cases comes increasingly from reliance on reasoning from precedent
cases.

Thus, examples/cases cannot be assigned the ancillary status of merely illusirating
abstract principles (and then being discardable); the cases are key--examples are necessary,
and not just nice (Feltovich, et al., in press; Spiro & Jehng, in press; Spiro, et al., 1987).

2.3.4. Conceplual Knowledge as Knowledge-in-Use. Not only is it more difficult to count
on 10p down prescriptions for performance in new cases in an ili-structured domain (i.e.,
abstract concepts/theories inadequately determine responses to new cases), but there is also
considerable indeterminateness in defiring conditions for accessing conceptual struclures in the
first place, 10 engage the guidance the conceptual structures do offer. 1t is not that abstract
knowledge has no role in ill-structured domains, but that its role is highly intertwined with
that of case-centered reasoning. Put another way, in an ill-structured domain there will be
greally increased variability across cases in the way the same concept is used or applied. Thus
it is harder to gel from features of cases to the concepts that tight need to be applied to those
cases. And it is harder to apply a concept, once accessed, if it has many different kinds of uses
across cases--concepts must be tailorad to their application contexts. The Wittgensteinian
dictum that meaning is determined by use clearly applies in ill-structured domains. |If a
concept's meaning in use cannot be determined universally across cases (as in an ill-structured
domain), then one must pay much more attention 1o the details of how the concept is
used--knowledge in practice, rather than in the abstract (Spiro & Jehng, in press; Spiro, et
al., 1987; Wittgenstein, 1853).

In medical training, this issuve of variability and combination in concept instantiation has an
obvious implication for the traditional difficulty of inlegrating the biomedical basic science
parts of the curriculum with the clinical parts. Physicians' practice would be improved if in
problematic situations they could appiy the interacting basic biomedica! science concepts that
underlie the clinical situation that is posing the problem. However, it is very difficult for
medical students 1o learn how to get to the basic science concepts from clinical presenting
features, partly because of the great variability across clinical cases in the way those concepts
get instantialed. The CardioWorld Explorer hypertext system is designed to permit the learner
to selectively examine the full range of uses of any selected basic science concept (or any
selected combination of concepts) across cases with ditfering clinical fealures, teaching the
patterns of concept application and thus facilitating access to conceptual information in clinical
contexts (as well as fostering an understanding of the different ways that a given concept has 1o
be tailored to be clinically relevant). [Our discussion of hyparext in this chapier focuses on
the CardioWorld Explorer because the context of discussion primarily is using biological
examples. Elsewhere in this report (see especially Chapters 4.3 - 4.6), other hypenext
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systems derived from Cognilive Flexibility Theory that we have done more work on receive the
bulk of attention, including one for the military strategy of the indirect approach.]

Again, in an ill-structured domain the meaning of a concept is intimately connected 10 ils
patterns of use. When the uses (instances, cases) of the same concept have a complex and
irregular distribution (i.e., the domain is ill-structured), adequate prepackaged prescriptions
for proper activation of the concept cannot be provided (i.e., concept instantiation is
non-routing). Instead, greater weight (than in a well-structured domain) must be given to
activating concepts in a new case by examination of family resemblances across the features of
past cases that have been called (labeled as instances of) that concept.

235, Schema Assembly (from Rigidity to Flaxibility). In an fil-structured domain,
emphasis must be shiled from retrieval of intact, rigid, precompiled knowledge structures, 10
assembly of knowledge from different conceptual and precedent case sources to adaptively fit the
situation at hand (Spiro, 1980; Spiro, et al., 1987). This follows, again, from characteristics
of ill-structured domains. Since ill-structuredness implies kinds of complexity and
irregularity that militate against the use of knowledge structures that assume routinizability
across cases, the role of intact schema retrieval must be diminished--greater across-case
differences cause a necessary decline in the ability of any large, single precompilation to fit a
wide variety of cases. In complex and ill-structured domains, one cannot have a prepackaged
schema for everything! As ill-structuredness increases, the use of rigid knowledge structures
(i.e., the same precompiled knowledge structure used for many cases) must be replaced by
flexible, recombinable knowledge structures. For any particular case, many small
precompiled knowledge structures will need 16 be used. And there will be relatively little
repetition of patterns across case-specific assemblies of these smaller pieces of precompiled
know!edge. Accordingly, in knowledge acquisition for cognitive flexibility, the "storage of fixed
knowledge is devalued in favor of the mobilization of potential knowledge” (Spiro, et al., 1987;
see also Schank, 1982.)

: : apts and vase g |nlerconnecledness).
Because of the complex and irregular way that abstract conceptual features weave through
cases/examples in ill-structured domains, knowledge cannot be neatly comparntmentalized. In
order to enable the situation-dependent, adaptive schema assembly from disparate knowledge
sources that characterizes cognitive flexibility, those multiple sources must be highly
inlerconnected. Concepts cannot be treaied as separate "chapters.” Retroactive assembly of
independently taught, and noninterrelated, constlituent conceptual aspects 100 often fails. Also,
although cases have to be focused on separately, so that the complexity of case structure is
conveyed, they should not be taught in just that way--connections across cases must aiso be
eslablished. Rather than relegating concepts or cases 10 separate compartments, chapters, and
so on, our systems strive for multiple interconnectedness (of cases and concepts) along
multiple conceptual and clinical dimensions.

Our approach to fostering multiple interconnectedness of knowledge rapresentations in our
hypertexts is 10 code case segments with a multidimensional vector indicating the relevance of a
variety of themati ’‘conceptual dimensions to that case segment (Spiro & Jehng, in press).
(Positive values in the vector also point 10 commentary, providing expert guidance about the
nature of the conceptual dimension's instantiation in that particular case segment; this helps
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with the problem of leaching conceptual knowledge-in-use discussed earlier). Tnen, as the
hyperiext program guides the learner in criss-crossing the domain's “landscape,” by exploring
patterns of overlap in the vectors for different case segmants, knowledge representations are
built up in which parts of cases are connected with many parts of other cases, along many
conceptual/theoretical dimensions of case-segment similarity. In that way, many allernative
paths are established to get from one part of the overall knowledge base to any other parl of the
knowledge base 1hal aspects of some future case may signal as relevant. Thus, the potential for
flexible, situation-adaptive schema assembly is fostered (along with such other virtues as the
establishment of multiple routes for memory access to any node in the system).

Se, for example, the Cardioworld Explorer hypertext is desinged so that segments of clinical
cases can be encoded with a vector of clinical and basic biomedical science themaes that are
relevant to each segment. The system can then establish connections between a segment of one
case and segments of many other cases, along the various (conceptual and clinical) thematic
dimensions represenied in the vector. In case-based instruction, it is often true that there are
important, instructive relationships between an aspect of one case and aspects of others. Such
relationships are rarely brought out. Our hypertext systems capture these many lessons that
are missed in stricl case-by-case (or problem-by-problem) instruction. In an ill-structured
domain, facilitating retrieval of multiple (panial) precedents is important, because
understanding what to do in a given case context will usually require reference 1o more than any
single prototype--the case in question will be "kind of like this earlier one, kind of like that
one,” and so on. Also, understanding of the case in question will require that various concepts be
brough! to bear and integrated; this, 100, is facilitated by the multiple conceptual cading scheme
employed in our systerns.

There are several other benefits of the muitiple-conceptual coding of multiple case segments. A
power/efficiency advaniage is that it aliows the hypertexts to automatically generate large
numbers of lessons (many "landscape criss-crossings®). |f, for example, each of 20 cases is
divided into an average of 10 case segments, each with a value on 15 relevant thematic
dimensions, there is a many-fold increase in the number of possible automatizable

instructional comparisons and contrasts that results from having 200 case segments (instead of
20 full cases) intertwined by relationships in the 15-slot vector.

Also, the use of case segments prevents the subsumption to a "common denominator” that occurs
when larger structural units are used: An interesting local element of a case will tend to get lost
if it has features that are not present in other parts of the case (when the monolithic case is the

structural unit). Using small case segments (minicases) helps to retain the plurality of
situations.

There is another virtue of the division into case segments and the multidimensional coding of the
segments that relates 1o keeping case understanding from being overly simplified. in an
ill-structured knowledge domain, by definition, there is sufficient variability across cases (due
in pan 1o the interaction of the many factors that make up complex cases) that the set of cases
that might be nominally grouped together under some schema or classification will be greatly
variable in their particulars. A case, instead of being represented as one kind of thing,
conveying one kind of "lesson,” is insiead clearly shown to the leamner to be many things. Cases
of the same nominal type have different segments or scenes that are demonstrated not to be the
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sane, and each of the segments is shown to have multiple significances. Therefore, the common
temptation to nest cases uniquely under a single superordinate conceptual category will be
resisted, making it less likely that the complex relationships among cases in a8 domain will be
antificially regularized. In an ill-structured dcmain, cases are related 1o many different
concepts of the domain, and it promotes dystunctional simplification 1o hierarchically nest or
"slot” cases under single conceptual categories (e.g., “The following cases are examples of X
[only]®). When there is considerable across-case variability, as there will be in an
ill-structured domain, cognitive flexibility requires that case information be coded
conceptually for the many different kinds of use that new situations may require.

The thematic coding scheme and the landscape criss-crossing system of instruction result in a
weblike mulliple interconnectedness on mulliple dimensions that is not subject to the
limitations of instruction that is characterized by a single organizational siant. Instead of a
single text with a single organizational scheme and a single sequencing of comparisons and
contrasts, our hypertexts allow the same information to be automatically reconfigured
according to a huge number of possible organizational schemes, determined by using subsets of
the multiple thematic coding space--our hypertexts enable the virtually liniitiess automatic
generation of new text configurations. Because of the richness of ill-structured domains such as
biomedical science, each of these text configurations teaches some case- (experience-)
grounded lessons that would not have been taught (or easily seen if taught) from another text's
organizational perspective. Such additional experiences and perspeclives are always helpful in
a complex domain--a physician never learns 4ll that it would be helpfu! to igarn (which is why
additional experience is always valued in a physician). Hypertext systems designed like the
Cardioworld Explorer have the potential to systematically consolidate the process of acquiring
experience.

Yet another virtue of the multiple interconnectedness along multiple dimensions of the
representations that our systems build has to do with the problem of reciprocal misconception
compounding that we have observed in our studies of medica! students and physicians (Coulson,
el al,, 1986; Feltovich, et al., in press). Misconceptions bolster each other and combine to
form seductively entrenched networks of misconceptior. Our approach helps to forestall the
develcpment of misconception networks by developing a kind of positive reciprocation. Because
correctly conceived representations with a high degree of multiple interconnectedness are
established, the fresh entry of tallacious knowledge at any node in the webiike network will fire
off so many connections that it would be likely to aclivate some misconception-disabling correct

knowledge. Before you can go too far wrong, you are likely to touch something that sets you
right.

[ ¢

act Support for the Management
of Complexity. In an ill-structured domain, knowledge cannot just be handed to the learner. A
priofi codifications of knowladge are likely 10 misrepresent. (That is part of what
ill-structuredness means.) Hence the importance, increasingly widely recoghized today, of
active iearner invoivement in knowledge acquisition, accompanied by opportunistic guidance by
expert mentors (which can be incorporated in a computer program--it does not have to be live,
one-to-one guidance). Furthermore, aids must be provided to help the learner manage the
added complexity that comes with ill-structure.  Our hypertext programs allow leariers to
explore complex conceptual landscapes in manv directions, with expert guidance and various
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kinds of cognitive support (e.g., integrated visual displays). When there are limits to the
explicit transmission of knowledge, learners will need special kinds of heip in figuring things
oul lor themselves (see Barrows & Tamblyn, 1980: Collins, Brown, & Newman, in press;
Spiro, et al., 1987).

EWMMWIS' ion-Specific K lEWWMMW

In generai, we argue that the goals of advanced knowledge acquisition in complex and
ill-structured domains can best be attained (and the problems we have idenlified avoided) by
the development of mental representations that support cognitive flexibility. Central to the
cullivation of cognilive flexibility are approaches 1o learning, instruction, and knowledge
representation that: (a) aliow an important role for multiple ropresentations; (b) view
learning as the multidirectional and multiperspectival "criss-crossing” of cases and concepts
that make up complex domains' “landscapes” (with resulling interconnectedness along multiple
dimensions); and (c) foster the ability 10 assemble diverse knowledge souices to adaptively fil
the needs of a particular knowledge application situation (rather than the search for a
precompiled schema that fits the situation). We suggest thai theory-based computer hypertexl
systems can implement the goais and strategies of Cognitive Flexibility Theory, engendering
multiple cognilive representations that capture the real-world complexities of the kinds of
cases 10 which abstract conceptual knowledge must be applied.
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Section 3.0 PATTERNS OF FAILURE IN
ADVANCED KNOWLEDGE ACQUISITION IN COMPLEX DOMAINS

In this section of the proposal we will present the results of the first major part of
the program of research, the studies of the nature of learning failure in advanced knowiedge
acquisition.

Chapter 3.1 The Deep Structure of Complex Domains and the
Development of Misconceptions:
The Nature of Conceptual Understanding in Biomedicine

2.1, Overview of Cl introduct

A general framework is presented for studying the acquisition and cognitive
representation of conceptual knowledge in a complex domain, biomedicine. This framework is
aiso applied in analyzing the nature and development of misconceptions. Central 10 our approach
is the selective and highly concentrated analysis of clusters of complex concepts, both as to their
true nature and the manner in which they are understood by learners. What we find in these
analyses is a widespread tendency for medical students to develop significant errors in
conceptual understanding. These errors inciude spesific misunderstandings of concepis and,
more generally, maladaplive biases in the thought processes that are brought 10 bear in dealing
with conceptual complexity. Parlicularly noteworthy is our observation of an insidious
tendency for misconceplions to compound each other within a general climate of
oversimplification, producing large-scale, mutually reinforcing, and durably entrenched areas
of faulty understanding.

One such widely held fallacy concerns the causal basis of congestive heart failure at
the level of the muscle cell This fallacy and factors coniributing 10 its acquisition and
maintenance in belief are discussed in considerable detaii in the paper. The implications of our
fincings for learning and instruction are discussed. The misconception is noteworthy because it
serves as an intact example of the application of the theoretical framework which is developed
in the first part of the chapter. The heart failure misconception brings into focus important
commonalities we have observed in the naiure and developmental pattern of a variety of
biomedical rnisunderstandings (Spiro, Fellovich & Coulson, 1988; Spiro, Feltovich, Coulson &
Anderson, in press; Fellovich, Coulson & Spiro, 1986):

1. Multipiicity. Many influences contribute to the acquisition and maintenance of
misconceplions, some of which are associated with the leamer, some with the
educational process, and some even with the practices of biomedical science research.

2. Interdependency. Overall misconceptions can be represented as reciprocating
networks of faully component ideas which mutually bolster each other and, iri turn,
support the overall misconception.

Oversimplification of complex biomedical phenomena and concepts appears to be a
major force in the acquisition and maintenance of misconceptions.
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Thus, what may seem at first to be a simple misconception, easily describable in a single
senlence, will turn oul in fact to have numerous complexly interrelated layers of underlying
meaning. It is in this sense tha!l we refer to a deep structure of ideas. As will be made clear
later, these features would likely go unnoticed without a concentrated analysis of the
complexities of individual concepts and of the finer threads of relatedness that exist among
neighboring concepts.

The chapter is organized into three main sections. In the first part of the chapter we
highlight the central features of our approach and the advantages that accrue from its
application. An in-depth analysis of the siructure and genesis of the heart failure fallacy in the -
second part of the chapter illustrates more specifically the intricale and convoluted patterns we
have found in the development of biomedical misconceptions. Finally, we discuss the
implications ot our finaings for learning and instruction, and for the practice of medical
ecucation.

0 7 od e Accuisil

Our approach eschews broad but superficial coverage of large numbers of biomedical
concepts in favor of in-depth coverage of small sets of important and complex concepts. This
decision is motivated by our interest in advanced knowledge acquisition, in how people come
eventually (if ever) to understand and apply complex material well. The ideas of interest are
ones thal are intellectually challenging, ones that require much time and rmuch effort 10 master;
alternatively, they are ones for which, despite efforl, understanding may never progress very
far for various reasons (e.g., because a particular conceptualization acquired early in learning
blocks progress). [t is with regard to advanced knowledge acquisition for complax material that
current theories of learning are most deficient and current educational methods least effective.
In particular, although much has been described about experts and novices (e.g., Chi, Feltovich
& Glaser, 19¢1; Larkin, McDermott, Simon & Simon, 1980), little is known about the
acquisition of the advanced understandings fourd in expertise or about the best educational
methods for fostering them (but see Collins, Brown & Newman, in press; Spiro, Vispoel,
Schmitz, Samarapungavan & Boerger, 1987). Because the kinds of ideas we are interested in
are difficull and complex and because the processes of learning and understanding them are aiso

complex, and not weil understood, the process of studying these matters must be detailed and
comprehensive.

We believe that being able to deal with complexily is essential if thosa who are to
use compiex knowledge, for example, medical practitioners, are 10 be able 10 respond eHectively
1o deviations from routine siluations that require flexible and adaptive thought. The perspective
of advanced knowledge acquisition and understanding, with its emphasis on the psychological
management of complexity, is discussed in the first subsection beiow.

A second issue that arises from our approach concermns concept selection. Because we
deal with a restricted set of concepts, we must ensure that those that we do address are
important ones, central to the development of bioinedical expertise, and ones that are in need of
sludy because they present problems 1o learners. Cur approach to concept selection, based on
concept "nominations” by medical teachers and practitioners, is described in section 3.1.2.2.
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In the section devoted to the kinds of generality derivable irom concentrated
conceptual analysis we discuss some of the important advantages that accrue from our approach.
Besides the practical benefits that result from the study of concepts suggested by practitioners
and teachers as being important and difficult, several kinds of general implications are derived
as well. The results of our in-depth analyses possess several kinds of generality, including:
themes related 10 content knowledge structure; themes of cognilive representation (in response
to cognitive challenges of complexity); themes in the presuppositional, prefigurative schemes
that are brought to bear on complex ideas; biases in the management of conceptual complexity;
and patterns of misconception development that recur in ditferent conceptual families, including -
two types of conceptual compounding. These forms of generality are observed both for intorrect
knowledge about individual concepls and for higher-order misconceptions that evolve because ot
compoundings of several component misconceptions.

3121 G . | Ad K jae Acquisiti

Certain aspects of cur stance with regard to complexity are worth noting at the
outset. These concern what we mean by complexity and what we argue is the appropriate place
of complexily and the reaction 10 it in learning and instruction, especially at more advanced
levels of knowledge acquisition in a subject area.

Aspecls of conceptual complexity and domain ill-structuredness. Concepts can be
difficult and complex for a variety of reasons. In general they are difficult because they make
unusual demands on cogniticn as compared with more mundane cognitive practices or abilities.
There are at least four categories of demand thal make a concept hard:

1. Unusual demands on working memory. Included here are large
numbers of nested steps or goals that must be managed, or targe numbars of
variables or simultaneous processes that must be reconciled--aspects of
multidimensionality.

2. UUnusual demands on formal representation. Two aspects are
important here. One is the degree of absiraction necessary for understanding-
-the extent 1o which the concept includes components that are less concrete
(e.g., ideas of rate ¢r acceleration of flow). Another demand invoives the
semantic distance between concepis and their formal symbolic
representations (e.g., as in equations}. The number "2" and the concept of
two that it represents are fairly close. In contrasi, the concept of stroke
volume of the heart and the "SV" thal appears in equations involving siroke
volume are quite distant. Coordination of the constraints on the symbolic
formalization and the (often quite different) constraints on the real
referents of the symbols can cause great difficulty.

3. Unusual demands on intuition or prior knowledge. Concepts can be at
odds with ostensibly related prior experience (so that, for instance,
importation of seemingly relevant analogies is detrimental), or they can be
counterintuitive or discrepant with common sense.
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4. Unusual demands on notions of regularity. Concepts can be ill-
structured: They can be highly variable in their application, requiring
tailoring to context, recognition of numerous exceptions, the ability to deal
with substantial "grey areas,” and so on. Concepts can be highly dependent
for their understanding on other concepts they tend to co-occur with and
interact with, requiring understanding of elements of reciprocation among
families of relaiad concepts.

As will be discussed, characteristics such as these cause problems partly because the
demands they pose are at odds with more typical cognitive modes and instructional

practices that may be adequate and appropriate for more well-structured or simpler
ideas.

Ihe perspeclive of advanced knowledge acquisition. Any content area will have facets
of well-structured simplicity. These facets are dealt with quite well by existing theories of
learning, insiruction, and knowiedge representation, and they will not concern us here (see
Spiro, 1980; Spiro et al.,, 1887, for reviews). Other facets will be complex and
ill-structured. Often, when complexity is encountered in instructional settings, it is
transiormed into a simpler form to convey an introductory overview of the area to beginners.
Complexity is then introduced incrementally, along with directed challenges to earlier
“scaffold” models, in order fo guide learners toward greater sophistication (e.g., Glaser, 1984).
At the early stages of learning, the motivation for sirategies of simplification, that of providing
noncontusing immediate access 10 a subject area, can be appreciated.

However, we have two concerns about this approach. First, we have found that
initially simplified approaches often impede the latesr acquisition of complexity; learners resist
what is difficult when they have something simple and cognitively satistying that has already
been learned to fail back on, and early, simpler models provide "lenses" for fiitering out ill-
fitting aspects of the new material (see Feltovich, Coulson & Spiro, 1986; Spiro et al., in
press). Second, we have also observed that the tendency to reduce complexity early is carried
over as a kind of habit of thought or instruction 10 more advanced stages of knowledge
acquisition; that is, the reductive modes of learning and instruction applied in Initiation to a
topic aie also employed in attempting o attain a deeper, more sophisticated understanding.

Accordingly, we distinguish advanced knowledge acquisition from the kind of
learning and instruction frequently advocated for beginners in a subject area (Spiro et al., in
press). For example, it may be reasonable 10 consider the primary goals of instruction at early
stages of learning to be that students avoid confusion and not be daunted. The perspective of
advanced knowledge acquisition, on the other hand, assigns the highest priority to getting the
concepts right, even il some difficully is part of the cost (of course, difficulty should be reduced
as much as possible, without sacrificing the integrity of the concepts).

Ancther factor that differentiates advanced knowiedge acquisition from standard
practices of beginner-level instruction is the nature of assessment: What it is that is
considered appropriate and satisfaclory evidence of learning. In the beginner modes,
reproductive or imitalive memory for key facts and definitions is the mos! frequenily employed
learning cniterion. From the perspective of advanced knowledge acquisition, demonstrations of
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learning involve the novel use, application, or transfer of explicitly taught material (subject,
of course, to adequate memory for prerequisite information, for the rudiments of a subject
area). Memory for material that has been taught is not the same as Jearning from instruction
(Spiro, 1980). In fact, it seems likely that those factors that promote accurate memory (e.g.,
tightly comparimentalized, insular mental representatior) are antithetical to the davelopment
of usable/appiicable knowledge (Spiro, 1977, 1980; Spiio et al.,, 1987). In one recent study
of students who had just completed a cardiovascular curricular block, we found no positive
correlations between performance on memory-type tests and either tests of deep inferential
understanding of course concepts or applications of those concepts in clinical tasks (Coulson,
Feltovich & Spiro, 1987).

It is important to emphasize that there is no clea: split between early and advanced
knowledge acquisition--the course of the latter is highly dep¢ ndent on the former.
Understanding is a process in which what is learned about a i:pic at one time will affect the
kinds and levels of understanding thal can be achieved on that topic at a later time. The
impediments and, possibly, limiis to the level of understanding that appear to derive from the
strategy of artificially reducing inherent complexity in early learning raise concerns about this
strategy. I the goal, ultimately, is deep understanding (ultimately “getting it right”), then the
desirability in some situations of fundamentally different approzches to early learning is
raised. Alternatives might include exposing students 1o the full complexity of ideas from the
beginning, recognizing that their initial feelings of mastery, accc mplishment, and satisfaction
may suffer temporarily, but that their horizons of understanding 17ay te greater. Another
alternative, discussed at the end of this chapter, involves the insiructional use of relatively
simple and understandable pedagogical components, but with a guioance system that at every
siep of learning highlights the limitations and misleading aspects of ‘hese components, as well as
the linkages and sources of mutual embellishment among them,

The distinctions we have drawn are important because one of our central claims
about advanced knowledge acquisition for complex concepts is that the processes of iearning,
instruction, and mental representation entailed are often diametrically spposed to those
commonly found in introductory learning. For example, in examining the heart failure
misconception later in the chapter, the same biases found to be matadadtively reductive in the
development of misconceptions wouid appear to be a medel set of familar prescriptions for
teaching and learning (and even scientific theory building) in the context of typical
introductory learning or in a simple and well-structured domain. What in one sitvation might
be taken to be a goal, in the other is a main obstacle to goal attainment.

3.1.2.2 Methodology for the Empirical Selection, of for C  Siud

An approach such as ours, which focuses in detail on students' learning and
unrd-r=*anding of a small number of concepts, requires that the concepis chossn for study be well
seieclew. 'n order to support our goals, the concepts should meet three crileria: (a) they must
be p-rceived by the medical community as important to the practice of medicine; (b) they must
be imporiant to the practice of medicine; and (¢) they should be difficult for students (who
eventually become medical practitioners) o learn, understand, and apply.
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Perceptions of imporiance maiter, if only for pragmatic reasons having to do with
potential receptiveness to our findings. It would be discouraging, after much work, lo receive a
response of "So what?" because a topic we have chosen is viewed as unimportant. Actua/
importance has theoretica! significance. One of our goals is 1o be able to trace the effects of the
learning and understanding of basic science ideas into clinical practice. These links can be
subtle and circuitous, and our chances of being able to trace impact are greater for the
important concepts. These concepts are ones that are critical as building blocks for
understanding others, that apply in many ostensibly different circumstances, or that interlock
greatly with other concepts. Difficulty matters for reasons of potential educational usefuiness
of our work; difficult ideas, of course, are the most problematic for teachers and students.
Perhaps most importantly, it is the most difficult ideas that provide the best opporiunity for
studying advanced knowledge acquisition, how people adapt to and manage conceptual complexity.

Fer all of these reasons, we have adopted an empirical approach to choosing concepts
that reiies heavily on the judgments of medical teachers and practitioners. There is a trust that
such practitioners have good intuitions regarding the concepts that are both difficult and
important to the practice of medicine. We are studying concepts nominated by medical schoo!
faculty, both basic scientists and clinica! faculty (many of whom also practice as physicians).
This was done initially through polling of faculty at our own medical school and of a sample of
community physicians, and has continued in a survey of all medical schools in the United States
and Canada (Dawson-Saunders, Feltovich, Coulson & Steward, 1987). In the survey, faculty
are asked 1o nominate concepts that meet the criteria mentioned earlier: Importance to the
practice of medicine and, in view of teaching experience, chronic ditficulty for students in
understanding and application. Students’ learning and understanding of concepts chosen in this
way are then investigated in our laboratory.?

1123 Ki : lity Deri irom G /G | Analysi

Obviously, there is a prima facie medical relevance to studying concepts judged by
the medical community (in our survey) to be important and to have wide scope of application
within medical practice. In addition, however, findings from the concentrated study of
individual concepts have several other kinds of general relevance. We now sketch the various
ways that what is learned from a close conceptual analysis has more general implications.

themes. The same basic knowledge and principles involved in one context may apply in other
contexts. For example, the factors that contribute to opposition (impedance) to the flow of blood-
-resistance related o vessel diameter and blood viscosity, compliance having to do v "h vessel
diameter and the streichiness of vessels, and inertance having to do with vessel diameter ..nd the
mass or density of the flowing materiai--are also operative in pulmonary air flow. The ter
two factors are particularly germane in flow systems in which the flowing material undergoes
cycies of acceleration and deceleration (alternating current circuits) as happens in both the
cardiovascular and pulmonary systems. Correct understanding in either system, ot accelerative
effects as they relaie 1o oppositional factors, will yield beneficial transfer to the other system
(and incorrect learning will produce negative transfer).
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Phenomena or concepts (which themselves represent phenomena) must be mentally
represented. A mental representation captures some aspects of what is being represented but
may omit others or construe aspecls in various altemnative ways. Cognitive representations can
vary in their fidelity to what is represented, and one of the things that determines the use of one
representation over another is the cognitive challenge or difficulty it imposes (sse Siegler &
Klahr, 1982),

We often find that the mental representations used by individuals show a consistent
pattern of response to cognitive challenge. The same cognitive process demands that make one
concept! difficull are often found to make other, ostensibly different, concepts difficult. An
example is the representation of phenomena involving numerous processes or variables. One of
the things thal makes understanding of opposition to blood flow (cardiovascular impedance)
difficult is the need 1o reconcile simultaneously the eftects of resistance, compliance, and
inertance (the latter two through their contributions to reactance), compounded by their
interactions with heart rate, blood density, blood viscosity, and various other factors.
(Reconciling these same numerous variables is, of course, an important challenge in
understanding pulmonary air flow.) In a completely different system, discerning the
interactions among numerous variables and simultaneous processes is a major cognitive demand
that makes the understanding of acid/base and electrolyle balance difficult. Anticipating a
general issue that will be taken up in the section on "Themes of Complexity-Reduction,” a
response of students in both the cardiac and acid’base domains is to under-dimensionalize: The
phenomena are represented in ways thal constrain them to subsets of the operalive variables,
rather than dealing with the complex interactions. With regard to oppositional effects in blood
flow, the numerous different factors are interpreted in terms of, or as being analogous to,
resistance (Feltovich, Coulson & Spiro, 1886).

Another example, inveolving a different kind of cognitive challenge, is the
representation of rates, as is necessary in understanding blood flow as a rate of flow (rate of
change of position of volume). Such understanding requires the representation of a ratio of
differences and poses substantial difficulty for students (even betore consideration of rates,
which is critical, for example, in understanding accelerative effects). A common student
response is to represenl rate of blood flow as blood volume. This representation is equivalent to
treating blood flow as its mathematical integration. Understanding of rate is important in any
circumstance in which any kind of material flows, so that a finding of rate-related
misrepresentation in one instance has general ramifications.

prefiguration. Prior to selecting the specific cognitive representation that will be applied to a
phenomenon or concepl, and constiaining the nature of that representation, a much more
fundamental and often unnoticed issue has often already been decided: What general form should
an explanation take? Questions of this sort draw heavily on individuais' or disciplines' beliels
about the fundamental nature of the phenomena they deal with. A prefigurative scheme is a kind
of "world view,” a set of (often tacit) presuppositions about the fundamental nature of the world
(or some circumscribed domain) and about what constitutes legitimate evidence and explanation.
Prefigurative schemes are subtler, although perhaps more powerful in their influence on
thought, than conceptual content or even ils particular cognitive representation (discussed
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abeve). Both of the lattler, in a sense, refer to things one thinks about, in contrast a
prefigurative scheme is something one thinks in terms of (cf. Bransford, Nitsch & Franks,
1977), a kind of lens that one sees with and that at the same time determines what is excluded
from view. Such schemes resemble what have been characterized within science as “paradigms”
(Kuhn, 1971). Philosophers of science may study and be aware of alternative paradigms held
by the scientific practitioners of a time, but the praclitioners themselves function within them
(tacit knowledge); similarly for the implicit paradigms that guide the thought of a medical
student.

The notion of a prefigurative scheme is perhaps most easily illustrated in the area of
history. There are a variety of established explanatcry models that are utilized in historical
accounts (cf. White, 1973). Some historical explanations will presuppose a historical
mechanism, with one event causing another, within chains of cause and effect sequences of
events. Other historians will import the mode! of an organism, seeking out some teleological
principle of historical development that unites many diverse historical events, but not in a
cause-and-eifect manner; the historical meaning of an event is treated as more than the sum of
its parts or their eftects. Still other historians will provide historical accounts that resemble
networks, with an explanation accumulating as a function of the compounding of multiple
interrelationships across the sectors of historical space. Once the mataphor of a mechanism, or
an organismm, or a network has been adopted as an underlying model, the nature cf an
explanation, the kinds of phenomena to be selectively focused on, and other important issues
have to a greal degree already been determined (Pepper, 1942).

Such broad-scale points of view can be applied to biomedical phenomena as well.
For example, under a mechanistic scheme, in understanding or explaining biological processes
one is more likely to look for causal agents and acts, and to decompose processes inlo pieces,
sleps, and causal chains. Under a more organicistic view, tha process as a whole will be taken to
have primacy over its parts; the function of the process in supporting some larger objective of
the organism (e.g., homeostasis) provides guiding principles for the functioning of components,
and analytic decomposition is accomplished only at some loss.

When prefigurative schemes are engaged, they have at least three kinds of effects.
First, they affect thinking, for example, by affecting what from a situation will be represented
cognitively and what will be excluded (or just not noticed). Second, they provide general rules
for what constitutes legitimate explanation of, or evidence for, what is going on in a Situation.
Third, they reflect fundamental beliefs about the nature of the world and its phenomena.

Prefigurative schemes can be applied at many levels. At the most encompassing
levei are ontological schemes of the son we have been discussing. These address such basic
issues as the relationship of parts to wholes. On a still very broad scale, but more concrete, are
schemes like the geocentric theory of the universe. Broad-scope scientific theories, such as
Newtonian mechanics, also function as lenses with their own explanatory schemes, modes of
evidence, and so on. Schemes for the inlerpretation of more localized phenomena can likewise
come 1o capture a field and its practitioners in such a pervasive way that they become
presumplive, tacit, and prescriptive. Almost as second nature, they come to be the phenomena
they were originally designed to characterize. With regard 1o the heart failure misconception 1o
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be discussed, the Shding Filament Theory of muscle contraction wiil be seen to play a role of
this sorl.

The discussion thus far of prefiguralive schemes should not be taken as implying
that only one such scheme can be held or applied by a person at the same time; and, we do not
wish to suggest that there is some best lers. For one phenomenon, onie scheme will be betier,
for another phenomenon, another scheme will be betier, and multiple schemes applied 1o the
same phenomenon may compensate for the way each single scheme selectively accentuates
particular aspects. Rather, we simply wish to suggest the existence of schemes that prefigure
cognition and to discuss something of their nature and consequences for cognition.
Misconceptions can result from the engagement of a prefigurative scheme that is faulty,
inappropriate, or inadequate (e.g., one whose selection of aspects of a phenomenon to be
understood is ill-fit 10 that phenomenon). Also, the engagement of prefigurative schemes can
produce errors in sysiemalic ways (e.g., misunderstanding of continuous aspects of processes
by the imponation of a mechanistic scheme that segments those processes).

These commonalities in the ways that a prefigurative scheme can induce
misconceptions (i.e., prefigurative themes) are yet another aspect of generality that can accrue
trom the in-depth study of concepts. Concentrated conceptual analysis can reveal the underlying
model that is guiding the more specific aspects of a concept's representation. By close analysis
of several concepts, patterns of misconception development induced by prefigurative schemes
can be igentified.

A study of individual ditferences in prefigurative belief systems lent support to the
hypothesis that learners differ in fundamental ways, along the lines of adherence or eschewal of
an analytic, integrative, reductive world view. Sixty medical students were asked a iarge set of
questions related to their underlying assumplions about the nature of phenomena in the world
and about the nature of learning and understanding. Each question had a reductive and a
nonreductive alternative. Although the questions covered highly diverse arenas, a factor
analysis yielded as its primary factor a cluster of 15 disparate items, all perfectly aligned
along the hypothesized dimension of Simple versus Complex. That is, some individuals have
very consistent, across-the-board reductive world views while others prefigure the world and
their understandings just as consistently with a view that acknowledges complexity,
irregularity, and so on.

11234 G lity of iive bi i { difficul .
Ihemes of complexity reduction. So far we have seen three kinds of generalization associated
with the close analysis of sets of concepts: Content themes, representational themes, and
prefigurative themes. In this section we show that all of these themes are associated with a
directional bias in the way they are cognitively instantiated. The bias in each case involves the
reduction of complexity.

"It costs energy 1o make surtaces that are rough” (Gleick, 1987). A sphere is the
lowest energy configuration that a soap or water bubble can assume, and it is the one toward
which its surface forces tend; 10 make a bubble assume any other configuration requires the
input of energy. The preceding quote is from a discussion of the formation of a snowflake as a
process that at all stages must overcome the surface tenslon of water, which would tend
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naturally to make the snowflake round. Everywhere in nature there are strong forces tending
toward simplicity. Recent theories of inicrmaticn processing and knewledge representation
(Smolensky, 1986) have suggested a similar tendency for cognitive processes and
interpretations to settie into the lowest enargy configurations, in a sense the ones that can be
assumed with the least effort. Hence, it should come as no real surprise that there are such
simplifying forces playing a role in the understanding of complex concepts; as in the making of
an exquisite snowfiake, intricate understanding may aiso have to oppose such “reductive forces.”

Thus, another area of generality that emerges from the study of concepts involves
the nalure of and principles governing these kinds of cognitive reductions, their ramifications
for misconception, and, ultimately, insight into ways they can be overcome in advanced
knowledge acquisition. The concepts we have chosen to study are difficult and compiex. Close
conceplual analyses reveal the strategies (intentional and unintentional) that students and
teachers adopt in the face of that complexity. Students are sometimes able to cope with difficult
concepts without trivializing them, but, unfortunately, this does not appear to happen very
often. Instead, there is a proclivity toward the strategic mismanagement of complexity,
involving various forms of oversimplification. Close analysis of conceptual understanding in a
variety of biomedical domains has revealed numerous misconceptions that have in common some
form of convenient and spuriously supportable oversimplification of a complex concept or
phenomenon. We have referred to these comfortable oversimplifications as seductive reductions
(Spiro, Feltovich & Coulson, 1988). Just considering the use of analogy in learning, we have
observed biomedical misconceptions resulting from eight different varieties of spurious
reduction of a new concept to an analogical source (Spiro et al., in press).

The misconceptions that we have characterized as seductive reductions result from
the appiication of a large set of beliefs, motives, and cognitive operations that we refer 10
individually as reductive biases and collectively as The Reductive Bias (Coulson, Feltovich &
Spiro, 1986; Spiro, Feltovich & Coulson, 1988). Many of these reductive biases will be
illustrated in the context of the heart failure misconception. For now, we will give a few
illustrative exampies, concerning, first, reductive biases in conceptual understanding and,
second, such biases in learning. It wilt be noticed that both of these kinds of reductive biases
can operate in connection with all three kinds of themes we have discussed: Contentive,
representational, and prefigurative (see the subsection below, "Realms of Reduction”).

Conceptual biases involve systematic ways of spuriously reducing complexity in
understanding. (Note that despite some similarities, conceptual biases are not the same thing as
biases in judgment and decision making; see Elstein in press, Kahneman, Slovic, & Tversky,
1982, for discussion of the latter literature.) For example, there is a tendency in
understanding the cardiovascular system to eschew dynamic (continuous, changing, etc.)
interpretations in favor of a more static view, as when students equate blood flow with blood
volume (static bias--a conceptual bias applied to a representational theme). Other examples of
conceplual biases include the following:

- Step-wise bias. In another conceptual bias involving representation, continuous
processes are broken down into discrete steps, with loss of properties that exist at
the holistic level. This is often done by students in representing the continuous flow

33




of blood as a sequence of steps, causing them, for example, to misunderstand
relationships between outtlow and inflow 10 the heart.

+ External agent bias. Intrinsic characteristics of entities or processes are
altribisted instead to external influences--as when vascular compliance is taken by
students to be the vessel's ability to respond to orders from the nervous system.
This confuses exlernal mechanistic forces with inhereni, interna! processes of
development (organic processes), a common consequence of applying mechanistic
prefigurative schemes.

* Prior analogy bias. New concepls are interpreled through already held (often

simpler) models, ofien imporied from extra-instructional experience (e.g., the

cardiovascular system is interpreted as being too much like househoid plumbing).
~ This is a bias toward assuming more contentive similarity than is warranted.

« Common connotation bias. Technical terms are interpreted according 1o their
everyday, common language meaning (e.g., the different types of emoneous models of
vascuiar compliance we see correspond to various dictionary definitions of
"compliance,” as in the example above--also see Feltovich, Coulson & Spiro,
1986).

* Restriction of scope bias. General physiological principles are thought only to
apply in specific instances (e.g., within conditions of pathology). This bias, in
caricature, might support the proposition that the laws of gravity hold cnly on
earth. In the biomedical arena, vascular resistance is taken by some students to be a
property only of small blood vessels.

Acquisition biases are modes of addressing complex ideas during learning that
attempt 10 make the ideas more tractable. Examples include under-dimensioning--a
representational approach of teaching or leamming multivariate phenomena one dimension at a
time, with a goal toward eventual dimensional reassembly; atomization and extirpation--a
prefigurative bias that extracts and isolates components from a multi-component system, with
the assumption thal their hehavior in isolation will faithfully refiect their behavior in context;
and sanitizing--a contentive bias that involves focusing (in learning and instruction) on the
clearest, cleanest instances of a concept, those most insulated from contextual effects, with the

idea the these will be representative of, or will be a*bridge” to, the messy contextual
exceptions.

Note that some acquisition biases directly parallel and reinforce conceptual biases.
An example is the approach to learning about continuous processes that involves breaking them
into component processes with sequential steps and effects (as is done routinely, for instance, in
ihe learning/teaching of the cardiac cycle--paralleling the step-wise bias).

Realms of reduction. The Reduclive Bias applies 10 all three kinds of themes that we have
discussed--those involving content, representation and prefiguration--and in each of these

areas functicns as a kind of "selecior” that opts for simpler over more complex modes of
interpretation.
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With regard 1o content, the most common tesult of the application of The Reductive

Bias involves treating things, or aspects of things, as being more similar or more stable in
their characteristics than they are. (A consequence of this similarity bias is a tendency to
produce overgeneralizations.) Forms ot this contentive reductive bias appear in the use of
analogy (Spiro el al., in press), e.g., analogy treated as isomorphism: analogy is treated as being
the same relations, based on the same underlying mechanisms. Other examples include the
following: extension of attributes--it A is like B with regard to aftribute X, then A will be like
B wi'h regard to attributes Y, Z, and so on;* homogeneity of components--explanations that
account for one component of a system will account for others of the same nominal type, for
example, "a muscle is a muscle,” whether it pumps blood (cardiac) or "pumps iron™ (skeletal),
and reduction of technical meaning to common connotation, discussed earlier.

Many of the options available for cognitive representation can, likewise, be seen 10
span a simpler-to-more-complex dimension. Should a concept or phenomenon be represented
cognitively as: unidimensional vs. multidimensional; static vs. dynamic; compartn.entalized vs.
interconnected; linear vs. non-linear; continuous vs. discreie; and so on? The operation of The
Reduclive Bias selects for the simpler pole among representational options, even when it is not
appropriate.

There are ways that prefigurative schemes (lenses) can be characterized so that
they oo can be seen 1o vary in complexity. Such a characterization has been proposed by
Pepper (1942) and involves two bipolar dimensions of classification: analytic-synthetic and
dispersive-integrative. For analytic schemes, parts are the facts of a phenomenon, and
combinatorial interaction of parts and synthesis are derivative; in contrast, for synthetic
schemes whoies and emergent properties are basic and decomposition is derivative and reductive
of the phenomenon. While this first dimension deals with the relative primacy of pars and
wholes, the second addresses inherent orderiiness. Dispersive schemes accentuate the
irregularity and ill-structuredness of events, while integrative schemes presuppose more
coherence, orderliness, classifiability, and so forth.

The Reductive Bias leads to "pole migration” with regard to these schemes, that is, 10
the adoption of those prefigurative schemes that are simpler and easier to manage cognitively--
the analytic and the integrative. This manifests itself in reductive biases such as atomization
and extirpation, the presupposition that "parts™ extracted from context will faithfully reflect
their properties and dynamics of operation in full context (analytic), and uniformity of
explanation, the presupposition that complex processes are really governed by some single
principle or mechanism (integrative).

The adoption of the simpler schemes promoles a kind of double jeopardy. First, it
bolsters the application of single lenses or schemes to phenomena--a uniformity of ‘lens'
application. For example, dispersive scheines are antithetical to the notion that any uniform
explanation can be applied everywhere, while this uniformity is the forte of integrative
schemes. In turn, when analytic or integrative schemes are adopted, the world is then
selectively interpreted that way, filtering aspects that fail "off-line,” and bolstering the
adoption of the reductive schemes in the firsl place. An integrative scheme promotes single lens
application--single lens application bolsters the apparent efficacy of the integrative scheme. A
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danger is the belief that the scheme is accounting for more of the variance in a phenomencn than
it actually is. An example that plays a big part in the heart failure misconception is the
assumption that the Siiding Filament Theory accounts for all muscle cell contractile dynamics,
when, in fact, it accounls for only some.

Why are reductive cognitive modes of all kinds so readily adopted? One reason has to
do with cognitive ease. It is easier to think that all instances of the same nominal concept, for
example, compliance, are the same or bear considerable similarity (contentive reduction). It
is easier 10 represent continuities in terms of components and steps (representational
reduction). It is easier to deal with a single principle from which an entire complex
phenomenon "spins out” than to deal with numerous, more localized principles and their
interactions (integrative prefigurative reduction).

Furthermore, reductive tendencies are reinforced by many educational practices,
particularly those associated with introductory teaching and leaming. We have argued that the
educational process in general is riddled by an implicit and unintended conspiracy of
convenience (Spiro et al., 1987) to treat complex subject matter as simple. This makes it
easier for students 1o learn, for teachers to teach, for textbook authors to write, and for testers
to construct and grade their tests. Thus, besides making a difficult situation easier for
everybody, The Reductive Bias finds the grounds for its acceptance already prepared, because
the elements of this conspiracy have already been established in what are commonly taken 10 be
effective modes of teaching and learning: highlights, conceptual "coat racks,” sanitizing (not
confusing studenis with aii those exceptions), glossed exposure, etc.

Adding to the problem is that for some circumstances and some kinds of learning,
such reductive maneuvers may be appropriate and effective. Much that has been pointed to
negatively here is often taken as efficient and effective cognitive processing (e.g., extension of
altributes as "default assignment”--see Footnote 2), effective reprasentation (e.qg.,
decomposition ot a complex problem into components), or even standard canons of science (e.g..
investigating the dynamics of complex phenomena by varying one dimension at a time). Such
common practices are appropriate where they are appropriate--generally with regard to well-
formed ccncepts and well-structured domains. However, in mcre complex and ill-structured
domains these very same practices are problems, not principles. One might argue that what
makes truly difficult concepts hard is that they fall "off-linc” in ways that undermine mundane
cognitive and investigative tools; if they were routine and usual. they would not be hard.

Generalily of patterns_of development of higher-order misconceptions: Themes of
idea-compounding and spreading misconception. Although we focus at first on individual
concepts, the fact that many of the concepts we choosa form groups of cor.ceptual clusters or
families allows patterns of higner-order conceptual representation to emerge. We have
discussed how our approach to the close analysis of individual concepts informs both about the
detailed nature of the understanding of those important concepts and, by allowing observation of
themes that recur across individual concepts, about certain general principles and problems of
conceptual understanding. We now want 10 demonstrate a differeni kind of benefit: By the
concentrated study of the individual concepts in a concaptual family, otterwise hidden patterns
become evident in which misconceptions compound each other and thereby contribute to higher-
order misconceptions. These higher-order misconceptions may te even more seductively
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entrenched than the local ones. Spreading activation has been a popular topic in recent cognitive
science (Anderson, 1983; Collins & Loftus, 1975) by describing the procasses by which ideas
compound each other, we introduce the notion of spreading misconception.

Such higher-order misconceptions take a variety of forms, of which we will
illustrate two. One involves compounding: Misinterpretations of fundamental ideas can cohere
in systematic ways such that belief in one fnakes belief in others easier. Consider the lollowing
example (see Feltovich, Coulson & Spiro, 1986 for a detailed treatment). The etfect of vascular
compliance (a factor related lo the stretchiness of vessels) in blood circulation Is often
interpreted by student; as a kind of "surrender, as enabling vessels 1o "give viay® and
accommodale increases in blood flow. This is in contrast to the active role of complianca (and
elasticity, its inverse) in promoting the movement of blood. Believing compliance is primarily
accommodative makes il easier to believe that veins, highly compliant vessels, are reservoirs,
places for holding blood, as opposed to active participants in ongoing dynamic fiow. And,
reciprocaily, the latter belief bolsters the former one. Furthermore, pressure, in relation to
blood flow, is interpreted as hydrostatic “bucket” pressure -and rot in terms of dynamic
gradients--consistent with the first two beliets. Downplaying the aclive role of compliance
boisters belief that impedance (opposition to blocd flow) is the same as resistance, ignoring or
subsuming effects of compliant and inertial reactance (which, uniike resistance, are totally
dependent on dynamic aspecls of blood flow, as they interact with compliant properties of blood
vessels and other tactors). This restriction of oppositional effects to resistance (as well as
most of the interpretations listed above) is consistent with a view of the cardiovascular system
as a “direct current” ac opposed 1o “alternating current” circuit--which Is bolstared by the non-
recognition of accelerative properties of blood circulation due to pulsatile (continuously
changing) pressure. It is also consistent with a view of the vasculature (e.g., veins) as simply
accommodating active effects from the heart. And so on.

The compounding and mutual bolstering of these individual interpretive units leads
to a second kind of higher-order conceptual effecl--pervasive coloration. All conspire 1o
promote a passive coloration in the "view" of the cardicvascular sysiem, especially regarding
the vasculature itself. Once such colorative effects emerge, they can then feed back and shade
further learning and irterpretation.

The compaunding of misconception is aided, in par, by the reduction of phenomena
to the simplified poles, for example, the representation of pressure statically and the contentive
reduction of all impedance factors 1o resistance. Convergent shearing away of complicating
factors provides the ground for individual factors, thus stripped, o complement each other and
o compound. In turn, the broad colorations that then pervade the overall image of a phenomenon
(e.g., the "passive” cardiovascular system) can turn back and reinforce thinking about
individual concepts that way.

< ity of learni ios 1 eplual . The *analomy” of
j ' ' . We have discussed the implications of ckse conceptual
analysis under four thematic headings: content themes, representational themes, themes of field
prefiguration, and themes of complexity-reduction. Each of these four general kinds of
cognitive phenomena is associated with its own distinctive form of contribution to misconception
and participates in spreading or compounding the development of higher-order misconceptions
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(a fifth kind of theme). Considering logether the first five kinds of generality described in this
section, the result of our approach 1o close conceptual analysis is a detailed anatomy of the
nature of conceptual undersianding and the development of conceptual error, at the levels of the
individual concept and conceptual clusters. This includes insight into tha nature of
misconceptions, their sources and their interrelationships.

The investigation of concepts in detail, but concepts that are themselves interrelated
(a cluster approach), can uncover such interdependencies. This cluster approach enables
investigation of emergent efiects and broader scale misconceptions that would not be possible
through the investigation of the constituent concepls in isolation. As the example of the
misunderstanding of congestive hearnt failure will illustrate, the sources of misunderstanding
can be many and can run far below the surface misunderstanding itself. The specific nature and
causes of the heart failure misunderstanding to be discussed would not have emerged without our
detailed and interrelated probing of such important constituent concepts of cardiovascular
function as: oppasition to blood flow (impedance), which pertains to factors which oppose the
llow of blood; the Frank-Starling cardiac function and Guyton's vascular function relationships,
which caplure the intrinsic control of cardiovascular flow, through the interlocked regulation
of vascular function by the hean and of cardiac function by the vasculature; cardiac muscle
activation and control of contraction, which pertains to how ti.e heart muscle itself works 1o
produce i3 pumping action; and to a lesser extent, cardiac hypertrophy, cardiac
electrophysiology, and enaergetic metabolism.

Only by icoking at these interrelated concepts together, following in-depth
investigation of each, could the pattern of interlocking misconception that we will present be
detected. In other woids, a broad and superficial probing of hear failure knowiedge would have
missed much of the important underlying basis for the misconception.: In a related way, broad,
superiicial or comparimentalized instruction on heart failure, by missing detalled treatments
of constiluent basic science coricepts and their complex interactions, would result in the
"climate of oversimplification” thal produces misconceptions of the kind we have found.

In the remainder of the chapter, the misconception of heart failure is addressed as a
mnore concrete example of the application of frameworks that have been introduced in these
early sections. It will be shown how misconceptions interact to bolster each other, compound to
yield yet higher-order misconceptions, and align in gross aggregation to produce pervasive
colorations--all within an erroneous belief-structure about the basis of congestive hean
failure. The various kinds of compounding of interactions suggest a network structure for the
overall belief system, a network that yields synergistic strength greater than the component
parts. Paralleling the learner's inlerpretations and modes of thought (relaied to addressing
complexity) that lead to and support misconception, similar reinforcing infiuences from the
instructional process and from some practices of biomedical science are also discussed. It is
argued that rather than being external 10 the cognitive network of misconceplion and simply
contributory, these “exlernal” influences are entwined inseparabiy within the network itself;
they are parlly responsible for the component misconceptions that come to make up the network
and are partly responsible for the patterns of thought and practice that legitimatize and, hence,
help to maintain the network. Learning, educational practice, and laboratory science are seen to
be subject to the same reductive biases and, therefore, to be symbiotically enmeshed.
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The misconception of hear failure is taken up next, following the introduction of

some necessary background informatior regarding congestive heart failure and cardiac muscle
cell function. '

1121 Bag T ling Heart Fail

Congestive heart failure is a syndrome or constellation of effects in which the heari
loses its eftectiveness as a pump and fails to maintain flow rates consistant with the needs of the -
body. The misconception to be discussed has to do with the dyramics at the subcellular level of
the heart muscle that account for hear failure. In order to understand the nature of the
misconception, a briet overview of these subcellular dynamics is necessary.

The heart pumps by contracting its myocardial muscle. In hean failure this
contraction is inadequate, lacking sufficient force, shortening capacity, or both. Figure 1
depicts the subcellular part of a muscie, the sarcomere, which ultimately produces contraction.

Within each sarcomere are myosin and actin filaments. The sarcomere is the unit
between the two ventical bands (Z-bands) depicted in Figure 1 (also depicted in the figure are
adjacent sarcomeres, i.e., sarcomeres are aligned in series, abutting at shared Z-bands). The
myosin (see Figure 1) is a fixed-length filament that has as components a number of little
"arms® (cross-bridges) that ultimately produce contraction. Aclin are other fixed-length
filaments that are attached to both ends of the sarcomere. These structures, atiached to opposite
ends of the sarcomere (1o the Z-bands), are pulled toward the center of the sarcomere (see
Figure 2) during a contraction, shortening the whole sarcomere without substantially changing
the length of either (myosin or actin) filament structure. These subcellular structures and
dynamics, actin and myosin filaments of fixad length which "slide over” each other during
contraction without change in length to either, are components of the Sliding Filament Theory of
muscle contraction (Gordon, Huxley & Julian, 1966).

The cross-bridges of the m~sin produce the force of contraction. During a
contraction, the heads of the cross-Lridges bind to available sites on the actin, pull one stroke
toward the middle, release, rebind 1o the next available outward site, pull again and so on,
progressively pulling the actin (which is attached to the outward ends of the sarcomere) toward
the middle, resulting in shortening of the sarcomere. This process (binding, pulling, releasing,
rebinding, pulling, elc.) continues, in the presence of adequate metabolic (energetic) materials
available and necessary 1o drive the process (energy is needed to make the sarcomsre "go"), as
long as the contractile process remains active.

The force of contraction is a product of two main things. The first is

anatomical/iechanical and involves the degree of alignment of actin surfaces with myosin
"arms.” One can see that i, sornehow, the actin were to get stretched 100 far outward, some of
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Figure 1. Schematic representation of the sarcomere.
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the arms would have nothing to bind to and force would decline. This is partly due to the
constancy of iength of both the actin and myosin filaments during contraction, consistent with
the Sliding Filament Theory. The second factor affecting contraction force is activational. 1t
involves the number of arms that are recruited to participate (to pull) in the contraction (not
all need be), and is regulated by the degree of energetic activation of the actin filaments' cross-
bridge binding sites. One can envision the actual number of arms engage - in the pulling
operation being actlivationally regulated, resulting in degrees of strength of the pull.

1132  Preview of the M ,

The misconception held by medical students, some medical practiticners, and
portrayed in some medical texts holds that heart failure happens because the heart gets 100 big,
stretching component sarcomeres so that actin does not overlap the myosin optimally. This
results in fewer potential binding sites, with a corresponding reduction of force of contraction.
Hence, of the two main factors affecting force production in a muscle, one anatomical and the
other activational, in the misconception the anatomic, mechanical component is invoked, with
general neglect of the activational component. In reality, it is the activational mechanisms that
are germane 1o hear failure and the mechanicalanatomic component can play no role. This is
discussed after consideration of a few representative statemants reflecting the basic
misconception given by subjects in our laboratory and in a textbook of cardivlogy. The quotes
from subjects are from responses to open-ended but focused discussion questions (organized by
the "target' concepts, e.q., muscle activation and control of contraction, listed in the last
section) about the function of the heart and cardiovascular system (see Footnote 1). The first
quote is from a second-year medical student (Figure 3); the second, from an established

cardiovascular physician (Figure 4); and the third, from a respected and reasonably current
textbook of clinical cardiology (Figure 5).

All of these descriptions portray a common mechanism as explanation for hear
failure: If the heart gets oo large, then the individual sarcomeres contained within the
myocardial muscle of the hear! likewise get stretched; potential binding sites on actin
structures are lost due 1o non-alignment; and hence, the force generated within a pumping
stroke of the heart is diminished, producing heart failure. This is a mechanical, anatomical
account of heart failure. While this account has a certzin seductiveness--it seems plausible,
and it invokes the usually well-learned Sliding Filament Theory--it is inconsisient with the
best available physiclogical and pathological evidence for the basis of hear failure.s

In contrast to this account, the basis of heart failure is activational. The muscle in a
failing heart is "sick™ muscle, and the basis of this sickness is metatolic and energetic (Katz,
1977); the failing hearl does not get energized sufficiently to do its job. While some details of
this 2ctivational account remain tc be specified within laboratory science, the mechanism of
heart faiiure likely involves some combination of actual damage to sarcomeres, defects of
biochemistry in the activation system itself, altered activity of ion pumps, and perhaps many
other defects of muscle chemistry yel to be discovered (Nair, Cutilletta, Zak et al., 1976; also,
see Coulson, Feltovich & Spiro, 1986, for additional related references).
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OXay, discuss factors whick cause the muscle contraction to be inadequate (in heart
failure). Okay, this takes me back to the Frank-Starling mechanism {Note: The
Frank-Starling relationship describes how the heart produces greater force of con-
traction as it is filled with greater volumes of blood. This relationship and its role in
the heart failure misconception are discussed in greater detail later.] where there's
a volume overload on the heart and this, um, leads to, um, the muscle cell spindles
1o be spread apart so there's very little overlap between the actin and the myocin
and ah, the way [ conceptualize this is with the cross fibers as sort of like little guys
towing or else people pulling on a tug of rope, and ah, with less overlap they're able
to ah, develop less tension and the entire muscle, muscle fiber itself, the heart is
able to, is not able to do its job as eflectively...] like to think of the Frank-Starling
as falling over the edge of where, with, =8 the furiher the muscle cell gets stretched,
the less it’s able to do its job effectively...] use the sort of the, conceptualize the
number of rowers or people pulling on a tug of rope to explain that with increasing
stretching of each cell they are less able to pull and increasing stretching of each cell
they are less able to pull and shorten. And also, in the Frank-Starling mechanism

where it"s gone over the edge of where more lengthening of the cell doesn’t help
with tension.

Figure 3. Quote from a second-year medical student.
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What the Frank-Stasling relationship indicated was that ah, this ah, matter of ah.
a muscle fiber being stretched, there comes a point at which ah, the stretching is
no longer productive and, therefore, we tend to talk about the ah, healthy part of
the curve, that's one phrase which is used commonly, which is the physiological ah,
range that ah, as one streiches the muscle fiber, it will contract more forcefully.
However, a point is reached ah, which is so-called plateau point where stretching
the muscle fiber a little bit more is tolerated but does not result in any increased ah,
contraction and force of contraction. And then if one stretches (the muscle fiber) a
little bit further than that, we then go on to what is referred to as the down-slope
of the curve where actually the ability to contract is decreased. The concept we
have is that there is a point at which the left ventricle can be o dilated that it is
no longer functioning.

Figure 4. Quote from an established cardiovascular physician.
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Figure 5.

P

Dilatation of the heart is also a factor that can decrease cardiac efficiency. The
force of contraction of a muscle (including cardiac muscle) depends on the initial
length of the muscle sarcomeres. \When the sarcomere is initially stretched, this
is associated with a more forceful contraction. The optimum sarcomere length is
22um. At this length the overlapping between the actin and myosin filaments is
ideally situated to allow the cross-bridges between them to pull the actin filaments
inward during contraction. When the sarcomeres stretck beyond this point, the
actin and myosin filaments do not overlap 30 much and the cross-bridges caanot pull
the actin ilaments inward adequately. As a result, the force of muscle contraction
decreases. This is the structuzal basis for Starling's law of muscle contraction.

cardiology (Goldberger, 1982)
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Despite its inappropriateness, the "mechanical overstretching” account appears 1o
be widely held in the medical community. This account has been given in our laboratory by
medical students and by some established cardiovascular physicians, and is often described in
textbooks. As medical school faculty involved in the normai teaching activities of the school, we
have seen this explanation commonly conveved to students. In our laboratory work with medical
students, explanations of heart tailure as resulting, exclusively or in part (interspersed with
other mechanisms), from mechanical oversiretching of muscle fiber were given by 18 of 28
(64%) first- and second-year medical students (first-year: 7 of 14, 50%; second-year: 11
of 14, 79%).¢

In addition to its pervasiveness, the misconception appears 1o have a certain kind of
insidious power. In much of our other research with medical students, we have often been able
lo trace a direct influence for misconceptions and errors 10 the primary instructional malerials
used by the students in their course work (Feltovich, Johnson, Moller & Swanson, 1984).
Medical students take their assigned materials seriously; to some extent, “they are what they
read.” However, there is something about the heart failure misconception that undermines this
general rule-of-thumb. The main assigned cardiovascular texibock (Katz, 1977) used by our
medical student subjects contains a contemporary and appropriate activational account of heart
failure; in the chapter on heart failure there is no mention of overstretching and sarccmeie
disinterdigitation as a basis for heart failure (although, as we have seen, students may read
such accounts in other places). This overriding of primary instructional material emphasizes
both the aggregate power of the misconception and the possibly circuitous nature of its
influences.

As we have described, heart failure is activational and biochemical. Yet, students
believe its basis to be mechanical and anatomical: Our question is, Why? We have already
suggested that the reasons are many, and, at least in par, circuitous and subtle. In the next
section, the question of why students (and others) acquire and maintain the erroneous belief,
and the nature of the belief itself are addressed in greater detail.

x5 The N \cquisit | Mai {the M; ,

In this section we investigate why the mechanical overstretching misconception of
heart failure is acquired by students, the influences that contribute to the robustness of the
beliet, and the structural form of the misconception itself. As a preview 1o this section, four
general points can be raised:

1. In the misconception of hean failure, dynamics of individual,
isolated skelgtal muscle fibers are mapped to the intact functioning of the

whole heart (which, of course, is not skeletal and is a system of many
fibers).

2. Properties of the whole heart that exist because it is a system
containing complexes of fibers are neglected within the misconception.
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3. The overall misconception contains component misconceptions that
interac! and support each other in reciprocating ways, forming a network.
The interlocking nature of these components yields an overall structure, the
misconception, that is itself highly robust.

4. Simplification of complex ideas, on the part of the learner, the
educational process, and, in some instances, the practices of laboratory
biomedical science contribute to the development of the misconception and
support its maintenance in beliet.

This section is organized around four component misconceptions that ate
involved in the overall misunderstanding. As overview, these four components are: (a)
that the means by which an individual, isolated (skeletal) muscle fiber produces
different contracting force at different lengths of stretch (the -length-tension
relationship of muscle fiber, L-T) is solely mechanically and anatomically based; (b)
that an individual cardiac muscle fiber is like an individual skeletal fiber; (¢) that the
increased force that an intact heart (in vivo) develops when it is filied with more blood
volume (and gets bigger) results from the same mechanisms that enable an individual
fiber to produce more force (up to a point) as it is streiched to greater length; and
finally, (d) that when a heart becomes toc big it loses its abllity to generate adequate
force, hence fails, for the same reasons that an individual skeletal cell loses its ability fo
generate tension when it is stretched 100 far (that is, because of disinterdigitation of
aclin/myosin filaments). These component ideas are taken up, in turn, along with the
introduction of some necessary background for each where necessary. For each
component, educalional influences toward its development on the part of the learner and
the teaching process are discussed, as well as pertinent aspects of laboratory biomedical
science.

Component 1: The Entire Length-Tensiocn (L-T) Relationship
for an lIsolated Skeletal Musclie has an Anatomical Basis
(Length-Tension is Anatomical)

Background to component i. The length-tension relationship of a skeletai muscle
(see Figure 6) shows the maximum tension that an individual muscle fiber can produce
when the fiber is siretched to different lengths. This relationship is determined in the
laboratory, using muscle fibers exiracted from

animals. The fiber is mounted at different lengths in a laboratory preparation,
minimally activated to produce a tetanic contraction (the muscle contracts and holds its
contraction), and the maximum tension produced by the muscle at a given length is
recorded. As can De seen in Figure 6, the maximum tension that can be developed rises
from low tensions at short lengths 1o a plateau at intermediate lengths, and with yet
further lengthening the ability to generate lension progressively falls.
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If you stretch any muscle excessively it's not going to be able to contract because
vou've pulled the actin and myosin completely apart, 39 taat it can’t form any
cross-bridges and it can’t contract, or, if you have a muscle that's too contracted
to begin with, it can’t contract anymote because the actin and myosin are pushed
up against each othet already and there's no room foc them 1o slide any further.

Figure 7. Medical student discussing the length-tension relationship.
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The misconception in component 1. The misconception heid by studaents is that the
differences in maximal tension potentially generated by an isolated skeletal muscle
acrcss its entire range of length (the length-tension relationship) are due to
mechanical/anatomic factors, as follows. At lengths of fiber corresponding to the
plateau, tension is greatest because of optimal aiignment of actin and myosin filaments
within the sarcomere of the muscle fiber. Force declines at longer lengths {descending
limb of Figure 6) because, with siretching, potential binding sites are lost. Force
declines at short lengths (the ascending limb) Lecause of some kind of shortening-
induced physical impediment to movement of the ¢ross-bridges theinselves, or to the
physical structures that are moved during a contraction.

This supposition of an anatomical/mechanical basis for the entire range of the
length-tension relationship is described in an example protocol from a medical student,
given in Figure 7.

What's wrong? The characteristics of the iength-tension relationship on its plateau
and descending imb can be accounted for by the mechanically based Sliding Filament
Theory, but this theory does not apply at all to the ascending limb; while the plateau and
descending limb ol the L-T are the product of optimal and (degrees of) suboptimal
engagement of cross-bridges, the ascending limb (lift-side) is not. The decline in
tension by a muscle fiber at short lengths is a matter of diminution of muscle activation.
in iaboralory science, the activational basis for the ascending limb was reveaied through
the discovery of an auiomatic activational shut-down mechanism that engages when a
fiber approaches shorl lengths when contracting: the very existence of short sarcomere
lengths inhibits the activation. If means are used 1o override this shut-down
mechanism, so that the fiber can be fully activated, tensions produced at fiber lengths
corresponding 1o those on the ascending limb “spring up”® to levels similar to those on the
plateau (Jewell, 1977).

Hence, there are duai explanations underlying what is in appearance a fairly
symmetric, continuous curve. The existence of this nonuniformity of explanation,
within what appears to be such a clean, well-formed relationship, violates what we have
identified as a prefigurative preterence for uniform, integralive accounts.

Why Do Students Believe Component 12

in discussing this and other component misconceptions, we will instantiate the
framework for conceptual undersianding (misunderstanding) developed in the first part
of the chapter. Various parts of the framework will be instantiated, because the reasons
for the misunderstandings are mgltitacetled. No single faclor leads to misconception;
rather, partial contributions, each reducing or simplifying the phenomenon in small
ways, align in their simpiification 1o yieid robL st and coherent, but erroneous, belief.
These contributing factors involve the student, the educaticnal process, and some
practices of the biomedical science laboratory (see Figure 8).




- Science

¢ Want to see a3 simple e
(Uniformity of explanation: e Britain's frogs
One explanation better (Easy to get, mount,
than many) animal laws)

e Reliance on ‘rowing crew’ ¢ Controlled Out
analogy (Suggests idea that activation (Max.,
oars can get tangled up at full activation)
short lengths)

**L-T is
Apatomical

Teaching
o Teack toward the simple
(Anatomy simple; activation
complicated, controversial)

¢ Textbook presentations of L-T
at one activational level

Iroplication:

¢ Role of activation starts to get downplayed

tigure 8. Why do students believe Component 1? Converging influences.
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Science. Before discussing the contribution of iaboratory science to the studants'
misconception regarding the length-tension relationship, it is useful to mention the
origins of this relationship itself. The classic length-tension relationship of muscle
fiber that plays a key role in the misconception of heart failure is based on skeletal
muscle from the hind-leg of frogs. It is interesting to note why this particular muscie
was the one used in the lale 1800's 1o establish this relationship. This muscle is large
and easy to extract frem frogs. s structure is also conducive 10 easy mounting in the
kinds of laboratory preparations required to determine tension produced at various
lengths. Furthermore, the legislation in Britain responsible for the protection of
animals in laboratory research at the time the experimentation was conducted did not
(and still does not) consider amphibians to be "animals." Hence, for several reasons
largely pertaining to /aboratory convenience, the length-tension relationship of frog
skeletal muscle exists as a zlassical teaching example for muscle function and shades
students’ ideas about how heart muscle works.

As we have noted, the tension developed by a muscle fiber is a function of bolh
anatomy and activation level. Hence, activation is a third variable which modulates the
tension developed at any length. In establishing the length-tension relationship within
the scientific laboratory, activaiion was controlled to a single, maximum value. Hence,
in this complexity reduction (under-dimensioning) of the response space of tension, the
ctitical activational component is downplayed.

Students. Reductive tendencies on the par of the student also contribute to the idea that
the basis for the entire leng:h-tension relationship is mechanical. One is the desire for
uniformity in explanation. This is reinforced by prescriptions about what good

scientific explanation should be, for example, Occam's Razor, and maxims advocating
singularity of explanation within medicine--"never twe if one will do.”

Anolther influence on the part of students is an over-reliance on a rowboat and
rowing crew analogy (reductive analogy) for understanding dynamics of the muscle
sarcomere (see the student protocol in Figure 3). This analogy conveys the idea that if
the boat were shoriened for a fixed number of rowers, the oars could gst tangled up, or
efficiency could otherwise be reduced by mechanical/anatomical obstructive factors.

Teaching. The mechanical components (related to anatomy) of tension production are
easier 1o teach than the activationai compenents; the mechanism ¢t tension productlion by
the cross-bridges (filaments) is less complicaled. It invoives only a few key elemsnis
(e.g., invariant filament lengths, shortening occurs by relative filament translation)
and, especially when misinterpreted, is linear and, hence, easy to represent--the more
potential binding sites, the more tension produced. In contrast, the process of activation
involves numerous interacting subcellular components and processes (e.g., calcium ion
release sites, binding proteins, ion pumps), and the effects are non-uniform (e.g.,
activation works qualitatively differently at different levels of anatomical extension).
Second, as we have seen, neat, easily envisioned and cognitively producliv; analogies are
readily available 10 aid anatomical understanding (for example, rowing crews and tug-of-
war). Finally, details of the physiological activatienal account are less well understood
and are more controversial in some particulars. Options and controversy are difficult 10
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deal with in both teaching and learning. (Anecdotes are widespread that medical students
dislike competing or controversial accounts.) Hence, mechanical factors are likely 1o be
stressed to a greater extent in teaching (reflecting, perhaps, yet another reductive bias:
Teach toward the simple), better explicated, and almost surely more readily understood
by the student. :

Furthermore, textbook presentations of the fength-tension reiationship that
students see and study depict the relationship at its single maximum activational level
(under-dimensioning), reflecting the laboratory demonrstrations discussed earlier.
Three dimensionial surfaces are difficult to represent in text.

Implications. The convergence of reductive factors such as those discussed leads to the
de-emphasis of aclivational factors, in favor of mechanical/anatomical factors, in the
production of tension (force) by the force-producing unit of a muscle. Playing a large
role in this de-emphasis of activation is the overextension, in students’ thinking, of the
mechanical Sliding Filament Theory 10 the activationally based ascending limb of the
length-tension relationship--thus eliminating altogether the need to consider
activational aspects. But the muscle which has been discussed is skeletal muscle--not
cardiac muscle--and it is from a fog! What, if anything, does any of this have o do with
the heart?

Component 2: Cardiac Muscle is Like Skeletal Muscle: Both

Have the Same Length-Tension Relationship (Cardiac L-T =
Skeletal L-T)

The misconception in component 2 The functional dynamics of cardiac muscle
fiber are assumed by students 10 be the same as for skeletal muscle (from the
perspective of muscles of the body, an assumplion of homogeneity of components). This
inciudes the presumption that the two kinds of muscle genarate the same kind of length-
tension curve. Direct statements of this correspondence are generally not made by
students (as it probably has the status of a tacit presuppostion), but the correspondence
is indirectly indicated by the description of the classical skeletal muscle length-tension
relationship in discussions of the way the intact heart functions. (See the quote in
Figure 9 and also the earlier textbook account in Figure 5 which more overtly equates
the two L-T curves in its parenthetical statement.)

What's wrong? Heart muscle is very different from skeletal muscle. Twe kinds of
operational differences are most pertinent to the present discussion. First, hear
muscle fiber produces a very different length-tension curve (see Figure 10, where the
cardiac length-tension curve, solid line, is superimposed on the skeletal curve). In the
cardiac curve, the potential for the development of tension continues to rise across fibe
lengths where tension would fall in a skeletal muscle. In addition, there is no
corresponding cardiac descending limb. In laboratory preparations used to establish the
cardiac length-tension relationship, cardiac fibers are irreparably damaged or break
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Pteviously 1 was discussing the lengih-tension relationship and bringing into focus
theidea that it is the length of contact between actin and myosin fibers (sic: actin
and myosia compose filaments within fibers) which ujp 10 a certain point as the
length increases will have a cortesponding increase in tension upon contraction of
that muscle fiber. However, after a certain point the lengih of actin-myosin contact
decreases because the muscle fiber s stretched beyond a certain poiat. As & result,
tension after thet point decreases because the muscle fiber is stretched beyond
a certain peint. As a result, tension after that point decreases as the fiber gets
stretched and pulled past a certain length...This is respoasible for the {act that as

" end-diastolic volume s increased ab, and there is a corresponding increase in ah,
contractile force and stroke volume at systole.

Figure 9. Medical student discussing the basis for the Frank-Starling
cardiac function relationship.
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before they can be stretched to lengths corresponding to most of the skeletal descending
limb. Second, cardiac and skeletal muscles activate and contract in very different ways.
Skeletal ruscles contract at maximal activation and preduce tetanic contractions; they
contract and hold the contraction until release. In contrast, cardiac muscles are always
submaximally activaied and they twilch, never achieving tetanic contractions.

Why Do Students Believe Component 2?

Science. Although cardiac and skeletal muscle are different in many ways, these
differences were artifically minimized in establishing a length-tension relationship for
cardiac muscle. Two means of redusing differences are particularly noteworthy (see
Figure 11). First, the panicular kind of muscle within the heart most similar
anatomically 1o skeietal muscle was used for the demonstration. This is the papillary
muscle which controls the action of heart valves. This muscle has a linear struclure
conducive to mounting in the laboraiory and is amenable to a specification of length. It is
not a muscle that pumps blocod. In contras!, muscle involved in pumping blood,
myocardial wall muscle, is not conducive to demonstrating a length-tension relationship.
Such muscle is difficult to extract, difficult to mount, and is quite irregularly shaped,
such ihat the concept of "lenglh” makes little sense. Second, contrary 10 the normal
submaximai twitch aclivation of heart muscle, pharmacological means were found to
artifically "jack-up™ the activation of the heart muscle fiber to produce the tetanic
contractions of a length-tension relationship (Gibbs & Loiselle, 1978). This further de-
emphasizes the roie of variable levels of activation in the production of force by the
cardiac muscle. 1t also obscures ihe fact that because hearn muscle is naturally

submaximally activated, large ranges of force production are possible at any given
{(attainable) level of streich.

Students. Although cardiac and skeletal muscle are different, they are also alike in
some ways; for example, they both have sarcomeres containing actin and myosin
filaments, force is generaied by the binding and pulling of cross-bridges, and, within
their respective dynamic ranges of length, more accessible binding sites yield more
potential force. Given the similarity of skeletal and cardiac muscle on some of their
features, there is an assumption by students of similarity on others (extension of
attributes). In particular, given the similarities in the two kinds of muscle noted above,
it is assumed they should be similar in their activational properties as well (which they
are not). In its extreme form this kind of extension would lead to the idea that "all
muscles are alike”; findings for any kind of muscle, whether skeletal, heart, papillary,
or myocardial, are interchangeable (homogeneity of components).

Teaching. The classical skeletal muscle length-tension curve is the length-tension
curve that is commonly used to introduce cardiac muscle dynamics in textbooks.

Whether done for historical reasons (the skeleta! L-T predates any cardiac one by 60
years) or for simplicity of explication, such use in instruction further encourages over-
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Stugent Science
s Homogeniety of components: o Use of papillary muscle
A muscle is a muscle (Heart muscle most
¢ Extension of attributes: like skeletal)
Some attributes similar,
so ali are o

Skeletal/Papillary  Myveardial
o Artificial “jacking” of
activation

**Cardisac L-T =
Skeletal L-T

Telching

o Skeletal L-T used as intro
to cardiac dypamics

¢ Students often don't see
details of cardiac L-T

Imglicatiom:

o Believe heart muscle has a descending limb
¢ Twitch activation not in piciure

Figure 11.

Why do students believe Component 2? Converging
influences.
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attributions of similarity between the two kinds of muscle. Fuithermore, textbook
demonstrations of a cardiac length-tension relationship of any kind are rare. Hence,
students do not have an opportunity tc examine the ditferences and to incorporate the
implications of the ditferences into their thinking about hear function.

implications. Two consequences result from these multiple influences. First,
students mistakenly believe that cardiac muscle, like skeletal muscle, has a descending
limb on its length-tension curve, and hence, that cardiac muscle can lose force by being
stretched to these ranges. Second, the activational factors that are critical 1o the
production of force in cardiac muscle (but less so in operational skeletal muscle) are
funther de-emphasized. However, aeverything that has been discussed so far has been
with regard to individual muscle fibers. To affect students' thinking about hean {ailure,
they must be extended by students to the intact heart.

Component 3: Whole-Heart (Collective) Muscle Function is
the Same as Individual Fiber Function; The Frank-Starling
Relationship is a Notational Variant of the Length-Tension
Relationship (Frank-Starling = Length-Tension)

background to compcnent 3. If an intact ventricle of the heart is filled with
progressively greater volumes of blood, it produces a progressively more forceful
coniraction. This relationship, given in Figure 12, is called the Frank-Starling
relationship, after the two individuals who simultaneously established it. The Frank-
Starling relationship (F-S) as presented in Figure 12 is, again, determined by
laboratory procedures. The curve is sometimes presented in textbooks with a small
descending limb at large volumes (e.g., Katz, 1977, p. 204), but with nc ex=tanation of
why force declines at these laboratory-induced, forced volumes. (Force decli..us because
the heart muscle gets destroyed.) A caveat may (but often may nof) follow that such
volumes do not occur in the in vivo heart (Katz, 1977, 0. 205).

The misconception in component 3. The misconception is that the Frank-Starling
relationship for an intact ventricle is a direct reflection of the length-tension curve
operating on the individual muscle fibers which make up the intact heart. By this
account, the increasing force that occurs with increasing volume, on the ascending limb
and "piateau” of the Frank-Starling relationship, occurs because component individual
fibers are stretched to lengths on the ascending limb and plateau of the length-tension
refationship. Force production declines at large volumes in the intact heart because
individual fibers are stretched to the descending iimb of their length-tension curves, as
discussed in the protocol fromy a medical student given in Figure 13.

What's wrong? The direct mapping assumed by students, between volumes on the
Frank-Starling curve and lengths on the length-tension curve, is erroneous. Part of
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Figure 12. Frank-Starling relationship.
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Starling's law states that as end-diastolic volume increases, the corresponding car-
diac output at systole also increases. This occurs up to a point where the leagth of
the fibers is 100 long and, therelore, tension at sysiole decreases causing & decrease
in cardiac output. The decrease in contraciie force corresponds with the lengih
of myosin fibers being in contact with actin...as the length of contact beiween the
fiters comes to & point whers it starts to decresse because the cardiac muscle fiber is
pulled tothelength which is toolong. That situation cotresponds with the decrease
in tension alter & certasn point is reached in the cardiac function curve.

Figure 13. Medical student discussing the Frank-Starling relationship.
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this mismatch is due to the geomeltric relation between length (or radius) and volume;
large volume changes can occur with minimal changes in length. Hence, the dynamic
range of lengths of fibers in an intact heart is greatly restricted, compared to the lengths
occurring across the range of the laboratory-determined length-tension curve. In fact,
most of the phenomenon of the Frank-Starling relationship occurs at fiber lengths
corresponding to the plateau of the length-tension curve. Furthermore, the /ength-
tension relationship that students (and others) assume in this misconception is the
classical skeletal one (see Component 2) for, as we have seen, the corresponding cardiac
length-tension curve has no descending limb. The mechanisms by which force is
actually increased with increasing volumes in the intact heart (the Frank-Starling
relationship) are, again, activational.

Why Do Students Believe Component 37

Students. Of the many learner factors that might contribute to this articular belief
(Coulson, Feltovich & Spiro, 1986), two seem pariicularly germane (see Figure 14).
First, the students are assuming that the parts of a system in some sense "add-up" in
combination to account for the function of the intact system (the heart): The whole is
equal to the sum of the parts (insulation from synergistic effects). This is an example of
what we earlier referred 1o as an analytic prefigurative reduction. Emergent properties
that exist because of the structure and collectivity of the system (e.g., restrictions in
the dynamic ranges of length, but also other effects such as hypertrophic adaptation--to
be discussed later) are lost in this kind of analylic decomposition and attempt at additive
reassembly. Second, even though the Frank-Starling relationship is not & collective
counterpart of the length-tension rolationship, there are enough enticing apparent
similarities to lead students 1o treat *em as at least analogical. Volume is like length in
some respects (i.e., they are dimensions of size). Force (of a ventricle) is like tension.
The respective curves for length-tension and Frank-Starling, showing the main
relationships, look somewhat alike (especially if someone considers the cardiac length-
tension relationship). Hence, it is easy to think of the Frank-Starling phenomenon as
analogous 1o the length-tension phenomenon. The danger is that the detailed differences
can be lost in the superficial analogy (analogy treated as isomorphism), as appears to be
happening with the students. This is reinforced 10 the extent that activational
contributions to force-production (the main basis for the Frank-Starling relationship}

are neglected in favor of mechanical accounts, which, as we have argued, is encouraged
from many sources.

Teaching. Textbooks iypically present the Frank-Starling relationship as a two-
dimensional curve, with the activational component implicitly hield at one value
(underdimensioning), rather thar the three-dimensional surtace that would be required
it the activational dimension were to be represented as a variable (e.g., Katz, 1977, p.
204). This common simplification is, perhaps, a concession 1o the two-dimensicial
medium, but it serves 10 furnther de-emphasize the activational compenent. In addition,
textbook accounts of the Frank-Starling relationship that do not make clear what is
reflective of the laboratory and why (as noted earlier regarding the small down-turn in
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Student
¢ Insulation from synergism:
The whole is equal to
the sum of its parts

e Analogy:
- Length like volume
- Tension like force/cardiac output
- Shapes of curves somewhat alike

* Activation has drifted awsy anyway!

<

**Frank-Starling =
Length-Tension

Teaching
¢ Reduction of dimensions:
Textbooks give F-S at one
activation level-—rather than
surfaces {third dimension)

**Implication:

¢ The Frank-Starling relationship is believed to have an anatomical basis.
In Frank-Starling, it is believed there are operative fiber lengths
corresponding to the ascending, plateau, and descending limbs of the
length-tension relationship.

Figure 14. Why do students believe Component 3? Converging
influences.
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the curve), versus what is representative of the in vivo heart, may also add to the
problem (a form of sanitizing).

implications. The implication for student thinking is that the Frank-Starling
relationship ior the intact ventricle is taken to be anatomically and mechanically based,
in the same way that the length-tension relationship for individual muscle is taken to be.
It is also mistakenly presumed that individual fibers in the functional hearn can operate
over the full range of lengths involved in the length-tension retationship for the

sarcomere, including those corresponding to the ascending limb, plateau and descending
limb.

Component 4: Heart Failure Results from the
Overstretching of Muscle Fiber Filaments (Heart Failure
Results from Stretch)

The misconceptlion in component 4. Heart failure is thought to result from the
heart becoming enlarged, stretching individual muscle units to lengths corresponding to
those on the descending limb of the length-tension curve, and thus reducing the

coniractile force the ventricle can generate, as illusirated in the protocol of a medical
sludent, given in Figure 15.

What's wrong? Many of the problems with this explanation have aiready been discussed,
including the lack of a descending limb when the appropriate cardiac length-tension
relationship is considered. Two other pertinent points will be addressed here. First,
there are structural properties (Spotnitz & Sonnenblick, 1976) of the intact hean,
including collagenous matrices, and also functional properties (Huntsman, Rondinone &
Martyn, 1983) which prevent individual fibers from being stretched to lengths that
would correspond to the descending limb of a length-tension curve. Second, an adaptive
process of the hean, hypertrophy, intervenes when tibers approach overly long lengths,
adding sarcomeres in series so that individual sarcomeres are returned 10 more normal
lengths (Spotnitz & Sonnenblick, 1976). Both of these factors--the structural
properties of fibers in complex and the hypertrophic adaptation process--exist at the
level of the heart as an intact system, a level that is missed due to the analytic reduction
that assumes that the system can be additively assembled from its parts.

Why Do students Believe Component 4?

Students. The heart in failure does enlarge, a classic sign of heart failura (see Figure
16). The question is whether it iails because it gets large, or, more appropriate":
whether it gets large because it fails. This superficial "correlation” between hea

and failure, we presume, encourages the inappropriate causal attribution, vhen the
actual underlying causal mechanisms are not considered in detail (a reductive use of
evidence: directional causality attributed to correlation). Furthermore, "bigness” (in
the heart) and “long-length® (in @ muscle fiber) share a common semantic dimension




Okay, the length-tension relationship of the muscle fiber...the length-tension curve,
‘s a curve that relates to the sarcomere of the muscle fiber; as tension increases
your lengih is going to increase (sic, backwards: for the active relationship being
discussed, an increase in length results in an increase in tension). There's a platean
and then it drops towards the end...the cardiac function curve or the Frank-Starling
trelationship is what [ was just talking about (above), the cardiac function curve
goes up and then plateaus out...I'm just thinking of a curve in my mind where | see

there's a certain level beyond which when it drops down it puts you into congestive
heart fadure.

Figure 15. Medical student discussing heart failure.
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that enzourages and supports the altribution, perhaps through cognitive activational
spread (Anderson, 1983; Collins & Loftus, 1975), whenever either the large heart of
heart failure o7 the igngth-lension relationship of muscle is considered. Also, the
properties ot the intact heart that prevent overstretch (coilective structure of the
hieari, and the collective function of hypertrophy) are ot likely to be accounted for well
i thinking aboui hear! faire if students assume that whole heart function can be
assembled from its conslituent components.

Teaching. The enlargad heart of heart failure is highly salient in clinical teaching
about heart failure. It is one of the classic clinical signs monitored to determine the
presence and severity of heart failure. The salience of this feature, interacting with
other related features and interpretations we have mentioned, may serve 1o reinforce the
idea of failure as resulting from "stretch.” In addition, for convenience and clarity of
expositian, the interrelated processes of hyperirophic adaptation and hear failure are
ofter * .ught in diftarent sections of texts (compartmentalizing).

impolications. The implication for stugents' thinking is tha’ heart failure is believed
1o resull from stretching individual myocardial fibers tc lengths at which, for
anatomical/mechanical reasong, they cannot generate adequate force. The heart is
mistakeniy believed 1o fail because il “falls over 1the edge” of the Frank-Starling curve,
onio a "descending limb" that is a direct reflection of the desrending limb of the skeletal
length-tension curve. Again, Sliding Filament Theory dynamir that account for the
descending limb of the skeletal length-tension curve are o .i¢ - - ded, this time to the
funictional heart.

Activational contributions that are in fact responsible are not sufficiently
considered. This is not to say that students do not know anything about actlivational
components in muscle function. When students are directed to activational dynamics in
our stucies of muscle aclivation and contraction, they often disciss aspects of these
dynamir,s appropriately. The point here is that in considering heart failure, for many
students these activational dynamics are not integraled into the process as they should
be. and the inanpropriale anatomical/mechanical account lingers in their thinking. 1t is
worth noting that the lack of integration of anatomicai and activational factors that was
found in students’ thinking about the length-tension relationship is recapitulated in
thy  hinking about heart failure.

c1a8 Mool Simple Chain of B ng? AN |

It is easy, in a way, 10 understand the seduclive plausibility of the explanation of
heart faiiure as resulting from stretch. Why does heart tailure happen? The heart is
made up of individual muscle fibers; there is a sense in which individual muscle fibers
fail because of streich; s0 why not the neart which is composed of fibers? Is this
misconception simply the result of a faulty chain of reasoning of the following sori?
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I Student

¢ Attributing causal status to
correlation: The heart does get
big. (The causal direction)

s Spreading activation (Semantic
closeness of "big’ and ‘length’)
¢ Insulation {rom synergism: e.g.,

hypertrophy is something that
exists at whole but not st parts

**Heart Failvre
Results
From Stretch

Teaching
¢ Salience, in clinical teaching,
of ealarged heart and failure
s Hypertrophy and failure

taught in different sections
of curriculum

**Implication:
o Henrt failure resulta {rom stretch, has an anatomizal basis

Figqure 16. Wnhy do students believe Component 42 Converging
influences.
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LENGTH-TENSION IS ANATOMICAL (STRETCH) CARDIAC L-T =
SKELETAL L-T FRANK-STARLING =
LENGTH-TENSION HEART FAILURE RESULTS FROM STRETCH

The skeletal length-tension relationship is anatomically (streich) based; the
cardiac L-T is like the skeletal cne; the Frank-Starling relationship for the whole
cardiac muscle is like the individual L-T; therefore, the whole heart fails because the
individual fibers become stretched. A reasoning chain such as this probably accounts in
part for the misconception. But, that is not all there is to it. As we have seen, there are
holes in the chair (e.g., the existence of a descending limb for the cardiac length-tension
curve) that seem to get filled in from elsewhere to be consistent with the overall chain.
In addition, why is the overall belief so powerfu! that il overrides conirary explanations
from the students' main curricular textbook?

Our hypothesis is that bils and pieces of knowledge, in themselves sometimes
partly correcl, somelimes partly wrong in aspects, or sometimes absen! in critical
places, interact with each other to create large-scale and robust misconceptions. Such a
structure of know'edge could be represented as an interactive network, where fragments
of knowledge connect in complicated ways to mutually strengthen or weaken each other
and to produce aggregate knowledge that is functionally different (in this case sironger)
than the pieces (McClelland, Rumelhart & the PDP Research Group, 1986; Rumelhart,
McCleliand & the PDP Research Group, 1986; Wallz, 1985;).

A depiction of this kind of knowledge structure, representing aspects of the heart
failure misconception, is given in Figure 17. Interactive and synergistic effects occur
in this network in several ways, as illustrated in the following examples. One form of
interactive effect invoives extension of attributes among entities, as has already been
discussed in this chapter. |f two entities have many atiributes in common, then the
likelinood of their similarity on others is enhanced. For example, if skeletal and cardiac
muscle are similar in many respects, then it is easier to believe inappropriately that
they both have similar activational propenies, that they both have a descending limb on
their length-tension curves, and so on. A second interactive effect involves
reciprocation. Belief in A makes it easier 1o believe in B, and vice versa. Belief that
cardiac muscle has a descending limb on its length-tension curve makes it easier to
believe that an in vivo ventricle would lose force for mechanical/anatomical reasons at
large blood volumes, and that this would be reflected in a downturn in the Frank-
Starling relationship at large volumes. In turn, belief that the Frank-Starling
relationship has a downturn in force at large blood volumes that are naturally possible
(a belie! abetled in part by ambiguous textbook treatrnents of this matter, as we have
noted) bolsters belief in a (nonexistent) descending limb for the cardiac length-tension
curve (especially if one knows about the skeletal L-T relationship).

Another network-wide effect invoives pervasive colorations. Coloralive effects
occur because of the presence in many places within the network of aspects of knowledge
that bear a “farnily resemblance” to each other. An example from the heart failure
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misconception is the aspect of size. It is present in the length-tension relationship
through Jength, in the Frank-Starling relationship through volume, and in the bigness of
the failing heart. The presence of a common semantic dimension of size in ail facets of
muscle function reinforces both the importance ot size generally and misconceptions
associated with ii within the facets themselves. As size emerges progressively (from
many sources) as a recurrent theme during the course of the development of the
misconception, it comes to take on the ability to bolster belief in the misconception
independently of the “reasoning chain’ and to support all constituent misconcepticns
related to size.

Why is the reasoning chain portrayed earlier in this section so seductively
plausible? The answer, we beligve, raises yet another type of synergistic effect--that
of structural corroboration. The argument is alluring because it is so efficiently
compact and tidy. But, this "good form,” is achieved only because the ideas contained
within the reasoning chain have already been misconceived in ways that all align toward
internal coherence across the network, enabling the "syllogistic® overlay. The
pervasive colorative effect of size across the whole network inlay adds to this structural
integrity. Structural corrcboration refers to the contribution to belief that devolves
from muliifaceted well-formedness, accomplished by the widespread alignment of
elements within the network.

Finally, yel another way that interactive effects are manifested is in the fact
thai reasoning wilhin the nelwork can proceed in multiple directions. We have seen how
an initial focus on the length-tension relationship can lead to the inappropriate account
of heart failure. Bui, what if a person starts with a focus on hear failure itself and
tries to decipher a cause? It is easy, especially if the contribution of activation is not
recognized appropriately, to step backward and to find a plausible account in the
descending limd of the length-tension relationship.

The structure we propoce for the inappropriate conception of heart failure {and,
perhaps, for the nature of complex ideas in general) is a connecled, interactive,
reciprocating network. Fragments, pieces and partial dimensions of knowledge feedback
on each cther in nonlinear, reciprocal ways. In the case of the present misconception,
everywhere the network is "jiggled” it broadcasts dysfunctional influences. The result
is @ whole that is stronger than the sum of its parts. Various simplifications of complex
phenomena play a large part in the acquisiticn and maintenance of the (in this case)
dystunctional structure. These include simplifications on the part of the learner,
perhaps o aid some form of cohetent comprehension; on the part of the teaching process,
perhaps to ease students into sophisticated understanding; and on the par of laboratory
science, perhaps within the incremental quest for understanding of complex phenomena
{(but where consumers of research, e.g., students, see and are affecied only by the partial
products of the overall quest, without access to the "big piclure”).

114 Implications for Traditional S N of A

in this chapter we have discussed our findings concerning patterns of pervasive
failure in the development of advanced conceptual understanding, with an emphasis on
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the contribution of oversimplification to the development of error. These findings have
implications for traditional approaches 1o learning and instruction.

When the curriculum is dense, the ideas are difficult, and the pace is fast, all of
this promoles attempts at simplification--on the part of both isarners and teachers who
must cope with the pace. In simplifying, students can gain some level of coherent and
satisfying understanding, teachers can "get through” the malerial, easily scorable tests
can be built and graded, and so forth. There is probably a faith that simpler initial
understandings can be built on progressively through the curriculum. In some instances
such incremental approaches to instruction can be effective. However, under certain
conditions, such approaches are susceptible to hazards of the kind we have shown in this
chapter.

-- First, oversimplified initial versions of a concept can produce a false sense
of understanding and abort the pursuit of deeper understanding. When a concep! is
especially complex and multifaceted, this problem can become more acute, because
partial misunderstandings can reinforce each other.

-- Second, instructional efforts to challenge and change a student's
oversimplifed conceplion (to raise it 1o a higher ievel of sophistication) may fail. The
student will minimize discrepancies with the simpler, cognitively satisfying model so
that this model can be retained. The student may not notice discrepant aspects of the
concept or, if they are noticed, they may be fillered in interpretation toward the model
that is already heid. Local adjustments in this model will take precedence over
fundamental reformulations.

-- Third, educational strategies that attempt to teach complex concepis by
focusing on their simpler components (with the hope of building toward fuller
understanding) may encounter an additional kind of problem. Some concepts (and their
components) are inherently inextricable from their organic functional context (as is the
case in the phenomenon of heart failure). Concepts such as these invoive, for example,
synergistic properties or interactions among numerous variables. For concepts of this
kind, any analytic decomposition misrepresents the concept fundamentally. One cannot
make the components "add-up” to the whole, and there is no alternative in instruction
but to find ways 1o convey the irreducible complexity in a manner that is tractable.

-- Fourth, as we have seen, incrementa! approaches that start with
simplifications can engender associated habits of thought and learning that remain and
interfere with advanced knowledge acquisition. An important focus of the research
described in Section 4 of this Report is on finding ways to convey complex material
tractably, without having to resort 1o oversimplification, sometimes even at the earliest
stages of instruction.

315 Feotnotes to Chapter

Paul Feltovich, Rand Spiro, and Richard Coulson were the main contributors 1o
this chapter.

'We thank Alan Lesgold for discussing this issue with us.

70




2Qur method of studying students' understanding of a concept has two major
components. One is a scheme for analyzing conceptual structure, which can be used to
identify areas of poiential cognitive difficulty. This schems has both analytic and
synthetic components. Because contributions to misunderstanding of a concept may
occur because of errors in understanding of even its most basic elements, the analytic
part involves breaking the concepi into its primitive elements, typically concrete
entities with physically realizable properties (e.g., definitions of "myosin® and "cross-
bridges” with regard to cardiac muscle dynamics). The more synthetic aspect involves
the combination of these elements according to higher-order relationships among them,
and emergent, more abstract conceplual aspects not ~asily tied directly to the basic . !
"building blocks.”

For each concept studied, a probe set of discussion questions is created for use
with students in the laboratory. These probe sets for a concept are closely tied to the
conceptual analysis, and all probe sets have a similar general form. This form can be
thought of as an hour glass, which starts general and open-ended, comes down 1o specific
questions, definitional elements, eic., and then builds back up again to conceptual
component combinations and clinical applications.

In particular, the first probe gquestion is always the same and addresses
analogies and other kinds of models a student may use in thinking about a concept. The
second question is a full and open-ended discussion question that spans the entire concept
of focus. This is included early in order to gain an appraisal of the student's
understanding before any aid or prompting that may result from later items of the probe
sel. The discussion questions then come down to basic elements of a concept. The
questions then expand into progressively higher aspects of the concept under focus. The
tinal items of a probe set include carefully selected application questions, often including
questions chosen to reveal classes of misconception that can be envisioned a priori.

These probe sets are used with medical students (and practitioners) in
individual sessions in the laboratory. Students discuss each question, in order, for as
long a time as they wish. This first pass through the set is observed by at least one
project member, and there follows a period of directed questioning by the observer
prompted from the student's discussions. At the conclusion of the session there follows a
period of open discussion of the concep!. A session for one concept (and student) usually
lasts about 2 hours. The entire session is audic-taped for transcription,

Analyses are direcled at various kinds of commonalties in responses, at patterns
of interdependency arnong responses to probe set items that suggest coherent conceptual
models, and at pattarns of response across probe sets for a family of related concepts

that serve to corroborate (or disconfirm) our ideas about a student's conceptual model
or its aspects.

3We thank Dedre Gentner for suggesting this term for the phenomenon.

“This reduction will be recognized by the reader as resembling a cognitive
operation that is commonly portrayed as useful, enabling prediction of attributes in ihe
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absence of specific evidence, or more generally contributing to cognitive efficiency
("detault values” in “frames™ or "schema" theory, e.g., Minsky, 1975; “default
assignment” of missing values of an object based on its shared values with other objects
in more recent PDP models, e.g., McClelland, Rumelhart & Hinton, 1986). The status of
such operations as being common to people and as sometimes being serviceable because
they enable a kind of efficiency is not at odds with our more negative treatment of them
hera. Our argument is that such generally efficient effects, while perhaps having a
seiviceable function in many simple and routine knowledge domains, may actually be a
major hazard or impediment when it comes 1o learning difficult, complex, sometimes
abstract, sometimes counter-intuitive ideas of the sort we are discussing. Such ideas
are hard 1o understand partly because our mundane cognitive apparatus, honed in (one
might even say "designed for") the commonplace, is in many ways at odds with what is
needed. One might argue that the more that ideas are "out of synch” with common
cognitive mechanisms, the more difficult they will be.

sWhile such a treatment is not appropriate for this chapter, the reasons why
this mechanical “"overstretching” account of hear failure cannot hold are explicated in
great detail in another chapter (Coulson, Feltovich & Spiro, 1986).

sStudents participated shortly after having had the most perinent
(cardiovascular) part of their curriculum in each year. These proportions are
conservauve since only clear statemenis of the misconception were counted.




Chapter 3.2 Analogy-Induced Misconception in Advanced
Knowledge Acquisition: A Detalled Study of One Kind of
Maladaptive Reductive Bias

in the last chapter we examined the range of reductive biases that lead to
misconception developemant and the larger patterns ot faully learning that result. In the
present chapter we adjust our grain size, studying in detail the learning deficiencies that result
from just one kind of reductive tendency in the learning of complex material: the overreliance
on analogy to prior knowledge.

32.1 Overview of Chapter and Introductory Bemarks
Qverview

A pervasive tendency for analogies to contribute to the development of entrenched
misconceptions is identified. The misconceptions have the form of reducing complex new
knowledge to the core of a source analogy. A taxonomy of ways that analogies induce conceptual
error is presented, with examples of common biomedical misconceptions found in our research
ccrresponding to each. The factors in learning and instruction that contribute to the misuse of
analogy in advanced learning are examined. Finally, the situation of analogy is argued to be one
instance of a more general pattern of oversimplification-based misconception development
attributable to the use of single knowledge sources when compilation of multiple sources would
be more appropriate.

introduction

Few would disagree that analogy is ar important tool in the acquisition of new
knowledge. Indeed, work in cognitive science and educational psychology in the last dozen years
provides ample evidence of the usefulness of analogy in learning and has substantially advanced
our understanding of the psychological mechanisms responsible for that utility (e.g., Burstein,
1983; Carbonell, 1983; Collins & Gentner, in press; Gentner, 1983; Gentner & Geniner,
1983; Gick & Holyoak, 1980; Rumalhart & Norman, 1981; Vosniadou & Ortony, 1983). Yet,
as this chapter will demonstrate, the use of analogies in learning is far from straightforward
and surprising', often results in deeply held erroneous knowledge.

Our intention is to offer a more temporized and cautionary alternative to the general
enthusiasn ior learning by analogy, especially in its most common form: The use of a single
mapping between a source and a target concept (the "topic™)--what we will refer to as a "single
analogy.” (For exceptions that address more complex uses of analogy, see Burstein, 1983;
Collins & Gentner, in press.) We argue that single analogies that help novices 1o gain a
preliminary grasp of difficult, complex concepts may later become serious impediments to
fuller and more correct understandings. Specifically, although single a2nalogies rarely if ever
form the basis for a full understanding of a newly encountered concept, there is nevertheless a
powerful tendency for learners to continue to limit their understanding to just those aspects of
the new concept covered by mapping it 1o the old one. Analogies seduce learners into reducing
complex concepts io a simpler and more familiar analogical core.
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Our position is not antagonistic 1o analogy; again, there is no doubting the value of apt
analogies in introducing unfamiliar concepts. However, we are not as sanguine about the
benefits of single analogies at later, more advanced stages cf learning about complex concepts.
Therefore, sensing an unheaithy imbalance in the attention devoted to the nature and benefits of
analogical learning, we attempt to address some of the more neglected hazards. On a more
positive nole, we sugges! two antidoles for what we have tound to be an insidious tendency ¢f
analogies to block more advanced knowledge 2cquisition: (a) pay more attention to the ways that
analogies fail or mislead or are incomplete--learners and teachers are more likely to be able to
avoid pitfalls if they have explicit warning of what those pitfalls are, and (o) employ integrated
multiple analogies (see Chapter 4.2) to convey more of the necessary complexity of difficult
concepts--the more complex and ill-structured the new concedt, the greater thg need for a
finely tuned synthesis of the relations between it ang several already known concepts.

Pian for the Chapter

We begin with a brief introduction to the overarching oriemation that guides our
remarks on anaiogy. Then we illustrate the danger of misuse of single analogies in the learning
of complex concepts, using examples drawn from the biomedical domain. We demonstrate
several common misconceptions held by medical students that are tracaable to a cognitive (ang
sometimes instructional} overreliance on single analogies. Eight varieties ¢f analogy-induced
misconception are identified. We then examine the circumstances of !earning and instruction

that promote the uncritical acceptance and entrenchment of learning based on inadequate
analogies.

222 The P ive of Ad | Knowledge Acquisit

The work on analogy that we discuss in this chapter is part of the larger program of
research concerned with advanced knowledge acquisition discussed throughout this Report. Here
we briefly review some of the general issues. Advanced knowledge acquisition refers 1o the
learning that follows initiation into the rudiments of a knowledge domain and precedes the
attainment of expertise. This intermediate stage, falling between the novice and the expert, is
often neglected. We argue that this neglect has serious consequences because the aims of
advanced knowledge acquisition are different from those of introductory learning, and those
differing aims are best attained by qualitatively opposed means--what helps at the introductory
slage may hurt at the advanced stage, and vice versa. In other words, success at the introductory
stage may sometimes result in forms of entrenched fundamental understanding that interfere
with the eventual attainment of expertise.

The mair aims of advanced knowledge acquisition are:

1. mastery of complexily: the acquisition of those aspects of conceptual compiexity that
are necessary for a correct understanding of important concepts (rather than the
attainment of a superficial familiarity with simplified versions of concepts, which is
otten the goal at introductory stages of learning in a knowledge domain); and, relatedly,

2. knowledge applicability. development of the ability to adaptively apply or transfer
acquired knowledge, especially to realislic situations, especially as those situations

74

B —




presen! aspects of novelly {rather than merely being able to reproduce content material
from memory in just the way that it was learned, the criterion 100 often employed at all
stlages of learning).

The present chapier is concerned with the first aim. We report on misconceptions
held by advanced learriers (medical students) that alt invclve a failure to master important
complexities in concepts (bacause of interference from an analogy); and we present an approach
to menta! representation, learning, and instruction inat is designed expressly to address the
difficulties posed by complexity. (Although full apprehension of conceptual complexities is
often a necessary but not sufficient condition of knowledge application--the second aim--that
issue is nnt addressed in this chapter.) Of course, not all concepts are important enough that
their complexities must be masteted. However, at some stage in knowledge acquisition a point is
reached where cerain concepls are so central that they must be correctly understood.
Furthermore, we argue that the complexities of a knowledge domain become much more
centrally important to the extent that knowledge must be applied in unconstrained, naturally
occurring situations (rather than learned in the abstract or for appiication in artificial
instructional settings). At some point during the progress of learning in a content area, it
hecomes important that the learner “pet it right,” even it the resulling difficulties place
burdensome demands on learners and teachers.

To insure our not being mistinderstood, it is worth repeating at this point that we are
not advocates of complication for its own sake. Well-struclured subject matter can and should
be taught in much simpler ways than we recommend for more complex and iil-structured
material; every kind of reduclive use of analogy that we criticize has a counterpart which is a
strategy for usefully stripping away complexities--either at the early stages of learning some
topic (especially for learners who will not be going further in a subject area), or when
complicating factors are rint especially important. Furthermore, we realize that the premature
introduction of complexity may confuse leamners. However, we do argue that complexity should
be introduced as soon as learners ¢.e ready for it, because early simple frameworks ofien act as
impediments 1o grusping complexities introduced later (as we shall see in the next section).
Furthermore, new approaches to learning and instruction are now being developed that wiil
advance the time &t which 'earners are ready to deal with complexity--piocedures are being
created for making tt.¢ learning and instruciion of complex information more tractable at an
earlier stage of knowledge acquisition. One example of such a procedure is the use of integrated

multiple analogies, made psychologically manageable with composite images; this procedure is
dealt with in Section 4 of the Report.

123 The Reduclive F (2 | Analoay-Anduced Mi )

Those who study analogy offer frequent reminders that the useful applicability of an
analogy is never lotal; only some relationzal aspects of a source domain may be transported 10 a
target domain (the topic). For example, only a subset of the relationships in the domain “solar
system" are representative of the domain of “atoms” (Gentner & Gentner, 1983). While this
point is obvious 1o those who study analegy, it unfortunately fails to characterize the state of
atairs with respect to the actual emplo,n:ant of analogies in learning and instruction. In fact,
as we shall see, there is evidence that analogies exert a powerful “reductive force™: When a
striking, pedagogically efficient analogy is employed that incompletely represants some target
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of understanding, the incomplete representation often remains as the only representation of the
target concept. We have found that misconceptions atiributable to the reductive effect ot
analogies occur even when teachers and texts are explicit in stressing the inadequacy of an
analogy. In other words, when analogies are used to "start simpie,” the knowledge ultimately
acquired often stays simple. Well intended analogies often result in oversimplified knowledge.

We have used directed, open-gnded discussion probes to assess medical students’ -
knowledge. (The probe procedure is discussed in Coulson et al., 1986, and in Chapter 3.1.) The
probes have uncovered several instances of commonly held misconceplions connected to
cognitive and instructional aspects of the use of analogies. We will simply refer 1o these
misconceptions without presenting methodological details and specific results ot the various
studies that they have been culled from (i.e., the examples of analogy-induced misconception
have been taken from research in which issues related to analogy happened to emerge in the
context of probes with a more open-ended focus or a focus directed toward matters other than
analogy). More detailed treatments of the misconceptions discussed here and the procedures in
the studies that revealed them are available elsewhere (Coulson et al., 1966; Feltovich et al.,
1989; Spiro et al., 1988).

Eight ways that anlogies can induce misconceptions are identified below. Each type is
ilustratcd by an example of a biomedical misconception that we have observed to be common
among medlical students (and, occasionally, among physicians and popular medical textbooks).
Since e analogy-based misconceptions involve very technical subject matter, our
characterizations will stress the form or structure of the fallacious knowledge and how it
develops, rather than going into full detail on the specific content of the misconception. (Again,
references in which more subslantive discussions are providec for each misconception have
been provided.)

All of the examples have two features in common: (a) the source (or base) domain
information in the analogy is inadequate or potentially misleading for understanding the target
domain (the topic), and (b) in practice, the knowledge acquired about the topic is reduced 10
just that information mapped by (inadequate) analogy from the source domain. This includes
both incorrect overextensions from the source (derived from misleading aspects) and omissions
in the source of information imporant for understanding the topic.

By presenting this iist of types of analogy-induced misconception our dua! intentions
are to call attention 1o such eftects of analogy and, as a step toward prevention, to provide a
somewhal detailed analysis of the forms in which ihese delgterious effects are manifest, thereby
making learners and teachers more alert to their occurrence. It is not claimed that the eight
types identitied form an exhaustive list or that some misconceptions may not be characterizable
according to more than one type. Also, the order in which the types are presented is dictated

primarily by sequencing requirements related to the biomedical examples, rather than by any
natural ordering of the misconception types.




1. Indirectly misteadiny; propertiss. Some salient characteristic of the source
domain that is not central to tt.e pedagogica! point of the analogy adversely influences
understanding of a paraliel characteristic in the ‘opic domain. Foughly put in schema-theoretic
terms, there is a prominent variable “slot” in the source domain that has a different
instantiation in the topic domain (Rumelhart, 1980). As will become clear after the following
example, it is not the case that the slot's value is changed in the topic domain 10 be identical to
its value in the source; rather, misconceptions develop regarding the topic that derive from
properties entailed by the mismatched slot instantiation in the source.

EXAMPLE: A common analogy used 10 1each opposition to blood flow (impedance) vses -
rigid pipe systems such as household plumbing as the source domain. This analogy precmotes
i_.nderstanding of that aspect of impedance due to resistance, which primarily depenas on the
radius of the vessel. However, unlike plumbing pipes, blood ve.sels are flexible. Related to
that flexibility is an additional source of impedance, compliant reactance. Further, a third
source of impedance exists, inertiai reactance, which also derives from the pulsatile (beating)
naiure of the heart, acceleraling the mass of blood on every beat. These latter two forms of
impedance are jointly referred 1o as reactance. Aspects of impedance that involve reactances
are frequently misunderstood by medical students (Feltovich et al., 1986, in press). The
misunderstandings take the form of either ignoring reactance, or (mistakenly) reinterpreting
reactance phenomena in terms of their limited aspects that bear resemblance to resistance
(where, again, resistance is the only aspect of impedance supporied by the plumbing analogy).
For example, compiiaace (the stretchiness of vessels--related to compliant reactance) is
erroneously thought to contribute to impedance through the ability of a stretchy vessel to change
radius and thereby alfect resistance; and blood density, which directly afiects inertance (and
inertial reactance), is either neglected by students or il is equated with biood viscosity, which
is, again, a contributor 1o resistance. This family of misconceptions connected 1o the rigid pipes
analogy occurs despite the fact that students usually are exposed to a complete account of the
factors contributing to impedance.

It is very imporntant to note that the students do not have the misconcepiion that blood
vessels are rigid. The misconceptions that we have referred to come from those aspects of the
analogy to household plumbing pipes th:t are entailed by their rigidity. So, for example, the
rigidity of plumbing pipes (as well as the constant, as opposed to pulsatile, pressure head that
is usually associated with plumbing) make resistance the only factor substantially opposing
flow, and misconceptions about impedance to blond flow tend to involve the arroneous conversion
of nonresistance phenomena 10 ones that are resistance-like. Thus the effects of the misleading
slot instantiation i the source (rigidity) on the development ot misconceptions of the topic are
indirect. Of course, there may be cases where the learner mistakenly adopts for the topic
domain the actual value of a mismatching variable siot from the source domain. This would be
more likely to happen when the instantiation of the variable slot is not especially important or
salient {in conitrast 10 the obvious actual flexibility associated with blood vessels).

2. Missing properties. An importanrt aspect or characteristic of the topic domain
has no counlterpart in the source domain, and that missing aspect or characteristic does not get
incorporated in the understanding of the topic.

77




EXAMPLE: Medical students frequently have troubie attairing a sophisticated
understanding of pressure in the cardiovascular system. A contributing factor is, again, the
analogy to household plumbing, water taps, and so on. Because these more familiar fiuid
systems have a constant pressure head, there is no need in these systems to think about the
variable acceleration of water. When the plumbing analogy is used in the heat domain, this
missing aspect leads students to omit from their thinking contributions to blood pressure
deriving from the pulsatile acceleration of blood. The conception of pressure and the factors
that influence it are thereby reduced 1o ones that would be captured by the familiar Ohm's law,
applicable in plumbing.

3. Exportation of base domain properties. A salient characteristic of the
source domain that has no analogue in the topic domain is nevertheless exporied to the topic. A
non existent "slot” is created in the topic 10 correspond to a slot in the source.

EXAMPLE: Starling's relationship between end diastolic volume in the heart and
cardiac output is seen as analogous to the relaticnship between the lengtn 10 which an individual
muscle fiber is streiched and the tension it can produce. This is parlly because the graphs of
both relationships (volume-cutpui and lengih-tension) have similar ascending left limbs and
plateaus. However, while the {ength-tension relationship for an individual (skeletal) fiber has
a descending limb rellecting decreased tension at long lengths, the Starling relationship (in the
in vive heart) has no corresponding descending limb at large volumes. A common error made by
medical studenls, physicians, and some medical texis is ¢ asume tha! the Starling relationship

has a descending right limb like tha! of the length-tension curve for skeletal muscle (Coulson et
al., 1986).

This mistaken importation of the source domain's descending limb has serious
consequences, playing a central role in the development of a major misconception about the
naire of congestive heart failure. Heart failure is erroneously attributed to “falling off the
plateau of the Starling curve™ as the collection of individual muscie fibers get stretched too far
(thus losing tension), resulting in reduced cardiac output, further stretching because of biood
accumulation in the heart, further reduced outpul, and so on. In fact, there are physiological
limitations preventing the cardiac muscle fibers from reaching a "descending limb" on the
Starling curve (for an in vivo heart). In contrast to this misconception, the heart enlarges due
1o hypertrophic mechanisms while it weakens as a result of the breakdown of muscle activation
mechanisms--the heart does not fail because it is geling enlarged (stretched too far), as the
analogy to the individual skeletal muscle fiber length-tension relationship mistakenly suggssts;
it gets enlarged in response to its Jailing. (See Couison et al., 1986, for further explication.)

(As we will see in the next section of the chapter, “The Analogical Bias,”
“length-tension: Starling's volume-output™ is a false analogy--the circumstances of its

mistaken adoption will be discussed later. Our present point only examines its consequences
afier it has been mistakenly adopted.)

4. Directly misleading properties. A nonsalient aspect of the source domain in
an analogy has a different value than the paralle! aspect of the topic domain. The variable slot in
the topic is incorrectly assigned the instantiated value of the siot in the source.
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EXAMPLE: Recali the misconception that heart failure is due to collective
(veniricular) overstretching of individual muscle fibers, “falling off the plateau of the Starling
curve,” in much the same way that such "falling off" could be achieved in an individual skeletal
muscle fiber's iength-tension curve {Coulson et al., 1986). The cnrrect explanation involves
biochemical activation or energizing of the components of the system. One reason that activation
is neglected by medical students &5 a possible cause of heart failure is that cardiac muscle fibers
are understood by analogy to skeletal muscle fibers. The implicit assumption is that “all
striated muscles are alike.” In reality, the two kinds of muscle difter greatly in their
activational properties, in ways that are important with regard to hear failure. Skeletal
muscle always functions at full aclivation, so that the activation level of the muscle is not an
issue. |f cardiac muscle is taken 1o be like skelefal muscle, and the level of activation is not an
issue for skeletal inuscle, then it follows thal activation is not an important issue for cardiac
muscle either.  Unfortunately, in contrast to skeletal muscle, the degree of activation of cardiac
muscle is variable. And degree of activation is the key to the correct account of hean failure (in
a way tha' would not be similarly manifesied in skeletal muscle izilu-e). The analogy of cardiac
to ckzletar muscle brings along viith it an incorrect instantiaticn ¢ the variable siot, "type of
activaton,” and adopting that property of the scurce domain for the 1opic has serious
ramifications.

5. Focus on surtace descripiive aspects with corresponding
mistreatment ot underlying causation. Some analogies are very effective at
characterizirg surface fzatures and relaticnships, but gloss over underlying causal
mechanisms  “"he resu't is that learners are susceptible to either filling in a convenient but
incorrect ca.sa account of their own, or just leaving the causal mechanism unexplained, as a
kind of "black box.” (It might be said that a comparison based primarily on surface descriptive
aspects is more metaphorical than analogical. However, our point here is that an underlying
relational structure is indeed transferred--that is, people have a tendency to interpret
metaphor anatoqically.)

EXAMPLE: The failing heart is often compared by medical students to a stretched out,
saggy balloon (or to overstretched "silly putly”). In fact, this analogy gives a very good pictuie
of representational sorrelates in the two domains; both heart and balloon get big, but the heart
gains passive tension while the balloon loses it. The stretched out balioon, when urderinflated
for ils enlarged size, exhibits flcppy walls (low tension); but in the enlarged hean, while each
individual fiber exhibits the low active tension associated with heart failure, the increased mass
of the enlarged heart and the decreased compliance of pathological origin allows the bearing of
increased tension in the wallis (via the law of Laplace). However, the analogy is pilched to mere
description, and leaves the causal mechanisms in both the balloon and hearn situations
unaddressed. Medical students then fill the causal vacuum by employing the convenient
assurapuon that the stretching in the hearl causes the failure, as it causes the failure in the
balloon. As was indicaled earlier, activationai problems are responsible for heart failure;
eniargernent (mislakenly likened lo oversireich) is merely a later consequence of a variaty of
processes which are associaled with failure. Corrrelation can easily be mistaken for causation
in this case because causation is not represcnted in the analogy.

€. N jnification to the wrong grain size. An important aspect of the ‘opic
oumain is misseG because the analegy is pitched at the wrony leve! of magnification or
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elaboration. It is not that the source domain does not address the aspect, as in #2, but rather
that the analogy is cast in such a way that the relevant aspect is not noticed.

EXAMPLE: Certain applications of the Law of Laplace to lung function are
demonstrated using an analogy to soap bubbles. In particular, soap bubbles are used to
demonstrate what does not happen in the lungs (due 10 an agent secreted by the lungs called
surfactant): Little air sacs of the lung do not empty into larger air sacs, as happens when small
and large soap bubbles are in communication. However, it is difficult to understand why this
does not happen in the lungs without knowing why it does happen in soap bubbles. And it is here
that grain size is a problem. You would need to magnify considerably the structure and :
dynamics in the walls of the soap bubble to appreciate what happens differently in the lungs
(due to the surface tension lowering effects of surfactant). The magnification would focus on the
nature of the wall as two concentric circle layers with fiuid in between them. In other words,
the important lesson is in the “fine grain" of the soap bubble wall rather than in the typical,
grosser image of soap bubbles connected by a pathway.

7. Misleading properties derived from common larguage meanings of
technical terms. Ordinary language concepts are often employed analogically as technical

ferms. Their everyday, "public* connotation is overextended to their technical use in the topic
domain.

EXAMPLE: In its technical usage the "compliance” (stretchiness) of vessels in the
cardiovascular system is important as it contributes to the vessels' ability to exchange potential
and kinetic energy, to ensure smooth movement of blood under the influence of the pulsatile
beating of the heart. Students develop misconceptions that reflect the adoption of analogies for
compliance that are consistent with common, ordinary language uses of "compliance” and that
clash with its technical meaning. These include analogies of compliance as a "giving-way"”
(surrender) of vessels under the onslaught of blood, and even analogies that reflect the vessels'

willingness to respond to orders from the nervous system (to, for example, dilate or contract,
Feltovich et al., 1986).

(This misconception type, as well as #8, might be considered to be based more in
metaphor than analogy. However, because the metaphorical descriptions lead to the adoption of
specific source exemplars the features of which are mapped to the topic, the designation of these
misconception types as analogical seems appropriate.)

8. Misleading properties due to connotations of nontechnical

descriptive language. Inappropriate analogies are induced by the loose use of poorly chosen,
connotatively loaded nontechnical descriptors.

EXAMPLE: The arterial vessels and other sections of the circulation are active
contributors to blood flow. During the period of the heart's ejection (systoie), blood from the
heart is stored under pressure in the distended walls of the arterial vessels, so that when the
heart is no longer actively ejecting (diastole) the recoil of these elastic vessels continues to
propel blood. Perhaps to make a contrast to the period of active ejection of blood from the hean,
diastole is often referred to loosely in instruction as a period of "run-off" or "drainage.” These
terms do not convey active motive force but, rather, passive flow from a region of high to low
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stalic energy density. Students tend to think of the arterial vessels as passive receptacles and
also tend not to consider adequately the active propulsion of blood during diastole, viewpoints

more consistent with a notion of passive "seepage” than with the reality of blood flow during
diastole.

It is interesting to note that a similar misconception occurs on the venous side of
blood circulation due to the use in instruction of such language as "pooling” of blood in the veins,
a term that carries the connotation of stagnation, or lack of interaction with the surround.
Students develop the notion that some major components of the circulation can (at least
temporarily) be removed from the active stream of circulation. Components of the venous
circulation take on characteristics of reservoirs, "pools” that can be augmented and drained

according to circumstantial needs for biood delivery, but that are not continuous parts of the
overall circulation of blood.

9. Multiply based misconceptions. A single analogy may in fact lead to a variety
of misconceptions, each involving a different influence from the list above.

EXAMPLE: The analogy of a rowing crew is commonly used to represent the
functioning of the contractile units (sarcomeres) of muscle fibers. This analogy captures some
aspects of the topic domain of muscle function well, particularly anatomic aspects of force
production by oar-like ratcheting elements within the fiber. At the same time, the analogy (a)
Indirectly Misleads (#1) with regard to some aspects of muscle ultrastructural function (e.g..
conveying erroneously that the force producing units act in synchrony), (b) Misses (#2) some
aspects (e.g., sarcomere characteristics related to their width as opposed to their length), and
(c) Exports (#3) yet other misleading aspects (e.g., the idea that the force-generating units
can get entangled, and thus fail to produce force). Much more will be said about the strengths
and weaknesses of this particular analogy in the later section on multiple analogies.

Summary of analogy-induced misconception. Several ways that analogy can induce
misconceptions have been presented. Although they differ in many respects, they have in
common the characteristic that students’ understanding of a topic domain is too exclusively
determined by properties of an analogous source domain. In the various ways that we have
illustrated, the mental representation of the topic domain is reduced to the source domain. It is
in that sense that the misconceptions involve Reductive Analogies. In the next section we address
the influences that contribute to the ready acceptance of analogical reductions.

Where do maladaptively reductive analogies originate? We have observed three
sources. In the first, teachers and textbook authors recognize the pedagogical value of analogies
in introducing difficult concepts and employ a conventional analogy for just that introductory
purpose {(while providing disclaimers about the limitations of the analogy and descriptions of
appropriate corrections). They then find that their students have simplified their
understianding of later, more advanced treatments of the concept o just what was covered by the
introductory analogy. The second source is teachers and textbook authors who themselves have
misconc2ptlions. These may be associaled with mistaking conventional approaches to introducing
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a complex concep! for compleie accounts of the conceptl. In the third scenario, leamers
independently adopt analogies that, despite being both unconventional and incorrect, are
nevertheless seduclive in some way.

However, regardless of their origin, reduclive analogies all share cenain features.
Ali of the scenarios invoive a bias to over-rely on analogies: in the first case by
students/learners in their implicit strategies for assimilating externally provided
instructional information, in the second case by teachers, and in the third case by
students/learners as regards their self-generated cognitive strategies. A further feature of the
reductive analogies that we have observed is that they seem to lull the learner into an :
unquestioning acceptance that ieads 1o a durable entrenchment of the misconception. Why, then,
are maladaptively reductive analogies so readily adopted and so durably held? We will offer a
partia! account of the factors contributing to this bias, including its mativational origins and the
methoas implicitly employed for its self-justification. We will take an example of the third
kinc, an inappropriate analogy that is frequently adopted spontaneously. Understanding of the
sources of such especially maladaptive analogies will also provide clues to why reduclive
analogies seem 10 be held so uncritically; that is, why they are so seductive of the belief that a
full and accurate understanding has been achieved.

Support for false analogy in the Starling/Length-Tension example. The
length-tension r-latianship of a single skeletal muscle fiber (studied in the laboratory, isolated
from other muscles it normally interacts with in vivo) is essentially irrelevant o Starling's
relationship between ventricular volume and cardiac output for the whole hean in vivo. (See
the earlier discussion of #3 in the typology of ways analogies induce misconceptions.) Thus,
when people adopt the analogy, they are doing it largely on their own. Despite its irrelevance,
stutent, give no sign that they consider the analogy at all coniroversial. What contributes to
this unquestioning acceptance? More specifically, why would students want the analogy to be a
useful one, anc what causes them not to be suspicious of it? The following is a partial set of
contributing forces.

1. Bolstering due to similar appearing objects. Volume is like length; force
thal produces ventricular (cardiac) outputl is like tension.

2. Bolstering due to similar appearing relations. The graph of the
relationship between cardiac volume and oulput (Starling) has a similai shape to that of the

relationship between skeietai muscle length and tension: They both have ascending slopes 10 a
plateau.

3. Reciprocating effects ot separate bolstering elements. The extent to
which the similar appearing objects in the source and the topic bolster the analogy (#1) is
increased by the fact that those similar objects also have a similar pattern of re'ationship in the

source and the topic (#2). In a circular fashion, each is used 1o increase the credibility of the
other.

4. Boistering due to assumptions of ontological similarity. Why does it
sound so initially plausible that the collective function of muscle fibers in the whole hean
would be analogous 10 that of indwidual, isolated muscie fibers? Here we have whal can fairly
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be described as a fundamental ontological assumption about the natural world, namely that the
world is structured in such a way that il is legitimately reducible by analogy: Wholes are like
parts. The relational furctioning of collections of fibers will be analogous 10 that of individual
fibers (even though the objects involved, heants and hean muscle cells, are markedly
dissimilar): They will have the same shaped curve mapping their size aspects (i.e.,
lengih/volume) to their ferce aspects (i.e., tension/output), and the latter relationship will
have the same theoretical explanation invoking the same mechanism (in particular, the sliging
filarnent theory of muscle contraction--see Coulson et al., 1986).

Note further that this ontological bias can be reached through presuppositions
deriving from two different ways of theorizing about the world: organicism and mechanism
(Pepper, 1942). Organicistic accounts are noted for their attention to the symmetry of
relationships found in microcosms and macrocosms (here, wholes are like parts). Mechanistic
accounts would reach the same conclusion via such presuppositions as additivity and atomism:
The collective Starling tunction "sums over™ individual fiber length-tension functions
(additivity): and individual fibers function the same when placed in context (in vivo) as when
they are studied in isolation (atomism; i.e., the primary units of analysis are the individual
components of a system and not the whole system itself--a fundamenta! bias of mechanistic
approaches).

5. Indirect bolstering by convenience ol explanation. In students’ learning
about heart failure, the well known “sliding filament™ account of the lengih-tension
relationship has a plausible sounding (but incorrect) extension to voiume-outpul relationships
in the heart. In other words, you do not need to learn a new underlying mechanism.
Furthermore, you get to use a well-learned concept; the situation is akin to that of the person
trying to improve his or her vocabulary who learns a new word and then orchestrates
opportunities to use it. The conveniently overextended sliding filament theory then invokes a
theme of overstretching for heart failure which (misleadingly) corresponds to a prominent and
well known clinicat sign of heart failure, enlargement.

6. Indirect bolstering by elimination of potential anaiogy blockers. We
have seen thal activational/energizing operations are neglected, in favor of mechanical
overstreiching operations (sliding filament theory), in the account of heart failure commonly
preferred by medical students and by some physicians and popular textbooks. This elimination
of activation cleans up a bit of potential untidiness in adopting the "length-iension:
volume-output (Starling)" analogy. The absence of an activational component reinforces the
idea that only mechanical factors are involved, and are involved in the same way, in the
procuction of the two curves. That is, it heart failure is 2 mechanical phenomenon, and it is
caused by "falling off the Starling curve,” then mechanical rather than activational factors
accoun' for Starling. This consideralion of Starling as being entirely mechanical makes it easy
to ignore fundamental differences between the length-tension relationship and the Starling
relationship that are due to the role of activation. Without an understanding of ihe differential

roles of activation in the two curves, the "length-tension: volume-oulput® analogy gains
strength.

But how does activation become neglected in the first place? One contributing factor
s presented in #7.
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7. Bolstering due to shared name. Degree of activation of muscle is not an issue
if cardiac muscle is taken to be like skeletal, since skeletal muscle fibers always function at full
activation (tetanic activation). So, it cardiac is like skeletal, variable activation is not an
issue. Unfortunately, in this respect cardiac muscle fibers are not analogous 1o skeletal muscle
fibers--the former are in fact variably activaled (twilch activation).

So, the anlogy between length-tension and volume-oulput is supporied by the
overreliance on the analogy of skeleta! and cardiac muscle, which in turn is supported by the
implicit (and reductive) bias that is described in the header of this sub-section and may be
roughly instantiated in the present case as the belief that "all muscles are alike.”

This neglect of activation in the cardiac volume-output relationship of cou:se
coniributes to the mistaken acceptlance of the “lengih-tension: volume-output (S:arling)”
analogy: without activation as an alternative account of volume-output and heart failure,
volume-output is left with no competition for the mechanical overstreiching accoun! derived
from the length-tension relationship.

8. Bolstering due to overall convergence of support. When many tactors
converge 10 support an analogy, as in the present “length-tension: voiume-output (Starling)”
examiple. the analogy is bolstered to a greater degree than if it had fewer supporting factors. “if
$0 many things point to it, it must be right.”

324 Summary

A theme of our research has been the recurring empirical observation of a pervasive
lendency in cognition and instruction towards oversimplification of complex concepts (Feltovich
et al., 1987, Spiro, et al., 1988; Spiro, et al.,, 1987). This tendency, which we have referred
lo as the "Reductive Bias,” has been identified in both biomedical and historical domains and has
been shown to take a great variety of forms. In this chapter we have confined our inquirv to
just one cognitive arena, analogical learning, where we have provided several lllustrations of
the reductive force of aralogies and the ramifications of that reductive force in the development
of fallacious knowledge. We have shown in this chapter that (a) single anakgies induce
misconceptions involving the reduction of the topic domain to the source, and (b) there are
certain mutually reinforcing hiases that increase the likelihood that such reductive analogies
will be uncritically adopted. Eight different ways that analogy can induce misconception were
identified, and each was illustrated by an imponiant misconception commonly held by medical
students who have aiready had courses in the relevant content area. If one adopls reduclive
analogies, they cause trouble in later learning; and one is likely to adopt them.

These findings clearly indicates that analogies must be used with great caution. Even
when they are used judiciously to initiate learners into a difficult subject area with appropriate
caveals aboul their limitations, reduction of the topic domain to the source domain appsears 10 be
a 100 commeon occurrence. There are serious hazards Involved in the use of analogies. The
employment of a single analogy for a complex concept may impede the acquisition of more
advanced understandings of that concepi and to engender misconceptions. 1t is hoped that our
typoiogy of ways that analogy can induce misconception can serve 10 alert learners and teachers
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1o these potential hazards. However, the reduclive force of analogies appears to be so great that
even very delailed warnings are probably not sufticient by themselves. Approaches to analogy

use more appropriate for compiex concepts are needed, one of which is suggesied in Chapter 4.2
integrated sets of mulliple analogies.

32.5 Foolnote to Chapter

The main contributors to this chapter were Rand Spiro, Paul Feltovich, Richard
Coulson, and Daniet Anderson.
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Section 4. TOWARDS MORE SUCCESSFUL ADVANCED-STAGE LEARNING:
COGNITIVE FLEXIBILITY THEORY AND INSTRUCTIONAL HYPERTEXT

This section of the Report is concerned with repairing the kinds of problems of
advanced knowledge acquisition described in the studies of Section 3. The second and third main
phases of the research program, a theory of the development of cognitive flexibility in ill-

structured domains and an instructional hypertext approach based on that theory, are recounted
in Section 4.

Chapter 4.1 Knowledge Acquisition for Application:
Cognitive Flexibility and Transfer in Complex Conten* Domains

411 _Overview

A theoictical orientation to learning and instruction in ill-structured knowledge
domains is presented. The theory is especially concerned with the application of knowledge in
new situations (knowledge trans‘er), rather thnan the mere reproduction of knowledge in the
way that it was originally learned. It is arqued that knowledge transfer in complex and
ill-structured domains is centrally dependent upon “cognitive flexibility." According to the
theory, greater flexibility in the representation of domain knowledge will result from
approaches that promote highly interconnected rather than neatly comparimentalized or
hierarchicalized mental representations; that represent knowledge in terms of multiple, rather
than single, prototypes and analogies; that increase the emphasis on learning from cases, while
qualitying and restricting the scope of application of abstract principles; and that rely upon
situation-dependent schema assembly rather than the retrieval of a rigid, prepackaged schema.
A nonlinear system of learning and instruction that promotes these requisite features of
cognitive flexibility is presented. In the system, cases or examples in a conceptual "landscape”
are criss-crossed in a variety of directions, along multipie dimensions. Data is presented on
the facilitation of transfer by learning with texts designed along the "landscape criss-crossing”
model of case-centered text presentations, with re-pairings of cases on subsequent readings.

4.3.2 _Introduction

A tundamental tene! of all recent theories of comprehension, problem solving, and
decision making is that success in such cognitive arenas depends on the activation and
appropriate application of relevant preexisting knowledge. Despite the substantial agreement
on this general claim, we know very liltle about the organization of background knowledge and
the method of its application to the understanding of new situations when, because of a
combination of the breadth, complexity, and irregularity of a content domain, formulating
knowledge in that domain to explicitly prescribe its full range of uses is impossible. We call
knowledge domains of this type ill-structured and contrast them with more routinizable
knowledge domains that we refer to as well-structured.! What does one do when relevant prior
knowledge is not already organized to fit a situation (as will frequently be true in
ill-structured domains, by definition) and so must be assembled from different knowledge
sources in memory? This is a problem of knowledge lransfer. We address a crucial issue in
transter: How should knowledge be acquired and organized to facilitate a wide range of future
applications?
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The principle contentions developed in this chapter are:

1. that theories in the cognitive sciences have produced a far better understanding of
cognitive process in well-structured domains (WSDs) than in ill-structured domains
(ISDs);

2. that theories appropriate for WSDs are in many ways inappropriate for
ISDs--that, in fact, optimal conditions of learning and instruction in the two kinds of
domains are opposite in several important respects.

3. that one of the most serious problems with treating iSDs as if they were WSDs is
an inabilily to establish a basis for knowledge transfer, for the applicatic> of
preexisting knowledge 1o new situations;

4. that transfer in ISDs is best promoted by knowledge representations that possess
the following features: multiple interconnectedness between different aspects of
domain knowledge, multidimensional or multiperspectival representation of
examples/cases, and allowance for various forms of naturally occurring complexity
and irregularity;

5. that in order for knowledge siructures 10 possess the characteristics described in
4. emphasis must shift from the retrieval of a precompiled schema to the assembly of
a situation-sensitive schema from knowledge fragments--the features described in 4
and 5 are characteristics of what we call cognitive flexibility;

6. that the best way to learn and instruct in order to attain the goal of cognitive
fiexibility in knowledge representation for future application is by a method of
case-based presentalions which treats a content domain as a landscape that is explored
by "criss-crossing” it in many directions, by reexamining each case "site” in the
varying contexis of different neighboring cases, and by using a variety of abstract
dimensions for comparing cases.

Our primary claim is that in situations where complete comprehension or solution
paths are neither inherent in the task or its description (i.e., are not implicitly or explicitly
prescribed), nor anticipatable in the natural course of earlier learning and concomitant
hnowledge representalion (either by explicit mention or by generative rule), then the key
factors affecting the success with which prior knowledge is used to improve performance in a
new situation will be the flexibility with which the t3levant prior knowledge is represented in
memory, and the mastery or control the individual has over those flexible rapresentations (the
ability 1o recombine elements of the representations, reorder the importance of elements in
different contexts, and so on).

When knowledge cannot be routinized, mechanized, or automatized, it must be flexibly
controlled. And control is not solely a process issue, independent of content. Executive control
strategies require flexible knowledge siructures to operate upon. In turn, control over liexible
representations will give an individual more control over a content domain; rather than
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monolithic prepackaged knowledge slructures constraining an individual to apply knowledge in a
fixed and limited manner, the individual controls the knowledge; that is, a great variety of
nonpredetermined ways to adapt knowledge to the task and content elements involved in the new
situation are available. This chapter presents a theory of learning and instruction, of knowledge
representation and application, for the flexibility-based control that enables transfer. The goal
of the program of research that we discuss is the validation of a set of basic principles and
related instructional practices that will allow students to better apply the knowledge they
acquire from formal schooling to new, real-world cases--knowledge that is built for use, not
for imitative reproduction in artificial school or laboratory setlings.

1 Schema-T c Knoul A , { the Problem of Transf

It is hard to imagine a more valued intellectual ability than that of independent
thought--the ability to "think for yourself* when applying the necessarily limited knowledge
acquired in formai schooling and training to the wide variety of sitvations in which that
knowledge is relevani--the ability to use one's knowledge flexibly and to efficientlly adapt it to
varying contexts. Of what value is knowledge if its potential for application is much more
limited than the range of uses to which it needs to be put? Vaery litlle, most would agree.

Nevertheless, a class of very influential contemporary approaches to knowledge
representation, schema, frame, and script theories (e.g., Rumelhart & Ortony, 1977; Schank &
Abeison, 1977) have had four interrelated shortcomings related to the problem of transfer.

(As we see later, many of the following criticisms also appiy to another class of approaches 1o
knowledge representation: prolotype and exemplar theories; e.g., Rosch & Mervis, 1975).

First, because these kinds of knowledge structures are frequently prepackaged
{precompiled), they tend 10 be overly rigid. As a resull, they provide very litlle opportunity
for adaptation 1o diverse contexts of use.

Second, these modes of representation tend to isolate or comparntmentalize aspects of
knowledge that, in use, need to be interconnected. Again, the result is a limited potential for
transfer.

Third, they have frequently treated complex subject matter as if it were simpler than
it really was; complexities that transfer depends on have been artificially neatened.

Fourth, they have often implicitly assumed that knowledge domains possess more
regularity or consistency across cases of application than they actually do.

These four characteristics of the recently predominant modes for representing
knowledge, antithetical to the flexibility needed for wide application, are essentially
simplifying assumptions: |t is assumed that knawiedge domains are simpler and more regular
than they in fact are; these assumptions lead to representational approaches that are more rigid
and compartmentalized than they ought to be. Historically, the assumptions of simplicity and
regularily are strategically understandable and justifiable: Progress in new fields comes much
more slowly without simplifying assumptions., And there has been considerable progress in
cognitive science. However, when progress has been as slow as it has been on so imponant a
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topic as transfer, then it is ime to drop those simplifying assumptions that are causing
progress to be impeded.2

The simplitying assumptions of cognilive science apply as well to dominant modes of
education. Simplification of complex subject matter makes it easier for teachers 10 teach, for
students to take notes and prepare for their tests, ‘or iest-givers ta construct and grade tests,
and for authors to write texts. The result is a massiv 2 “conspiracy of convenience.” To take one
example of the consequences of this tendency, Spiro, Feltovich, and Coulison (in preparation)
have identified more than a dozen serious errors in the concepts held by a majority of medical

students tested. Each of the errors was connecled to a different kind of cognitive or educational
cversimplification.

The overall effect of the simplitying features of knowledge representation systems and
instructional straiegies mentioned previously is a leveling 1endency, a tendency towards
monclithic approaches. Understanding is seen as proceeding in essentially the same way across
instances of the same topic. Our view is different: The conditions for applying old knowledge
are subject 10 considerable variability, and that variability in turn requires flexibility of
response. Monolithic representations of knowledge will too of‘en leave their holders facing
situations for which their rigid “plaster-casts” simply do not fit. The result is the often heard
complaint of students: "We weren't taught that." By this, they mean that they weren‘t taught
exaclly that. They lack the ability to use their knowledge in new ways, the ability to think for
themselves. Our research focuses on fostering the kinds of flexible knowledge representations
that would free students and trainees from the limitations of having to use the information they
receive in instruction in only that way in which it was originally instrucled (rigid knowledge
structures thai need to be applied rigidly).

To achieve this goal we systematically depart from the four interrelated simplitying
assumptions of the schema-type theories that we identified earlier (which, again, are also
common assumptions in schooling).

+ Rigid, monolithic, prepackaged knowledge representations are replaced by fiexible
representations in which fragments of knowledge are moved about and assembled 10 fit the needs
of a given context of application. Instead of prepackaged schemata, purpose-sensitive
situational schemata are constructed, thus allowing knowledge 1o be used in ditferent ways on
different occasions for ditferent purposes. The emphasis is shifted from prepackaged schemata
10 the ingredients for many potential schemata; schema selection is devalued in favor of schema
assembly; slorage of fixed knowledge is devalued in favor of the mobilization of potential
knowledge. One cannci have a prepackaged schema for everything.

+ We replace highly compartmentalized knowledge representations with struciures
characlerized by a high degree of interconnecledness. Appropriate comparimentalization of
knowledge in one situation may not be appropriate in another. Mulliple interconnecledness
permits (a) situation-specific categorization, (b) mulliple access routes to relevant case
precedents in long-term memory from the details of new cases, and (c) the development of a
reservoir of polential analogies when case precedents are less literally relevant.
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+ Instead of inappropriate simplification, we work with complex subject matter
(e.g.. historical topics, military sirategy, biomedica! concepis), acknowledging and teaching
towards the complexity inherent in them. (Later in this chapter we address the issue of how
learners can be aided in managing difficull complexities.) And just as subject matter is
frequently more complex than is realized, so, toc, 272 tha real cases to whick knowledge about
that subject matter has to be applied. Cases or examples raust be studied as they really occur,
in their natural contexts, not as stripped down "iextbook examples™ that conveniently illustrate
some principle. The application of knowledge in new situations will be thwarted if the
contingencies for application are more complex than the knowledge brought to bear.

+ We relax the often unrealistic assumption of reqularity, of routinizability, of
well-structuredness--the assumption that subsets of individual cases (applications, examples)
in a knowledge domain are sufficiently alike that they may be covered in common by a
self-consistent system of general principles or rules. Thus, where schema-type theories tend
to be overly general and to abstract away from individual cases that are classified in the same
way, our approach sticks closer to the specific details and characteristics of individual cases.
The consequences of treating ill-structured material as ii it were well-siructured are
knowledge representations that are inapplicable in transfer situations or that produce
inaccuracy. (Note that although complexity is highly related to irreqularity, they are not the
same thing. For example, the facade of the Old Executive Office Building next to the White House
has a highly complex but regular struciure. We work with domains that are complex and
ill-structured.)

414 A Note on Related Research

Our approach has many conneclions to prominent thematic strands of current
theoretical interest. However, the manner in which we instantiate these strands, especially the
way they are configured in our overall approach, is novel. Therefore, because the main thing
in common between what we do and the research of others involives overlap in subsets of the
constituent themes emphasized rather than in the specifics of how those themes are applied and
combined, we simply point to those thematic areas of overlap here: analogy (Carbonell, 1983;
Gentner & Geniner, 1983; Gick & Holyoak, 1980, 1983; Rumelhart & Norman, 1981;
Winston, 1983); learning from examples (Anderson, Kline, & Beasley, 1979; Carnine, 1980;
Medin & Schafler, 1978); reminding (Kolodner, 1380; Ross, 1984; Schank, 1982);
connectionism, paralle! distributed systems, “society of mind® {McClelland & Rumelhan,
1985; Minsky, 1979; Wallz & Pollack, 1985); tutorial guiding (Collins & Stevens, 1983);
constructivity (J. Anderson, 1983; R. Anderson, 1977; Barsalou, in press; Barllett, 1932;
Spiro, 1977, 1980a, 1983); cognitive complexity (Scolt, Osgood, & Peterson, 1579,
Streufert & Streufert, 1978); automatic versus contiolled processing (Shiffrin & Schneider,
1977, Schneider & Shiffrin, 1977); efficiency and cognilive economies in mental processes
(Spiro, 1980b; Spiro & Esposito, 1981; Spiro, Esposito, & Vondruska, 1978); metacognition
and learning to learn (Biown, Campione, & Cay, 1981); percepilual and experiential aspects of
conceptual memory (Barllett, 1932; Spiro, 1983; Spiro, Crismore, & Turner, 1982);
contextual enceding variability (Smiih, Glenberg, & Biork, 1878); linear separability (Medin
& Schwanentiuegel, 1981); fluid task environments (Lenat, Hayes-Roth, & Klahr, 1983);
structural analysis of content-area text (Britton & Black, 1885, Spiro & Taylor, in press).
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A gcod example of a researcher whose work incorporates many of the same themes
that we do is Barsalou. As we are, he is centrally concerned with contextual variability in
conceptual struclure, cognitive flexibility, and temporary concept construction under
conlextual constraint (Barsalou, in press). Even here though, the similarities are not as
instructive as they might at first appear because of the difference in the kind of domains studied.
Barsalou works with relatively low-leve! concepts and categories. There are many fundamental
differences in both internal strecture and the cognitive processes that must operate on that
structure between concepts like "Birds™ and "Fruit” (or even "Places to Go On A Vacation®), on
the one hand, and complex topics such as "20th-Century History" or “Military Batties,” on the
cther hand. There are also big differences between semantic memory tasks and the application
of knowledge to real cases. All the problems with concepts and categories addressed by
researchers like Barsalou {e.g., graded structure; contextual variabifity; see also Medin &
Smith, 1984; Smith & Medin, 1981) are so greatly exacerbated by dealing with knowledge
application in real-world content domains that are made up of many concepts, that new issues of
learning, representation, and transfer are inevitably introduced. The theoretical and empirical
solutions corresponding 1o these issues produce a picture thal overlaps very littie between
simple concepts and complex topical ocornains.

So, as promised eariier, because of the novel way we apply the preceding headiined
themes, we move on to further discussion of the nature of our own approach. However, before
proceeding we should explicitly acknowledge the most pervasive influence on our theoretical
orientation and empirical procedures, the later work of Wittgenstein (1953). Oui treatment
of complex topical knowledge was inspired by prominent Wittgensteinian metaphors for
knowledge organization and learning, especially the metaphor oi the "criss-crossed landscape.”
These and other debts to Wittgenstein /6.g., the reliance on approximate processes of family
resemblance and the role of visual-perceptual forms of representation in attaining synoptic
conceptual understandings) will be obvious in the foliowing section and throughaut the chapier.

4.8 lstrucluredriess, Learning from Cases. and the

.4 ] 5 ]-— H . tyirn™

In many domair:s, if one compares the {eatures of large numbers of cases, a subset of
the following conclusions may be drawi:

+ There are no rules or principles of sufficient yenerality 10 cover most of the cases,
nor defining characteristics for determining the actions aprropriate for a given case.

+ Hierarchical relations of dominiince and subsumpticn are inveried fiom case to

« Prototypes tend 1o often be mislezding.

+ The same featurcs assumne different patteris of significance whan placed i
different contexlts.
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+ An explosion of higher order interactions among many relevant features introduces
aspects of case novelty.

it is such failures of general principles as these that we designate by the tamily label
ill-structuredness. As will be seen later, this failure of general principles in ill-structured
dornains is directly related to the most sweeping recommendation that will emerge from our
theoretical orientation: an emphasis in learning and instruclion upon multiplicity. Instead of
using a single knowiedge structure, prototype, analoay, and so on, multiple knowledge
precedents will need 1o be applied to new situaticns (multiple schemas, several past cases,
overlapping analogies). Under conditions of ill-structured complexity, single approaches
provide insulficient coverage.

“l-structured Complexity in the Domain 20ih-Century History.” How would the
events and phenomena of the 20th century be classified and presented in typical instruction?
Some abstract system for organizing material would be developed. One likely approach wouid be
to identify several themes of the 201h century to serve as organizing compartments (chapters,
subheads), and then individual examples would be slotted where they seemed to best fil. "Moral
Relativism" and "Knowledge Specialization™ might both be discussed in a chapter on
"Fragmentation as a Theme of 20th-Century Life"; a chapter about “irrationality and
Uncertainly in 20th-Centyry 1deas” might refer to "Freud's Psychological Theory of
Unconscious Control of Motivation and Behavior™ and "The Uncertainty Principle in Physics™;
there imight be a chapter on "Alienation” that would cite "Massive Bureaucracies Dwarfing the
Individual® and "Mass Media Brainwashing"; and so on. Notice the implicit assumption of
well-structuredness: Cases are taken as (often interchangeable) instances or illustrations of
abstract themes. “The Advent of Nuclear Weapons™ and “Existentialist Philosophy® both
illustrate irrational aspects of the era, and it is the latter, more abstract, point that is taken as
the important lesson.

However, ihink some more about the samples. s not existentialist philosophy an
example of 2lienation as wel! as a demonstration of the recent trend away from Cartesian views
of rational man? Are there not advantages lo grouping Freud's thecries with the subliminal
influences of mass media 1o bring out a point about how influences we are not aware of have
tcme 1o increasingly conirol 20th-century lite? In fact, any single organizational scheme for
presenling exampies {rom 20th-century history will sufter from two important shonicemings:
(a} 11 will nol be possible to present together all the cases that it would be instructive to
present logether, and cases that are not in the same physical vicinily in fex! will tend not to be
closely connected in memory; and (b) much of the multifacetedness of the individual case will be
lost as its significance is narrowed 1o the abstract point that the case is presented as an
ilustration of. Similar problems would arise if some other system were used o represent the
20th-century cases. For example, it events were presented in citronological order, connections
between temporally distant events would be likely to be micsed. Similar consequences would
ensue from a division along lines like politics, economics, and culture. Any single system for
organizing material would not establish enough conneclions along enough dimensions o prepare
cne 1o deal with the great varieties of discourse about the 20th century that a learner is likely
to encounlcr.




4.1.5.2 The Imporiance of Cases

It is partly because of such ill-structuredness that classroom instruction in
professional fields (e.g., medicine, business) is so often augmented by considerable case
experience (and that instruction in basic, nonapplied fields of knowiedge ought to be). Lectures
and textbooks tend 10 stress generalizations, commonalities, and abstractions over cases. Such
approaches are clearly very effective when cases tend to be pretty much alike in how they have
1o be analyzed and responded to (i.e.. in well-structured domains). Unfortunately, it is too
often true that such assumplions are unwarranted, and the greater convenience associated with
the traditional pedagogies is negated if they are ineffective.

How is successful performance possible in the absence of generalizability across
cases? The answer is by focusing analysis and knowledge representation more at the level of the
individual case (example, occasion of use, event, or other coghate terms) and by guided
experience wilh large numbers of cases. |f cases come in many forms, one needs to see many
cases in order to represent their varieties of contextual influences and configurations of
features. In a well-structured domain, cases (examples, etc.) are luxuries, heipful in
illustrating general principles and then discardable; the principles can stand for all their
subsumed, interchangeable cases. In ill-structured domains, crucial information tends to be
uniquely contained in individual cases--examples are not just nice, they are necessary. Our
approach to knowledge acquisition is highly case-based.

The probiem is compounded, however, by the fact that iil-structuredness has a
limiting effect on case-based training as well as on the more abstract approaches: Just as there
are no homogeneous systems of principles or rules that can be generally applied, there are no
generally applicable prototype cases. lli-structuredness means that there cannot be any
recourse 10 homogeneity, to any single course of action across instances, whether it involves a
single guiding principle, a single organizational scheme, or a single prototype case. (Of course,
in relatively well-structured domains like “Trips to Fancy Restaurants,” a single conceptual
macrosystem can be very effective.) Real-world cases tend o possess a multifaceted
complexity and thus need 10 be represented in lots of different ways in order to bring out those
multiple facets. Then, instead of a single case being the basis for case-based cognitive
processing, aspects of different cases need to be combined, and it is the resulting assemblages,
made up of fragments of different cases, that underlie an impcrtant pan of case-based
reasoning. The reconstruction of knowledge requires that it first be deconstructed--flexibility
in applying knowledge depends on both schemata (theories) and cases tirst being disassembled so
that they may later be adaptively reassembled. (Of course, some integral, nondecomposed case
information must also be retained for guidance in ecologically realisitic case assembly.)

Thus, two kinds of flexibility are needed in knowledge structures for lli-structured
domains, each of which is a central feature of the mental representations we attempt to build:

1. Each complex real-world case needs to be decomposed and represented along many

partially overiapping dimensions (i.e., the same information must be represented in lots of
different ways).




2. Many connections mus! be drawn across the decomposed aspectual fragments of the
cases in 1, thus establishing many possible routes for future assembly and creating many
potential analogies usefu! for understanding new cases or making new applications; it is for this
reason that our instructional system emphasizes connections between apparently dissimilar
cases (and aspects of cases)--connections among obviously similar cases are much more likely
10 be noliced without special training, and thus not cause transfer problems.

An example of how the two preceding theoretical commitments imply instructional
methodologies is the use in our program of rearrangements of case presentation sequences so
that the same case occurs in the context of various other cases. This enables different features
of the individual multifaceted cases to be highlighted, depending on the characleristics of the
other cases they are juxiaposed to, while simultaneously establishing multiple connections,
including distant ones.

The discussion of case rearrangement brings us 10 the dominant metaphor employed in
our theory of flexible knowledge representation and case-based instruction. Following the iead
of Witlgenstein (see, for example, the preface tv the Philosophical Investigations), we think of
an ill-structured knowledge domain as akin to a landscape. Landscapes are often complex and
il-structured. No two sites are exaclly alike, yet all sites possess many (but not all) of the
salient features of the total landscape. The same could be said of landscape regions made up of
several sites. The bes! way to come to understand a given landscape is 1o explore it from many
directions, to traverse it first this way and then that (preferably with a guide to highlight
significant features). Our instructional system for presenting a complexly ill-structured
"topical landscape” is anaiogous to physical landscape exploration, with different routes of
traversing study-sites (cases) that are each analyzed from a number of thematic perspectives.

The notion of "criss-crossing” from case lo case in many directions, with many
thematic dimensions serving as routes of traversal, is central 10 our theory. The treatment of
an irregular and complex topic cannot be forced in any single direction without curtailing the
potential for transfer. If the topic can be applied in many different ways, none of which follow
in rule-bound manner from the others, then limiting oneself in acquisition to, say, a single
point of view or a single system of classification, will produce a relatively closed system,
instead of one tha! is open to context-dependent variability. By criss-crossing the complex
topical landscape, the twin goals of highlighting multifacetedness ard establishing multiple
conneclions are atlained. Also, awareness of variability and irregularity is heighiened,
alternative routes of traversal of the topic's complexities are illustrated, multiple entry routes
for later information retrieval are established, and the general skill of working around that
particular landscape (domain-dependent processing skill) is developed. Information thai will
need 10 be used in a lot of different ways needs to be taught in lots of different ways. Real cases
(events, uses, elc.) have multiple slants, and, because the goal of widespread transfer must be
to be ready for anything that realistically is likely to arise, learning and instruction must
anticipate using many of these many slants in the ways they tend to occur.3 Criss-crossing a
topic in many directions serves this purpose. It builds flexible knowiedge. Accordingly, we
construct nonlinear and multidimensional acquisition texts.
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liustration of findings in tests of the "Criss-Crossed Landscape” Hypothesis. One
experiment tha! tested the hypothesis that case-centered text ptesentations, with ra-pairings
of cases on subsequent presentations, would promote novel transfer is described in this section.
The learning materials were texts describing representative and influential cases of twentieth
century phenomena (e.g., Freud's theory of unconscious moiivation, uncertainty principle in
physics, mass production and consumption). The control group read the text with a conventional
hierarchical text organization: Each case was nested under one of the three abstract thematic
chapter headings, such as "lrrationality and Discrder in the twentieth century.” This seductive
nesting of examples under an abstract point or general principle was intended to paralle! the
unidimensional treaiment of cases and the abstraction-centered organization typical of
textbooks and training manuals. The control condition thus simplifies, it presents the same case
material according to a single well-structured system (“textbookization®), and it minimizes
case interconnectedness across the compariments of classification employed in the acquisition
text. In the experimental condition, the abstract "chapter” headings were eliminated; instead,
the relationship among the cases was emphasized. To accomplish this, commentiaries that linked
the pairs of cases were written. (This extra material in the commentaries of the flexible
groups was included in the section introductions and summaries of the control condition, to
insure cemparibility of the content that both groups read.) High school junior and seniors,
randomly assigned to conditions, served as the subjects. The control condition read the text
organized the same way on all three presentations (akin to studying a course text for a test), but

the experimental condition read re-paired cases and new commentaries linking the cases on each
of the days.

There were two different types of tests. The first type of test measured reproductive
memory for the information contained in the text, the second measured transfer. On the
memory test, the control condition improved much more compared to their pretest performance
than did the experimental condition (83.4% vs. 41.9%). This is not surprising: the contol
condition is expected to have mnemonic advantages that result in the rapid and accurate
memorizability of the material presented in the acquisition phase of the experiments (compared
lo experimental conditions)--clear-cut “scaffoldings” are most effective for supponrting
reproductive, fact-retention-type memory (Anderson, Spiro, & Anderson, 1978; Ausubel,
1968). However, it is also expected that contro! conditions will produce overly inflexible,
closed cown represen‘~tions that will result in less transfer than the experimental conditions.
Such was the case in .«nis experiment. The amount of improvement for the experimental
condition on a transfer measure (gist memory for new, unstudied quotes of writers about the
twenlieth century -- the ability to use the instructed knowledge 1o enhance performance on
related but uninstructed material) during \ne course of the experiment was much greater than
for the control condition, 129% gain for the experimental condition compared to only 28% for
the control condition!

The same interaction trend (control caundition superiority in tests of memory for
presented material and experimental condition supenority in ability to use the rnaterial in new
situations) was observed in several other similar ezperinunite, although the magnitude of the
differences is often small. In all short experimerts ¢i this kind, the superiority of
experimental conditions is less than it would be expacted to be in longer studies (paralleling the
time parameters in actual curricula), because the highly interconnected representations
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produced by the experimental manipulations require some “critical mass® of information befcre
the assembly processes they depend on can begin to operate at full effectiveness. With more
longitudinal studies, there would be longer study time 10 process the complex materials and,
especially, 10 permilt more re-pairings of the cases, more criss-crosses of the topicai
landscape.

Results such as these suggest that there is a fundamental choice in methods of learning
and instruction. Conventional methods seem to produce superiority when maasured by
conventional lests that siress reproductive, fact-relention types of memory. The methods
developed from Cognitive Felxibility Theory are not as successfu! al producing mindless,
imitative recall. However, it one agrees that the goal of learning and instruction should be the
acquisition of generative knowledge with wide appiication in nove! but partially related
contexts, then it would seem that methods like ours are far preferabie to the convention~! ones.

4.1.6 Concluding Remarks

We have discussed various issues in an area of cognition and instruction that are
currentiy poorly understood: how 1o get people to independently go beyond their specifically
instructed knowledge. In response to this gap in knowledge, we offered a theory of case-based
learning for transfer in ill-structured knowledge domains and suggested related methods of
case-based instruction to produce flexible knowledge representations. Empirical indications of
the success of the approach in producing transfer were presented.

From a practical point of view, the approaches we propose are not always easy, and
they may result in some increases in the time and effort required in initial instruction in a
domain. However, we also expect that that investment will be more than justified by the fact
that it will not be wasted instruction, limited in application to situations that happen to fit some
narrow range of explicitly established preparedness. Wasted either because the insiruction was
1co narrow in the case prototypes used, thus limiting applicability io resemblant cases; or
wasted because oversimplified general principles and rules were taught, accounting for too
litle of the relevant variability in the knowledge domain. Systems of instruction must be
developed that produce knowledge that can be fiexibly adapted 1o the wide variety of new
situations to which it will need to be applied, even at some additional early cost.

We know of no area of human endeavor that lacks an ill-structured aspect. Success in
ill-structured areas tends to come only with a considerzble accumulation of actual case
experience. Application of the learning principles we have pruposed has the potential to take
material that is either taught poorly or not taught at all {(and thus left to the vagaries of
haphazard acquisition from “experience” over long periods of time) and, for the first time,
make that material directly instructable.

4.1.7 Fooinotes for Chapter

The principal conlributor to the early parts of this chapter was Rand Spiro; other
contributions were made by Walter Vispoel, John Schmitz, Ala Samarapungavan, and Angela
Boerger. The principal contributors 10 the last sections of this chapter were Aydin Durgunoglu,
Rand Spiro, Angela Boerger, and John Schmilz.
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1 These terms receive further explication later in the chapter and are clarified in a
more general manner by their use throughout the chapter--as "family resemblance” concepts,
part of their definition carn be no more than implicit in a complicated network of similarities
and differences across uses (Wittgenstein, 1953).

2 1t should be noted that the relatively harsh tone taken toward schema-type theorias
throughout this chapter should be understood in the qualified sense in which it Is intended.
Rather than a blanket condemnation of these theories, we intend only to paint out their
shoricomings in enabling transfer in certain fairly common situations characlerized by
irregular complexity. Much of our earlier work has been in the schema theory tradition, and
we are well aware of the importance of schema-lype approaches. Again, our claims against
those approaches are limited, namely to aspects of knowledge domains that are "iil-structured”
(keeping in mind that even when well-structured knowledge is involved, the context of its
application is frequently ill-structured). . The next step after the kind of work that we describe
in this chapter will be to combine schema-type representations with the more flexible kind we
are developing, because the two approaches seem to be natural complements, possessing
compensating strengths and weaknesses. Also, the fact that we emphasize the less studied
ill-structured domains does not imply that we discount the existence of domains with
substantial regularity--they are just not the focus of our research.

3 Itis not necessary that criss-crosses of the landscape be exhaustive to produce
generative structures. Rather, if enough of the topical landscape is porirayed, accurate
anticipations of the structure of nonportrayed aspects will be possible. This can be seen by
analogy 1o a situation in which one is presented with pictures of a man's face only when he has
expressions of anger or happiness; one would be able to fairly accurately anticipate what that
person would look like if he were sad, grateful, sleepy, and so on.




Chapter 4.2 An Example of the Cognitive Flexibility Theory
Principle of Multiple Representations:
Muiltiple Analogles as Antidotes for Analogy-Driven Misconception

42,1 Overview of Chapler

In order to combal the tendency toward oversimplification-based learning error that we
have found io be associated with the use of a single analogy, an alternative approach involing
integrated sets of multiple analogies is offered. Mulliple analogies tc correctly, yet manageably,-
capture the complexity of difficult concepts. In the multiple analogy approach, additional
analogies are intrcduced that correctly convey information that is incorrectly represented (cf
not represented at all) in an earlier analogy. Thus, the pedagogical strengths of analogies are
retained while their weaknesses are mitigated. The multiple analogy approach is iliustrated by
the example of foice production by muscle fibers. The additiona! cognitive load introduced by
multiple analogy sets may be mitigated by the employment of composite images, with
situation-dependent selective instantiation of productive aspects of the composite. Finally, we
present a more detailed picture of the variety of ways that adding analogies can affect the earlier
learning outcomes derived from previously encountered analogies. We develop a nine-pan
taxonomy of the functions of new analogies and modifications of oid analogies in promoting
understanding.

422  Introduction

in Chapter 3.2 we examined in detail the hazards of using a single analogy to teach a
complex new concept. What should be done to counter the tendencies toward oversimplification
that come with the use of analogy and thal we have found lead to misconceplions? The reductive
force of analogies appears 1o be so great that it is not enough merely to teli peopie what the
limitations of an analogy are. When teachers or texts provide such caveats for an instructional
analogy, the result over time tends lo be the same: The analogical core is whal is retained. The
remedy that we propose is to combat the power of a limited analogy with another powerful
analogy that counteraclts the limitations of the earlier cne. In general, the antidote to any kind of
Reduclive Analogy might be the use of approprialely integrated multiple analogies, designed 10
vitiate the effects of three generic types of shoricomings in the use of single analogies (for a
more delailed treatment cf such shortcomings, see the earlier section on Analogy-Induced
Misconceptions): (a) information that is missing from the source, (b) information in the
source that is misleading about the topic, and (c) information that is inappropriately focused in
the source. In this section we discuss an approach for selecting, integrating, and managing
multiple analogies to promote full understanding of complex concepts in advanced stages of
knowledge acquisition.

The discussion of our mulliple analogy approach uses as an example the concep! of muscie
function introduced earlier. When the topic of force generation in a muscle is taught using the
analogy 1o rowing teams, we saw that the resulting knowledge coitained the seeds for various
misconceptions. Some could be attribuied 1o what the analogy misses (e.g., reduction in width
with elongation of a muscle fiber) and some 1o aspects of the analogy that mislead (e.g., the
synchronicily of movement across rowers).
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Qur approach to using mulliple analogies is simply 1o introduce new analogies targeied at
emending the missing, misieading, or misfocused information contained in earfier anaiogies.
Then, as we will see in the next subsection, the various gnalogies are integrated in a composite
image that has selective instantiations of the correct and useful information found in each
analogy, but suppresses the inappropriate information. In other words, our procedire permits
the retention of each analogy's strengths wtile discarding its weaknesses.

123 A Multile Analody Set for Muscle Fiber Eunci

We begin with a brief treatment of scme of the tore essential features of muscle fiber
function, with reference 10 the muscle fiber portrayed in Figure 18.

The contraction of a muscle uliimately is accomplished by micro-structures within the
muscle called Cross-bridges.  Cross-bridges are tiny "arms” that reach from one part of the
muscle (myocin) ou! to an adjoining muscle structure {actin). The cross-bridges deliver the
pulling force that accomplishes the contraction of a muscle. During a shortening contraction
(non-isometric) each cross-bridge head releases from its site on the actin and moves to the
nexi slot, possibly just vacated by its neighbor, while another cross-bridge pulling elsewhere
prevents backsliding. The actin structures are thus pulled in tewards the center of the myosin
filament (see Figure 19). Each release and rebinding is called a *cross-bridge cycle." After a
cross-bridge releases and rebinds, the cycle repeats until muscle deactivation occurs. That is,
cross-bridge Cycling continues over and over unless activating material (e.g., caicium) and/or
usable energy (ATP) needed to energize the releases and rebindings becoms limited. The
duration of the contraction is dependent on the degree of availability of these materials. The
strength depends upon the number of cross-bridges pulling on actin filaments at any instant
during the conlraction. The somewhat simplified description presented here does not do justice
10 the real complexity of the process. The mechanisms by which the repeated cross-bridge
cycles are accomplished involve intricate electrostatic, chemical, and physical processes and
exchanges.

The processes of muscle function are clearly quite complex. As we have already seen,
much of this complexity is not captured by the rowing team analogy (although the anlogy is very
helptul for conveying some of the anatomical aspects). Some strengths and weaknesses of the
rowing team analogy are listed in the left and right columns, respectively, of Figure 20.
Analogies reievant to other aspects of muscle fiber function are found in Figures 21-25, eacn
with the same two-column structure of strengths and weaknesses.

The missing, misleading, and inappropriately focused information found in the right
column of each of the analogy figures guides the selection of additiona! analogies used 10 promote
fuller understanding; new analogies are chosen which convey the correct knowledge not conveyed
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Tigure 18. Schemalic representation of the sarcomere. The sarcomere is the functional contractile
unit of the muscle ccll {fiber). The sarcomese is usually thought of as the unit contained
between two of the 2 divisions in the () diagram. Actually a great many actin fdaments

are attached to each z disc and a great many myosin filaments are interspered among
them. A schematic cross-section through a muscle fiber is presented in the (b) diagram.
It shows a hexagonal array in which cach myosin filament is surrounded by actin
filaments and each actin filament is surrounded by myosia filaments.

100



(a)
{b)
(c)
(d)

Figure 19. Schematic representation of a sarcomere during shortening. The illustrations (a)-(d)
represent the sarcomere at various stages of a shortening contraction, between the rest
length (a) and the maximum shortened length (d). The sarcomeres in a2 muscle ccll

(fiber) il the cell from end to end. When they all shorten at once, the whole ~c!l
shortens. 101
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by the old analogies. For exampie, one of the misconceptions engendered by the Rowing Team
analogy concerns the nature of the gross movement of the main structures in relationship to
each cirz2t. To produce contraction the “oars” must in fact pull something toward the center.
Figure 21 modifies the analogy in Figure 20 1o correct this incorrect aspect.

However, the analogy in Figure 21 still has the problem that it misses the crucial notion
of attachment of the cross-bridges to some structure (the actin; see Figure 18) that gets pulled
toward the middie--oars, in contrasi, slip through water. This shoricoming suggests the
analogy of the Turnbuckle (Figure 22). This analogy captures the correct idea of something
being pulled toward the middle, without any change in the length of the structure doing the
pulling (the myocin) or the structure being pulled (the actin). It also conveys the notion that
there is a limit 10 the shortening process, which has also been missed by the earlier analogies.
However, the Turnbuckle analogy has nothing corresponding 10 the cross-bridge anatomy
depicted so well by the Rowing Team analogy; hence the new anailogy is not a complete substitute
for the old one. It is for such reasons that multiple analogies must often be maintained, rather
than new ones simply supplanting old ones.

Another failing of the Turnbuckle analogy is that it provides no useful guidance on the
limits to lengthening of the fiber (an aspect that is important, for exampie, in understanding
heart failure). Here the analogy of the Chinese Finger Cuffs (Figure 23) provides a (partial)
corrective: The double-wound spiral structure of the muscle covering (the collagen and
elastin) produces a length limit (a kind of "wall*). Here again, some of the slements that the
new analogy is weak in conveying are covered by eariier analogies (e.g., the anatomical
information about individual foice producers covered well by the Rowing Team analogy and the
limits to shortness covered by the Turnbuckle).

We have now progressed considerably from the initial Rowing Team analogy, but
essential information has slill not been conveyed. Most prominently, there is still nothing
aboul the recruitment of force producers (rowers and oars) to act in any given contraction
cycle; not ali force producers need act on any cycle and there is a process of selection from those
available. (Note also how this analogy might serve 1o correct a notion that all rowers must be
rowing at any one time, which is conveyed by the Rowing Team analogy.) This variable
recruitment aspect of the topic is conveyed by the Stave Ship analogy in Figure 24.

More could be added about how muscle cells work. For example, the metabolic and
energetic "life processes™ of the muscle’s force producers have not been addressed (Figure 25).
(These processes are imporiant in understanding muscle activation, which, in turn, is
important in understanding cardiac failure.) Furthermore, analogies for them are not even




2 Rowing Crews Facing
Each Otherin the Same Boat
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Figure 21. The nature of overall gross movement of parts in relanon to each other (pulling toward
the micdle): the analogy of two crews facing each other in a long boat

CAPTURES MISSES
(1) Nonon that acrion tends to (1) Artachment to some gtoucrure
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(the water) middle

(Problem is that oars slip
through water)
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Figure 22. 'The nature of overall gross movemeat: the rurnbuckle analogy.
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Chinese Finger Cut{s

Figure 23. Seructure and function of the casing (elastin) surrounding the {oree producers (i.c..
sdrcomeres are contaned within the caung: the Crunese finger cufls analogy.

CAPTURES MISSES
(1) Anatomy of the covering (1) Anything about force
the double wound spira producers, 2t
(2) Thinning with stretch (the (2) Anything sbout the sru
dimension missed in Figure 3 inside the casing
(Lmportant in night-ude (Where's the beef?)
L-T funcnon-squasiurg)

(3) Limitstolength

A, "Wl beyond which
you can't go

B At “wall” wil break
before it lengthera
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Raworﬂ,a, 10...Row!

Figure 24. Recruitment of lorce producers: the galley ship analogy.

CAPTURES MISSES

(1) Control that seiects and (1) Communication mechanisms

recruits which force

producers are to work

(on any stroke)

(2) Recruitment aspects of (2) Anything about internal

rrvation metabolic, energetic, ife
processes of the force
producers
(The galley ship rowers)
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easily created. (Note, however, thal we have been talking about the force producers as people
rowing. This may actually be a fairly good analogy for the processes under discussion here.)

At this point of the analvsis a plateau of sorts has been reached. Many essential aspects
of the topic have been covered. And it one considers that much of what medical students
understand (and misunderstand) about muscle function is guided by the Rowing Team anaiogy,
the advance in understanding easily enabled by the additional analogies is very substantial
indeed. A compiex topic that typically is oversimplifed can now be more readily grasped.

ing_ Multiole Analoai

The most imporiant step in the integration of multiple analogies has ailready been covered
by the selection procedure discussed in the previous section. The multiple analogies in a set are
interlocking, since each new analogy is chosen to correct the negative aspects (ihe
right-columns in Figures 20-24) of the preceding analogies. The rermaining discussion of
integration is merely an unpacking of the integrative machinery implicit in the procedure for
selecting analogies.

Once a set of analogies has been selected, such that the unproductive missing, misieading,
or poorly focused information for each analogy has been modified or canceled oul by some aspect
of a succeeding analogy, then the multiple analogy set must be integrated. There are two main
ways of adding new analogies to earlier analogies. These will have an impact on how the
additions function fo produce new understanding. (A more detailed taxonomy of the functions of
new analogies and modification ¢of old ones is presented in the next section. Although there are
relationships between the funclions of new analogies discussed there and the patierns of
combinaton described here, they are distinct topics. We restrict ourselves here to the smalliest
number of types of combination necessary for introducing the composite imaging procedure in
the next section.) In one of the two combination patterns, Modified Analogies, new analogies
merely amend an earlier one (e.g., correcting the Rower analogy to have two sets of rowers
pulling toward the middle; Figures 20 & 21). In the second way, New Analogies, a totally new
analogy is added (e.g., introducing the Turnbuckle analogy foliowing the Rowaer analogy).

The class of Modified Anaiogies contains two subtypes: Simple and Complex. With the
addition of a Simple Modified Analogy there is no need lo retain the old analogy: the new analogy
emends incorrect information from the old one but loses none of its essential information. This
type of Modified Analogy is the easies! to deal with. First, the modified analogy is merely
subsliluted for the earlier one (e.g., replace the drawing in Figure 20 with that in Figure 21).
Second, the critical new aspec! of the substituted Modified Analogy is accentitated. For instance,
the image of two sets of rowers facing each other and rowing toward the middla is marked for
special notice. This may be accomplished, for example, by suggesting to students that they
envision one of the sels oi rowers as colored red and the opposed set as blue; or by placing
eye-glasses on the rowing team members 10 accentuate the directions they are tacing. The point,
again, is 1o accentuale the fealures of the Modified Analogy that constitute the main change from
the prior analogy.




Figure 25. The biochemucal life processes of the force producers. How they get energy, nutrition,
expend it ete..-how they get "juiced up.” Thus 1s the ATP energy cycle of the muscie and all its
components




in a Complex Modified Analogy, the analogy used for correction of the earlier analogy
contains seeds of misconceptions that are best mitigated by maintaining an aspect of the earlier
analogy. Here the prior analogy cannot simply be "updated.” Analogies of this type do not occur
in our muscle fiber example. Mowever, integration would be handled by the same selective

instantiation feature of our composite imaging technigue that is illustrated with New Analogies,
discussed next.

, i , , .
MWWW e | Wilh C 5 ient Selective | :

How should one keep track of several analogies and the complicated pattern in which they
are combined (i.e., the patterns by which the lefl-columns of Figures 20-24 are retained and
the right-columns overridden as successive analogies are introduced)? The cognitive demands
are considerable. To make the psychoiogical management of this complexity more tractable, we
introduce the technique of "Composite Imaging with Selective Contingent Instantiation™ (CISCI).
The remainder of this section is devoted to a description of the CISCI procedure. However,
although conventional means of teaching concepts will not receive attention, it must be
emphasized at the outset that the composite images should be percepiual adjunct aids that
supplement rather than replace verbal instruction.

in the CISCI procedure, a complete set of images, each corresponding 10 one of the
multiple analogies (other than those superceded by a Simple Modified Analogy), would be
available in a latent state. That is, all of the images that are to be combined are represented as
potentials in a state of readiness for instantiation. (We intend for these representations io
refer both to latent mental images anc 1o potentially be displayable external images, e.g.,
computer graphical displays. Thus our discussion refers both to mental representation and its
paraliel in instructional support systems.) Which ot the latent images (analogies) of the totai
composite image are actually instantiated at any one time is aspect-dependent. That is, a
component of the (latent) total composite image will be a part of an actual instantiated
composile image as a function of the aspects of muscle fiber function under concideration. For
example. in contexts where it is imporant to focus on the way muscle fiber is atfected by longer
lengths and length limitations, the Chinese Finger Cutfs image would become salient; when
thinking is directed at muscle functioning under short lengths and toward the limits to
shortening, the Turnbuckle image would be "programmed” for high salience. Component images
that are not activated are suppressed; they may either not be visible (in "the mind's eye" or in
an external support system) or, preferably, they may be instantiated very faintly, as a kind of
background to the aspect-dependent focal images.

Finally, at the same time that either the Turnbuckle or the Chinese Finger Cuffs
(continuing the last example) is relatively salient within the instantiated CISCI, images
corresponding to the other analogies that are not being actively suppressed (i.e., thal retain
their usefulness for the conceptual aspect under consideration) would simultaneously be
superimposed within tne total image. So, if the Chinese Finger Cuffs are active, that image
would be overlaid by the Double Rowing Team image; an image of two sets of rowers puiling
toward the center would be superimposed on the cylinder of the finger cuffc. enabling the
positive properties of both analogies to make a simultaneous contribution.
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In sum, the characteristic of aspecl-dependent selective and contingent instantiation of
component images (along with the initial motivation and basis for selecling each of the
analogies, that is, overcoming some inappropriate information in an earlier analogy--the right
columns in Figures 20-24), makes it possible for understanding of the concept to be supported
only by the comrect and productive features of each analogy, with the incorrect and unproductive
features cancelled out. The CISCI can be thought of as a montage of simultaneous ways that
muscle fiber function can be "seen as" (Wittgenstein, 1953) something else. Parts of the
montage are emphasized in visualization as a function of the productive left column information
that needs 1o be stressed and the unproductive right column information that needs to be
suppressed, given the concepiual aspects under consideration at any one time.

“he CISC! method we have described is thus one of nonabstractive integration. By using a
composite of several analogies, understanding would neither be abstractively reduced to a
superordinate sysiem nor to any one of the analogies acling as privileged with respect to the
others. In contrast, in abstractive integration the individual elements are reptaced by a
subsurnptive abstraclion that stands for the elements and/or their combinations. By presenting
the composite analogies as simultaneously overlapping images, the composite leads to a
perceptual integration. Thus, as in the perception of complex objects like human faces, a whole
is psychologically graspable without loss of information about parts--although one's image of
the face of a close friend is typically perceived as a simultaneous physiognomy, the components
of the face are recoverable (i.e., perceptual focus can shift to individual facial features, such as
the size of the nose or the distance between the eyes). The physiognomy is perceptually
integrated while the component parls continue to make their contributions individually (in
contrast to the supplanting of individual elements in an abstraclive integration).

The kind of perceptual composites or “integral visual displays® for representing
nonreducible multidimensional information that we are proposing have baen receiving
increasing support in recent years (Chernolf, 1973; Spiro, 1982; Spiro et al., 1987; Spiro &
Myers, 1984; Wainer & Thissen, 1981). The more compiexly structured the domain, the more
it becomes impossible in principle to conceptually chunk large groups of information; so,

instead of a conceptual chunking of information to lessen the cognitive load, we recommend a
petceptual chunking.

126 AT { Func { Additional Analogies in P ing C | Undersiandi

There are a variety of reasons that new analogies might reasonably be introduced to
augment earlier analogies in promoling undarstanding. Earlier, for purposes of illustrating the
mechanics of the composite imaging technique, we presented a very simple clasification of the
kinds of analogy additions that can be made. Here we offer a more detailed accounting of the ways
that additional analogies can contribute to understanding. A preliminary and nonexhaustive
classification of such functions of multiple analogy is given below (mostly carrying cver
examples from muscle fiber function).

1. Supplementation (with New Analogy). Aspects of a topic domain that are missed by
earlier analogies are covered by a supplementary analogy. (Also see Burstein, 1983.)
EXAMPLE: Adding the Turnbuckle analogy to cover the information missing from the Rowing
Crew analogy about attachment 1o some structure that gets pulled (Figure 22).
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2. Correction (with New Analogy). Aspects of a source domain that mislead about the
topic domain are corrected (without altering the correci information in the earlier analogy).
EXAMPLE: Replacing the Tumbuckle with Chinese Finger Cuffs in the context of understanding
muscle fiber function at long lengths (Figure 23).

3. Alteration (of an Earlier Analogy). Sometimes an incorrect element in an earlier
analogy can be dealt with by modifying or "patching” it, rather than by fundamentally changing
it or replacing it altogether. EXAMPLE: Modifying the Rowing Crew analogy to have the crew
split in half and row towards the center (Figure 21).

4. Enhancement (of an Earlier Analogy). A refinement of an earlier analogy that
deepens the understanding of the 1opic domain--that overcomes some earlier superficiality,
without either altering the existing components of the earlier analogy (#3, Alteration) or
changing its magnification (#5, Magnification). EXAMPLE: Having the cockswain call out the
numbers of the rowers {recruitment of cross-bridges) 10 convey the notion of asynchronous
movement and degrees of raecruitment (Figure 24). Note that the Enhancement impresses an
appropriate new layer of machanism on the phenomenon. As a side etfect, the Enhancement also
repairs a misleading implication of an earlier analogy (Figure 20; first item in the right
column), withou! repairing the earlier analogy itself. Thus it differs from #3, Alteration. in
terms of the rules for constructing Composite Images, this is a Simple Modified Analogy,
whereas Alteration is a Complex Modified Analogy.

5. Magnification (or Elaboration). An aspact of the topic domain that is not
correctly captured because of the “grain size” of the analysis (and corresponding image) evoked
by the source analogy is addressed by scale alterations (i.e., changes in grain size). EXAMPLE:
While the introduction of the cockswain (Figure 24) captures the notions of recruitment of
force producers ang asynchronous movemenl, it is simply opague regarding the biochemical life
processes involved in variably energizing the force producers. Perhaps the best way 1o remedy
this problem is by a many-times magnification of an individual rower in the rowing crew (i.e.,
"people,” and their intake, breakdown, and utilization of energy, as an analogy for the metabolic
aspects of the force producers).

Note that there are two possibilities following Magnification: introduction of a new
analogy for the magnilied section of the old analogy and retention of the old analogy on a different
scale. An example of Magnification involving the retention of an earlier analogy but with change
of scale was encountered earlier in the Law of Laplace example, where magnification of the soap
bubble wall was a key step.

Ot course, when a more synoptic view is required, grain size may be decreased in a
“reverse magnification.” Also, a function related 1o Magnification would be served by rotating
the image of the source domain 5o that previously obscured elements are brought into view {e.g.,
as would happen if the first image involved the front of a thing and one needed to augment
understanding by later looking at the back of the thing).

€. Perspective Shift. Complex domains can often be thought of in fundamenially
different ways. !n such cases, a new analogy may convey a difterent perspective than thai

112




conveyed by earlier ones. EXAMPLE: The Rowing Crew represents well the perspective of
movement production. The Finger Cuffs represent well the perspective of limits to movement.

A related use of new analogies for contributing to understanding involvas the introduction
of an analogy that addresses underlying causal mechanisms after an earlier analogy that was
more concerned with the surface form of a situation. EXAMPLE: When hear failure is taken as
anatogous 10 an overstretched balloon that has lost its tensile strength, some aspects of
superiicial similarity are captured: two things have gotten big and have lost their ability to
produce force. However, as we saw when this kind of reductive analogy was discussed earlier,
despite the fact that the underlying causes are greatly different, students mistakenly assume
they are the same. Introduction of an analogy thai more correctly characterizes the cause of
heart failure (e.g., a dying car battery) would make it less likely that students would mistake
gross ‘input-output” correlation for causation in the development of the misconception about
hear! failure.

7. Competition. More than one analogy competes as an overali account of the same
domain. One analogy eventually supercedes its competitor, which is discarded. Only one analogy
occupies a specific analogical niche. EXAMPLE: A common analogy employed by medical students
in undersianding congestive hear failure is that of an overstreiched, “bagged out® bailoon
incapable of generating force (Coulson et al., 1986; also see the earlier discussion of the false
analogy between the fength-tension relationship for individual muscle fibers and Starling's
relationship between cardiac volume and output). Since heart failure is really due more to
impotence within energetic activational factors of cardiac muscle than to anything related to
mechanical overstreiching, a more appropriate overall analogy wouid invoive something fike
the dying battery (or perhaps a fouled spark plug or broken distributor wire) introd.ced in the
last section.

8. Sequential Collocation. Successive stages in a process are each represented by an
anaiogy. In other words, a single analogy is used for each identifiable "segment’ of a
phenomenon, and the analogies are simply collocated (without any integration t2ing necessary).

The last two categories are the main ones addressed by Collins and Gentner (in press) in
one of the few discussions of multiple analogies in the literature (see also Burstein, 1983). A
brief discussion of their work on evaporation modsls will help to clarity our own approach.
Again, Collins and Gentner deal with multiple analogies in two different ways. In the first, they
divide up the water cycle into successiva stages (6.g., what happens in bodies of water; what
happens in the sky, and so on). This is #8, Sequeniial Collocation. A multiple analogy set would
then be the group of analogies for each stage. Their second use of multiple analogies involves
chocsing the best analogy for each stage. That is, they discuss alternate analogies for each stage
(e.g., alternate analogies for what happens in bodies of water), with the ultimate goal of
selecting the most appropriate analogy for that stage. This is #7, Competition.

The fundamental difference from our approach should be clear: Our muitiple analogies
are ali applied to the same stage of a process, and all of the analogies in the set are pariially
correcl--they are all "best” at conveying something about the topic domain. More generally, we
ciaim that for most domains of any complexity the "pieces” (e.g., stages, sectors, aspects, elc.)
that the domain is divided into will each need to be covered by more than one analogy. And this
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is what our “aspect-dependencies” do. However one comparimentalizes a compiex domain, the
pieces cannot usually be effeclively treated with a single anatogy. (A related issue that we have
not addressed here conserns the extent to which "pieces® of a complex domain can be adequalely
treated separately from each other at all.)

427 Conclusion

Analogies have traditionally been sesn as a powaerful positive force in leaming new
material. We have shown a countervailing tendency: In more advanced forms of knowledge
acquisition, the power of a single analogy is often negatively exercised, blocking advanced
learning and leading to misconception. We have argued that the best wav 10 counter this
powerful negalive force is with equally powerful pesitive forces--in order 0 combat the
elements that induce misconceptions in an otherwise useful single analogy, import new analogies
that powerfully convey the correct knowledge. Multiple additional analogies are chosen to
correct the problems introduced by any single analogy, withaut cancelling the beneficial effects
oi the single analogy.

in order 1o lay the groundwork for such an approach, we have offered a detailed
conceptualization of the diverse functions of multiple analogies in learning, a procedure for
Selecting and integrating multiple analogy sets so that they convey complexity without inducing
misconceptions, and a composite imaging lechnique 1o lessen the cognitive load of working with a
multiple analogy set. Taken together, these slements constitule a comprehensive program for

the employment of multiple analogies in support of advanced forms of complex knowledge
acqguisttion.

28 A Final Nole: Simplic . , nowledon Acuisili

This chapter and chapter 3.2 dealt explicitly with the reductive force of single analogies
in the development of misconceptions and with the role of muitipie analogies in promoting
cofrecl understandings of complex concepts. However, the work on analogy has a more general
purport as well. it can also be treated as a kind of apologue about leaming in complex domains.
The detailed trealment of hazards of analogy use and remedies for them has close parallels in the
use of any mode of cognitive suppont for complex new learnings. in the findings of our other
sludies, the maladaptive reductive force of single analogies Is paralleled by misconception-
inducing reductive forces of a single schema, single mode of organization, single line of
argument, single precedent example, single prefigurative "world view." and so on. The antidote
for these maladaplive forces of simplification is in each case the systematic assembly of
multiple knowledge sourcses--integrated muliple analogies, compiled fragments from diverse
schemata, re-presentations of the same Information under different organizational schemes,
multilinear lines of argument, and multiple precedent examples. So, it could be said that this
work, besides being about analogy per se, Is also, in an important sense, about the seductive
force of all singufar approaches to complex learning, the prevalent rola of oversimplification in
the development of entrenched fallacies of conceptuai understanding, and the genera! importance
of assembling multiple knowledge sources to support the maslery of complex concepts at
advanced stages of knowledge acquisition.
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429 Footnote lo Chapter 4.2

The main contributors to this chapter were Rand Spiro, Paul Feltovich, Richard
Coulson, and Daniel Anderson.
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Chapter 4.3 An introductory Rationale for Hypertext:
Cognltive Flexibility, Constructivism, and Random Access Instruction
for Advanced Knowledge Acquisition in Ill-Structured Domains

This chapter and the next three that follow all deal with a hypertext approach based on
Cognitive Flexibility Theory, an approach that builds upon and incorporates the lessons
learned from all of the research discussed earlier in this Report. The present chapter, provides
background and a theoretical rationale that introduce the hypertext approach. The succeeding
chapters present a detaiied theory of hypertext design, illustrative examples from our
hypertexts, and empirical findings of transfer success associated with the approach.

A centrai argument of this chapter is that there is a common basis for the failure of
many instructional systems. The claim is that these deficiencies in the outcomes of learning are
strongly influenced by underlying biases and assumptions in the design of instruction that
represent the instructional domain and its associated performance demands in an unrealistically
simplified and well-structured manner. We offer a gonsiructlivist theory of learning and
insiruction that emphasizes the real-worlc complexity and ili-structuredness of many
knowledge domains. Any effective approach to instruction must simultaneously consider several
highly intertwined topics, such as

« the constructive nature of understanding;

+ the complex and ill-structured features of many, if not most, knowledge domains;
+ patterns of learning tailure;

* & theory of learning that addresses known patterns of learning failure.

Based on a consideration of the interrelationships between these topics, we have developed a set
of principled recommendations for the development of instructionai hyperiext systems to
promote successtul learning of difficult subject matter (see Spiro, Coulson, Feltovich, &
Anderson, 1988; Spiro & Jehng, 1990j.  This systematic, theory-based approach avoids the
ad hoc character of many recent hypertexi-based instructional programs, which have 100 ofien
been driven by intuition and the power of the technology.

{n particular, we argue that

* Various forms of conceptual complexity and case-to-case irregularity in knowledge
domains (referred to coliectively as jll-structuredness) pose serious problems for
traditional theories of learning and instruction.

+ Cognitive and instructional neglect of probiems related 1o content complexity and
irregularity in patterns of knowledge use leads to learning failures that take common,
predictable forms. These forms are characterized by conceptual oversimplification and
the inability to apply knowledge to new cases (failures of iransfer).

* The remedy for learning deficiencies related to domain complexity and irregularity
requires the inculcation of learning processes that afford greater cognitive flexibility:
this includes the ability to represent knowledge from different conceptual and case
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perspectives and then, when the knowledge must later be used, the ability to construct
from those different conceptual and case representations & knowledge ensamble tailored
to the needs of the understanding or problem-solving situation at hand.

« For learners to devalop cognitively flexible processing skilis and to acquire contentive
knowledge structures which can support flexible cognitive processing, flexible learning
environmenis are required which permit the same items of knowledge to be presented
and learned in a variety of ditferent ways and for a variety of differant purposes
(commensurate with their complex and irregular nature).

+ The computer is ideally suited, by virtue of the flexibility it can provide, for
fostering cognitive flexibility. In particular, mutidimensional and nonlinear hypertexi -
systems, if appropriately designed to take inlo account all of the considerations discussed
above, have the power 1o convey lli-structured aspects of knowledge domains and to
promote features of cognitive flexibility in ways that traditional leaming environments
(textbooks, lectures, computer-based drill) could not (although such traditional media
can be very successful in other contexts or for other purposes). Wa refer to the
principled use of flexible features inherent in computers to produce noniinear leaming
environments as Random Access instruciion (Spiro & Jehng, 1990).

Following our injunction to consider all crucial issues in the learning and instruction

environment jointly, we will develop the following compound argument, which integrates the
claims presented above:

» Characteristics of ill-structuredness found in mast knowledge domains (especially
when knowledge application is considered) lead to serious obstacles to the attainment of
advanced learning goals (such as the mastery of conceptual compiexity and the ability to
independently use instructed knowiedge in new situations that differ from the conditions
of initial instruction). These obstacles can be overcome by shifting from a constructive
orientation that emphasizes the retrieval from memory of intact preexisting knowledge
10 an alternative constructivist stance which stresses the flexible reassembly of
preexisting knowledge to adaptively fit the needs of a new situation. Instruction based on
this new constructivist orientation can promote the development of cognitive flexibility
using theory-based hypertext systems that themselvas possess characteristics of
flexibility that mirror those desired for the leamer.

In summary: Jll-struciured aspects of knowiedge pose problems for advanced knowledge
acquisition that are remedied by the principles of Cognitive Flexibility Theory. This cognitive
theory of learning is systematically applied to an instructionai theory, Bandom Access
Instruction, which in turn guides the design of nonlinear computer learning environments we
refer 1o as Cognitive Flexjbility Hyperaxis.

The argument developed in this chapter is not intended to cover all aspects of
constructive mental processing. Similarly, instructional technology is a broad topic that will
not be exhauslively addressed in this chapter. Rather, we will focus on a set of issues
implicated by considaration of some special instructional objectives (Merrill, 1983) and the
factors contributing to their attainment. In particular, we will be concerned only with learning
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objeclives important to adyanced (post-introductory) knowledge acquisition: to atain an
understanding of imporntant elements of conceptual complexity, to be able to use acquired
concepts for reasoning and inference, and 10 be abie to flexibly apply conceptual knowledge to
novel situations. Furthermore, we will consider only complex and lll-structured domains (to
be defined below). This combination of ambitious ieaming goals and the unobliging nature of
characteristics associated with certain knowledge domains will be seen to present spocial
problems for learning and instruction that call for special responses at the level of cognitive
theory and reiated instructional interventions.

We will argue that one kind of hypertext approach is particuladly appropriate for this
consteilation of features associated with the instructional context. The omission of other
varieties of computer-based instruction from our discussion does not imply any negative
evaluation of their merits. Indeed, in other instructional contexts the kinds of hyperexts we
will discuss would be inappropriate (e.g., computer-based drill would be batter suited 1o the
instructional objective of memorizing the multiplication tables; see Jacobson & Spiro, 1991b,
for the presentation of a framework for analyzlng instructional contexts 10 determine the choice
of educational technologies).

In what follows, we wish to illustrate how a particular sel of factors i the instructional
context (including learning goals and the nature of the knowledge domain) and a sat of observed
learning deficiencies jointly lead to a recommended cognitive theory-based instructional
approach.

An ill-structured knowledge domain is one in which the following two propsries hold:
1) each case or example of knowledge application typically involves the simultaneous
interactive involvement of multiple, wide-application conceptual structures (multiple
schemas, perspeclives, organizational principles, and so on), each of which Is individually
complex (i.e., the domain involves concept- and case-complexily); and 2) the pattern of
conceptual incidence and interaction varies substantially across cases nominally of the same
type (i.e., the domain involves across-case lregularity). For axample, understanding a
clinical case of cardiovascular pathology will require appreciating a complex interaction among
several central concepts of basic biomedical science; and thal case Is likely to involve
ditferences in clinical features and conceptual involvements from other cases assigned the same
name (e.9., other cases of “congestive heart failure®). Examples of ill-structured domains
include medicine, history, and literary interpretation. However, it could be argued that even
those knowledge domains that are, in the main, more well-structured, have aspects of ill-
structuredness as well, especially at more advanced levels of study (e.g., mathematics).
Furthermore, we would argue that gll domains which involve the application of knowledge to
unconstrained, naturally occurring situations (cases) are substantially ill-structured. For
example, engineering employs basic physical science principles that are orderly and regular in
the absiract and for texibook applications (Chi, Feltovich, & Glaser, 1981). However, the
application of these moare well-structured concepts from physics to "messy® real-world cases
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is another matter. The nature of each engineering case (e.g., features of temain, climate,
available materials, cost, etc.) is so complex and differs so much from other cases that it is
difficult 1o zategorize it under any single principle, and any kind of case (e.9., building a
bricge) Is likely to involve ditferant patterns of principles from Instanca to instance.
Similarly, basic arithmetic is well-structured, while the process of applying arithmetic in
solving “word problems” drawn from real situations Is more N-struciured. For example,
consider the myriad ways that arithmstic principles may be signaled for access by ditferent
problem situations and problem wordings.

The objectives of learning tend to differ for introductory and more advanced leaming.
When first introducing @ subject, teachers are often satisfied if students can demonstrate a
superficial awareness of key concepis and facts, as indicated by memory tests that require the
student cnly to reproduce what was taught in roughly the way that it was taught. Thus, in
introductory learning, ill-structuredness is not & serious problem. Learners are not expected
to master complexity or independently transfer their acquired knowledge to new situations.
These latter two goals (mastery of complexity and transfer) become prominent only later, when
students reach increasingly more advanced treatments of the same subject matter. It is then,
when conceptual mastery and fiexible knowledge application become paramouni goe's, that the
complexity and across-case diversity characteristic of lll-structured domains becomes a
serious problem for learning and instruction.

In this section we briefly review two related bodies of research: the nature of leaming
failures in advanced knowledge acquisilion and new theoretical aporoaches to more successiul

advanced learning and instruction.

RAUCHYE Did RILIC : -1 AL - .

knowledge acquisition, that very lengthy siage between introductory treatments of subject
matter and the attainment of expertise for the subject, has been very little studied (certainly in
comparison 10 the large number of studies 0. novices and experts--e.g., Chase & Simon, 1973;
Chi et al., 1981; Feliovich, Johnson, Moller, & Swanson, 1984). However, in our own recent
investigations of advanced learning in ill-structured domains, we have found a number ot
notable results, some of which were somewhat surprising (Coulson, Feltovich, & Spiro, 1989;
Feltovich, Spiro, & Coulson, 1989; Myers, Feltovich, Couvlson, Adami, & Spiro, 1990; Spiro,
Feliovich, Coulson, & Anderson, 1939). These results may be summarized as follows:

« Failure 1o attain the goals of advanced knowledge acquisition is ccmmon. For example,
when students are tested on concepts that are consensually judged by teachers 1o be of
central importance and that have been taugat, conceptual misunderstanding is provalent.
« A common thread running through the de-ciencies In learning is pyarsimplification.
We call this tendency the reduciive bias. and we have observed is occurrence in many
farms. Examples include the additivily bias. in which parts of complex entities that have
neen sludied in isolation are assumed 10 retain their characteristics when the parts are
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reintegrated into the whole from which they were drawn; the discretaness bias, in which
continuously dimensioned attributes (like length) are bifurcated to their poles and
continuous processes are instead segmenied into discrete steps; and the
companmentalization bias. in which conceptual elements that are in reality highly
interdependent are instead treated In isolation, missing important aspects of their
interaction (see Coulson et al., 1989; Feltovich et al., 1989; Myers et al., 1990; Spiro
et al., 1989 for presentations and discussion of the many reductive biases that have been
identified). Of course, the empioyment of sirategies of this kind is not a problem if the
material is simple in ways consistent with the reductive blas. However, if real
complexities exist and their mastery is imporiant, such reduction is an inappropriate
oversimplification.

» Errors of oversimplification can compound each other, buliding larger scale networks
of durable and consaquential misconception.

« The tendency towards oversimplification applies to all elements ot the leaming
process, including cognitive strategies of learning and mental repraseniation, and
instructional approachas (from textbooks to teaching styles 1 testing). These various
sources of simplification bias reinforce each other (e.9., one is more ikely 10
oversimplify if an inappropriately easier leaming strategy is also empioyed in
textbooks o7 leaching because it is simplg).

As we will see in the next section, more appropriate sirategles for advanced learmning and
instruction in ill-structured domains are in many ways the gpposiia ot what works best for
introductory learning and in more well-structured domains. For example,
compartmentalization of knowledge components is an eftective strategy in well-structured
domains, but blocks effective fearning in more intertwined, ili-structured domaing that require
high degrees of knowledge interconnectedness. Instructional focus on ganeral principlas with
wide scope of application across cases or examples works well in weli-structured domains (this
is one thing that makes these domains well-structured), but leads fo seductive
misunderstandings in ill-structured domains, where across-case variabllity and case-sensitive
interaction of principles vitiates their force. Well-structure¢ domains can be integrated
within a sinale unifving representational basis. but ili-structured domains requirs multiple
represeniations for full coverage. For example, consider one kind of single unifying
representation, an analogy to a familiar concept or experience. We have found that a single
anaiogy may help al early stages of learning, but actually interfere with more advanced
treaiments of the same concept later on (Spiro et al., 1989; see also Burstein & Adelson,

1990). Any single analogy ior a complex concept will always be limited in its aptness, and
misconceptions that wiil develop when the concept Is treated more fully can be predicted by
knowing the ways in which the introductory analogy is misleading about or under-represents
the material to be fearned. To summarize, we have found that the very things that produce
iniiial success for the more modest goals of introductory learning may later jmpeadea the
aftainment of more ambitious learning objectives.

There is much that appears to be going wrong in advanced learning and instruction (see
also GPEP, 1984; Perkins & Simmons, 1989). The cognitive theories and instructional
praclices that work well for introductory learning and in well-struclured domains nol only
prove inadequate for later, more advanced treaiments of the same topics, but adherence to those
theories and practices may produce impediments {o further progress. Our conclusion is that a
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reconcepiualization of learning and instruction is required for advanced knowledge acquisition
in ill-structured domains (see also Spiro et al., 1987, 1988, 1989; Spiro & Jshng, 1990;
Feltovich, Spiro, & Coulson, in press). Such a reconceptualization, taking into account the
problems posed by domain Ill-structuredness and the patierns of advanced leaming deficiency
observed in our studies, is presented next, in our discussion of constructivism and a new
constructive orientation, Cognitive Flexibility Theory. After a brief survey of the tenets of
that theory, we show its implications for the design of computer hyperiext leaming

environments that are targeted to the features of difficulty faced by advanced ieamers in ill-
struciured domains.

The orientation that we have been discussing falls within the tradition of gonstructivism
in cognitive research. Our interpretation of this tarm, as it is applied to learning and
instruction, is complex. We argue that there are different points in cognitive acts where
constructive mental processes occur. First, we take it as an accepted cognitive principle that
understanding involves going beyond the presented information. For example, what is needed to
comprehend a text is not solely contained in the linguistic and logical information coded in that
text. Rather, comprehension involves the construction of meaning: the text is a preliminary
blueprint for constructing an understanding. The information contained in the text must be
combined with information outside of the text, including iwast prominently the prior knowledge
of the learner, 1o form a complete and adequate representation of the text's meaning (see Spiro,

1980, for a review; also see Ausubsal, 1968; Bartlett, 1932; Bransford & Jonnson, 1972; and
Bruner, 1963).

Howaever, our approach 10 constructivist cognition goes beyond many of the key features
of this generally accepled view (see Spiro et al., 1987). The interpretation of constructivism
that has dominated much of cognitive and educational psychology for the last 20 years or so has
frequently stressed the geirigval of organized packets ot knowledge, or schemas, from memory
to augment any presented information that is 10 be understood or any statemant of a problem that
is 10 be solver!. We argue that conceptual compiexities and across-case inconsistencies in lil-
structured knowledge domains often render the employment of prepackaged (“precompiled”)
schemas inadequate and inappropriate. Rather, because knowledge will have to be used in too
many different ways for them all to be anticipated in advance, emphasis mus! be shifted from
the retrieval of intacl knowledge structures to support the construction of new understandings,
to the novel and situation-specitic assembly of prior knowledge drawn from divarse
organizational loci In preexisting mental represantations. That Is, instead of ratrieving from
memory a previously packaged “prescription® for how to think and act, one must bring together,
from various know!edge sources, an appropriate ensemble of information suited to the
particular understanding or problem solving needs of the situation at hand. Again, this is
because many areas of knowiadge have too diverse a pattemn of use for single prescriptions,
stored in advance, to cover enough of the cases that wili need 10 be addressed. (For other
discussions of issuec related 1o cognitive flexibility and “inert knowledge,” see Bereiter &
Scardamalia, 1985; Bransford, Franks, Vye, & Shsrwood, 1989; Brown, 1989; and Whitehead,
1929.)
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Thus, In Cognitive Flexibllity Theory, a new element of (necessarily) constructive
processing is added 1o those already in general acceptance, an element concemed primarily with
the flexibie use of preexisting knowledge (and, obviously, with the acquisition and
representation of knowledge in a form amenable to flexible use). (However, also see Barllett's,
1932, notion of “turning round upon one's schema.”) This “new constructivism’ is doubly
constructive: 1) understandings are constructed by using prior knowledge to go beyond the
information given; and 2) the prior knowledge that is brought to bear is itself constructed,
rather than retrieved intact from memory, on a case-by-case basis (as required by the across-
case variabllity of ill-structured domains).  (Also see Bereiter, 1985.) Cognitive Flexibility
Theory is a "new constructivist® response to the difficulties of advanced knowledge acquisition
in ill-structured domains. Nl is an integrated theory of iearning, mantal representation, and
instruction. We now turn our atienticn i that theory. (Having discussed the relationship of
Cognitive Flexibility Theory to zonstructivism, the latter term will not be used explicitly very
often in the remainder of the chapter -- but It should be understood that when we talk about
Cognitive Flexibility Theory, we are referring 1o @ particular constructivist theory.)

Uimitations of space will not permit a detailed treatment of the key features of Cognitive
Flexibility Theory in this section. Let it suffice to say that the tenels of the theory are direct
responses 1o the special requirements for atiaining advanced leaming goals, given the
impediments associaled wilh ill-structured teatures of knowledge domains and our findings
regarding specific deficiencies in advanced leamning -- knowing what is going wrong provides a
strong clue for how 10 fix it. In lieu of any comprehensive ireatment, we will discuss here one
central aspect of the theory. Then, we will show how that aspect creates implications for the
design and use of hypertext learning environments. For more detailed treatments of Cognitive

Flexibility Theory, see Spiro et al. (1987, 1988), Spiro and Jehng (1980) and Feltovich et al.
(in press).

The aspect of Cognitive Flexibility Theory that we will briefly discuss here and use for
illustrative purposes invoives the importance of multiple juxtapositions of instructional
conlent. Some other aspects of the theory wili be referred io in passing in the context of that
discussion. (Mary key tenets of Cognitive Flexibility Theory will not be mentioned at all; e.g.,
the vital importance of students’ active participation in learning). A central ciaim of Cognitive
Flexibitity Theory is that revisiting the same material, at different times, in rearranged
contexts, for different purposes, and from different conceptual perspectives is essential tor
attaining the goals of advanced knowledge acquisition (mastery of complexity In understanding
and preparation for transter). Content must be covered more than once for full understanding
because of psychological demands resulting from the complexity of case and concept entitias in
lli-structured domains, combined with the importance of contextually induced variability and
the need for multiple knowledge representations and multiple interconnectedness of knowledge
components (see Spiro et al., 1988, for justifications of all these requirements). Any single
explanation of a complex concept or case will miss important knowledge facets that would be
more salient in a different context or from a ditferent intentional point of view. Some of the
representational perspectives necessary ior undorstanding will be grasped on a first or second
exploration, while others will be missed until further exploralions are undertaken. Some
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useful connections to other instructed material will be noticed and others missed on a single
pass (with connections to nonadjacently presented information particularly likely to be
missed). And so on. Revisiting material in an ill-structured domain is ol a simple repetitive
process usetul only for forming more durable memories for what one alraady knows. For
example, re-examining a case in the context of comparison with a case diffecant from the
comparison context (i.e., the first time the case was investigated) will lead to new insights
(especially if the new “reading" is appropriately guided); this is because partially
ponoverlapping aspects of the case are highlighted in the two ditferent contexts. The more
complex and ill-structured the domain, the more there is 1o be understood for any instructional
topic; and therefore, the more that is unfortunately hidden in any single pass, in auy single

context, for any restricted set of purposes, or from the perspective of any single conceptual
mode!.

For example, consider the importance of muitiple knowledge represeniations, which is
one thing made possible by multiple passes through the same material. A key feature of ill-
structured domains is thal they embody knowledge that will have to be used in many different
ways, ways that can not all be anticipated in advance. Knowledge that is complex and ill-
structured has many aspects that must be mastered and many varieties of uses that it must be
put to. The common denominator in the majority of advanced leaming failures that we have
observed is gversimplificalion, and one serious kind of oversimplification is looking at a
concept or phenomenon or case from just one perspeclive. In an ill-structured comain, that
single perspeclive will miss important aspects of conceptual understanding, may actually
misiead with regard lo sorne of the fulier aspects of understanding, and will account for 100
little of the variability in the way knowledge must be applied to new cases (Spiro et al., 1989).
Instead, one must approach 2l elements of advanced learing and instruction with the tenet of
multiple representations at the center of consideration.

Cognitive Flexibility Theory makes specific recommendations about multir yroaches
that range from mulliple organizational schemes for presenting subject matter ..  _«uction to
multiple representations of knowledge (e.g., mulliple classification schemes for knowledge
representation). Knowledge that will have 1o be used in a large number of ways has tc be
organized, taught, and mentally represented in many ditferent ways. The alternative is
knowledge that is usable only for situations like those of initial learning; and in an ill-
structured domain that will constitute just a small portion of the situations to which the
knowledge may have to be applied.

Given all of this, it should not be surprising that the main metaphor we employ in the
instructional model derived from Cognitive Flexibility Theory (and in our related hypertext
instructional systems) is that of the criss-crossed landscape (Spiro et al., 1987; Witigenstein,
1953), with its suggestion of a nonlinear and multidimensional traversal of complex subject
matter, returning 1. the same place in the conceptual landscape on different occasions, coming
from ditferent directions. Instruction prepares students for the diversity of uses of ill-
structured knowledge, while also demonstraling patterns of multiple interconnectedness and
context dependency of knowiedge, by criss-crossing the knowledge domain in many ways
(thereby also teaching students the importance of considering complex knowiedge from many
cifferent intellectual perspeciives, tailored 10 the context of its occurrence). This should
insiill an epistemological belie! structure appropriate for ili-structured domains and provide a
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repertoire of flexible knowledge representations that can be used in construcling assemblages of
knowledge, taken from here and from there, to fit the diverse future cases of knowledge
application in that domain.

i.aA_QqnslrmmunE [ ljwmww. ; | Coanitive Flexibility T

Thus far, we have discussed the relationship between the nature of ill-structured
knowledge domains and difficulties in the attainment of advanced learning goals (mastery of
complexily and transfer 1o new situations). A principle of Cognitive Flexibllity Theory was
then introduced as one antidote 10 the problems of advanced knowledge acquisition in ill-
structured domains. Now, we will briefly point lo some of the ways that these cumulative
considerations impinge on the design and use of hypertaxt leaming environments.

First, the preceding discussion should make it reasonably clear that hyperext
environments are good candidates for promoting cognitive flexibility in ill-structured domains.
We have referred 10 the need for rearranged instructional sequences, for multiple dimensions of
knowledge representation, for multiple interconnections across knowledge components, and so
on. Fealures like these correspond nicely 10 well known properties of hypertext systems, which
facilitate flexible restructuring of instructional presentation sequences, multiple data codings,
and multiple linkages among content elements. It appears straightforward that a poplinear
medium like hypertext would be very well suited for the kinds of "{andscape criss-crossings®
recommended by Cognitive Flexibility Theory (and needed in ill-structured knowledge domains;
see also Bednar, Cunningham, Duffy, & Perry, 1991).

However, it is not that easy. Implementing Cognitive Flexibility Theory is not a simple
matter of just using the power of the computer to "connect everything with everything eise.”
There are many ways that hyperiext systems can be dasigned, and there is good reason to believe
that a large number of those do not produce successful learning outcomes (e.9., because they lead
the learner to become lost in a confusing labyrinth of incidental or agd_hoc connactions). What is
needed is the discipiine of grounding hypertext design in a suitable theory of leaming and
instruction. That is what we have done in several prototype hypertet systems derived from
Cognitive Flexibility Theory and taiiored to the known obstacles 1o advanced learning in difficult
and ill-structured domains (Spire et al.,, 1988; Spiro & Jehng, 1990). To provide some idea of
how theory informs design, consider just one very simple example of a hypertext design
decision that responds 10 an aspect ¢f Cognitive Flexibllity Theory-based logic discussed in the
last section: rearrangement of the presentation sequence of content (that has been investigated
previously), in order to produce ditferent understandings whan that content is “re-read.”

Wustrating the Theory- and Context-Based Logic of Hypertext Design

Because of the feature of conceptual instability in ili-ctructured domains (i.e., the same
¢~raentyal struciure takes on many more meanings across instanices of its use than in well-
siuctu. 2 domains), Cognitive Flexibility Theory dictates, as discussed in the last section, that
ong xind of instructional revisiling should produce an appreciation in the learner of the
varielies of meaning "shades" associaled with the diversity of uses. As Witigenslein argued
(1953), the meaning o! ili-structured concepts is in their range of yses, rather than in
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gererally applicable definitions--there is no simple "core meaning." We extend
Wwitigenstein's claim to larger units than the individual concept (e.9., complex conceptual
struclures such as a theme of a literary work). So, a feature built into our hypertexts is
conceptual structure search: content is automatically re-edited 1o produce a particular kind of
“criss-crossing” of the conceptual landscape that visits a large set of case examples of a given
conceptual structure in use. The leamer then has the option of viewing different example cases
in the application of a concept he or she chooses 10 explore. That is, the instructional content is
re-edited upon demand to present just those cases and parts of cases that illustrate a focal
conceptual structure (or set of conceptual structures). Rather than having to rely on sporadic
encounters with real cases that instantiate different uses of the concept, the leamer sees a range-
of conceptual applications close together, so conceptual variability can easily be examined.
Learning a complex concept from erralic exposures to complex instances, with long periods of
time separating each encounter, as in natural isarning from experience, is not very efficient.
When ill-structuredness prevenis 1eliing in the abstract how a concept should be used in
general, it becomes much more important to show together the many concrete examples of uses.
In sum, a hypertext design teature is incorporated as a response 10 a leaming difficuity caused
by a characleristic of ill-structured knowledge domains. (Of course, the issue of example
selection and sequencing in concept instruction has been dealt with before, e.g., Tennyson &
Park, 1980. What is nove! aboul the present approach is the particular way that this issue is
addressed and the kinds of higher-order conceptual structures that are studied. Even more
imponiant is the fact that that single issue is addressed within a larger, integrative framework.
That is, the treatment of conceptual variabilily is just one aspect of a complete approach in
which the diverse aspects are theoretically united.)

Following this same kind of Icgic, we will sketch briefly some of the other ways that
hypertext design features can be made to match the goals of advanced learning--under the
constraints of domain ill-structuredness and according to the tenets of Cognitive Flexibility
Theory. For this purpose we will use one of our Cognitive Flexibility Hypertext prototypes,
Exploring Thematic Strycture in Citizen Kane (Knowiedge Acquisition in Nonlinear
Environments--"KANE," for short; see Spiro and Jehng, 1990, for details), which teaches
processes of behavior interpretation in a post-structuralist mode (e.g., Barthes, 1967).

KANE is a learning environment that goes beyond typical instructional approaches to
literary interpretation thai too often settle on a single, integralive understanding ("The theme
of Citizen Kane is X."). Instead, students are shown that literary texts (in this case a videodisc
of a literary film) support multiple interpretations, the interpretations combine and interact,
they take on varying senses in different contexts, and so on. For example, the issue of
conceptyal vagapility that was discussed above is addressed by providing an option that causes
the film 1o be re-ediled 1o show just those scenes thal illustrate any selected concepl.  *“eme
of the Kane character (e.g., " Wealth Corrupts®). Using this option, the learner could, fu
example, see five scenes in a row, taken from various places in the film, that illustrate
different varieties or “flavors® of the "Wealth Corrupts® theme. Each scene essentially forms a
miniature gase ni ihe Kane character's behavior that illustrates the targeted theme. (Although
the student is assumed to have already seen the film one or more times--1his is advanced
knowledge acquisition for Citizen Kane--the nonlinear presentation may still occasionally
confuse. Therefore, to deal with this and other kinds of out-of-sequence criss-crossings, a
design feature of Cognitive Flexibility Hyperlexts is the provision of optional background
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information on the contexts immediately preceding the one being explored.) Bscause of the
inability of abstrac! definitions (as might be construed for a theme such as "Soulless Man") 10
cover conceptual meanings-in-use in ill-structured domains, supplementary guidance about
the way meaning is used in a particuiar situation (Brown, Collins, & Duguid, 1989) is
required. This is provided for in KANE by giving the learner the option of reading an expert
commentary on the special shade of meaning associated with the conceptual theme, as applied to a
scene, immediately after the scene is viewed. These functional and context-sensitive
(paniicularized) definitions exptain why the scene is considered to be a case of a theme such as
*Wealth Corrupts.” Note that a paricularized representation of meaning is not the same as a
dictionary sense of a word: the latter refers to ditferent sub-types ot a word's meaning, but
with an implied similarity or overlap across instances of the same type--so there is iess need
10 1ailor 1o the individual case; in contrast, particularizing, as we mean it, implies &
representation of a concept that is necessarily expressed in terms of an instance of usage (case,
example, scene, occasion of use), as required in an ill-structured domain. Commentaries also
include information about knowledge access: what cues in the case context should provide a “tip-
oH" that a particular concept might be relevant for analyzing a case--if one can not access
relevant conceptual information in memory, this knowledge will not be useful on subsequent
occasions.

The commentaries also provide cross-referances to piher instantiations of the concepiual
siruclure that constitute an instructionally efficacious set of comparisons (e.g., other

cases/scenes in which eithar a roughly similar or saliently different paricularized sense of
that conceptual theme occurs). The guiding commentaries also include another important kind
of cross-reference, namely to other conceplual themes that have interpretive relevance in
accounting for the same case of Kane's behavior, concepts that jnteract with and influence the
meaning of each other in that scene. (Note that these different kinds of cross-references
counter the reductive tendencies toward comparimentalization of concepts and their cases of
application that we have found to be harmful in advanced leaming.) Thus there is a double
particylarizalion in Cognitive Flexibility Hypertexts: the generic conceptual structure is
particularized not only to the contex! of a specific case, but aiso to the other concepts
simultaneously applicable for analyzing that case. That is, 6ach case or example is shown to be a
complex entity requiring for its understanding mulliple conceptual representalions. with the
role of pon-additive conceptual interdependencies highlighted.

Each of the conceptual themes used in KANE is itsell a wide-scope interpretive schema
that has been argued for in the secondary literature on the film as being the most imporant
theme for understanding the character of Kane. In reality, however, an ill-structured domain
has no single schema that is likely to cover everything of interest for an individuai case, nor is
any schema/theme/concept likely to dominate across a wide range of cases. Therefore, the
greater the number of such broad-gauge schemata that are avallable (and KANE provides ten),
the greater the utility for understanding in two senses. First, there will be adequate coverage of
the complexity of an individual case by an appropriately diverse get of schemata (something
which is also modeled in KANE by the simultaneous display of all the relevant conceptuai themes
in each scene). Second, the likelihood is increased that the most apt set of conceptual schemata
will be cognitively available for understanding any one of the highly diverse new cases that will
be encountered in an ill-siructurad domain--the more conceptual structures there are to
choose from, each a powerful schema itself and each taught in its complex diversity of patterns
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of use, the greater the chance that you will find a good fit to a given case. A related virtue is that
configurations of combinations of conceptual structures are thereby dernonstrated; since
multiple conceptual representations will be required for each instance of knowledge application,
the ability to combine conceptual entities and 10 recognize common patterns of their
combination is crucial. The process of situation-specific knowledge construction, so important
for transfer in ill-structured domains, is thus supported in at leas! two important ways: the
processes of adaptive knowledge assembly are demonstrated, and the fiexible knowledge
structures required for this assembly are acquired. Furthermore, as users of the program
shift over time into more of a "free exploration® mode, where they independently traverse the
thernes of the film in trying to answer questions of interpretation (posed by teachers or
themselves), their active participation in learning the processes of knowledge assembly
increases.

Flexible tools for covering content diversily and for teaching knowledge assembly
combine to increase the resources available for future transfer/application of knowledge (e.g.,
interpreting a scene that has not yet been viewed or assembling prior knowledge to facilitate
comprehension of a critique written about the fim). By making many potential combinations of
knowledge cognitively available--either by fetrieval from memory or by context-sensitive
generation--the learner develops a rich palette to paint a knowledge structure well fit to
helping understand and act upon a particular case at hand. This is especially imporiant in an ill-
structured domain because there will be great variety in the demands on background knowledge
from case to case (and with each case individually rich in the kncwledge blend required).

This discussion could continue for many other features of hypertext learning
environments ihat are specifically derived from Cognitive Flexibility Theory. What would be in
common across any such discussion is that each feature couid be shown 10 have the following
purpose: to counter an advanced learning difficulty endemic to ill-structured domains.

435 Concluding Remarks

We have just discussed a few of the many kinds of revisitings of instructional content in
rearranged contexts that are implied by Cognitive Flexibility Theory and embodied in our
hypertext systems. However, our goals in this chapter were necessarily limiied. Our purpose
was merely o begin 1o illustrate the way design features of a particular kind of compuier
learning environment are related to cognitive and instructional theories that are themselves
based on the problems posed by the interaction of learning objectives and characteristics of ill-
structured knowledge domains. That is, our intention was 1o illustrate a way of thinking about
the design of hypertext leamning environments that is sensitive 1o and dependent upon the
cognilive characteristics necessary for advanced knowledge acguisition in ill-structured
domains. In particular, these are the characteristics of the "new constructivism® that we
discussed earlier and that are properties of Cognitive Flexibility Theory. The realm of
conslructive processes must be taken beyond the retrievai of knowledge structures from
memory (lor the purpose of "going beyond the infermation given® in some learning situation),
to also include the independent, flexible, situation-specific assembly of the background
knowledge structures themselves.
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In sum, we consider our work to be moving toward a systematic theory of hypertext
design to provide flexible instruction appropriate for developing cognitive flexibility. We have
called the instructional theory that is derived from Cognitive Flexibility Theory and applied in
flexible computer learning environments Bandom Access Insiruction. It, angd the developing
hypertext theory, is laid out in considerable detail in Spiro and Jehng (1990). We are
encouraged so far about the robusiness, systematicity, and generality of our hypertext design
principles, in that they have been applied in very similar ways 10 develop hypertext prototypes
in domains as diverse as cardiovascular medicine, literary interpretation, and military
strategy. Preliminary data on the effectiveness of these Cognitive Flexibility Hypertexts are also
encouraging. For example, Jacobson and Spiro (1991a) investigated two different design
approaches for structuring a hypertext learning environment to provide instruction in a
complex and ill-structured domain (the social impact of technology). The results of this
experiment revealed that while the design that emphasized the mastery of declarative
knowiedge led to higher performance on measures of memory for presented facts, the design
based on Cognitive Flexibility Theory (which highlighted different facets of the materia! by
explicitly demonstrating critical interrelationships between absiract and case-centered
knowledge components, in mulliple contexts on ditferent passes through the same content)
promoted superior fransfer to a new problem solving situation. More empirical testing is
clearly required, and numerous other issues of hypertext designh remain to be discussed.
However, those are slories for another time.

4.3.6 Footnote o Chapter

The main contributors to this chapter were Rand J. Spiro, Paul J. Fellovich, Michael
J. Jacobson, and Richard L. Coulson.
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4.4 Cognitive Fiexibility, Randr.m Access Instruction, and Hypertext:
Theory and Technology for the Nonlinear and
Multidimensional Traversal of Complex Subject Miatter

In the preceding chapter, we provided a rationale for hypertext instruction in ill-
structured domains, and we introduced our hyperiext approach and sketched some of its
features. In the present chapter we will present an extended and detailed statement of our novel
theoty of hyperiext design. We will clearly demonsirate the basis in cognitive and instructional
theory, derived from our own work (as discussed throughout the preceding sections of this
Repori) and the work of others, for the design decisions made in building what we call Cognilive

441 |Introduction

Traditional methods of instruction rely upon linear media (e.g., textbooks and lectures).
Linearity of media is not a problem when the subject matter being taught is well-structured and
fairly simple. However, as content increases in complexity and ill-structuredness,
increasingly greater amounts of important information are lost with linear approaches and the
unidimensionality of organization that typically accompanies them. The advent of random access
computer technologies makes practicable new forms of nonlinear and multidimensional learning
and instruction that are better suited 10 conveying complex contenl. For example, it becomes a
straightforward matter to revisil the same content material in a variety of different contexts,
with each visit bringing out additional aspects of that content's complexity that are missed in the
single pass of linear coverage. We use the expression “random_access instruction™ to refer to a
cluster of fundamenial issues brought into play by nonlinear learning with random access
media. This chapter discusses a unified theoretical approach te those fundamental issues, an
approach that provides a foundation of principles to guide random access instruction.

The research to be discussed in this chapter illustrates aspects of a general theoretical
orientation o knowladge acquisition and application in complex conient domains, Cognitive
. Elexibility Theory (Spiro, Coulson, Feltovich, & Anderson, 1988; Spiro, Vispoel, Schmitz,
Samarapungavan, & Boerger, 1987). We will argue for the suitedness of this theory to the
special needs of random access instruction. The generality cf the theory is attested to by the fact
that it has been applied in roughly the same way to such diverse areas as literary
comprehension and interpretation, biomedical cognition, history, and military sirategy
(Feltovich, Spiro, & Coulson, 1989; Spiro, Feliovich, Coulson, & Anderson, 1989; Spiro et al,,
1987, 1988).

Although the present chapter is primarily concerned with the application of theoretical
issues of advanced learning on compiex topics 1o a pariicular insiructional approach, there will
also be a focus on one illustrative context for that discussion: & computer program in the area of
literary comprehension and the understanding of complex patterns of individua! behavior.

Again, though, the chapter has a general theorelical point, not limited 1o the one area chosen 1o
illustrate the theoretical concerns. The interes! of this domain for the military takes several
forms: First, its slructure is like other ill-structured domains (including the military
strategy of the indirect approach; see Chapter 4.6), so the lessons leamed from this managable
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first step provide direction for more complicated succeeding steps (e.g., that in Chapter 4.6).
And the managabilily of this domain makes it ideal for instantiation of detailed developments in
the cognitive and instructional theory, as will be seen throughout this chapter. Second, the
program makes use of videodisc, a technology of great interest to the military. Third,
predicting and explaining complex behavior has some direct military relevance (e.g.,
interpretation of an opposing commander's personality as it relates to his actions, which is a
very difficult thing tc train in military intelligence).

Because the meaning of complex real-world situations, as well as literary works,
transcends the mere chronicling of the events they contain and also tends not to be reducible to
any single interpretation, representation of pafierns of thematic deployment often form the
most uvseful scaffolding for their comprehension (rather than a single event-oriented schema).
For example, a literary work usually contains many themes and symbolic structures. A given
theme is likely to be used in diverse ways, be relevant at irreguiar intervals throughout the
work, and form intricate patterns of combination with the other themes. We argue thal mastery
of complexities such as these, which are tound in all rich content domains, is greatly facilitated
by the kind of guided noniinear and multidimensional explorations typified by the instructional
program (based on Cognitive Flexibility Theory) discussed in this chapter. (Furthermore, we
have accumulated considerable evidence that more advanced understandings of this kind tend
very frequently po! to be successfully attained in typical instructional settings--see, for
example, Feltovich et al., 1989 and Spiro et al.,, 1988, 1989.)

The project that is the primary focus of this chapter uses a random access (i.e.,
interactive, programable) videodisc of the complexly structured classic film Cltizen Kang
(Welles & Stein, 1984). A large number of short segments drawn from several scenes of the
film have been closely analyzed for their patterns of instantiation of the film's thematic and
symbolic structure. This analysis forms the basis for a very large number of
compuler-generated re-editings of the segments as a function of their patterns of thematic
relatedness. In one use of the program, after students/subjects see the tull scenes in their
natural sequence, they are then exposed 1o variously rearranged traversals of the scenes in
ditferent contextual arrangements. Commentary is appended explicating the thematic and
symbolic contrasts illustrated by each traversal (i.e., each thematically based re-editing of the
scenes).

This use of programable video to construct muitiple 'iexts’ is intended to prepare
learners (better than instruction with a standard linear schema for the film wouid) to go
beyond the ability to merely reproduce the instruction they received, and instead 1o be able to
independently apply the instructed knowledge 1o new situations that ditfer in their
characteristics from those of initial learning. That is, the goal is transier. An example of a
transfer goal that the program is intended 1o facilitate is an improved ability to comprehend
scenes from the film that have pol yet been seen. Or the knowledge acquired from instruction
should serve more effectively as background knowledge to support the comprehension of critical
texts writton about the film. It is also hoped that more genetal transfer might occur: by having
the need for complex analysis of literary works clearly demonstrated to students, they will be
more likely 10 avoid typical tendencies toward oversimplification in other literary works; and
by fostering skill in the processes of complex texl-based interpretation, the students should be
betier able 1o carry out the more complex analyses of new works. More generally still, this
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instructionat program could be combined with similar ones developed in other domains to form a
staging ground to alert students to generic hazards of oversimplification and to prepare them to
deal with complexity across domains. (Note that an aspect of the instructional approach that is
considered crucial for transfer but that receives less attention here is the active involyement of
the learner. The role of student particiipation and exploration becomes clearer in the detailed
example presented later in the chapter.)

442 Plan of the Chapter and Overview

The chapter begins by posing a set of probiems for cognitively based theories of learning -
and instruction. These problems revolve around a concern for advanced knowledge acquisition
(i.e., post-introductory learning) in a content area. At advanced stages of knowledge acquisition
content becomes more complex and the relationships across the cases that knowledge has to be
applied to become more jregular. We call domains that have these features of content
complexity and irregularity of application contexts jll-structured domains. At the same time
that greater ill-structuredness must be dealt with by advanced learners, the goals of learning
shift: (a) from the attainment of superficial familiarity with concepts and facts to the mastery
of imporiant aspecis of conceptual complexity, and (b) from knowledge reproduction 10
knowledge use (transfer, application). (See Fellovich et al., 1989 and Spiro, el al., 1988,
1989, for detailed discussions of advanced knowledge acquisition.)

After presenting a brief discussion of problems in dealing with advanced knowledge
acquisition in ili-structured domains, we present a remedy: the *Cognitive Flexibility Theory"
of learning, knowledge representation, and knowledge transfer. By “cognillve flexibility" we
mean the ability to spontaneously restructure one's knowledge, in many ways, in adaplive
response to radically changing situaticnal demands (both within and across knowledge
application situations). This is a function of both the way knowledge is raprasented (e.q., along
multiple rather than single conceptua; dimensions) anc the processes that operate on those

mental representations (e.g., processes of schema gssembly rather than intact schema
retrieval).

We then discuss the instructional approach systemaiticaily derived from that theory and
implemenied in compuier learning environments, the "Cognitive Flexibility Hypertext®
approach 1o random access instruction. Key features of the approach are illustrated by a
functioning hypeitext prototype that teaches aspects of the complex multithematic structure of
the film Citizen Kane using random access videodisc. The generality of the approach will be
underscored by a brief presentation of highlights of Cognitive Fiexibility Hypertext prototypes
in other domains (e.g., cardiovascular medicine and military strategy).!

We will be especially concerned with how the knowledge representations that are buiit
by using programs like KANE support the application of old knowledge in new situations. We
stress the process of situation-dependent schema assembly as agains! the views of schema
theories that depend upon the mere retrieval of precompiled generic knowledge structures that
are monolithically superimposed on the concrete case at hand. The latter approach is simply 100
unwieldy 10 support transier when there is a lol of complexity in the individual case of
application and when cases vary considerably, one to the next. If you may have 10 use knowledge
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in many ways, in a diverse set of circumstances, you cannot rely on a small number of rigidly
prepackaged schemas (see Schank, 1982, as well).

A note on hyperexi. The term hyperext refers to computer-based texts that are read in
a nonlinear fashion and which are organized on multiple dimensions (see Marchionini, 1988,
for a review). The same material (which can be any kind of randomly accessable medium, e.g.,
text, video, audio) is capable of being explored in different ways, with the ditferent expioration
paths producing what are essentially mulliple texts for the same topic. We will have much
more to say about hypertext later in the chapter--in particular about how the features of our
approach avoid problems commonly found in other hyperiext systems, such as the problem of
pre-stored links and the problem of getting lost in a labyrinth of connections between ideas.
For now, however, it is worth pointing out that the oultline of the chapter just presented also
corresponds to a systematic response to widespread problems in the development of hypertext
learning systems. In particular, work on hypertext has tended to be atheoretical, driven by the
power of the technology rather than by a clear sense of how o respond to two key issues: (a)
the s1ages of learning and purposes of learning for which this unfamiliar kind of instructional
environment may be best suited--not all kinds of learning require so complex and potentially
confusing an approach; and (b) the cognitive psychology of nonlinear learning--hypertext
systems would be easier to use and would support greater educational attainment if they were
systemalically designed in accordance with a theory of how the information wili be processed,
mentally represented, and later used (see Spiro, et al., 1988). This chapter can be thought of
as being sequenced o correspond to these questions about hypertext (as well as forming a
natural sequence for the presentation of problems of advanced learning and their solutions--as
described in the overview).2

Our answer 1o the questions that we said should be posed for any hypertext systems a2
that they are best suited for advanced learning, for transfer/application learning goals
requiring cognitive flexibility, in complex and ill-structured domains--rather than
introductory tearning, for memoty tests, in simpler domains. ([Incidentally, we were able to
avoid the endemic atheoretical approaches to hypertext development only because of a fortunate
coincidence of sorts: our work on the cognitive psychology of learning for transter in ill-
structured domains happened to precede our interest in computer-supported instruction
(Spiro, 1980; Spiro & Myers, 1984; Spiro et al., 1987).)

\ .
III-SMWWW ive Flexibili  Knowledge Transf

Two important things happen as you move beyond the initial introcduction 10 a content
area 10 more advanced stages of knowledge acquisition in that area: (1) the conceptual content
tends to become more complex and the basis of its application more ill-structured; and (2) the
goals of learning and the criteria by which learning is assessed shift (or shoyld shift): (a)
from superficial or introduclory level familiarity with concepts 1o the mastery of jmportan;
aspects of complexity (despite their difficulty); and (b) from accurate reproductive memory
and imitative rule-following for instructed material to the ability to apply what was taught in
new and greally varying contexts--knowledge transfer.3
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What do you have 10 do 10 attain a deep undersianding ol & complex concept, to "get it
right"?4 What has to be done o be ready 10 apply conceptual knowledge in a domain where the
phenomena occur in irregular patterns? How can one be prepared to use knowledge in the great
variety of ways that may be raguired in a rich domain? Unfortunately, the indications are that
what should be done in all of these cases is very often just the gpposile of what tends to be done
in conventional instructional practices (Spiro et al., 1987). Learning and instruction for
masiery ot complexily and application in a complex and ill-structured domain gannot be
comparimentalized, linear, uniperspectival, neatly hierarchical, simply analogical, rigidly
prepackaged (Spiro et al., 1987. 1988). Yet it much oo often is, and the result is the
development of widespread and serious misconceptions and difficulties in knowledge application -
(Feltovich et al., 1989; Spiro et ai., 1988, 1989). This is because complex and iil-structured
knowledge domains are characterized by such features as nonuniformity of explanation across
the range of phenomenz to be covered, nonlinearity of explanation, honadditivity following
decomposition, context-dependency, irregularity of overiap patterns across cases (reducing the
effectiveness of prototypes and simple analogies), absence of wide scope defining features for
category application, and so on (see Spiro et al., 1987, 1988, for discussions of domain
itl-structuredness).

We have shown in a number of studies that the learning of complex content materia! in
ill-structured domains requires mulliple representations--multiple explanations, multiple
analogies, mulliple dimensions of analysis (see, for example, Spiro et al., 1987; aiso see
White & Frederiksen, 1987). Mental representations need 1o be open rather than rigid and
closed; nonlinear instructional sequences need 10 be followed to avoid missing key points;
assumptions of regularity and homogeneity have to be replaced by acknowledgement of
irregularity and heterogeneity. Learning that has these characteristics of openness and
plurality produces cognitive flexibilily: the ability 1o adaplively re-assemble diverse elements
of knowledge 1o fit the particular needs of a given understanding or problem solving situation.
In an ill-structured domain, one cannot fit the wide variety of real-world cases of a given type
that will be encountered to the same "plaster-cast” knowledge structure (although a common
failing of advanced learners is that they will try very hard to do this).

Standard technologies (e.g., books, lectures, etc.) are not we!l suited to these
requirements for the development of cognitive flexibitity. But the problem goes beyond the
limitations of traditional instructional technologies: fhegties of cognition and instruction 100
often focus either or introductory learning or advanced learning in well-structured domains.
They therefore have {eatures thal are antithetical to those required 1o deal with the complexities
that need 1o be mastered at advanced stages of knowledge acquisition, as described above. (See
Spiro & Myers, 1984 and Spiro el al., 1987 for discussions of limitations of earlier versions of
schema/frame/script theories. Cognitive Flexibility Theory is a response 10 those limitations.)

Actually, although there has been considerable research attention devoted to differences
between experts and novices, the intermediale slage of advanced knowledge acquisition that
bridges between novicehood and expertise rernains litlle studied. This neglect has had serious
consequences given the indicalions from our research thal characteristics of early learning are
inimical to advanced knowledge acquisition--many of the strategies of learning and instruction
that are most successful in introductory learning (e.g., the use of analogy) form impediments to
the eventual development of more sophisticated understandings (Feltovich et al., 1989; Spiro et
al., 1988, 1989). So, new theories are needed, as well as new technologies appropriate to
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those theories. In the next section we first discuss Cognitive Flexibility Theory and then the
technological instructional orientation derived from that theory, the Cognitive Flexibility
Hypertex: approach.

Mwmﬁwﬂmmm:_.: 0 C (Land

The central metaphor of Cognitive Flexibility Theory is the “criss-crossed landscape.”
The metaphor derives from Witigenstein (1953) who, in his preface to the Philogsophical
loyestigalions, despaired that ali of his attempls to weld his complex ideas into a conventionally -
unified exposition, 1o force his ideas in any single diraction, crippled those ideas. Rather than
reducing the complexity of his ideas for purposes of expositional elegance and (spurious)
theoretical parsimony, he opted instead to write a different kind of book. He would treat the
philosoprical topics that were his subject as forming a complex landscape, and he would sketch
those topics as siles within the landscape. He would then arrange these sketches of local regions
of the langscape to form a kind of album. The sequences in the "album® would represent
different traversals of the (conceptual) landscape. So in order to insure that the compiex
landscape would not be oversimplified, he would endeavor to "criss-cross” it in many
directions; that is, the same sketches of specilic issues (or cases) would reappear in different
contexis, analyzed from different perspectives.

Although Witigenstein did not explicitly make the {following claim, it seems likely he
would agree ‘and in any case we argue) that since the complexity of a single region (issue,
example, case) in a iandscape would not be fully graspable in any single contexi, its full
multifacetedness would be brought out by rearranging the sequence of skeich presentations in
the album so that that region would be revisited from a variety of vantage points, each
perspective highlighting aspects of the region in a somewhat different way than the other
perspectives. A synoptic view of the complexity of the conceptual landscape would cumulatively
emerge over a number of traversals--the richness of the subject matter would not be crippled
if the content was examined in many different ways.

Cognitive Flexibilily Theory generalizes Witlgenstein's metaphor of the criss-crossed
landscape to apply 1o any compiex and ill-structured knowledge domain. Furthermore, the
metaphor is extended beyond Witlgenslein's concern for exposition (i.e., a style of writing). We
use the metaphor to form the basis of a general theory of learning, instruction, and knowledge
representation. One lgatns by criss- crossing conceplual landscapes; instruction involves the
provision of learning materials that channel mullidimensional landscape explorations under the
active initiative of the iearner (as well as providing expert guidance and commentary to help
the learner to derive maximum benefil from his or her explorations); and knowledge
representalions reflect the criss-crossing that occurred during learning.

By ciiss-crossing lopical/conceptual landscapes, highly interconnected, web-like
knowledge structures are buill that permit greater fiexibility in the ways that knowledge can
potentially be assembled for use in comprehension or problem solving. The likelihood that a
highly adaptive schema can be assembled to fit the particular requirements for understanding or
acting in the situation at hand is increased. In other words, the range of differing situations that
the knowledge could be transferred to is increased. In ill-structured knowledge domains, with
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their great heterogeneity across potential instances of knowledge application, this fiexibility is
essential. Since one cannot have a prepackaged knowledge Structure for every situation that
might be encountered, the emphasis must shift from [niact schema rettiaval to flexibility of
situation-specific schema assembly (see Spiro et al., 1987, 1988). By criss-crossing a
conceptual landscape in many directions, knowledge that will have to be ysed in many ways is
1aught in many ways.

MWWWW s} T T . T on for Coanilive Flexibiity Made Possinle ¢
Computers

Clearly, Cognitive Flexibility Theory, with its emphasis on repeated presentations of the
sarne material in rearranged instructional sequences and from differant conceptual
perspectives, is mosi efficiently impiemented in delivery systems with random accress
capabilities (e.g., programable videodisc, as in the program discussed in this chapter). The
"random access instruction” impiementation of Cognitive Flexibility Theory acts as an anlidole
1o the various forms of failure in advanced knowledge acquisition frequently associated with
traditional learning and instruction (Coulson et al., 1989; Feltovich et al., 1989; Spiro et al.,
1988). If typical approaches have overlinearized, one can construct nonlinear presentations.

If material has been presented from just one point of view, one can re-present it from different
points of view. Cases that have been slotted in a rigid hierarchical structure can be repeatedly
re-presented to attain heterarchical or montage-like structural representations. |If partially
overlapping exemplars have been indiscriminately lumped under one category in a way that
causes important dilferences among them to be missed, one can demonstrate the diversity
amongst the similarity. Or, if exemnplars that partially overlap in important ways have been
separated into different conceptual categories, the similarity amongst the diversity can be
demonstrated. If aspects of knowledge have been overly comparimenialized, their insularity can
be overcome by joint presertation. If decomposed elements are not additively assembiable, they
can be reassembled with a more complex combinatory kegic. !f an old example/case is employed
too monolithicaily as a precedent for a new one, you can decompose examples and then recombine
aspects of different examples tc achieve the most accurate (the most closely fitting) set of
muitiple precedents for understanding in a new situation.

We call the computer-based instructional programs derived from Cognitive Flexibility
Theory and built to carry out such ops tions as those just listed Cognitive Flexibility
Hyperexis.

A note on what kind of hypertext we are talking aboul. The Clizen Kape program and the
other Cognitive Flexibilily Hypertexts have a specialized function--they are concerned with
struciural characteristics of the cases they try to provide help in understanding. Rather than
trying to prcvide a diverse and entertaining experience, they are irying to simulale experience,
insofar as structural aspects of experience are relevant to the knowledge representations that
mus! be developed to support cognitive processing of subsequently encountered cases. The
presented material is only that which is needed to form a fairly full representation of a case's
internal struclure. We are not saying that other material, such as information about an author
(or the director of Cilizen Kane) would not be helptul as well. It is simply our intention to deal
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with one important and difficull aspect of the hypertext problem: having the hyperiext convey
complex knowledge structural characteristics.

A note on the use of the terms “random” and “fliexible” Two poiential misunderstandings
shouid be mentioned. First, the designation “random"” is pol intended 1o denote an absence of
sysiematic structure underlying the instructional approach. Far from it: there is an abundance
of structure in Cognitive Flexibility Hypertexts, albeit a highly muitidimensional and weblike
structuration. The randomness concems the computer system's ability 1o utilize the underlying
structure in a great variety of ways and without inconvenient delays (as whsn you need to fast-
forward videotape to get to a distant segment). The same information is easily accessed in
various combinations with other, perhaps distant information in a large humber of different
contexts.

Second, by promoting cognitive flexibility we are nol advocating an “anything goes"
mentality. To say, for example, that a text may support multiple alternalive interpretations is
not to say that interpretations may be offered without warrant. Learners must always be
encouraged to lind evidence for their claims; & strength of our systems is that their structure
and operation make the search for evidence more manageable.

ovond acce A . o o . - the
lgammg_am_mmmmm We reler 10 the systems that we hava built as 'hypenexts because
of their nonlinear and muitidimensional nature. (See Marchionini, 1988, for a review of
hypertext work.) However, we wish 10 emphasize again (see the earlier *note on hypertext”)
our belief that the debate on the hypertext notion has been 100 narrowly concemed with issues
such as data access and too little concerned with the atheoretical character of much of the
hypertext work (Spiro et al.,, 1988). We bealisve that it is vitally important that hypertext
development nol be divorced from underlying theories of cognition &nd instruction. We must
know more aboutl how people think and learn in the radically novel form required by hypertexts.
We offer Cognitive Flexibility Theory and its extension 1o random access instruction as a
grounding for hypertext approaches. Furthermore, we do not believe the additional cognitive
load placed on learners by nonlinear instruction is always desirable. In more well-structured
and simple knowledge domains, and, perhaps, in some introductory learning, the disadvantages
of hypertex! approaches may outweigh their advantages, &+a traditional approaches are likely 1o
be more efficient and etfective. We contend that hyperte «is should be used primarily in those
situations where traditional approaches would interfere with the goals ot knowledge acquisitior,
namely, for advanced learners striving to master complexity and prepare for transfer in
ill-structured knowledge domains.

‘ . _
Hl.ﬁ*-“i-—A. Emmwml . I IS . Domain.
An Example of Random Access Instruction

The Cognitive Flexibility Hypertext, "Exploring Thematic Structure in Citizen Kane®S
(referred 1o by the shorthand designation "KANE," which can also ba read 1o stand for

“Knowledge Acquisition by Noplinear Exploration™), is a random access instruction approach to
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advanced understanding of the behavior of the central character in the film, behavior that has a
complex and subtle structure. Segments of the film, combined with text, are systematically re-
presented at different times, in difterent content combinations, in different sequences. The
resull of these rearrangements is mulliple ‘texts' about the fiim, for diferent learning
purposes, produced by automalic computer re-editing. The program has been designed for use
by advanced high schoo! students and college students. The intent of the program is to go beyond
traditional instructional approaches that tend to be overly linear, one- dimensional in their
abslractions, and, in general, reductive of the complexity found in literary works. In addition
1o the goal of fostering advanced understancings of this specific film, the more general intention
is to demonstrate to students the compiex nature of literary comprehension and to help students -
to begin to build a more adequate repertoire of cognitive skills for the processing of complexity
and for the applicatiorviransfer of complex knowledge to new situations. The work on KANE is
part of a larger research program whose goal, currently being explored in several domains, is
to discover general principles of effective advanced learning and instruction for complex
subject matter.€ [in addition to iheir intended use in advanced knowledge acquisition, the
hypertext programs can also function as helpful research tools for expert specialists, and of
course, in experimental studies of nonlinear cognition and instruction.}

Al this tlime, the KANE program does not try 10 teach all aspects of the film. Rather, our
more restricted current focus is a case-based understanding of the internal "semantic®
structure of the film, particularly as it bears on the Kane character (i.e., his motivations,
values, beliefs, and so on). (Obviously, if we wanted to be more ambitious and teach the entire
film, rather than just the complex makeup of its main character, the fiim's convoluted
narrative style and many technica! innovations would be ideally suited to the rendom access
approach.) Also, at this time the program uses a preestablished underlying structure, aibeit a
highly complex, pluralistic, and flexible one. Upcoming versions will incorporate more options
for users to generate their own structural schemes in addition to those provided for them.
However, the current version does allow users considerable leeway in the secondary structures
that they may add to the provided uriderlying structure; and freedom of student-initiated
expioration of the landscape as it is complexly mapped by the provided structure is a key
feature of the program (as its title indicates). As will be illustrated later, the provided

underlying structure retains the potential for quite considerable openness in the interpretation
of the work (Barthes, 1967).

The foilowing is a brief description of the program intended tc provide just enough
familiarity with its operation 1o form a context for the discussion of the theoretical
implications of the program's features that comes after this context-setting section. It is
important 1o remember that the main intent of this chapter is to present our theoretical
perspective and the systematic approach to computer-supporied instruction that follows from
the theory; discussion of the KANE program pgr se is not the purpose of this chapter.
Accordingly, the reader interested in more information about KANE is directed to a more
detailed, archival description of ithe program that will appear in another paper.
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Before going any further, however, an important disclaimer should be noted: Given the
limitations of space, the accumulation of a critical mass of highly interconnected knowledge by a
large number of "landscape criss-crosses® cannot be fully lllustrated here. The examples that
will be discussed can give only the faintest hint of the experiences provided by more extended
exposure.

Preliminaries. It should be kept in mind that KANE is an advanced knowledge acquisition
environment, not a tool for iniroductory learning. Thus, in the initial phase of working with
the program, it is expected that students (college or advanced high school) will have already
watched the film in its natural sequence at least once and preferably two or more times to
become very familiar with ii, and that they will have been thoroughly introduced to the major
themes--before you can "play* with content, examining it in a variety of new and interesting
ways, the conlent to be played with must be well learned.

Ihematic organization: Multipie wide-scope *schemas of the whole®. For the main
instruclional part of the progrzam, an extensive and detailed thematic analysis was carried out of
Side Two of the Cilizen Kane videodisc, containing several scenes and lasting approximately 30
minutes. The analysis was based on ten themes chosen for their prominence in the critical
literature on the film. The themes have 'yide scope: each theme has been put forward by some
experls as being capable of providing a complete account of the Kane character's behavior,
motivations, failings, and so on. In a sense, each of these complex and powerful themes has been
thought of by some subset of expert analysts as providing a complete schema for understanding
Kane. Examples of themes include: “Hallow Man™ (Kane's inherent soullessness), ‘Wealth
Corrupts,” and "Outsized Ambilion.” Additionally, two of the themes involve Kane's
relationships to important symbolic characters in the film, Leland and Thatcher. The course of
Kane's development can be conceplualized as a dynamic movement towards and away from a
complex of features crystallized in those characters (roughly: populism, friendship, and
principled behavicr for Leland, and wealth and emotional detachment for Thaicher).

As will be seen later, the use of several comprehensive themes makes it more likely that
an appropriate one (or subset combination) will be availabie to be adaptively fit to the
particular needs of siluations encountered in the future. Furthermore, the variability of usage

of each theme is stressed in mstrucuon (see the duscussmn of variability in concept
applncatmn) So, knowle 3 acililate 3 a large :

ﬁgxmlg_manum The use of muluple orgamzmg perspectlves/schemas in the Instrucuonal
program is an illustration of one of the most important recommandations of Cognitive

Flexibility Theory: yse mulliple representations for advanced knowledge acquisition in ill-
struclured domains.

The choice of themes does not involve an especially delicate selection process. In an ill-
slructured domain, more schemas are betler than less; so each time you add another credible
schema you are adding to the scope of coverage. (Again, each of the themes could be treated as a
full schema. The themes will also be called concepls at times. See footnote 4 for a discussion of
the terminology used in this chapter.) Therefore, there is no need to adjudicate between
allernative wide-scope schemas offered by different experts, discarding some because they are
not as "good" as others. In an ill-structured domain any widely supported candidate schema is

138




likely to be useful on many occasions and less relevanti on others--they are all “correct,” but
only to a limited exienl. The more of them you have, the more likely you will be 1o have an
available subset that is aspecially useful for the needs of procassing some new case (keeping in
mind that in ill-structured domains there is considerable variability across cases and each case
is individually complex). By the time you get up to 10 or so wide-scope schemas, a lot of
territory has been covered (certainly much more than with just one schema). So, given the
need for an expansive theme selection policy (the theory requires that as many credible
perspectives as possible be incorporated up to limits of cognitive tracking capacity, to suppon
future knowledge transfer), there is little pressure to choose between competing themes for
inclusion in the instructional program. In any case, any theme list will be insufficient by itself-
given the necessity of knowledge assembly in the context of new cases in ill-structured domains

(i.e., new knowledge structures will typically have 10 be built for & new case by combining
themes).

It should also be noted that it is all right for the themes to overlap somewhat (it would be
difficuli to find any set of themes thal are mutually independent, yet stili have wide scope of
application). However, the themes in KANE only partially overlap: each makes some novel
cor ribution not made by the others. (Obviously, it would be undesirable 1o use a set made up of
verny similar themes, themes that are not much more than paraphrases of each other.)

Case organization: Division into mini-case scenes. The second side of the videodisc was
divided into twenty-five natural units. As will be seen later, the precise subdivision chosen is
not particularly significan! so long as it is a defensibly reasonable one, since any of a number of
possible subdivisions produce roughly equivalent effects--the important thing is that the
chosen segments provide a rich staging ground for instruction. These scenes function as mini-
gases: self-contained units that are short enough 10 permit rapid study (they mainly range
from 30-90 seconds), but rich enough to allow for the complex interplay of multiple themes.
Each of these scene “units™ is coded with a vector which specifies which of the eight themes and
two symbolic perspectives has a relevant role in a given scene; this information is the basis for
the computer program's theme-based search (see below).

An example of a mini-case scene, which will ba referred to in later sections of the
chapter, is the following segment of the film (that takes less than a minute to view):

In this scene, Kane has just recently taken over the newspaper "The New York
Enquirer.” The first edition of the newspaper since he took control of it will come out in
the morning. Kane. his associales, and the newspaper staff have worked ell night
remaking the paper. Dawn is breaking. Kane's two exhausted associates are remarking
on what a long day it has been. "A wasted day", says Kane. He complains tha! all they did
was alter the surface of the paper. He wants to do something that is not superficial,

He wants 1o make the Enquirer "as imporiant to New York as the gas in this light.* He
then blows out the flame on the light, and the scene ends.

This is a very shont scene, but it can teach many important lessons (and the number of lessons
it can teach increases when the scene is contrasted with other scenes to draw additional lessons
beyond those of the scene in isolation). Some of the lessons taught in the context of this 45-
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second scene are iliustrated by the following optional theme commentaries drawn from the
program (with theme and sub-theme information included in brackets):

It's been a long day and night, but there is a weary serfise of accomplishment in the
group. Kane, however considers it a "wasied day.® He has completely remade "The
Enquirer,” from top to bottom, but that is not enough for him. The changes are too
superficial. He wants his newspaper to become of central importance to New York. He
wants thg people of the city 1o depend on the "Enquirer” as much as they depend on the gas
for their lights. [An illustration of the Outsized Ambition theme, and its
Grandeur/Sweep and Egomania sub-themes.)

By getting the people of New York to consider his newspaper to ba as vital to them “as
the gas in this lamp,® he wants them to depend on him (through his newspaper, which
Kane always treated as an extension of himself). [An illustration of the Power theme
("Control Others by their Dependence on You* sub-theme).

His reference to the gas in his lamp as typifying something that is essential to the city
is ironic. Soon the gas lamp will be obsoiete (as will Kane). This is one of the many
instances of conspicuous misjudgment on Kane's part (as when he guarantees in 1938
that there wili be no war in Europe). He underestimates the forces of change and
consequently is a frequent misreader of the future (whether it is about gas as a source of
power or newspapers as the dominant media for influencing people). He is constantly
shown 1o be fallible, a trait that undermines his egomaniacally pitched ambition. {An
illustration of the Fallibility/Mortality sub-theme of the Outsized Ambition theme.)

Everyone has worked all day and all night, but Kane is the only one who is stil! going.
This is typical of the energy and enthusiasm of his early years. (His youthful energy
contrasts starkly with the deathlike torpor and stagnancy of Kane when he is older.) [A
negative example of the Hollow Man theme illustrating the Uifelessness sub-theme. His

energy and vitality in this scene are opposed to his later lifelessness and lack of inner
spark.]

A lot of the complexity of the domain has begun to be illustrated irom just one mini-case
lasting less than one minute. As we will see later, there are severai purposes served by this
design strategy of structuring in small segments: {e.g., acceleration of experience acquisition,
making complexily tractable for the learner, facilitation of subsequent restructuring of
knowledge, and others).

An important note that will help 1o avoid confusion in the exposition throughout the
remainder of the chapler is that instances from the film are trealed as "cases” from Kane's life.
So, when our theoretical discussions refer generally 1o the role of cases, that means larger
scenes from the film, whiie mini-cases correspond tc very shorl scenes from the film. Again,
scepes and mini-cases are used as interchangeable terms in this chapter.

Contextual support, themalic commentary and guidance. Ater a scene has been viewed
the frame is frozen and several options are presented. Because the scenes are studied out of
sequence, the user always has an option o request “stage-setters,” information about the
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contex! in which the scene is occurring, what has just happened before the scene, and so on.
Thus, the “out of the blue® effect of nonsequential presentations is lessened. (It should be
remembered, however, that the film has already been viewed in its natural sequence prior to
this advanced stage of learning.) Also, of course, it is possible 10 use the program to watch
clusters of scenes sequentially; that is, the student can study cases with a larger *grain size”
than the mini-cases. This is recommended only for later stages of using of the program, in

order 1o avoid the confusion likely to result from starting right in with a complex

multithematic analysis of too large an amount of case information. [See the later section on
"experience consolidation® for a discussion of the cognitive advantages of introducing compiexity
in “bile-size chunks.”] .

Each scene is presented with a text overlay in a corner of the screen listing the themes
the scene contains. The themes that were targeted in the menu selaction (see the section
immediately below) are presented at the top of the list in a different color than the themes
present in that unit but not targeled for search by the student. The student can choose 1o see text
commentary on the particular nature of any theme's instantiation in that scene. Two important
kinds of information included in the commentaries concern access/tailoring (why the
particulars of that scene constitute grounds for saying that the given theme is illustrated there--
how the generic theme is tailored to apply to that particular context) and acress-scene relations
(how a particular instantiation of a theme relales to instantiations elsewhere in the film).

Finally, the student can choose 10 see the scene over again, exit back to the menu, or
continue with the next scene in the stack. Also, the student can examine a "road-map" of his
prior explorations.

In sum, instruction on complex -ubject matter must be made as tractable for the student
as possible. We have found in our research that ignoring complexity leads to unacceptable
learning outcomes (Coulson et al.,, 1989, Fellovich et al., 1989; Spiro et al., 1989). Essential
content complexity and application irregularities must be faced, even if they are difficult to

iearn and teach. However, every effort must be made to help the student to manage that
imporiant complexity.

Studems operatmg in the program's sganmgg_mode (there is also a smgnm[ and an
experimenter-controlied mode of operation) are presented with a menu of themes and
instructions for combining themes. They can choose to examine the occurrences of a single
theme (which may be specified as to whether it is a positive or negative instance of a theme, it
desired--for example, some even! related to poverty would be a8 negative instance of the wealth
theme). Or they can choose 10 search for scenes that illustrate combinalions of several themes
(conjunctively or disjunctively). The menu selection leads to a search for minicases/scenes
whose veclors have the targeted thematic properties. For example, the student may choose 10
look for scenes that illustrate both the Wealth Corrupts and Hollow Man themes. Those scenes
that fit the request are then put in a stack of scenes tha! the student can view,

In other words, in a very short amount of time, a ra-edited version of the film that
highlights jus] the theme(s) tha: the student wants 1o explore is ready to be presented. Because
of the large number of scenes and themes, there are literally thousands of potential re-editings,
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each of which has some instructional significance (some, obviously, having more signific ..o
than others). This plentitude of re-editings relates to one of the imponant lessons of
ill-structured domains: because of domain irregularities and noveity resulting from the
exponential explosion of the multiple factors in a complex concepl, you giways gain from
additional experience--for example, a physician can never have *enough® experience.

Adding to the flexibility of the program is a miniature author-aiding system of sors in which
*special iniliatives” to teach struciures in the film that are not included in the thema menu can
be developed (either by the student or by an experimenter or teacher). For example, if the
instructor wanted 10 construct a visual essay about Oedipal themes in the film, he or she would
enter a listing of the scenes that are pertinent to Oedipal interpretations. The film would then
be rapidly re-ediled to show the relevant scenes upon a request to study the Oedipa!
interpretation. Or the symbolic significance of snow could be easily demonstrated by using the
special initiative option 1o direct a re-editing 10 show the saveral scenes from differant parts of
the film that utilize snow symbolically. These special initiatives can be saved and incorporated
into lessons under the instructor's control.

c 1abling KANE . The vi { Hand

KANE was programed using the experimental Handy authoring language, developed by Don
Nix. It would have been difficull if not impossible to incorporate all the features of KANE
without Handy. And those features that could have been incorporated with other authoring aids

would riot have been so convenient 10 incorporate. Handy is a yery useful tool for multi-media
instructional development.

In the last section, we offered a moderately uninterpreted description of the operation of
KANE. With that description as background, we will now highlight a number of fundamental
design decisions that were made in that instructional program (and in each of the other
Cognitive Flexibility Hypertexts), calling special attention to the theoretical motivatien for
these decisions in light of the goals of advanced knowledge acquisition, as the achievement of

those goals is constrained by the presence of complexity and ill-structuredness in a knowledge
domain.

Cognitive Flexibility Hvpertexts, including KANE, are the result of a large number of
design decisions. Each of these decisions is motivaled by Cognitive Flexibility Theory, and most
of them have more than one justification. To illustrate the web of support underlying the design
decisions, we will discuss in our limited space jus! gne of them in fairly elaborate detail: the
decision to use the mini-case (in KANE, a shon scene) as the fundamental unit of organization
for the search and presentation-display processes in the hypertexts. We will then more briefly
highlight several other important design features of Cognitive Flexibility Hypertexts, with
particular reference to their instantiation in KANE. The discussion will again focus on those
fealures of learning and instruction that are affected by characteristics of complexity and
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ill-structuredness, as those characterislics relate to the attainment of the goals of advanced
knowledge acquisition (mastery of complexity and knowledge transferability/applicability).?
in other words, wherever possible, the rhetorical form for these discussions will follow the
basic frame that was originally used to move from Cognitive Flexibility Theory to the
instructional implementation of the theory's implications for application:
Because ill-structured domains have property _X__, the structural and processing
requirernents for attaining transfer are therefore _Y_. So, to get a learner to have the
skills and knowledge to be able 10 achieve transfer, instructional systems ought to have
design feature _Z .

A sampie instantiation of the above frame would be:

Because concepts in ill-structured domains have the property of substantial variability
across their case applications, the structural and processing requirements for attaining
transfer are therefore to understand the nature and scope of that variability, as well as
the way that concepts get 1ailored to cases and cases signal the need for accessing
concepts. So, 1o get a learner 1o have the skills and knowiedge 1o be able to achieve
transfer, an instructiona! system ought to have the following design feature (among
others to address this need): the system should allow the student to sequentially study
just those parts of cases ihat contain examples of uses of the concept; l.e., teach
conceptual variability by demonstrating it in one place (accompanied by appropriate
commentary on the nature of the conceptual variability).

The mini-case (a senment drawn from a larger case) is the starting point for all
instruction in Cognitive Flexibility Hypertexts. The rationale for this design decision is
discussed in detail in this section.

domaing. ln an ill- struclured domain, across- case varnabumy is, by deﬂnmon too great to
allow abstract conceptual knowledge to hava a dominant role. By the definition of
ill-structuredness, any abstraction or generalization will inadequately account for what
happens across the range of cases that the knowledge will have tc be applied to. Thus, in any ill-
structured domain a more case-centered approach is needed.

Cases cause problems 100: The rationale for the mini-case. However, even the individual
case is 100 complex and unwieldy a unit. Each case means 100 many things to be useful when
treated as a monolithic unit. For example, isolaied parts of a case may have instructional value
but go unnoticed because they appear to lack significance within the frame of reference of the
case as a whole. More seriously, intact cases used in instruction are frequently the cause of a
problem in subsequent knowladge application: the tendency 1o map a new case completely 1o a
single well-learned prototype, when part of the old case is misleadingly related tc the new one--
in ill-structured domains mullipie representations are the rule, and that includes
understanding a new case by reference to multiple prototypes. When cases are taught
monolithically, their representaticns are harder to pull apart in the way that is necessary for
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transfer-enabling flexible reorganization of knowledge. Thus, in an ill-structured domain, arn
intermediate course must be followed: just as one must not rely oo much on abstract knowledge
when dealing with a new case, one also can not rely too much on intact case-based reasoning,
when the latler is taken to mean reasoning to a new case from a single precedent case. Accord-
inglv, as we have already mentioned, Cognitive Flexibility Hypertexls use segments drawn from
cases--minj-cases--as the focus of instructional organization. KANE uses very shon pieces of
larger scenes as the mini-cases. Each mini-case receives interpretations across all of the
multiple thematic dimensions that are relevant to it. (It is important to note that the gptire
case is always reconstructible in the hypertexts, and at some point during instruction the
student should combine the mini-cases that belong to a larger case, so that they can leam how
mini-cases configure to make up an intact case. The programs make it very easy to do this.)

It is worth caliing special attention to a serious potential misinterpretation of what we
mean by a mini-case. Mini-cases are pQ1 cases decomposed into their constituent features--
they are not "abstract slices® of a case (e.g., the parts of a medical case that relate to vascular
impedance). Such an approach would be antithetical 1o Coghnitive Flexibility Theory since it
would convey the mistaken notion, which is eagerly accepted by students, that the fealures of
cases are independent, that one can sludy the aspects separately and then additively reassemble
the whole case from those separately considered conceptual parts . Rather, mini-cases are
chronological segments of a case (e.g., the first three hours of a battle, or frames 254-416 in a
film). Thus, they retain some of the complex multiplicity found in the case as a whole. In a
sense, they are MicroCosms, cases in miniature rather than separate case "compartments.”

Advantages of mini-cases. There are several advantages to using mini-cases as the
primary instructional organizing unit. We will discuss them in turn in order to show how
design decisions in our hyperiexts are boistered by converging theoretical considerations:

compacting and elaborating cases. ln an ill- structured domam you need 10 see lots ol cases--the
more case experience you have, the better your parformanrce will be (especially independent
transfer performance). For example, that's why experience is so valued in the professions
(such as medicine), professional domains are notoriously complex and ill-structured, and
professional training can not possibly provide sutficient experience in the limited amount of
time available. Even with "problem-based" curricula, only a small number of cases actually
get covered (which is very helptul for teaching the processes of intact case analysis, but less
helpful for providing the multidimensionally analyzed, criss-crossed knowledge structures that
need to be derived from case experience).

By breaking full cases into severa! mini-cases, and then conducting a rich analysis of
each mini-case (i.e., compacting and elaborating cass experience), and by focusing mainly on
knowledge structural characteristics of each case, many more case experiences are provided, in
an instructionally reasonable amount of time. The_process of acquiring expeairance is
consolidated, Again, better performance in ill-structured domains requires more cases and
more case-processing experience.

It might be argued that the advantage of covering much larger numbers of cases by using
mini-cases is lessened by the quality of the coverage. In facl, the leaming made possible by our
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richly analyzed mini-cases is quite potent. Consider all of the lessons taught in the context of
just the one 45-second scene and few minutes of processing of commentary described earlier
(the "gas in the lamp” scene). In that scene, it was clearly shown how four themes were
simultaneously relevant, important iessons about the general nature of each of those themes
were taught, illustrations of how the general themes had to be tailored to that particular scene
(case of application) were presented, connections were drawn between that use of the themes
and others in the film, and so on. All in less than five minutes, and all in the context of a [eal
application of the conceptualthematic knowledge that is being taught (not an artificial,
contrived textbook example 1ailored to teaching the concepts but not representative of the types
of cases that the concepts will eventually have to be used to understand--here, real scenes from -
the film). Now imagine what would happen Iif the in-depth understanding derived from that one
mini-case presentation were to be compounded by similar rich lessons for 1en other mini-
cases, with each one related to the others. And that would take approximately one hour. The
effect of dozens of these experiences over several days is obviously quite potent.

Again, however, il is worth pointing out that we do oot claim that learning with our mini-
cases substitules for actual case experience. Rather, we contend that gne important thing that
comes from case experience can be mors eflectively conveyed by covering compacted and
elaborated mini-cases in the way that we do: namely, the criss-crossed, multidimensional
representation of the structure of case-based knowledge. Furthermore, these Structural
characteristics are taught more efficiently in our systems than in real-word case experience
for a number of different reasons: conceptua! structure is highlighted for the case, rather than
having to be inferred; optional expert guidance is available; one is not dependent on
serendipilous occurrences of instructionally useful cases in fortuitous sequences; etc. To get a
lot of useful case experience, you don't have to actually physically experience the case. Again, if
the fullness of the case's structural characteristics is successfully extracted, the effects may be
better than actually "being there®, because of the larger number of cases that can be covered,
because of sequencing for instructional impact, and so on.

Summarizing, an important function of Cognitive Flexibility Hypertexts is that they
consolidate the process of experience acquisition. By using mini-cases, the student sees many
more examples of rich case analysis (e.g., of how concepts interact in a single case), in a much
shoner amount of time. Each mini-case scene in KANE is a case-based demonstration of the
processes of complex thematic analysis. Furthermore, each scene provides a rich lesson in the
complex thematic siructure of the film. And it deals with the conceptual information in the way
that it is needed in ill-structured domains: namely, concepls are embedded in "Rragtice®--the
treatment of concepts is tied to the cases they are being applied to (and remember, in an lil-

structured domain concept application is far more variable across instances, and thus more
difficult, than in well-structured domains).

2 1t I { early introduci [ lxity: Maki
cornplexily cognitively tractable for the learner. The use of mini-cases not only allows more
cases 1o be covered, it also has beneficial effects on the cognitive manageability of the complex
case instruction required in ill-structured domains. We have referred to our research findings
that indicate difficulties with the traditional instructional approach of incremental additions of
complexity (i.e., "start simple and then get more complex®). The early simplifications create
impediments 10 the mastery of complexiiy introduced later (Feltovich et al., 1989; Spiro et al;
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1989). This would suggest that complexity needs to be introduced earlier. The problem,
obviously, is that complexity brings with it learning difficulties--you do not want to
overwhelm or confuse the learner. Hence, a great advantage of the mini-case: it allows the
earlier introduction of manageable_complexity by presenting it in “hite-size" chunks.

In other words, Cognitive Flexibility Theory leads to a reconcepiualization of
instructional incrementalism. Instead of going from simple to complex treatments (with the
attendant problem of creating barriers to advanced learning for the specific topics initially
oversimplified, and the more general problem of instilling in students the mistaken bslief that
knowledge is organized more simply than it actually needs to be), instruction starts with
complex treatments but situates them in cognitively manageable mini-cases. The extra
cognitive difficulty of having to process multiple thematic rapresentations of the same case is
lessened by only having to understand and apply the multiple representations to a small case. So
the student learns from the outset that the cases they will have to apply their knowledge to are
complex (in that they require that mulliple aspects of their knowledge representations be
simultaneously and interactively superimposed) and they receive an easily graspable set of
lessons about how some specific conceptual themes get instantiated in a particular context. A
complex lesson in the application of conceptual knowledge is made much easier if the site for the
application is as easy 1o grasp as, say. a 45-second scene from a film.

So, instead of making early instruction on a topic manageable for learners by
oversimplifying the content (which wi!l be counter-productive for more advanced knowledge
acquisition), hyperiexts like KANE present the conceptual complexity necessary for applying
the knowledge to actual cases; but they do it ir bile-size chunks that will help the students to
avoid being overwhelmed.

3_Avoidance of maladaptive Qver-reliance on protolype cases. One thing that makes a
domain ill-structured is that the processing of some new case is unlikely to benefit from a
direct mapping (of struclure or content) to any single prior case serving as a prototype. The
individual case is complex, and there is considerable variability across cases. This is not to say
that there is nothing to be learned from sarlier cases. Far from it. Cognitive Flexibility Theory
iS a case-centered (rather than knowledge-centered), and cases are not just important to learn
from: they also have a crucial role as precedents in the processing of new cases. But there is
likely 1o be more than one antecedent case that will be useful for processing a new case. The
Cuban Missile Crisis, as it was developing, was partly like the Appeasement of Munich, but
partly unlike it, partly like Korea and partly unlike it, and so on (despite the fact that the
policy arguments on President Kennedy's crisis team tended to revolve around which of the
similar antecedents should be the precedent used in forming strategy for the United States’
response). By using mini-cases, the monolithic integrity of the intact case is undermined, with
the result that the tendency to over-rely on an exact mapping to just one precedent case is
considerably lessened. Correspondingly, the need of mapping 1o mulliple precedentprototype
sets, drawing on those parls of prior cases that are relevant is made clear, and the ability to
appropriately assemble pieces of several precedent cases is enhanced.

tecombinable knowledge elements. A key feature of ili-struciured domains is that a single
prepackaged schema or prototype case will typically be inadequate as background knowledge to
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support the processing of a new case. Thus, intact schema retrieval (or prototype retrieval) as
a knowledge-based processing mechanism must be replaced by situation-specific schema- and
precedent-case-assembly. In a complex and ill-structured domains, small bits of information
(either about prior cases or aboul abstract concepts) recombine in a large number of ways in
the new cases that prior knowledge must be applied to. Tne use of mini-cases allows for easier
situation-dependent knowledge assembly, because the cognitive processes of knowiedge
compilation are much easier to execute if they are operaling on, say, § mini-cases rather than
6 full cases.

More importantly, however, availability of a large number of mini-cases permils a
greater range of potential precedent-case assemblies for use in understanding new situations.
Paradoxically, decomposition into very small discrete units enables a wider range of
nondiscrete representations (similar to the paradoxical etfect of breaking things into many
very small.units 1o approach a continuum in integra! calculus). By using very small units that
are then recombined with several others, it is much more likely that you wiil be able to
assemble a precedent sel to fit the many kinds of new situations that will be encountered in an
il-structured domain (a process facilitaled by the mental record of and experience with
recombination derived from past “criss-crossings®). A domain must be substantially
geconstructed in order to have a wide range of possible fgeonstructions. Think of the way the use
of small dots in comic sirips allows more flexibility for developing differen! kinds of shadings
than do bigger dots. In an ill-structured domain, cognitive flexibility to adapt to case
variability requires a rich variety of potential shadings of the knowledge that is to be
assembled. By structuring with small case segments you will be able 1o better match knowiedge
representations to the complexity of the world.

5. _Hetaining openness of interpretation. Meaning in ill-structured domains is
multivalent. The goal must always be to resist the premature “closing down" of the interpretive
process as soon as one account is identified. This is especially true in literary domains where
the typical literary work will support many interpretations. Structuring over small segments
(i.e., using mini-cases) helps to retain openness and plurality. Analyses based on large units
will tend to stress elements found across the whole unit, and thereby miss elements that have
more local occurrence; this will be true to a greater extent for domains that have complex cases
(as in literary domains). Similarly, the larger the unit of analysis, the more that
interpretation will tend 10 parrow to some "common denominator” that fits all the constituents,
again missing the more irregularly occurring local complexities. Since cases tend not 1o be
hornogeneous in an ill-structured domain, represeniing at the mini-case leve! helps to avoid
these reduclive biases and thus offers greater opportunities for representational fidelity to a
heterogeneous reality.

Barthes has made similar arguments. In his analyses of literary works (e.g...SZ.
1974), he made the short segment, which he called a lgxja (ranging in length from pars of a
sentence to several sentences) the organizing unit for his analyses. He argued persuasively that
this would resull in an "open” and “plural”® text, whereas if the text were structured over
larger segments, it would be more likely to become closed to allernative interpretations. This
is because many of tha bases for opening up interpretation would be found only in parts of the
lext, but would be lost when the “grain size” is the tex! as a whole. As a rasull, the text would
tend 10 have a more singular interpretation, uniformly applied throughout (again, because much
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of the basis for realizing that the text has 1o be seen in muitiple ways would have been narrowad
away).

The avoidance of closed and narrow representations by structuring in small case
segments is particularly imponant for adaplive flexibility in schema assembly, which requires
rich diversity in the way cases are represented. If narrowing occurs in case representations,
then you will have fewer "shadings™ available to you to optimize the fit of prior knowledge to
new cases.

6. Power and efficiency of the program. Besides the cognitive and instructional
advantages aiready ciscu:3sed, the use of the mini-case also has several “logistical™ benelits for
the development and oparation of the computer hypertext program. For ene thing, by having a
larger numbers cf mini-cases, each coced with a ten-slot vector with three possible values in
each slot, the number of case contrasts and traversal routes for “landscape criss-crossing® that
can automalically be generated by the program (without pre-programming of instructional
sequences or pre-storing links across mini-cases) grows gxponeqntially.

A time-saving advantage in hypertext development is that fswer cases have 10 be
produced when each case results in several mini-case units. As we have already seen, quite a
bit of instructional mileage can be gotten cut of even a few cases if they are segmented into many
complexly analyzed mini-cases. Of course, the efficiency of the program is further increased
by the fact that Cognilive Flexibility Theory requires that each mini-case be used more than
once (i.e., the same landscape site, or scene in this case, is re-visited on different traversais of
the landscape).

Also, by using mini-cases it is much easier to efiect a conneclion between a small part of
one case and a small pan of another case 1o which the former case is Instructively related. It is
more difficult 1o accomplish this when monclithic case blocks are used as organizing units.

. Thess technwal issues in hypeﬂext methodolooy
will be addressed at the end of the paper

We have devoted considerable space to the motivation for just ong design choice in
Cognitive Flexibility Hypertexts (including KANE), and the advaniages that accrue to that
choice: the principled decision to use mini-cases (short scenes in KANE) as the primary
organizing unit of inshiuction. In the sestions that follow we talk about other design decisions;
although these are also cpmsodered 1p be crucial, we do not lllustrate therr rationale and
benefits as exhaustively.

462 Mulligle K g8 B , (1 Selact Maximize Trans!

In an ill-struciured domain no single schema will provide sufficiently complete
coverage, will account for sulticient variability in the way things happen in the domain. With
the more limiled view that results from a single representational system, the learner is not
prepared to apply his or her knowledge o those new situations that are less relevant 1o that
representation--and in an ill-structured domain there will be many such situations by
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deiinition. Or, in the less exireme situation where multiple schemas are provided, it usually
happens (either through instructional influences or because of learner biases) that one or two
of the schemas assume precedence over the others. Although this is not as sericus a probiem as
that when only one schema is provided, it is nevertheless the case that in an ili-structured
domain any reduction in the operative perspectives for analyzing the wide variety of cases
encountered will be disadvantageous. To make up for the inadequacies of any single
representational perspective, additional perspectives must be added. With a sufficient number
of perspeclives, a fuller, more “three-dimensional® view of the domain is achieved. By
providing 10 co-equal, frequently applicable themes in KANE, we are making it clear to the
student that any one theme permits only a limited view of the landscape. The student learns that -

the abstract conceptual world for the ill-structured domain is complex and not easily
simplified.

So, advanced cognition in complex and ill-structured domains requires multipte
knowledge representations. As we have already indicated, each of the ten themes used in the
Kane program is more than a mere descriptive attribute--each is a schema in itself. Each could
be argued to provide the best full account of the Kane character. Rather than trying to show
which is best, the program illustrates how they are all correct, and how their joint
consideration produces the most adequate account. You ¢an not impose one interprative scheme
on the film; any scene mixes and blends severa' interpretive schemes. This lesson is amply
taught in KANE, as each mini-case {scene) is viewed from several thematic and symbolic
perspeclives. By helping the student to fully cover each case/scene by pluralistically
representing it, transfer is fosterad in several ways: (1) the student leams how to fully
interpret cases, facilitating the full interpretation of new cases encountered later: (2) the
multiple coding of cases provides a larger number of access routes for their later retrieval
from memory as background knowledge precedents for understanding new cases; (3) the
interaction of conceptual perspectives is taught by their simultaneous consideratian within a
single mini-case context; and (4) having 10 wide-scope themes will *cover the landscape®--it
gives you more flexibility in tailoring for schema ascembly. Also, having 10 themes helps
students to avoid the reductive bias of a "uniformity of explanation® (Coulson et al., 1989;
Feltovich, et al., 1989). with many equal themes none can dominate the others, and therefore

all of these (now more minor) perspectives can be readily available to make their contribution
as belils some new case.

The Kane program, like the other Cognitive Flexibility Hypertexts, relies heavily on the
repetition of case information. However, this use of repetition is completely opposed to the
lyRical purpose and consequences of repeating information in leaming and instruction.
Conventional uses of repetition in instruction are intended to strengthen the learning of some
aspect of knowledge, with successive presentalions each intended to mean the same thing each
fime. In contrasi, our use of repetition is non-replicalive. The aim is to lliustrate the
somplexily of case information. Following the metaphor of the criss-crossed landscape, the
same content is presenled in different contexts. This helps to keep Interpretation from
rigidifying towards an overly narrow subset of the lessons that the content should be teaching
(and that the learner must be prepared to utilize in transter situations). That is, the repeated
presentations aim to point out for students how the same case information can ake on
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importantly dilerent shades ol meaning at different times and how each case has many facets,
some of which will tend not to be noticed in any single context of occurrence. in complex and ill-
struclured domains, each unit of content is multifaceted. Each presentation of that content in a
ditferent context highlights another aspect of that multifacetedness, as well as illustrating
coniext-dependencies. There is a limit 1o the number of lessons that can be learned in any

single presentation of content material, in any single coniaxt of presentation. Furthermore, by
presenting the same case information at ditferent times, in the context of various other cases,
and with different conceptual elements siressed, a web of case and context interrelationships of
the kind necessary tor fiexible knowledge assembly and transfer in lli-structured domains is
established.

. A similar roie for
re-reading in order 10 avoid reducing compiexity was a central feature of Barthes' {(1867)
analysis of Balzac's short novel, “Sarassine,” in S/Z. In fact, our general approach has many
affinities 10 poststructuralist literary theories (like that of Barthes in the late 1960s), which
also stress such factors as mulliple codes, the importance of knowledge fragments, and the
nonunifiability of rich cases by any single unitying logic. Not coincidentally, Witigenstein's
later work, which strongly influenced our thinking, also has been adopted by many
poststructuralists. (Interestingly, Witipenstein had originaily intended 1o have an elaborate set
of cross-references placed below each skeich in the Phiigsophical Investigations to enable

criss-crossing the iandscape of sketches in various direclions with frequent re-readings in new
contexts.)

One of the main features buill into KANE is the ability to have the program search for
occurrences of any chosen theme and then re-edit the film fo show just those scanes found in the
search (along with accompanying commentary, stage-setting information, etc.). Theme-based
explorations of the film are intended to teach both the complexity of the themes and the nature of
their variability of instantiation in actua! scene contexts. An importani feature of abstract
concepts in ill-structured domains is their irregularity of application (see also Barsalou,
1987). That is, each concept is used in a lot of different ways. Also, the same oancept wiil
apply to a variely of kinds of cases. These features have the consequence of making it hard to:
(1) go from cases to concepts (problems of knowing which concepts are relevant from the case
information), and (2) go from concepts fo cases (problems of tailoring the way a concept is
used 10 a particular context of its application). [Once again, in this chapier we use the term
concept very broadly to make a gross distinction between abstract knowladge and case

information. With this loose criterion, a complex theme in KANE can be referred 10 as a
concept.

Iheme-based search and variabilily of instatiation. tn general, the concepts of an ill-
slruciured domain can not be transmitted to learners the way they are in well-structured
domains, namely by some direct process of providing general principles or definitions (perhaps
with one or two examples as illustrations of the general principles). Instead, knowledge of
concepis comes from having their uses (instantiations) demonsirated, rather than the concept
being specified in the abstract. In an ill-.iructured domain the meaning of concepls is implicit,
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at least partly, in the pattern of its yses of the concept (Wittgenstein, 1953). The theme-
search feature of KANE (and a similar feature in the other Cognitive Flexibility Hypertexts)
does what must be done in an ill-structured domain: it allows the nature of concepts to be shown
(by a guided presentation of their actual occurrences), not §oid. The nature of the variability of
theme-instantiation in KANE is conveyed in part by sequentially viewing an entire series of
scenes that are instances of the theme. For example, the user can ask to view a series of brisf
scenes that all illustrate the Hollow Man theme. Thus, the program shows the variability in
conceptual use--you see a set of different cases that are said 1o be instances of the concept. (Ot
course, you also see what is in gommon across the uses--but this is much easier to teach.)

thematic eommentary that aocompames scenes also helps to convey oonceptual complexny

Commentaries provide several kinds of assistance. First, they explain how the scene

instantiates the theme; that is, they failor the theme to the case. Second, they discuss teatures

of the scene that lead one 1o consider it to be an instance of tha therne, information that helps

students learn the difficult process of accessing concepts from case information. Third, the

commentaries help with two kinds of integration functions: they relate the theme to other i
themes in the same scene (buiiding theme connections and reminding learners about the
importance of the simultanequs use of multiple perspectives); and they rolate the current ' ]
instance of the theme to other instances of the theme elsewhere in the film.

Also helping in the management of conceptual complexity is the use of more differentiated
sub-theme designations that tell what type of instantiation of the theme is being observed. That
is, each theme is analyzed into various "senses,” and the instantiated sense is presented in the
header for the comimentary. For example, a sub-theme of the Power theme is *Kane controls
others by having them depend on him.* The sub-theme information also accompanies the
viewing of a8 scene (i.e., whenever a theme is instantiated in the film, that theme's name is
presented in colored print that overiays the film, accompanied in parentheses by a sub-theme
designation). Of course, the problems of ill-structuredness apply at the level of sub-themes as
weli: sub-themes lack definability in the same way that concepts do and, like ill-structured
concepts, must have their uses shown or demonsirated.

popular call has been ralsed recemly for snuated Iearnmg (e.g.. Collms Brown. & Newman
in press). The emphasis that has been placed on situations at the expense of conceptual
knowledge has led some people (although not Collins et al.) to suspect that abstract conceptual
knowledge is relatively unimportant, that all that matters is the situations or cases in which
learning occurs. The emphasis in Cognitive Flexibility Theory is clear: concepts and cases are
baoth essential. However, conceptual knowledge must be taught in the context of actual cases of
its application (not "in the abstract”), and the ill-structured nature of the use of conceptual
knowledge must be acknowledged and direclly addrassed in theories of learning. knowledge
representation, and instruction. The approach of Cognitive Flexibility Hypertexts is intended to
eflect an jniegration of conceptual and situational learning, in which each is appropriately
thought about jn termes of the other.
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+5  Theme-combination 4 Exploration: Avoiding C liza I

An important feature of Cognitive Flexibility Hypertexts is their ability to search for
mini-cases thal are instances of some combinalion of abstract concepts. For example, the KANE
program has a3 menu option that allows for traversals of the film (i.e., re-ediled scene
juxtapositions) to be selected that highlight combinations of themes.

Non-insular treatment of themes. A common problem in traditional instruction is
comparmentalization: conceptual areas that are highly related are presented in separate
chapters, lessons, classes, and so on. As a result, the knowledge ends up being represented as i
it were in separate compartments. When knowledge from across compartments later has 10 be
combined for use in some situation, the representational basis for the concepiual combination is
weak. In ill-structured domains, conceptual combination is the rule rather than the exception.
Thus, by allowing the film to be explored as a function of theme-combinations, students learn
about the patterns of interaction of conceptual themes, their context-dependencies (i.e., the
way theme meanings are aitered by the context of other themes that they occur with), and so on.
These lessons (as well as KANE's approach 10 teaching sevaral themes in the context of each mini-
case scene) help to vitiate the force of the companimentalization bias and to provide knowledge
and skill for processing conceptual information in a non-compartmentalized way.

Thus, not only is there a multiplicity of themes, but they function as something more
than a list of independent items. As befits an ill-struclured domain, the themes are not treated
as insular, separable "companments®; rather, the themes are shown 1o interpenetrate, to have
complex patierns of mutual dependence upon each other.

Schema-building. Another use of the theme-combination feature is in generating
hypotheses about complex structural models of the film, and then enabling explorations 1o test
and refine those models. These hypotheses ¢an be triggered by such things as chance observation
of patterns in the haphazard exploration of theme co-occurrences (i.e., noticing two themes
going together in a tew ditferent scenes). Or they can be explicitly suggested by the film itself
(as in the example presented in the second paragraph below). Or, by exploring small
combinations of themes, larger explanatory structures are suggested (also illustrated below).
These hypothesized larger structures can then be explored using theme-combination search 10
validate the hypotheses. This kind of activity provides practice in siluation-sensitive schema
assembly (e.g., preparing to write an essay, as in the example in the second paragraph
following), as well as helping to build *mini-schemas®..complex theme combinations that have
partial applicability.

An example of a mini-schema would be the combination of the Wealth Corrupts and the
Outsized Ambition themes, as in “Kane's tendency as he got older 10 buy things instead of eaming
accomplishments (Wealth Corrupts theme) interfered with the attainment of his earlier
ambitions (Ambition theme).” One could then test this mini-schema or examine Its variabllity
across instantiations in the same way that variability for a single theme is learned, namely, by
juxtaposing 2 sel of scenes that constitute instances of the themeg combination.
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A lengthy example of using KANE to build a higher-order schema (a complex model) is
the iollowung sequence of steps u;mg the program lo answer an essay quesuon ﬂny_dm_!ﬁa.nﬁ

A start towards assembling knowledge to answer this question might come from the
mini-case scene that immediately follows the one presented in detail earlier In the
chapter (the "ges 'n the lamp” scene). After Kane says that he wants his newspaper
(which he equates with himself) to be "as important to New York as the gas in this
light”, his friend Leland asks him how he is going to achieve that goal. Kane goes on to
say that he will do it by putting a "Declaration of Principies® on the front page of the ‘
paper. He will be honest with the citizens of New York, he will look after the interests of
the disenfranchised, and so on. His associate Bernstein pointedly responds by telling
Kane "You don't want to make any pIomisgs you're not going to be able to keep. Kane says
that he will keep these promises. That is, he will achieve his ambition for the
newspaper (and thus himself) by principled behavior. This suggests a possible
relationship between the Ambition theme and the Principled Behavior theme. Another
part of the puzzie might suggest itself if the student recalls another mini-case scene: at
a diflicult moment Kane states with some gravity that he could have been a great man if
he had not been very rich. Summarizing thus far, we have three themes that might
figure in an answer to the question about Kane's failed ambitions: the themes of
Principled Behavior, Wealth Corrupts, and, of course, Ambition. The hypothetical
mode! for responding 1o the essay question at this point might have the form "Kane's
ambition was thwarted by his wealth interfering with ithe path he had chosen to altain his
ambitions, principled behavior.”

This sugqests a re-editing of the film to look at the joint occurrences of these three
themes. After the program executes the search, among the scenes encountered will be
one mini-case thal is especially provocative. The newspaper has become a huge success,
and Kane ang the staff are celebrating at an extravagant (and mildly decadent) party.
Kane is about to embark on a vacation trip 10 Europe, and Bernstein stops the party o
ask Kane if he intends to buy a lot of statues while abroad. Kane says yes, and then
Bernstein keeps saying, with empha.is as indicated, "Promise me, Mr. Kane. Promise

e.” There is no apparent reason for Bernstein to go on and on about Kane promising
him tha! he will buy those statues (at least when viewing tha film sequentially).
However, in the context of having recently encountered the scene in which Bernstein
pointediy suggested to Kane that he not make an promisas he was not going to be able to
keep, a clear link is established ¢ the principled behavior that was mentioned in that
scene as whal was going to make the newspaper and Kane great. Once that allusion to the
earlier scene is established, it becomes especially signiticant that Kane responds 10
Bernstein: “Yes, | promise you. Bul you don't expect me to keep any of those promises,
do_you?" Clearly, the whole unusual interchange about promising (as well as
Bernstein's earlier unusual emphasis on Kane not making promises he could not keep) is
intended to signal a connection between the two scenes (or at least supporns such a
connection, if it was not intended), a connection that is portentous for the theme of
Kane's failed ambition. What might have seemed to be a trivial (though odd) statement
about making promises now takes on an enriched meaning by its juxtaposition with a
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more serious scene that also had an odd emphasis on promising (tied 1o Kane's promise of
principled behavior as a way to make him and his newspaper great). Furthermore, the
point about Kane not keeping any of his promises is made in a context in which Kane has
begun to clearly show that he is allowing his wealth to corrupt him (i.e., in several
scenes, obvious connections have been drawn which tie unprincipled behavior by Kane to
the corrupting influences of his wealth, as revealed by having the computer do a two-
theme search. For example, he repeatedly indicates that he thinks he can act in an
unprincipled manner towards friends and then buy them off.

Indeed, after the “promise me" scene at the party, Kane does begin to slide downhill,
his lofty ambitions fading further and further from possibliity with the passage of time.

Thus, the KANE program provides a substantial start toward a cohesive interpretation of
Kane's failed ambitions in terms of his renunciation of principled behavior because of the
corruption of his wealth. Especially striking is the way the program helps t0 make connections
that would otherwise be very difficult to make. Of course, this is only one of many possible
responses 10 the essay question. What is important is that the KANE program helps students to
respond to situational demands in a manner that is original. complex and warranted (i.e., the
program helps the student to assemble justification for a budding complex interpretation).
After a short time working with the KANE program, very intricate weavings of themes, of the
king just illustrated, become very straightforward.

1446 S : | . it , ted

A topic that we will not treat in detail in this chapter and that is not yet fully
implemented in the Cognitive Flexibility Hyperiext systems is sequence and arrangement.
Foliowing Witigenstein (1953), we consider the sirength of representations in .~ <tructured
domains to depend not on a single thread running throughout--thai is 100 reductive or the
cdomain's complexity--but rather on the overlapping of many sirands. This criterion increases
the possible hinges for schema or precedent assembly, the number of access/retrieval routes in
memory, and so on. So, it is not just imporiant that a domain's landscape be criss-crossed--
how it is criss-crossed is an important considaration. Of course, It should be criss-crossed in
such a way that useful instructional contrasts are highlighted. Furthermore, sequentia!
arrangements should be such as to promote knowiedge representations characterized by highly
woven interconnectedness along several conceptual dimensions, rather than highly
compartmentalized struclures with connectedness of many elements determined by some single
organizational system.

One impotiant sequencing principle thal we will incorporate into our systems is that of
“intermedialeness”™: mini-cases should be sequenced for presentation in such a manner that two
representational extremes will be avoided. First, a case should not be the nexi one presented if
it would oo closely paraliel the thematic interactions in several recently presented cases; this
would help students to avoid gvergeneralizations, a major hazard in ill-structured domains.
Second, at the other extreme, a case should not be so dissimilar from those that were recently
presented thal it would give the learner the mistaken notion that there is no role for conceptual

abstractions ihat extend across cases; this would help students to avoid the perception that each
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cases is unique. Rather than either of thess extremes, cases should be selected because their
strength of relation to preceding cases Is jniarmadiate. partially overlapping and partially
nonoverlapping (see Spirc et al., 1987). This would promote an appreciation of the imponance
of both knowledge-based and case-based analysis, without either assuming precedence over the
cther.

The KANE program allows for both experimenter-controlled and student-controlied
sequencing. The program keeps track of student-selected traversals. The relative efficacy of
ditferent sequencing patterns in the nonlinear presentation of materials, or of ditferent
patterns of spontaneous student exploration, is a central concem of our theory, and one that is
deserving of considerable empirical investigation generaliy.

44.4.7 Olher Features

There are many other ieatures of the KANE program and Cognilive Flexibility Hypertexts

that cannot be discussed in this chapter because of reasons of space (e.g., options related o user-

gustomization; user- and teacher-construction of interpretive essays--for example, one has
been built for the famous reference 1o Rosebud in KANE; and active learner paricipation). wWe
have focused in this chapter on those features that cast the most direct light on the most
important theoretical underpinnings of the instructional approach.

To take just one example of a polent feature that can not be discussed in depth, consider
the “special initiative™ option, which allows for the easy development and use of mini-case
sequences that illustrate new themes not covered in the provided set. Obviously, this option
makes the computer program more flexible. However, it also has some cognilive significance.
For example, this option increases the program's power to deal with thematic combinations.
Since the “special initialive™ option presents specially programmed sequences that are
accompanied by their thematic overlays, one can be thinking analytically about the various
themes represented in a scene at the same time that a symbolic feature, the topic of the special
initiative, is aHectively "coloring” that thematic analysis. For example if snow is supposed to
symbolically evoke feelings of contentment and security associaled with childhood, that mood can
be experienced in the background while one is consciously thinking about the role of the Weaith
Corrupts theme in the same scene (just as, when you are angry, you can be thinking about
something unrelated to your anger, but be doing it angrily--the emotion effortlessly gveriays
the other cognition). Thoughts about one topic can be colored by the feelings evoked by another
lopic, thus expanding the scope of possible literary understanding and mental representation
(Spiro, Crismore, & Turner, 1982).

We have siressed the point that the approach taken in the KANE program is based upon
principles of random access instruction derived from Cognitive Flexibilily Theory (Spiro et al.,
1987, 1988). It is very imponant 1o make clear that that theory has the same implications

for random access instruction in other, very Jdifferent domains. That is, the systematic, theory-

based approach in Cognitive Flexibility Hypertexts is domain-independent--essentialiy the
same hypertext approach may be employed across ill-structured domains. There are currently
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two other functioning hypertext prototypes besides KANE, one in cardiovascular medicine and
one in military strategy. All three of these Cognitive Flexibility Hypertexts have the same
primary features discussed in this chapter (as well as many others we did not have time to
present here). All of them: are organized around mini-cases (e.Q., paris of battles in the
military sirategy program); impose multiple conceptual perspectives on each mini-case; allow
for concept-based search across cases (highlighting conceptual variability of application and
instances of conceptual combinations); provide commentary on the relationship between
conceptual and case elements (i.e., they teach the concepts in the context of cases and show how
the concepts have 10 be tailored to the individual case); and so on. (The Cardioworid Explorer
hyperiext is discussed in Spiro et al., 1988. A detailed treatment of ali of the hyperexts wili
be found in Spiro et al., in preparation, a paper about hypertext generally and about our
approach specifically.)

However, by claiming domain-indepandence for our hypertext approach we are not
saying that we dispute the widely reported findings of domain-dependence in cognitive science.
in fact, there are extensive differences in the nature of knowledge and in the way the knowledge
must be used between the domains of literary interpretation, biomedical cognition, and military
strategy. However, as we mentioned before, it is not the same thing to say that two landscapes
are radically different as it is to say that there are important principles of landscape
exploration that are general across domains (e.g.. multiple representations; repeated
presentations in ditferent contexis; etc.)--it is principles of the latier kind that form the basis
for ihe commonality of Cognitive Flexibility Hypertexts across domains. When the specific
content of a domain is used 1o instantiate the general frame that underlies Cognitive Flexibility
Hypertexts, domain-specific teatures emerge. Again, the fact that the same primary features
were successfuily incorporated into hypertexts for three highly dissimilar domains attests 1o
the generality of this theory-based instructional approach.

The application of Cognitive Flexibility Theory to advanced instruction using computer
hyperexts, as illustrated in this chapter by the KANE program, results in several major
benefits. These can be briefly summarized as follows:

The atiention to covering necessary complexity is not achieved at the expense of
overwhelming and confusing the learner. By using bile-size chunks of complexity in the early
stages of advanced instruction (mini-cases), followed by the use of more complete cases later,
instruction that addresses complexity may be introduced from the outset because it is staged in
the context of a limited and manageable (but nevertheless moderately rich and ecologically
representative) example--i.e., the use of mini-cases reduces the cognitive demands on the
learner without the hazards of oversimplified "concepts-first" approaches. (A number of other
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features of our approach also help learners 1o manage the complexity that is presented,
including the various options available to the learner to get theme commentary and guidance,

stage-selting information, scene re-viewings, verbal overlays of active themes during film
vigwing, anc so on.)

Another problem associated with the need to cover complexity and to cover a large
number of cases (a prerequisite of advanced performance in lll-structured domains) is the
amourit of time required. !t woulid be desirable to achieve these goals in the time available for
instruction (i.e., a course, or a program of study). The process of acquisition of complex case
experience is accelerated in our approach by the use of elaborated mini-cases and by making use
of the same, increasingly familiar mini-case in ditferent contexts (thus eliminating the need to
spend time learning as many new cases). Thus case experience can accumulate far more rapidly
with this approach than it does in either: (a) case-based curricula that spend much more time
on each case (again, you need to ses lots of cases in ill-structured domains because of the many
different forms cases assume), or (b) the natural exposure to case experience (which is

haphazard, and thus tailored to instructional needs, nor guided as to propenties of conceptual
siructure).

The way that advanced topics are usually taught in instructionally reasonable amounts of
time is by stressing abstract conceplual knowledge at the expense of exposure to cases. The hope
is that the abstractions will have wide scope of application io new cases. In an ill-structured
domain, this is a vain hope. For one thing, in an ill-structured domain, concepts vary too much
in the way they apply to cases. Cognitive Flexibility Hypertexts like KANE directly address
conceptual variability across cases of conceptual application. And these hypernexts gituate the
teaching of conceplts in the context of actual cases, demonstrating how concepts are tailored to
cases. Thus, our programs neither neglect cases to teach concepts, nor concepts to teach cases--
both are taught in the context of each other. Learning is situated, but abstract knewledge is not

ignored. Our approach teaches concepts and cases simultaneously, not separately: gopcepts-in-
Rractice.

1454 Avoi { Counter-productive o lzati

A serious problem in the preparation for knowledge transfer by traditional instruction
is the presentation of information in highly comparimentalized forms. Diferent conceptual
lopics are lreated in diflerent parts of texts and at ditferent times. When cases are presented,
they are usually dealt with in isolation and very seldom related to other cases. But in an ili-
structured domain, knowledge can rarely be used intact--paris of topics/schemas/concepts
must be combined 10 form schema-assemblies, and cases mus! be combined with other cases to
form precedent sets. These processes are inhibited by the comparnmentalization of knowledge
representation that results from compartmentalization in instruction. In our approach,
compartmentalization is avoided in a number of different ways. Severzl themes are
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simultaneously censidered when each raini-case is being processed. Search for examples of any
possible theme combination is facilitated. Commentary on one theme will contain allusions
(cross-references) to other themes.

Similarly, the likelihood of compartmentalization by cases is minimized. An intact case
is less likely to be rigidly treated as a monolithic entity after having been broken into several
mini-case segments. Also, the multiple conceptual codings of each mini-case causes it to fall
into several conceplual categories. And the ubiquity of case juxtapositions when using the KANE
program, as well as the allusions 1o other cases in the theme commentaries and the thematic
overlap across cases, are all designed 10 build interconnections among cases, not separation.

Schema and precedent assembly, as opposed 1o intact schema retrieval, is, again, a
crucial tenet of Cognitive Flexibility Theory. You can not have a prepackaged schema for every
situation you will encounter in an ill-structured domain. A new case will be kind of like an
aspect of one prior case, kind of like an aspect of another prior case, and so on. Similarly, for
the relevance of parts of different concepts, appropriately assembled to fit the new case. So you
need to build schemas to fit new situations. This requires flexibility In knowledge
representations. For fiexibility you need many movable/recombinable knowledge elements
(meaningful fragments of knowledge--"partial theories”) within a web-like structure. This is
accomplished in Cognitive Flexibility Hypertexts by such features as the use of
minicases/scenes (for later precedent assembly) and by having a fairly large number of wide-
scope Themes/Schemas/Perspectives for conceptual schema assembly. The larger the available
set precedent cases and conceptual perspectives, the graater the likelihood that you will have an
optimal combination for dealing with the odd new case. The more pleces you have 1o work with
that each make some nonoverliapping contribution compared to the others, the grealer the
adaptive flexibility you will have to respond 1o complex and chanqing case rgalities. As we said
earlier in the chapter, an ill-structured domain must be substantially daconstructed (while
retaining complex interactions of the parts) in order 1o have a wide range of possible
geconstructions. And facilitating the adaptive assembly of these pieces of cases and fragmentary
"theories” is the earlier record of and experience with criss-crossing them during instruction
(e.g., assembly routes are suggested--you can get between more places in the landscape in
more different ways by having a rich network of interconnecting routes).

So, for schema assembly you need: 1) lots of little pieces of reality (mini-cases) and of
conceptual knowledge (multiple themes/concepts/partial theories), and 2) a way of assembling
them, of putting them 1ogether to fit a new case. These needs are supported by features of the
approach such as theme-combinations, repelition in new contexts, the more rapid accumulation
of experience due 10 the use of compacted and elaborated mini-cases, and single theme search.
Consider single theme search: it demonstrates that even routes with the same theme-name can
be differentiated, which allows you to even better tailor your knowledge 1o highly diverse and
complex new cases: you can pick just the right flavor of thematic connection--your palette for
painting case reaiity has a much richer and mora subtle range of colors. All of the other
features similarly contribute to promoting schema assembly ability.
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The work on KANE and the other Cognitive Flexibility Hypertexis contributemany new
ideas 1o the growing literature on hypertext methodology. Two especially important ones will be
addressed hare. First, the use of hypertext is made less daunting for the student. Second, it uses
a procedure thal automatically generales connections, rather than having to have all links storec
in advance. These will be discussed in turn. (Of course, we consider the most important
contribution to be the thearetical one that is the subject of this chapter.)

1.4.6.1_How ¢ Avoid the Probl { “Gefting Los! in H .

A cornmon problem with hypertexts is that the user soon gets lost in a labyrinth of
connections, and loses track of the sense of his exploration, as well as his or her physical place
in the hypertext (collectively referred 1o as “getling lost in hyperspace®). The use of a case-
centered instructional scheme with mini-cases as instructional and programming foc! solves
this problem. You can never get lost because you are never more than ong connection from the
focus of instruction. In a sense, each mini-case, begins a complete and independent unit of
instruction. All departures for commentary, guidance, context-setting, and so on, take you
right back to the case-at-hand. Each mini-case stans a new lesson (constitutes a new
experience).

(462 | Rather than P | Links: Ml ic Coding of G

In conventional approaches to hypertext development (e.g., those using HyperCard), it is
usually the case that any connections between knowledge nodes (between “note-cards”™) that will
be available for the user to explore have 10 be anticipated and explicitly built into the program.
This is a limitation of most hypertext programs that does not apply to Cognitive Flexibility
Hypertexts. By coding each mini-case with a vector of relevant themes, the KANE program
automatically qenerates instructive case sequencings (and many times more of them than would
be possible if all links had to be pre-stored--the number of mini-case juxtapositions is so
large a number because very many mini-cases are used, and there are many values in the
search vector for each of them). So the program can be used for much longer without
duplication of instruction and with many more lessons being taught.

We have seen how conneclions are automatically identified by the program for
presentation to the user. But the mere juxtaposition of cases (even with appended commentary)
does nof guarantee that imporiant connections between them that are not axplicitly drawn out
will be represented in the mind of the user. How, then, do the connections that are jmplicit in
the program get formed in the mind (e.g., connections across mini-cases)? The same way they
are in aclyal experience. Afer all, the computer program merely presenis experiences
(albeit, stripped down to their structurally-relevant features). However, the experiences in
Cognitive Flexibility Hypertexts are different from actual experiences in several imporiant
ways that make it easier 10 induce interconnectled knowledge representations from exposure to
cases: (1) the cases are immediately juxtaposed (hours or days do not pass between non-
routine cases); (2) the cases are themaltically related (whereas there is no guarantee of
instructive relatedness across naturally occurring adjacent cases); (3) the cases are stripped
down to structurally significant features, making it easier io extract dimensions of structural
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relatedness; (4) the cases are accompanied by expert commentary and guidance; and, finally;
(5) because ihe cases are shon, they are each easier 10 ramember and more of them can be
presented in a short amount of time, facilitating the recognition of relationships across cases.

447 Conclusion

The overall effect of the features of random access instruction that are derived from
Cognitive Flexibility Theory and embodied in "Exploring Thematic Structure in Citizen Kane® is
a program that allows the Kane characler 1o be viewed from a very large number of valid
perspectives. The result of overlaying more and mere points of view on the same content
material (while at the same time reducing initial demands on the learner resulting from this
exira complexity by working with easily digestible mini-cases) is a kind of "stereographic”
representation--the multidimensional fullness of the content is increasingly approximated
with each additional perspective that is presented. Furthermore, the theme combination feature
of the program permits an incremental buildup of a picture of the jnierrelations among the
themalic perspeclives. Instead of just having a set of independent conceptual perspectives that
have to be additively assemi led, the complex pattem of their intertwinament in the actua! cases
(scenes) can emerge. By re-presenting the same information in different contexts and from
different perspeclives, the complexity of that information is made more resistant te
oversimplification.  As a result, knowledge representation is made more multidimensional--
and knowledge that will have 1o be used in many ditferent ways has to be represented in many
difterent ways, with the potential 10 form various combinations with other aspects of knowledge
as required by new contexts of knowledge use.

The result of instruction of this son is deeper understanding of complexity and nuance,
understanding that provides learners with a basis for going beyond what was explicitly taught.
In ill-structured domains, there is considerable variability in the way knowledge has to be used
across the set of potential knowledge application situations. Correspondingly, there is a greater
burden on learners to be able to independenlly apply their knowledge, rather than relying on
prepackaged “prescriptions” for knowledge application provided by teachers and textbooks.
Therefore, it is essential that learners be presente~ vith a cognitively tractable picture of the
tandscape of varieties of knowledge use. And leari. s must be guided in the development of
cognitive skills for effectively traversing those landscapes to independently and adaptively
assemble knowledge to fit the new situations that that knowledge must be applied to. These are
the aims of the hypertext instruclional systems that imptement Cognitive Fiexibility Theory.

In Cognitive Flexibility Hypertexts (like "Exploring Thematic Structure in Citizen Kang®),
these aims are achieved in an instructional environment that reconciles agendas whose seeming
incompatibility would be expected to impose extreme obstacles: instructional material is
presented in a manner that does not sacrifice complexity, yet takes an instructionally
reasonable amount of time 10 cover, and does not overwhaim the learner.

A final point: The instructional approach described in this chapter i difficult. But
sometimes advanced knowledge acquisition has to be hard. There are data that indicate that
difficult instruction tends to be neglected, at great cost to iearning outcomes (Feltovich et al.,
1989; Spiro et al., 1988). The trick is to make advanced learning as easy as possible withoul

sacrilicing the integrity of the material lo be learned. That is what Cognitive Flexibility
Hypenexts atlempt 1o do.
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44,8 Foolnoles

The principal contributor to this chapter was Rand Spiro, with additional contributions
by Jihn-Chang Jehng.

1The three hypertext systems are fuily functioning prototypes. However, because they
are currently used only for research, they contain a limited number of cases and commentaries.

They are not fully developed curricula, although preparing them for that function would simply

be a matter of adding more cases and commentaries--nothing in the computer programs
themselves would change.

20ne further note may be helpful. The terms hypertext, hypermedia, and HyperCard are
often confused. Hypertext has already been discussed. MyperCard is merely one kind of
programming environment for hyperiext developmaent; it was not used for the Kane program.
Hypermedia refers to nonlinear computer learning systems in any medium (including multiple
media). In that sense, it is a more general term than hypertext. However, since only one of the
nonlinear learn. - programs that have been based on Cognitive flexiblity Theory employs
multiple media (ine Citizen Kape program), we feel unccmfonable referring 10 the set of
systems as hiypermedia. Yelthe set should have a common name, given that a common
theoretical basis is shared. So we refer to all of the systems as hypertests. This designation is
consistent with the more general usage of the term "text™ in post-structuralist Literary theory
to refer 10 any object of rich interpretation, including pictures. So, the Iinstrustional program
using Citizen Kane is a nonlinear ‘text’ that reiies heavily on film segrients, as well as written
text.

3An example of a transfer measure for Cilizen Kane Is compr.he: - an of critical
commentary on the film. It has been amply demonstrated that text co..; whension requires the
mcbilization of an appropriate background knowledge scatfolding. This requisite background
knov ‘edge changes across the many texts written about the film. Ability to assemble
. cnension-supporting background knowledge across a wide variety of texts (compared 10
Loriprehension scores o! control subjects) would indicale the acquisition o one kind of flexible
transfer ability.

4A note on terminology will be helpful before continuing. In this chapter we use the
lterm conceapt very broadly. We sometimes call schemas conceplts, and we frequently refer to the
complex themes of Citizen Kane as concepts. Sometimes abstract perspectives are called
concepts. Nr  2oretical significance should be attached to this usage. It is merely a convenient
way 1o make . sefy gross distinction between abstracl, conceptual knowledge and information
aboul concrete cases. Simillarly for our use of the tarm gase. We refer to the short scenes from
Citizen Kane as mini-cases (or sometimes, in more general theoretical discussions, as cases).
Sometimes we call examples or evenis cases. We are simply lumping together as cases anything
that is an actual happening or a description of an actual happening, whether it is a scene from a
film, a medical case, or an historical event. This is pant of the same fundamentat distinction we
draw between conceplual knowledge and cases (things that actually happen).
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5The program was conceived by the first author, who also conducted the content analysis
of the film. The second author wrote the program code from the specifications provided to him.
Michae! Jacobson helped with some of the user-interface design.

61t is worth noting again that the Cognitive Flexibility Hypertext approach is a general
one- e same principles lead to very similar hypertexts in radically ditterent krowledge
domains. The issue of domain-independence is relevant here. We believe that there are
considerable ditferences across domains, but the principles of domain exploration are the same
(just a. New England and Southwestern landscapes differ while general principles ot how to
explore a landscape can be applied 1o both). For example, in any landscape or complex
knowledge domain, multiple traversals will be imporntant.

71t should be noted that KANE also allows well-siructured aspects to be taught (for
example, besides showing how themes differ across instantiations, the program teaches what
distinguishes each theme (i.e., what theme instantiations have in common). However, given
limitations of space, we will emphasize the more novel treatment of complexity and iii-
structuredness.
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Chaptler 4.5 Cognitve Flexibility, Hypertext, Comuter-Assisted
Instruction, and the Promotion of Transfer for Complex Knowledge

151 Overview of Chaot

Recent applications of educationally oriented hypertext systems have attemptad to
structure knowledge-rich learning environments, often in conceptually demanding domains and
for students who are at an advanced stage of leaming. A study is reporied that investigated the
use of recent cognitive instructional theory 10 structure a hypertext system to provide
instruction in a complex and ill-structured content area. The resulis of the study revealed that -
the more hyperiext-like treatment promeoted superior fransfer 10 new situations, while a
hybrid hypertext/computer-based drill treaiment led to higher performance on the measures of
memory for tactual knowledge. The experimental findings are discussed from the perspective of
the cognitive theorelical framework that underlaid the experimental hypertext system.
Instructional prescriptions for hypertext learning systems, such as the use of multiple .
representations ot knowledge and the demonstration of critical interrelationships between
abstract and case-centered knowledge ccmponents in multiple contexts, were found in the study
1o help promote the mastery of complex knowledge and the ability to apply this knowledge to new
siluations. Some implications of these findings for the development of hypertext learning
environments are aiso discussed.

452 Introduction

While early applications of hypertext technology often focused on providing flexible
access 1o a wide variety of information types, newer educationally oriented hypertexts have
attempted 10 structure knowledge-rich learning environments (e.g., Beeman et al., 1987;
Beeman et al., 1988; Conklin, 1987; Crane and Mylonas, 1988; Dede, 1987, 1988; Jonassen,
1986, 1988. Spiro and Jehng, 1990). An imporiant characteristic of these recently developed
hypertext systems is that, unlike traditional computer-based instructional approaches which
are commonly developed in instructional contexts that either are at an introductory stage oi
learning or are in more conceptually well-structured content areas, these hypertext learning
environments are frequently developed for more advanced learning situations involving complex
and cognitively challenging knowledge.

Although hypertext systems have besn used recently to promote the achievement of more
advanced learning goals, there has been litlle discussion in the hypertext literature concerning
recently identified learning problems associated with more demanding instructional contexts
(Jacobson and Spiro, 1991a; Spiro, Feltovich, Jacobson, and Coulson, in press; Spiro and
Jehng, 1990). Serious learning failures have been identified in recent cognitive instructional
research, such as the development of conceptual misunderstandings (e.g., Feltovich, Spiro, and
Coulson, 1889; McCloskey, 1983; Perkins and Simmons, 1989; Spiro, Coulson, Feltovich, and
Anderson, 1988) and the inability of students to transfer knowledge to relevant new situations
(e.9., Bransford, Franks, Vye, and Sherwood, 1989; Brown, 1989; Gick and Holyoak, 1987;
Schoenteld, 1983). Unfortunately, many instructional applications of hyperiext have been
developed in an atheoretical manner and have often not considered leaming problems such as
these that confront learners of complex knowledge (Jacobson and Spiro, 1991a; Spiro et al., in
press; Spiro and Jehng, 1930).
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The major goal of this chapter is o discuss features of a theory-based hypertext learning
e.ivironment employed in a study that investigated knowledge acquisition and transfer issues in a
complex and ill-structured domain. The results of this study revealed significant knowledge
transfer effects associated with a new approach 10 structuring an instructional hypeitext
system. As a detailed account of the research methodology and findings may be found in Jacobson
and Spiro (1991b), this chapter will focus on the theoretical framework used o structure the
hypertext system that contributed to the attainment of knowledge transfer.

453 Tbeoretical Framework and Research lssues
Soanitive Flexibility T

Cognitive Flexibility Theory (CFT) (Spiro ot al., 1988) is a theory of learning and
instruction that seeks 1o provide a framework for both understanding and promoting the
advanced acquisition of knowiedge, particularly in complex domains that possess a high degree of
conceptual irregularity or ill-structuredness. (Due to space limitations, this section will
provide only a brief discussion of CFT. For a fuller explication of this theory, see Spiro,
Vispoel, Schmitz, Samarapungavan, and Boerger, 1987; Spiro et al., 1988; and Spiro and
Jehng, 1990.) An important aspect of the theory, that is a central research issue in this study,
is its concern with knowledge transfer.

An analysis of learning failures in several recent studies has identified various forms of
oversimplification of complex knowledge as a significant coniributing factor (Coulson,
Fellovich, and Spiro, * 290; Feltovich et al., 1989; Myers, Feltovich, Coulson, Adami, and
Spiro, 1990; Spiro, Feluvich, Coulson, and Anderson, 1989). These sources of failure in
understanding are also believed 10 contribute 1o deficiencies in transfer ability. To address
these problems, CFT makes a number of instructional prescriptions, such as: use of multiple
knowledge presentations (e.g., multiple themes, analogies, case examples, lines of argument);
explicitly linking and tailoring concepts to practice or case examples (i.e., situating conceptual
knowledge in contexts that are similar to those required for the application of the knowledge),
incrementally introducing complexity in small, cognitively manageable units; stressing the
interrelated and web-like nature of knowledge (instead of isolatect and compartmentalized
knowledge); and encouraging the assembly of appropriate knowiedge from various conceptual
and case sources (rather than the intact retrieval of previously memorized information) (Spiro
et al., 1988; Spiro and Jehng, 1990). The use of instructional features such as these are
predicted by CFT to help the learner cultivate a mullifaceted and flexible cognitive
representation of complex knowledge. Such cognitive representations should enhance knowledge
transfer by increasing the likelihood that an appropriate compilation of knowledge can be
construcled 1o fit the understanding or problem-solving needs for the wide varioty of case
characteristics associaled with ill-structured domains.

Besearch lssues
There is preliminary experimental evidence from two noncomputer studies that

procedures based on Cognilive Flexibility Theory in fact promote the ability of students to
acquire and transfer complex knowiedge (Hartman and Spiro, 1989; Spiro et al., 1987). In
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addition, CFT design prescriptions have also been used to develop several prototype

instructional hypertext systems (Spiro et al., 1988; Spiro and Jehng, 1990). The present
study was intended to extend this research and development program o specifically test selected
CFT theoretical and design issues associaled with the use of hypertext learning environments.

The main experimental hypothesis of this study was that a hypertext approach
incorporating several design features based on CFT would promote the acquisition of complex
material (the social impact of technology) in a manner that would enhance the learners' ability
to apply the knowledge in cognitively demanding and ncvel knowledge application tasks. A
conirol condition--a hybrid hypertextVcomputer-based drill--was developed which employed a-
number of antithetical design features that presented the same instructed knowledge in a more
rigid and decontextualized manner. While the latter treatment was predicted to foster the
efficient and effeclive acquisition of factual knowledge in the domain, it was expected that
subjects in this group would perform at a lower level on tasks requiring knowledge transfer
(i.e.. the application of instructed knowledge to conditions unlike those found in the initial
learning) than would the subjects receiving the experimential hypertext treatment.

454 Overview of Hypenext Study
Experimental Features

The social impact of technology was selected as the topic for the instructional content.
This is a complex domain that is conceptually ill-structured due to the multidisciplinary focus
of the literature and the rich and dynamic conditions that characterize real worid applications of
this knowledge. Thirty four subjects were randomly assigned to the two main treatment groups
for a study that was administered in two hour sessions ovar a period of four days. An initial
period of knuwledge acquisition, referred 1o as Reading Time, provided an introductory exposure
to the subjec! matter using similar hypertext materials read by both grcups. A period of more
advanced study was provided during Study Time in which the contrasting treatments for the two
groups were administered. The main component of the treatment for the experimcti*al group,
referred to as Thematic Criss-Crossing, involved a hypertext environment in which abstract
and case-centered components of the domain were studied from a variety of intellectual
perspectives that highlighted different aspects of the knowledge. The contro! conditian consisted
of a computer-based drill that provided practice on factua! items drawn from Readi g Time and
on ilems requiring the recognition of abstract knowledge components in previously read
passages. The primary evaluation 1asks, which were administered on the second and the fourth
sessions, consisted of short answer tests on the acquisition content and writlen essays requiring
the subjecis 1o analyze and resolve issues posed in naw social impact of technology situations.

Maior Resulls

The shori answer items were intended to measure the acquisition of factual knowledge
associated with ihe instructional content. As predicted, the hybrid hypertextcomputer-based
drill group achieved significantly higher scores on this test of lower-level domain knowledge
(means of 52.6 vs. 47.4, averaged across the two conditions). We feel that there were several
aspects of the computer-based drill treatment that contributed 1o this finding, such as the
simplification and abstraction of the domain knowledge resulling from studying the malerial
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using specific multiple-choice questions on factual and theme content and the implicit emphasis
on rote memory of the material resulting from recycling missed items for turther practice in
the drifl format (see also Jacobson and Spiro, 1991a).

While there was no difference between the groups on the judges' scores for the more
cognitively demanding Problem-Solving Essay task administered at the end of Session 2, the
Thematic Criss-Ctossing group achieved significantly higher essay scores by Session 4 (9.5 vs.
7.2 after Session 4; after Session 2 the nonsignificant difference was 8.4 vs. 7.6, in the same
direction) . The delayed eflectiveness of the Thematic Criss-Crossing treatment was expecied as
it was thought that a critical period of time would be required by the subjects to assimilate the
multiple and interrelated perspectives of the knowledge presented by this treatment. Subjects
receiving the Thematic Criss-Crossing treatment thus were better able to apply their acquired
knowlecge of the social impact of technology in an untamiliar within-domain problem-oriented
situation.

4.5.5 Hyperdext and Learning Complex Knowledge for Yzansfer:

A short duration study such as this (over a two week period with about four hours of
instruction) is but a snap-shot of advanced learning in a complex and ill-structured knowledge
domain. It is therefore notable that significant experimental effects were achieved in the
limited amount of time available for the study that were highly consistent with the study's
cognitive theoretical framework. This seclion will examine the experimental findings from the
perspective of five Cognitive Flexibility Theory instructional prescriptions (discussed earlier)
that were inccrporated into the hypertext system used in this study. The experimental Thematic
Criss-Crossing group received all five of these prescriptions while the hybrid

hypertext/computer-based drill received oniy three of the prescriptions, along with a
computer-based drill.

Cognitive Flexibility | F i Both. Experi :

Use multiple representations of knowiedge. A central recommendation of CFT concerns the
use of multiple knowledge represeniations 1o help avoid the oversimplification of complex
knowledge. The hypertext materials used during Reading Time were intended to represent the
complexity of the social impact of technolcgy domain through the use of multiple case examples
and mulliple thematic or conceptual perspectives. Six cases were written as the primary
hyperiex! knowledge nodes that described different examples of the social impact of technology,
such as a case describing an attempt to develop an electric car in France during the 1970s and a
case discussing the use of human subjects for medical research on the development of an
artificial heart. Multiple conceptual perspeclives were provided through the use of six broad-
scope and partially overiapping thematic dimensions of anaiysis that were identified from the
literature, such as Freedom - Control and Community - Alienation.

Link concepts to case examples. The six cases were subdivided into minicases that served as
the primary instructional units/hypertext nodes. Each minicase consisted of a shorl section of
lext describing a portion of the case, a list of relevant themes, and theme commentaries (see
Spiro and Jehng, 1990). The text of each minicase was analyzed to determine which of the six
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social impact of technology themes were relevant; applicable themes were placed in a Theme

List node for the subject 1o read. Theme commentaries were written that were intended to be
representativ ¢ of expert knowledge in this domain. The commentaries were specific to every
minicase for aach of the listed themes. The theme commentaries explicilly linked the generic
definitions of the themaltic perspectives (i.e., abstract knowiedge components) to the specific
features of text sections used in the minicases (i.e., case-centered knowledge components).

Incrementally inltoduce complexity. The minicase seclions represented small and
cognitively manageable units of study that still reflected aspects of the domain's conceptual
complexily and ill-structuredness even ai the beginning of the instructional treatment. The
instructional sequence provided increasing amounts of complexity as the subjsct read more
social impact of technology cases. Also, because of the different combination of themes
associated with each minicase, variability of conceptual or thematic coverage couid be seen both
within and between cases. Concepls were thus not presented in an oversimplified or abstracted
manner initially as in many curricular approaches, with the potential problem that the early
simplifications would interfere with learning domain complexities at a later phase of
instruction (Feltovich et 2l., 1989; Spiro et al., 1987; Spiro et al., 1988, 1989). Instead,
the early instructional sequence reflected a moderate degree of the richness associated with the
domain that was then elaborated on with later Study Time ieamning activities.

Cogniive Flexbl : { the Exoeri | Thematic Griss-Crossing G

This section discusses two additional tenets of Cognitive Flexibility Theory , the web-like
nalure of knowledge and knowledge assembly from different conceptual and case sources, that
were implemented in the Thematic Criss-Crossing treatment administered to the experimental
group during Study Time. It is imporiant to note that while these two additional prescriptions
were added during Study Time, Thematic Criss-Crossing continued to utilize (in slightly
ditferent ways) the three prescriptions discussed earlier. The inultiple representations of
knowledge and incrementally introducing complexity prescriplions were instantiated through
the use of mulliple combinations of themes from which to explore the minicase knowledge base
in novel and intricate ways (i.e., thematic criss-crossing), and the linking of concepts to case
examples was continued in a similar manner as in Reading Time through the use of the same
theme lists and thematic commentaries (although subjects were required 1o read only selected
theme commentaries associated with a particular Thematic Criss-Crossing combination). The
next two sections briefly discuss the additional CFT prescriptions employed in the Thematic
Crics-Crossing treatment.

Stess interrelated and web-like nature of knowledge. As noted earlier, Themalic Criss-
Crossing required the subjects 10 reread minicases that exemplified ditferent combinations of
themes. 1t was hoped that this procedure would help demonsirale case-based concepiual
interre!ationships in the domain knowledge that may have been unnoticed when initiaily
studying the material in Reading Time. For example, reading minicase A with the themes "x y
z,” minicase B with themes "u x y,* and minicase C with themes "v 2* may not suggest any
underlying knowledge interrelationships to a novice in the domain. However, considering
themes "x y" logether demonstrates knowledge linkages between minicases A and B, while a
consideration of theme "z illustrates an overlap between minicases A and C. Each combination
of themes allows a diferent traversal of the minicases that comprise the knowledge base of the
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hyperiext. Such a theme-based exploration of the minicases is intended 1o highlight many
different facets of the domain knowledge. In all, the Thematic Criss-Crossing subjects read 15
different thematic combinations over the four experimental sessions to implement the CFT

prescription to demonstrate the web-like structure of the conceptual and case interrelations in
the instructional domaii.

. ack . cas. The Thematic
Criss- Crossmg trealment was desugned 1o prowda an externaluzed tecrnology based procedure
that explicitly demonstrated how knowledge could be assembled from different conceptual and
case sources, a procedure that could be considered analogous to knowledge representation
schemes observed in experts. For example, protocois of experis engaged in problem-solving
tasks in a variety of domains have documented their ability to flexibly apply knowledge and
solve problems in a domain (e.g., Chi, Glaser, and Farr, 1988). It may be that the assembly of
knowledge from various conceptual and case sources rather than just the iniact retrieval from
memory of precompiled knowledge structures (Spiro et al., 1988) is a component underlying
the flexible knowledge application and problern solving performance observed in experts. Part
of the effectiveness of the Thematic Criss-Crossing freatment thus may be due o the
externalized modeling of knowledge assembly demonstrated through the computer re-editings of
the link relationships between the minicases based on ditferent theme combinations. With this
procedure, the student directly experiences the combination and recombination of knowledge
components that, internalized over time, undergirds the development of cognitive fiexibility and
the improved ability 1o transfer knowledge to new situations.

\mplications Desian of H | ing Envi

There are important implications for the design and use of instructional hyperiext systems
that are suggested by the findings of significant transfer etfects associated with the
experimental Thematic Criss-Crossing treatment on the Problem-Solving Essay task. While a
full consideration of these issues is beyond the scope of this chapter, a critical implication of
the study is that merely providing hypertext links to different information nodes Is not
sufficient to promote the transfer of knowiedge to new situations. Both groups had an equal
opportunity to learn abstract and case-centered components of the domain knowledge with the
hypertext materials used during Reading Time and both groups also received further study in
the domain during the contrasting Study Time treaiments. As noted earlier, the superior
performance of the Thematic Criss-Crossing group on the Problem-Solving Essay suggests that
the ability to acquire and transfer complex domain knowledge requires special design
parameters for the hypanext lgarning environment, such as presenting the krnowledge in
multiple and interconnected ways. Future research is obviously needed to study the effects of
such theory-based design parameters on the effectiveness of hyperiext Isarning environments
in @ vanety of content areas and instructiona! situations.

456 Conclusion

This chapter discussed a number of theory-based features of an approach to structuring a
hypertext system that was used in a recent study of learning and knowledge transfer in a
complex and ill-structured content area. Significan! transfer effects were found for the
experimental hyperiext treatment that employed recent cognitive instructional theory
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prescriptions such as the use of multiple knowledge representations, depicting the
interconnected and web-like structure of absiract and case-centered knowledge components, and
stressing the assembly of knowledge from different conceptual and case sources. The rigorous
evaluation of instructional hypertext design principles is stili a relatively new area of cognitive
research. Given the proper atiention 1o critical theoretical and empirical issues associated with
learning complex knowledge, hypertext learning environments show promise of being a valuable
instructional supplement to other types of cognitively oriented computer-based learning
systems such as microworlds, intelligent tutoring systems, and empowering environments.

457 Foolrote for Chapter

The principai contributors 1o this chapter were Michael Jacobscn and Rand Spiro.

169




Chapter 4.6 A Detalled Example of the Application of Cognitive Flexibility
Theory to 8 Hypertext System for Case-Based Development of
Conceptual Understanding in an Hi-Structured Domaln:
The Military Strategy of the Indirect Approach

461 Introduction

The preceding chapter presented the theory of Cognitive Flexibility Hypertexts in
extensive breadth and detail. The present chapter is intended as a much more concrete follow-

up to that theoretical presentation, more closely approximating the way the system would
actually be used in the initial stages of learning.

Pumose of the Chapler

There were several purposes for the research discussed in this section. First, the
research was carried out in an archetypal arena for relating conceptual knowieoge to decision-
making: an ill-structured domain of strategic action. In particular, we endeavored to set up a
cognitive flexibility hypertext system to teach Liddell-Hart's military strategy of the indirect
approach (1954), as applied to actual military battles, based on a Cognitive Flexibility Theory
mode! of advanced knowledge acquisition for the domain. Second, the domain chosen, the

military strategy of the indirect approach was chosen for its direct and obvious implications for
the military.

Third, the research presented in this section is intended to provide a fairly detailed
working out of the theoretical notions discussed in the earlier sections. That is, it was intended
to be an instantiation of Cognitive Flexibility Theory, both at the cognitive and instructional
levels. Many of the elements of Cognitive Flexibility Theory discussed in different places
eariier in this Report will be illusirated in this concrete case; thus, this section serves a
concrete integrative function. Tenets of Cognitive Fiexibility Theory will be highlighted at their
points of instantiation to facilitate this process of integration.

Fourth, an important peint we want to make is that learning approaches of the situated
cognition type (e.g., Brown, Collins & Duguid, 1989) have had two imporiant shoricomings
(along with there many strengths and positive contributions): 1) they have focused cn the
importance of the situation or case af the expense of conceptual knowledge -- Cognitive
Flexibility Theory emphasizes the importance of joint relationships among the two; and 2) they
have not presented specific models of situated learning systems and processes. The work
discussed in this system is intended as a worked out model of one variety of situated leaming,
incorporating a central role for conceptual information as knowledge-in-action. The point of
Cognitive Flexibility Theory is that neither conceptual understanding nor case-based
understanding can be dominant. Rather, a new view of conceptual understanding and its
acquisition is required for ill-structured domains, a view that has at its core the notion that the
meaning of conceptual entities is at best incomplately expressed in the abstract, and full
meaning is possible only in a particular situation of use. This new view is explicated and
exemplified in this seclion of the Repon.




The plan for this chapter is as follows. First, the the Strategy ot the Indirect Approach
is described. Then, an overview is presented of how a general pian for learning the Strategy of
the Indirect Approach is derived from Cognitive Flaxibility Theory. The bulk of the rest of the
paper is devoted 10 a tour of a Cognitive Flexibility Hypertext system for teaching the Strategy
of the Indirect Approach, with examples drawn from the early stages of iearming using the
system, using actual historical cases as a basis for instruction. Throughout the discussion ways
that the Cognitive Flexibility Hypertext follows the ‘nstructional tenets of Cognitive Flexibility
Theory will be highlighted.

uci he *S {he Indirec! Approach®

The present chapter illustrates the application of Cognitive Flexibility Theory to a
Cognitive Flexibility Hypertext for the military strategy of the indirect approach (SlA),
derived from the thinking of Liddel-Hart (1954), as updated by contemporary military
strategists of the operational level of war (e.g.. Luttwak, 1986). The strategy of the indirect
approach is crucial to the application of such contemporarily central strategias as relational
maneuver and blitzkrieg. SIA requires commanders (in headquarters and in the battliefieid) to
flexibly adapt to dynamically changing battle situations and to most efficiently leverage their
own forces by striking at weak points of the enemy -- all to produce the maximum
psychological dislocation of the enemy. (A more detailed undarstanding of what SIA is will

emerge during the course of this chapter, as we explore a Cognitive Flexibility Hypertext that is
intendad to teach it.)

SIA is likely 10 continue to be the dominant straiegy of the current era, given limitations
of resources and uncerainty as to the characteristics of the enemy and the arena of conflict as
the military must be ready to depioy virtually anywhere in the world. SIA was the strategy we
employed in the recent Persian Gult War. Unfuortunately, SIA has often been thcught by
military experts to be nonteachable because it relies too much on the “at® of command or the
"genius” of individual commanders. We argue that the difficulty in teaching this strategy is due
to its being ireated conventionally, i.e., as a well-structured domain, when in fact it is highly
irregular and ill-structured, and hence requires an approach that stresses cognitive fiexibility.

,  Knowledae S s Acquisition | - Structured Domai

In this section of this chapter, we will iilustrate some of the crucial features of the
structure of knowledge for this action-oriented strategic approach. Since tha Cognitive
Flexibility Hypertext for the Strategy of the Indirect Approach is derived directly from the
learning implications of these special knowledge structural features, the nature of the
hypeniext approach will be naturally introduced in the course of the analysis.

What is the Strategy of the Indirect Approach? Deoes it have a finita, denotatively
specifiable meaning? The answer is "no", as it would be for any ill-structured conceptual topic
(e.0.. Spiro et al., 1988; Wittgenstein, 1953. How, then, can the topic be represented and,
relalediy, taught? The first step is t0 acknuwladge its complexity: SIA has been thought of as
‘essentially’ many ditferent things, a theory of flexibility, of psychological and physical
dislocation, of indirection, of momentum, of expediency, of distraction and decepiion. And all of
these altributions are true, although SIA is not ‘essentially any of them. In difierent cases, one
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or the other of these features will appear to dominate the others in its imponance for grasping
SIA. However, shifts in dominance patierns for other cases are always easy to demonstrate.
Furthermore, none of these features of SIA is present in every case of the approach's
application. Perhaps most importantly, none of the features of SIA can itselt be gdenotalively
defined, but rather is characterized by a relationship among its instances of rough family
resemblance (without any exemplary instances that could adequately serve as prototypes for the
entire set). Thus, the conceptual entities that make up SIA are themselves Iil-structured, just
as is the domain as a whole.

Therefore, following the dictaies of Cognitive Flexibility Theory, the conceptua! entities -
of SIA (e.g., flexibility, dislocation) must be taught through their application oruse In actual
battle situations, trealed as no more thar themas that run through cases in a less than orderly
and regular manner, and deall with in combination rather than isolation. The tamily
resemblance palterns that unite insiances of each SiA theme, as well as the patterns that
produce usable resemblances across instances and non-instances of the overall SIA approach,
are gradually accumuiated from structured experiences with their occurrences across actual
cases. This learning process, and how it relales 1o the use of SIA knowledge in making decisions
in new cases, is the subject of the remainder of this chapter.

Disclai C ng Limited Obiegli

It is important 10 understand the limitaiions of the SIA Cognitive Flexibility Hypertex!.
At this stage, we are not trying to prepare people for decision-making. Rather, the goal is 10
teach the conceptual structure of SIA, an ill-structured domain of concepts-in-action, as it is
applied 10 actual historical battles (i.e., as a system integrally connected to application in real

cases, no! as an abstract entity in isolation from application). This is a large step towards full-
fledged decision-making, however.

A related point is that we are not arguing that studying our vicarious cases is a substitute
for actual panicipation in “iive" cases. Rather, we argue that the two case approaches are
complementary. Real-time participation in cases has the limitation that they take too much
time, and therefore you can not cover enough of them in an instructionally managable amount of
time to acquire sufficient experience with the variety of structural forms the cases take in an
ill-structured domain -- this is one of the reasons that professionals usually require so many
years of experience (<ee Chapter 4.4). You need many cases for sufficient experience for
transfer in ill-structured domains. However, we always use rea’ cases (rather than
artificially conslructed ones) in cur Cognitive Flexibility Hypertexts -- you have to get psople
ready for whai they will have to apply their knowledge to. All of this is not to say however, that
we eschew aclive participation; in fact, the latler is an important tenet of Cognitive Fiexibility
Theory and is part of the Cognitive Flexibility Hypertext approach to teaching SIA. It will not be
showcased in the present chapter, however. Here we just stress the aspect of the Cognitive
Flexibility Hyperiext concerned with reading 1o learn conceptual structural relations as they
relate 1o cases--a new kind of case-based conceptual instruction.

Also, in the limited space available, we will provide only a limited number of “criss-
crossings.” We just want 1o show how much managable complexity you can get from just a
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couple of hours or so of instruction. (Cognitive Flexihility Thenry says you then get an
exponential increase wilth addilional time spent.)

Also keep in mind that a lot of what you will read about SIA will not be easy. But that is
the way that it has 10 be: SiA is hard, and although we believe we make It as easy as possible

using the Cognitive Flexibility Hyperiext approach, it would not do to make it so easy that you
could not learn the difficuit topic that it is your goal to leamn. Furthermore, in actually using
the program, you would not try to learn everything at one time, because you would know that

you would be revisiting the same information later. This would remove some of the pressure of
achieving a tult understanding the first time or two that you read material.

In sum, before the reader embarks on this little exploration of the SIA Cognitive
Flexibility Hypertext it i3 recommended that he or she keep two things in mind: 1) it is only a
demonstration of how Cognitive Flexibility Hypertexts do one thing, conceptual knowlecge
structure building -- there are iots of important things in the theory of Cognitive Flexibility
Hypertexts that are not addressed in what follows (e.g., aclive participation; real-time situated
learning); and 2) it is only a little demonstration, barsly scratcning the surface of what could
be done in many more “criss-crosses,” with many more cases. It is just an introductory tour
lhrcugh a Cognilive Flexibility Hyperiext in the initial stages of learning SIA.

1 lE%WI : , mm-ﬂmmmm'—s 00 G Lfor SIA | .

A central tenet of Cognitive Flexibility Theory is that iearning in ill-structured domains
must be case-centsred (because of the differences across cases of any possitie classificatory
lype). For the purposes of this demonsiration of the nature of Cognitive Flexibility Hyperiexts
and how they relale 10 the foregoing wotk on failures in advanced knowledge acquisition and
associated remedies in Cognitive Flexibility Theory, we will present one case in detail, the
German westward advance through Belgium in 1940, emphasizing the surprise breakihrough in
the Ardennes Mountains and its aftermath, culminating in the evacuation of Allied forces at
Dunkirk.

We begin with a first pass intraduction 1o SIA ang a description of the campaign, like that
which would be presented to a learner beginning instruction in S!A. Note that the campaign has
been broken up into nine chronlogically based segments or scones. As we will see, these scenas
are used as the unit of instruction, not the campaign as a whole. This is a crucial design decision
in Cognitive Flexibility Hyperiexts, related to the probiems of moving from simple to complex
learning discussed in various places earlier and 10 receive more attention later.

Instructions to the reader: You should now read the introduction just below, and then
proceed to read the Ardennes scene descriplions numbered 26-34 in conjunction with looking at
the copy of the computer display of the battle map for each of the scanes beginning on the second
page foliowing (the scene number is in the upper left-hand corner). Again, be sure 1o consult
the map for each scene in conjunclion with the corresponding verbal scene description. The
verbal descriptions are what you would see if you clicked on the Description® button at the
bottom of the figures with the maps.




Introduciion 10 S1A and the Ardennes Campaign

The purpose of this leaming experience is 10 teach you about 8 particular kind of strategy called the
STRATEGY OF THE INDIRECT APPROACH (which we will usually refer 1o as S1A). The strategy can
be applicd in many different kinds of situations. However, it has been used mos: often in the context of
decision-making for military battles, so we will ieach the strategy in that context. After leaming about the
strategy, you will be given some tes: questions that ask you to apply the strategy 1o new Situations, some
military and some non-military.

The STRATEGY OF THE INDIRECT APPROACH (S1A) is, in a sense, paradoxical. It is a strategy that
says you should not always take the most direct and obvious approach 10 attaining some objective, that you
should noi necessarily take the path of least effort, travel the shortest distance, or follow expected “rules” of
action. But you should be on your guard -- SiA i a complex strategy, with many facets; leaming SIA will
require much more than just memorizing a simple definition (like the one just presented).

We will begin by presenting a historical example that will be used to illustrate SIA. Afier the example is
fully prescnied, the concepts that make up S1A will be introduced and applied in the context of that
example. The example is the Ardennes offensive in 1940, in the early stages of Worid War 11; up to the
very end of the campaign, the Germans exemplify SIA while the Allies violate SIA consistently; in the last
pant of the campaign the roles are reversed.

REMEMBER: THE MAPS ON EACH OF THE NEXT NINE PAGES CORRESPOND TO SCENES IN
THE ARDENNES CAMPAIGN. DESCRIPTIONS OF WHAT IS GOING ON IN EACH OF THE
SCENES IS TO BE FOUND ON THE PAGES IMMEDIATELY FOLLOWING THE LAST MAP.
READ THE DESCRIPTIONS IN CONJUNCTION WITH LOOKING AT THE MAP. {Of course, in the
hypertext you would not have (o page back and forth 1o accomplish this.)




BATTLE SCENE: Ardennes 1

GREAT eAmsterdam -
BRITAIN i Y NETHERLANDS ' &
- I:: : ' ) o 4
% eSS Rotterdam *:.- x' ' "
S :') *e GERMANY
Wi ' + K. Aniwe.’p.’-. : ”
o ,:-A 'bunka.rk'r.-----v..__ B'““:]‘ _
+ 4 BELGIUM
5 +4
i + Yo
e & : Q.’
E rgenns ns
+ é+ . ’..,_;’ untain :’
e, @ Luxembourg ’0
i
Pari L e,
e o N T T e [Allles
FRANMLE /|Germoans @
? Background Description Themes Return =]
Figure 27. Scenc |

175




BATTLE SCENE: Ardennes 2
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BATTLE SCENE: Ardennes 3
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BATTLE SCENE: Ardennes 4

GREAT <] eAmsterdam
BRITAIN NETHERLANDS .~ ®
“ + 2
Dover, % E gy . GERMANY
: 2
R ’Dunklrk".v"”'T
Paris ’
L N |Allies <o
FRANCE /|Germans &
? Background Description Themes Return o=

Figure 29. Scene 4

178



BATTLE SCENE: Ardennes 5
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BATTLE SCENE: Ardennes 6
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BATTLE SCENE: Ardennes 7
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BATTLE SCENE: Ardennes §
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BATTLE SCENE: Ardennes 9
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Scene Descriptions for the Ardennes Case
(see Maps for each scene on the preceding 9 pages, Figures 26-34)

BATTLE SCENE: Ardenncs 1

BATTLE BACKGROUND
Allied forces anticipate German attack through the central Beigian plain, and have planned accordingly.

BATTLE DESCRIPTION

German feinis SHAPE' OPPONENT 1o elicit Allied responses that signat the Allies’ intention to advance rapidly
into cental Belgium,

BATTLE SCENE: Ardennes 2

BATTLE BACKGROUND
The Allies have a very sirong expectation of a German offensive through the central Belgian plain.

BATTLE DESCRIPTION

A sizable German force atiacks through central Belgium, as anlicipated. Allied forces immediately stream wowards
the arca of the attack in massive numbers, with the most mobile forces leading the way.

BATTLE SCENE: Ardennes 3

BATTLE BACKGROUND

An anticipated German invasion of central Belgium has led to a massive rapid movement of Allied Forces to that
region.

BATTLE DESCRIPTION

A German offensive force is reporied in the Ardennes Mountains region (thought tc be impassable by large armoured
forces). The Allies ignore these reports and continue to stream with full commitment into central Belgium, nonh of
the Ardenncs.
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BATTLE SCENE: Ardennes 4

BATTLE BACKGROUND

The Allies have been responding en masse 10 an anticipated German atiack in central Belgium. Reports of German
forces in the Ardenncs Mountains (0 the south have not been taken seriously.

BATTLE DESCRIPTION
It becomes clear that the Germans have launched a major offensive through the lightly guarded Ardennes region.
This is particularly troubling because the overcommited Allied forces are way out of position 1o react to the Geiman -

move 10 the south (the most mobile Allicd forces, having been sent inic Belgium first, are the furthest in the wrong
direction).

Also, the attack through the Ardennes simulaneously threatens: 1) the flank of the shaken Allied forces in Belgium,
as well as their communications; 2) encirciment by a westerly followed by a northerly thrust: and 2) the vulnerable
French capitai of Pans.

-

BATTLE SCENE: Ardennes S

BATTLE BACKGROUND

The Germans have broken through the lightly defended Ardennes in force, threatening multiple objectives (the flank
of Allied forces in Belgium; cncirclement of those forces; and vuinerable Paris).

The Allies are caught off balance from having thrusied forcefully in the wiong direction and are oul of position 16
counter the German move. They are shaken by the surprising and compromising turn of events.

BATTLE DESCRIPTION
The Germans move rapidly after breaking through at the Ardennes. They reach the Meuse River, Standard military
procedure would be to wail for infantry and arillery 1o arrive and consolidaie the position before crossing the river.

The German commander, placing a premium on the continuation of a rapid advance so as 10 further dislocaie the
Allies and o0 avoid momentum-haliing contact, pushes immediately and successfully beyond the Meuse.

The Allies are still unable 1o respond. They are far out of posilion and off balance, unceriain where the Germans are
going, and psychologically shaken,
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BATTLE SCENE: Ardennes 6

BATTLE BACKGROUND .
The Germans have been advancing rapidly and virually unopposed following the Ardennes breakthrough. The Allies
have been unable to respond.

BATTLE DESCRIPTION
The German army disperses somewhai and begins o follow & zig-zag, unpredictable course.

The Allies continue 10 be unable 10 make a credible response.

BATTLE SCENE: Aidennes 7

BATTLE BACKGROUND

The Germans have continucd 10 perplex the Allies by pursuing an erralic direction of advance between a few
altemative objectives.

The Allics have been unabie 10 respond.

BATTLE DESCRIPTION

The Germans reduce their dispersion and zig-2apging, signaling their intention to move north and entrap the Allied
forces belween the southem amiy and the army advancing westward through the low contries.

BATTLE SCENE: Ardennes 8

BATTLE BACKGROUND

Up to the point of this scene, the Germans have been advancing boldly and quickly, confusing the Allies about their
objective.

In the preceding scene the Germans had finaily signaled their intention w swing nornhward,

BATTLE DESCRIPTION

The Allies launch a small ccunterattack at Arras. The Germans, not knowing the size of the attack and fearing their
exposed (lanks, halt their lorward advance.

BATTLE SCENE: Ardenncs 9

BATTLE BACKGROUND

The Alhies have finally broken the German momentum, capitalizing on knowing where the German army wonld be
concentrating to launch a small but very dislocating counteratiack.

In response, the Germans have halied their advance to consolidate their position and defend their flank,

BATTLE DESCRIPTION

As the Germans pause 1o consolidate, the Allies are given imponant ime 10 recover their balance and plan for the
extrication of their rapped forces. The evacuation at Dunkirk followed.
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S £ les of Capabilities. of Cognilive Flexibility H

Cognitive Flexibility Hypertexts permit a number of kinds of manipulations of the
instructional content. One set of options is operative for the individual scene (which we will
sometimes call 3 minicase), and a second kind operates across scenes (within or across cases).

Scene-based (minicase-based) options. ook back at any of the Ardannes scene frames
just presented. Several options are indicated along the bottom.

A mouse-click on "Description” provides a raw account of the events of the case with
very little interpretation in terms of SIA. The descriplions of each scene in the program were
presented before the immediately preceding figures. How it would appear when actually using
the program is demonstrated in the first figure below (pressing the mouse at the downward
arrow on the right of the text wouid cause the text to scroll down until it is completed).

The "Background™ option, when selected, provides a description of the chronologicaily
antecedent scene. (See the Figure 35 for an example.) This is impcrtant because of the
nonlinear "criss-crossings" fundamental to Cognitive Flexibility Theory-based instruction,
although the Ardennes case will have already been covered, it is still possible that moving to any
single scene within the case, out of sequence, may temporarily disorient the learner. The
"Bzkgreund” information sets the siage for the current scene's exploration by reminding the
lea:-1er about what was happening just before.
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If the option marked "Themes" is selected, a window is opened showing a list of only the
S!A conceptual theres that are relevant to that particular scene. (See Figure 36 on the next
page for an example.) Then, il the mouse is clicked on one of those themes, a commaentary is
provided (see Figure 37 on the second page below; only the first part of the commentary is
provided--full commentaries will be illustrated later) that explains why that scene is
considered to be an instance of that theme's application (i.e., an explanation of how the scene
illustrates the SIA conceptual theme). This is a crucial aspect of Cognitive Flexiblility
Hypertexts because of the importance in Cognitive Flexibility Theory of teaching concepts in
use. Rather than teaching each of the conceptual themes in isolation, they are always taught in
an actuai context of their application. Concept instruction is contextualized by having the
description of the concept tailored 10 the particulars of the case scene, as well as by being
presented in the context of other conceptual themes that co-occur with the concept in that same
contexi (reducing the dangerous compartmentalization implicated in failures of AKA and that
Cognitive Flexibilily Theory reacls against).
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BATTLE SCENE: Ardennes 8
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BATTLE SCENE: Ardennes 8
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Across-scene oplions. A very important option is theme-based search. By selecling one
or more themes from the list on the menu page (see Figure 38 on the next page), these scenes
for which the selected conceptual themes are relevant are placed in a queue for sequential
exploration by the learner. For exampls, the learner can choose 10 see just those scenes in
Ardennes and Chancellorsville for which the Flexibility and Boidness themes of SIA are relevant.
Note that it is possible to limit searches (as well as individual scene explorations) to any single
case or subset of the complete set of cases. As we will see, the theme-search option is the basis
for many theoretically important kinds of criss-crossing of the case information that makes up -
SlIA’s conceptual "landscape.”




Click on the themes you want 1o search for.

Then, click Initiate Search,
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SIA theme-search menu




SIA is an ill-structured domain, and therefore does not have a hierarchical structure
with a single key conceplual entily superordinate to the rest. There are several ways che could
fill in the sentence “SlA is a strategy of ___ " (e.g., that it is a theory primarily of
flexibility, or of deception, or of dislocation of the opponent). Since there are several themes of
SIA that have considerable power in explaining batile cases as SIA events, but none is better
than the others, several are chosen as Core Themes (see the upper left-hand corner of figure on -
the preeding page): 1) DISLOCATION of opponent (a psychological or physical imbalancing; a
kind of "negative momentum”) -- the positive side of this is the MOMENTUM of one's own; 2)
FLEXIBILITY; 3) EXPEDIENT ADAPTATIGN TO SITUATIONS; 4) INDIRECTION (which includes
MYSTIFICATION and SURPRISE); and EFFICIENCY. (The titles on the menu page are shorthands.
The full titles are explained elsewhere in the program.)

Given the goal of widespread applicability of SIA knowledge across the range of cases that
might be encountered (breadth of applicability cr transter), themes of SIA must be chosen
which have generality of application. Since none of these themes is sufficient by itself, and
completeness of case coverage is desired, there should be a small enough number of them so that
they can all be kept in mind at all times. This requirement dictates that there should be a large
number of them, but not more than can exceed the capacity of conscious attention. In summary,
there should be as many as can be kept in mind at once (we use five Core Themes for SiA), they
should be individually powertul in the breadth of their scope of application (i.e., cover a lot of
cases), and they should overlap each other as little as possible (to maximize coverage for any
single case). Which themes are selected is not crucial, so long as they roughly meet these
conditions; they may not be a “pertect” set, but they will be a lot better than having a
hierarchical organization with just one superordinate theme at the top (which is the most
common organization of learning and instruction). No theme dominates the others. They are
used in combination for full analysis of poth the individual case and SIA theory.

Unfortunately, to achieve these conditions in an ill-structured domain you have to
sacrifice something: denotative specificity of each theme. in order for a Core Theme to have the
desired wide scope of application across cases (and flexibility of combination with other themes
in analyzing an individual case), it must be accepled that instances of the themes will be
diverse, united by only vague family resemblances (see the earlier discussions of conceptual
variability in ill-structured domains). The Cognitive Flexibility Theory response to this
problem, teaching with lots of facilitated experience with structural patterns of tailroed use in
cases, is taken up immediately below. [There are many other kinds of less generally applicable
themes (but with greater denotative specificity) presented in the figure with the Theme Menu,
bul we mainly discuss the crucial Core Themes in this chapter; others are discussed briefly as
opportunities arises, but are not systematically treated.)

If an SIA conceptual theme is riol denotative, then what is its character and how can it be
taught? As Cognitive Flexibility Theory indicates, an ill-structured conceptual entity’'s meaning
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can not be determined without considering how it is used (see Wittgenstein's dictum that
meaning is use, 1953). The structure of the Cognitive Flexibility Hypertext for SIA makes it
very easy to teach the Core Themes in this way, by examining how they are used. For example, a
first pass at teaching the theme of Flexibility (as it is used in the ill-structured theory of the
SlIA) would be 1o use the Theme Search option to identify those scenes in the Ardennes case that
ilfustrate that theme, and to read their commentaries in succession. The commentaries
presented on the next page show ihe outcome of that process -- what the Cognitive Flexibility
Hypertext would show the learner given that request. In reading them, refer back to the maps
and descriptions for each of the corresponding scenes.

Notice how the process of detecling patterns of family resemblance is aided by seeing
several uses of the concept presented in a row (as contrasted with natural experience, which
would not typically provide such convenient juxtapositions). Furthermore, each demonstration
of the meaning of Flexibility in the S!A is situated within an actual use of the theme in a real
battle scene, and it is accompanied by commentary that explains how the concept is used ir: that
context (the Cognitive Flexibility Theory ideal of concepts-in-practice as the best preparation
for the later use or transfer of the concepts).




Teaching Themes

1t is tme now w introduce the main conceptual themes of the Strategy of the Indirect Approach (SIA). Although
more S1A themes will be inwoduced later, we begin here with just 4 themes that are especially central to SIA: 1)
DISLOCATION of opponent (a psychological or physical imbalancing; a kind of "negative momentum”) —~ the
positive side of this is the MOMENTUM of one’s own; 2) FLEXIBILITY; 3) EXPEDIENT ADAPTATION TO
SITUATIONS,; 4) INDIRECTION/MYSTIFICATION/SURPRISE,; and EFFICIENCY.

Onc achieves the DISLOCATION of an adversay by using one's FLEXIBILITY to make an EXPEDIENT
ADAPTATION TO SITUATIONS utilizing some kind of INDIRECT and/or SURPRISING course of action,

preferably with the assistance of some already existing DISLOCATION of the opponent and MOMENTUM of one's
own.

Rather than providing gencral definitions of these themes now that would not cover a wide enough range of
examples, we will introduce each theme in the context of several actual examples of its occurrence. An important
point that we want 1o make is that any SIA theme gets used in different ways at different times.  An SIA theme
docs not have any single, general meaning. Consider as an example the theme of FLEXIBILITY as it is used in 3
diffcrent scenes from the batde of Ardennes.

BATTLE SCENE: Ardenncs 3

BATTLE BACKGROUND

An anticipated German invasion of central Belgium has led to a massive rapid movement of Aliied Forces to that
TegIonN,

BATTLE DESCRIPTION

A German offensive force is reporied in the Ardennes Mountains region (thought to be impassable by large armoured

forces). The Allies ignore these reports and continue 1o stream with full commitment into central Belgium, nonh of
the Ardennes.

Flexibility

Because the Allies were so certain that the Germans would autack through the central Belgian plain and they had
focused all their thinking on that anticipated attack route, they were inflexible in the following way. They were

unable to notice or credit reports of developments contrary 1o the anticipated ones. Inflexibility as seeing with the
blinders of one's expectations on.

BATTLE SCENE: Ardenncs 4
BATTLE BACKGROUND

The Allies have been responding en masse 1o an anticipated German attack in central Belgium. Reports of German
forces in the Ardenncs Mountains to the south have not been taken seriously.
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BATTLE DESCRIPTION

1t becomes clear that the Germans have launched a major offensive through the lightly guarded Ardennes region.
This is particularly roubling because the overcommited Allied forces arc way out of position to react o the German
move 10 the scuth (the most mobile Allied forces, having been sent into Belgium first, are the furthest in the wrong
direction).

Also, the alack through the Ardennes simultaneously threatens: 1) the flank of the shaken Allied forces in Belgium,
as well as their communications; 2) encirciment by a westetly followed by a northerly thrust; and 3) the vulnerable
French capital of Pans.

Flexibility

The Allied reliance on one single plan in anticipation of German moves left them unable to respond quickly with
new plans when it became clear that the Germans had violated their expectations. Inflexibility as rigid overreliance
on just onc plan or one way of thinking.

Also, by auacking through the Ardennes, the Germans had chosen a CENTRAL AXIS of attack from which
muluple objectives could be targeted--flexibility as having viable alternatives availability to permit adaptive
selection of the path of least resistance

(AYOIDANCE).

BATTLE SCENE: Ardennes §

BATTLE BACKGROUND

The Germans have broken through the lightly defended Ardennes in force, threatening multiple objectives (the flank
of Allied forces in Belgium; encirclement of those forces; and vulnerable Paris).

The Allics are caught off balance from having thrusted forcefully in the wrong direction and are out of position to
counter the German move. They are shaken by the surprising and compromising turm of events,

BATTLE DESCRIPTION

The Germans move rapidly afier breaking through at the Ardennes. They reach the Meuse River. Standard military
procedure would be o wait for infantry and artillery 10 arrive and consolidate the position before crossing the river,

The German commander, placing a premium on the continuation of a rapid advance so as o further dislocate the
Allies and 10 avoid momentum-halung contact, pushes immediately and successfully beyond the Meuse.

The Allics are still unable to respond. They are far out of position and off balance, uncertain where the Germans are
going, and psychologically shaken. .

Flexibility

The complewc and immediale commitment of Allied forces to the central Belgian plane because of the strong
expectation that the Germans would awack there reduced the physicai flexibility of the Allies if they umed out 10 be
wrong about German intentions (which they were). In inverse proportion (o the strength of their response in central
Belgium, they were weakened in the south by their inability to quickly redirect their forces (see JTU-JITSU
EFFECT). Infiexibility is seen as the physical limitations on the adaptive redirection and relocation of forces (¢.g.,
momentum in wrong dirccuon; being off-balance).




BATTLE SCENE: Ardennes 6

BATTLE BACKGROUND
The Germans have becn advancing rapidly and vinually unopposed following the Ardennes breakthrough. The Allies
have been unable to respond.

BATTLE DESCRIPTION
The German army disperscs somewhat and begins to follow a 2ig-zag, unpredictable course.

The Allies continue 10 be unable to make a credible response.

Ficxibility

The dispersed, zig-zagging advance of the Germans reflected flexibility in several ways. First is the physical ability
of forces 1o foilow a rapid zig-zagging course--flexibility as physical mobility. Second, by confusing the Allies
aboul their direction of advance and thereby paralyzing them, the Germans were able to AVOID confrontations with
biocking forces--flexibility as freedom to move without hindrance from the opponeat. Dispersion promotes
flexibility by enabling the option of fluid re-concentration in a variety of directions and by decentralizing command.

BATTLE SCENE: Ardennes 8

RATTLE BACKGROUND

Up to the point of this scene, the Germans have been advancing boldly and quickly, confusing the Allies about their
objective.

In the preceding scenc the Germans had finally signaled their intention 10 swing northward.

BATTLE DESCRIPTION

The Allies launch a small counterattack at Arras. The Germans, not knowing the size of the auack and fearing their
exposed flanks, halt their forward advance.

Flexibility

SIA is a theory of FLEXIBILITY. You must always retain FLEXIBILITY --it is a precondition of SIA action.
And you must respond FLEXIBLY 1o circumstances,

In this scene, the Allies were FLEXIBLE. They were able 10 prompuly respond 1o the noticed change in the
SITUATION with an EXPEDIENT (SITUATIONALLY appropriate) change of their own. FLEXIBILITY as the
ability to change what you've been doing in response to changing circumstances.

The Allies had increased FLEXIBILITY because the Germans' slowdown and concentration in Scene-7 made it
clear that the Allies did not have 1o worry as much about defense in other sectors. FLEXIBILITY as the ability to
frce up scarce resources {of new initialives.

The counterattack reduced the Germans' FLEXIBILITY. Because they worried about their vulnerability &t that
point, and they lacked information about the magnitude of the attack, they were forced to respond 10 it rather than
pursuing other initiatives. INFLEXBILITY as compelling a course of action from an opponent.

[Scc ADAPTATION, CHANGE, LEVERAGE, MANEUVER, AYOIDANCE, VULNERABILITY)
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The same process would be followed to begin to teach the other Core Themes. The word
"begin” is nalicized to highlight an important point about Cognitive Flexibility Hyperext
instruction: it begins with microcosms and then expands outward 10 larger units of study. The
“shape® of insiruction in a Cognitive Flexibility Hypertext is a kind of "spiralling outward®
from small detailed treatments of segments of individual cases. So. in using the SIA program,
the learner begins with just the Ardennes campaign, which is first covered superficially, and
then broken down into segments or scenes that are covered in increasingly greater detail, first
individually, and then in relation to each other. For exampla, the learner seeing Scene 7 would
cover just four or five SIA themes on the first pass, with subsequent readings peeling of
increasing layers of complexity. Only after using this one campaign as a site for complexity
instruction for a large amount of time would other battles be introduced. [In order to allow for
large numbers of instructive case-comparisons {criss-crossings), subsequently introduced
battles are given much more superficial coverage in the SIA Cognitive Flexibility Hypernext
than Ardennes does.] So, the themes would be revisited in a similar manner 1ater, but crossing
different battle cases rather than just crossing the scenes of ora battle case (Ardennes).
Similarly, other processes of Cognitive Flexibility Theory-based use of the SIA hypertext for
the Ardennes scenes would also be recapitulated with a larger "grain size" at a later stage of
knowledge acquisition (when the learner is better prepared 10 deal with larger "bytes" of
information).

One of the most important lessons from the body of empirical findings in the part of our
research program concerned with what goes wrong in AKA was that concerning the failure ot
traditional incrementalism (i.e., the movement from simple to more complex treaiments of
conceptual knowledge). When you “start simple®, characteristics of those early, simplified
learnings block the later attainment of complexity (see Section 3). What is the alternative
suggested by Cognitive Flexibility Theory? Begin with case treatments that retain the
important characteristics of complexity (e.g., multiple interacting conceptual themes). But
how can this be done without overwhelming the learner? By beginning with very smali
segments of cases, what we call "bite-size chunks” of complexity or "minicases.” By reducing
the demands on the learner to keep track of case datails, more processing capacity remains
available to process aspects on conceptual complexity. We refer to this alternative approach to
sequencing, moving from smaller to larger staging grounds for complexity rather than from
oversimplified 10 more compiex treatments, as a "New Incremental'sm* (see Chapter 4.4).

We will illustrate with Scene 8 from the Ardennes case. Consider how much is learned
just by reading the Core Themes commentaries for this scene. [The reader should definitely re-
read the Background and Description information for this scene again before reading the
following discussion of this late scene in the Ardennes campaign. They are reproduced on the
next page. The batlle map for the scene is reproduced on the {oliowing page, Figure 33. The
Core Theme commentaries, as they would be presented if clicked upon, are on the pages
following the scene map.]
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BATTLE SCENE: Ardennes 8

BACKGROUND

The Germans have continued 10 perplex the Allies by pursuing an erratic direction of advance between a few
allernative objectives. The Allies have teen unable 10 respond.

SCENE DESCRIPTION

The Germans consolidate their southern army, reducing its dispersion and zig-zagging, and finally signaling their
objective; 10 swing north and entrap the Allied forces between the southern arny and the army that had atacked
first, lo the rorth, and which is advancing westward through the low countries (the cental Belgian plain and the
Netherlands).

The Allies launch a small countcraack at Arras. The Germans, not knowing the size of the counteratiack and
fearing their exposed flanks, halt their forward advance.

As the Germans pause 1o consolidate, the Allics are given important time to recaver their balance and plan for the
extricauion of their trapped forces.

The successful evacuation of the trapped Allied forces at Dunkirk followed.
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Conuinuing our closer ook at the operation of the themes of the Sirategy of the Indirect Approach, following the
demonstration of the complexity of themes in SIA (Flexibility), we will examine the complexity of cases as they
relate 10 SIA. Scene-8 will be examined in depth 10 show hov: several SIA themes get applied to any particular case,
how the SIA themes (including some new ones) fit into (are Lailored to) an actual case, how they are interrelated, and
so on. In other words, not only is a detailed case study presented, but a demonstration is provided of how one needs
1o think about battles in order i0 apply SIA. {1t should be noted that Scene-8 is the first instance during the
Ardenncs campaign of the Cermans violating SIA and the Allies adhering 1o it!]

We begin with the application of some of the SIA Core Themes to Scene 8. (The in-depth analysis of this scene
will be continued in subsequent sections.)

Situatedness/Expediency

SIA is a theory of close analysis of SITUATIONS and EXPEDIENT uwailoring of responses to them. In Scene-7,
the SITUATION CHANGED. The Germans halied their drive/penctration in order 1o concentrate their forces to
protect vuinerabilities. The Allies noticed and reacted to this opportunity. SITUATED EXPEDIENCY as
adapuation in the context of aiention 1o change in the situational condition (made possible by FLEXIBILITY).

(See MOMENTUM, LEVERAGE, VULNERABILITY, ADAPTATION, CHANGE)

Flexibility

SIA is a theory of FLEXIBILITY. You must always retain FLEXIBILITY--it is a precondition of SIA action.
And you must respond FLEXTBLY 1o circumstances.

In this scene, the Allies were FLEXIBLE. They were able to prompily respond to the noticed change in the
SITUATION with an EXPEDIENT (SITUATIONALLY appropriate) change of their own. FLEXIBILITY as the
abiliiy to change what you've been doing in response to changing circumstances.

Thz Allies had increased FLEXIBILITY because the Germans' slowdown and concentration in Scene-7 made it
clear that the Allizs did not have to worry as much about defense in other sectors. FLEXIBILITY as the ability to
free up scarce resources for new initiatives.

The counteratiack reduced the Germans' FLEXIBILITY. Because they worried about their vulnerability at that
point, and they lacked information about the magnitude of the attack, they were forced 1o r=,pond to it rather than
pursuing other initiatives. INFLEXBILITY as compelling a course of action from an opponent.

{Sec ADAPTATION, CHANGE, LEVERAGE, MANEUVER, AVOIDANCE, VULNERABILITY)

Indirection

SIA theary prescribes that you atiain your goals through INDIRECT actions. A flank counterattack is by
definition, literally, an INDIRECT move. ltis nonfrontal. The Allies were in no condition to meet the Germans
fronully. However, an INDIRECT auack on their exposed flank required fewer forces
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(increasing the EFFICIENCY). By having ccased their indirect movement by slowly and deliberately directing an
approach 10 one objective, the Germans' directness made AVOIDANCE impossible.

Less literally, the counterattack was DIRECT in that it was expected. This DIRECT aspect is more than
balanced by the German vulneigbility (0 the move and the great potential it therefore had for alteration in the
DISLOCATION quoticat {or the two forces.

{See ] EVERAGE, OBLIQUENESS, VULNERABILITY)

Dislocation

The goal in SIA is always 10 increase the DISLOCATION of your opponent while reducing your own. The
counteratiack at Arras accomplished both of these things. Since the Germans were vuinerabie to the attack and it
was fcared by them, when it happened it was DISLOCATING.

And the increased DISLOCATION of the Germans that the counteratack produced kept them from resuming their
initiative, thus allowing the Allies morc time 10 recover (i.¢., it reduced funhier the Allies’ own highly compount.ed
DISLOCATION). This eventually contributed 10 the Allies’ ability 10 evacuate many of their troops at Dunkirk.

(See VULNERABILITY, MYSTIFICATION, LEVERAGE, BALANCE, BOLDNESS/TIMIDITY)

The Germans had conduciced a series of MANEUVERS that had successivly confused

(MYETIFICATION) the Allies, throwing them off BALANCE and reducing their MORALE. Each step in this
senies compounded the DISLOCATION of the Allies. When an opponent is already reeling, further shocks have an
enhanced effect. This compounded DISLOCATION was seriously lessened, however, when the Germans relinquished
some of theirt MOMENTUM by slowing their advance in Scene-7. The reduced MOMENTUM allowed the Allies an
opportunily 1o counterattack a VULNERABLE German flank. Because the counteratack was so feared by the
Germans (TIMIDITY), it had the effect of nearly haling the German MOMENTUM.
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Now look again at the Background, Description, and map for Scene 8. Are you not
beginning to develop a deeper understanding of this example and of how the Strategy of the
Indirect Approach works? [To reinforce this lesson one more time, you may want to quickly
review the thematic analysis of Scene 8 thatl was just presented.]

Beogining Instruction with Features of Complexity Represented from the Quisel: Ap
{ilustration of the “New Incrementalism” of Insiructional Sequencing. Notice how the
complexity of SIA has begun to be illustrated without overwhelming the learner. Using just a
small amount of case information as background (the few lines of the description of Scane 8), a
lesson has already been taught about the necessity of applying multiple perspectivas 1o a case.
The learner sees from the beginning that an example is not an example of just one major
conceptual point. Scene 8 has been seen as an instance of SIA in four partly overlapping but
different ways. Not only do the multiple SIA perspectives show how rich SIA is (SIA is not any
one dominant thing, but the interplay cf several), but an imporiant point has been made about
how much there is 10 see in a case, and how much would be missed in fully covering a case by
trying to describe it in just one way. And 2 lesson about each of 4 of the Cora Themes was taught.
Another lesson was laught about the tailoring of abstract themes to their contexts of case
application (concepts-in-practica). The presence of cross-references in the theme
commentaries began to teach the Cognitive Flexibility Theory tenet of
non-comparnmentalization, and to provide important clues to the learner about where to
explore next.

All of these lessons, embodying different general aspects ot compiexity and Cognitive
Flexibility Theory, as well as many specific lessons about this one concrete scene, were
conveyed in a short amount of time. and with minimal demands on the learner (at least with
respect 1o the amount of case information that must be kept in mind--again, because the
concrete case context for the fessons is so slender and easy to master). That the demands are not
toc great is especially so considering that these Core Theme commentaries will be re-read later,
in other contexts, so it is not! necessary for the learner to fully learn and remember what was
learned about the themes--more opportunities will present themselves to deepen their
undersianding. This spiralling depth of coverage on subsequent re-visitings is an important
feature of Cognitive Flexibility Theory instruction. We have referred to the gradual build-up of
complexity from initial presentations that have the features of complexity but staged in a
managable context as thie “New Incrementalism* of instructional sequencing -- from the very
beginning, the learner sees that learning the domain involves such Cognitive Flexibility Theory
principles of multiple conceptual representations, interconnectedness instead of
compartimentalization, concepts tailored to context rather than by the application of some
definition in the abstract, and so on. In traditional “Simpie to Complex™ instructional
sequencing, the opposite, more well-structured pole of these dimensions would characterize
initial instruction; and we have seen repeatedly demonstrated (see Section 3), when you start
simple it often blocks the later acquisition of complexity, and can even instill epistemological
beliefs and habits of learning that are antithetical 1o learning complexity and
il-structuredness. As this section continues, the way that additional complexity Is
incrementally added from this "bite-size chunk™ will become clear (e.g., more theme
commentaries will be added to those of the Core Themes, and more interrelational weaving will
occur, slill with the same minicase as the slaging ground).
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We have seen a surprising amount of case-specific and more genaral Cognitive
Flexibility Theory lessons taught using just one small scene (minicase) from the larger
Ardennes case. Now see what happens when you do the same thing for a few other small scenes
from Ardennes. Read through the Core Theme commentaries (all but Efficiency are included) on
the pages below for the rest of the Ardennes campaiqn. For purposes of exposition, the 8 scenes
have been consolidated 10 just 4 (corresponding to the several Ardennes scenes pictured and
described initially, which should be reviewed before reading the material below). The
proliferation of lessons should be obvious.
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Consolidated Narrative of Ardennes Case in Terms of Some of the S1A Core Themes

BATTLE BACKGROUND

A sizable German force attacked through central Belgium, as the Allies had strongly anticipated. Allied forces
immediately streamed northward en masse towards the area of the attack in massive numbers, with their most mobile
forces (the ones that could get their quickest) leading the way. ’

BATTLE DESCRIPTION
A German offensive force is reporied in the Ardenncs Mountains region (thought to be impassable by large armoured
forces), to the south of central Belgium. The Allies do not take these reports seriously, and continue (o stream with
full commiunent into central Belgium, north of the Ardennes.
(FLEXIBILITY: The Allies rigid viewing of the unfolding events in terms of their expectations prevented
them from processing things that deviated from that scheme (like the German movement in the Ardennes,
which didn't fit the Allied plan at all).)
(EXPEDIENT ADAPTATION: The Allies will not be able to FLEXIBLY and ADAPTIVELY react to
changing circumstances if circumstances are not being monitored (especially for changes from expectation).
SIA and the history of battle says thai onc must always be ready to adapt to changing and unexpected
circumstances -- the INFLEXIBLE and limiting viewpoint of the Allies violated this tenet.]
[INDIRECTION/MYSTIFICATION/SURPRISE: The Allics assumed a direct, frontal posture towards the
known German force, expecting a direct, frontal auack. This lefi them unprepared for and surprised by the
Germans' unexpected Indirect movement through the Ardenres.]

Later, it becomes clear that the Germans have launched a major offensive through the lightly guarded Ardennes
region.
{INDIRECTION/MYSTIFICATION/SURPRISE: The Germans chose a difficult auack -oute through
mountains instcad ¢ . the direct path of least ef{ort through the central Belgian piain that had been expected.]

[EXPEDIENT ADAPTATION: The Germans altacked where the Allied line of defense was weak.)

This is particularly troubling for the Allies because the overcommited Allied forces are way out of position to react

to the German move 1o the south (the most mobile Allied forces, having been sent into Belgium first, are the

furthest in the wrong direction).
{FLEXIBILITY: The Allies have seriously reduced their flexibility of response by so fully commiting to
the expected northern auack. They have no plans for other contingencies (like the one that occurred).)
(DISLOCATION/MOMENTUM: The facl that the Allies guessed £ totally wrong, commited so much
based on that guess, and have no immediate capability of adjustment is very upsetting, throwing the
commanders inlo 2 situation of confusion and turmoil as they hurriedly try 1 come up with & new plan to
meet the unexpected German thrust, The Allies being so far out of position, so imbalanced, is a physical
Dislocation. Surprise plus being out of positicn is Dislocating. The Allied commanders are shaken!)
(EXPEDIENT ADAPTATION: Although the changed situation is now recognized by the Allies, their
INFLEXIBILITY has produced a physical dislocation of their forces leading to an inability to ADA™T w
those changes. Also, the unsettling DISLOCATION and lack of an altemative contingency plan will make
it harder to adapt psychologically (strategically) to the changed situation.)

The attack through the Ardennes simultaneously threatens 3 polential German objectives: 1) the vulnerable flank

(side) of the shaken Allicd forces in Belgium, as well as their lines of communication and command back 1o France;
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2) encirciment of the Allied forces in Belgium by a westerly movement followed by a northerly thrust; and 3) the

vulnerable French capital of Paris.
(FLEXIBILITY: The Germans have several options as to where they move next.]
{DISLOCATION/MOMENTUM: The psychological disturbance of the Allies produced by the unexpected
and unprepared-for Ardennes offensive is compounded by the imponance of the three altemnative objectives
the Germans threaten and the uncertainty of which objective they will choose (making planning for a
response difficult) -- important vulnerabilities and uncertainties about the enemy's course of action both
increase Dislocation.}
{ADAPTIVE EXPEDIENCY: The Germans can choose an option depending on what the Allies do. For
example, if the Allies move to protect their flank, the Germans could then move on Paris. Whatever
objectives the Allies guard against, the Germans can then adaptively move against one of the other
objectives, The Allies, on the other hand, must adapi 1o whatever decision the Germans make, while the
Germans get 1o pick whatever's best for them -- there is a greater burden of ADAPTATION on the Allies.)

et o n s n s e

BATTLE BACKGROUND
The Germans have broken through the lightly defended Ardennes in force, threatening multiple objectives (the flank
of Allied forces in Belgium; encirclement of those forces; and vulnerable Paris).

The Allies are caught off balance from having thrusted so forcefully in the wrong direction and are out of position to
counter the German move. They are shaken by the surprising and compromising tum of events.

BATTLE DESCRIPTION
The Germans move rapidly afier breaking through at the Ardennes. They reach the Meuse River. Standard military
procedure would be 1o wait for infantry and antillery to arrive and consolidate the position before crossing the river.
The German commander, placing a premium on the continuation of a rapid advance so as o further dislocate the
Allies and to avoid momentum-halting contact, pushes immediately and successfully beyond the Meuse. The Allies
are stll unable o respond. They are far out of position and off balance, uncertain where the Germans are going, and
psychologically shaken.
{DISLOCATION/MOMENTUM: The Germans capitalize on their Momenwum (and the Allies'
corresponding Dislocation) by pursuing their advantage very boldly.
The German army then disperses somewhat (spreads out) and begins Lo follow a zig-zag, unpredictable course. The
Allies continue 1o be unable to make a credible response.,
[FLEXIBILITY: A force that is Dspersed can be reoriented in more directions than a concentraled force.]
(DISLOCATION/MOMENTUM: Allied DISLOCATION, already high, is increased by the addiiional
confusion and uncertainty ~aused by the unpredictable course taken by the Germans (rapid, zig-zagging, and,
because of dispersion, capabie of being sent in a variely of directions). German MOMENTUM is protecied
by the various things they are duing to Avoid an Allied counter-attack (an INDIRECT approach): dispersed
forces cffer no concentrated target; rapid movement makes for a difficult, moving target; and zig-zag coursz
makes for unpredictability of where enemy will be next.)
{ADAPTIVE EXPEDIENCY: ADAPTATION is a problem: you can't adapt 1o what you can't see; the
Allies can'l adapt if they don’t know what they are adapting 10.]
{INDIRECTION/MY STIFICATION/SURPRISE: In order to maintain their MOMENTUM, the Germans
do various things to AVOID the Allies -- avoidance as a strategy (here, 1o pui the Allies in an even worse
predicament later on) is the ultimate form of INDIRECTION. Note also that the AVOIDANCE is
facilitated by the MYSTIFICATION produced by the zig-zagging, unorthodox rapid advance without
consolidating posilions, and dispersion of forces.




BATTLE BACKGROUND

The Germans have continued o perplex the Allies by pursuing an erratic direction of advance berween a few
aliermative objectives. The Allies have been unable 1o respond.

BATTLE DESCRIPTION
The Germans consolidate their southern army, reducing its dispersion and zig-zagging, and finally signaling their
objective: to swing north and entrap the Allied forces berween the southern army and the army that had auacked

first, 1 the north, and which ic advancing westward through the low countries (the cental Belgian plain and the
Netherlands).

The Allies launch a small covnteratiack a: Arras. The Germans, not knowing the size of the counterattack and

fearing their exposed flanks, halt their forward advance.
[INDIRECTION/MY STIFICATION/SURPRISE: Any attack (0 the flank (side) of a force. rather than to
its front, is IndirecL SIA theory prescribes that you attain your goals through INDIRECT actions. A flank
counterauack is by definition, literally, an INDIRECT move. It is nonfrontal. The Allics were in no
condition to mect the Germans frontally. However, an INDIRECT attack on their exposed flank required
fewer forces (increasing the LEVERAGE/EFFICIENCY of the counter-attack - the ability of that counter-
attack 1o have a greater effect on the Germans than it should have, given the size of the arrack). The
counteraitack was SURPRISING because it followed a long pauem of the Allies taking no substantial
action at al! 10 disturb the Germans' progress. ]
{ADAPTIVE EXPEDIENCY: SIA is a theory of close analysis of STTUATIONS and EXPEDIENT
wiloring of responses 1o them. In Scenc-7, the SITUATION CHANGED. The Germans halted their
drive/penetration in order to concentrate their forces 10 protect vulnerabilities. The Allies noticed and reacted
1o this opporntunity. SITUATED EXPEDIENCY is used here as adaptation in the context of auention to
change in the situational condition (made possible by FLEXIBILITY).
[FLEXIBILITY: In this scene, the Allies were FLEXIBLE. They were able to promptly respond to the
noticed change in the SITUATION with an EXPEDIENT (SITUATIONALLY appropria.c) change of their
own. FLEXIBILITY as the ability to change what you've been doing in response to changing
circumsiances. The Allies had increased FLEXIBILITY because the Germans' slowdown and concentration
in Scene-7 made it clear that the Allies did not have to worry as much about defense in other sectors.
FLEXIBILITY as the ability to free up scarce resources for new initiatives.)
[DISLOCATION/MOMENTUM: The goal in SIA is always to increase the DISLOCATION of your
opponent while reducing your own. The counterattack at Arras accomplished both of these things. Since
the Germans were vulnerable (0 the atack and it was feared by them, when it happered it was
DISLOCATING. And the increased DISLOCATION of the Germans that the counterattack produced kept
them from resuming their initiative MOMENTUM), thus allowing the Allies more time to recover (i.e., it
reduced further the Allies' own highly compounded DISLOCATION). This eventually contributed to the
Allies' ability 10 evacuate many of their troops at Dunkirk. A force with MOMENTUM operating against a
DISLOCATED enemy should keep the pressure on; relinquishing that MOMENTUM o consolidate gains
out of TIMIDITY and because of an overrcaction 10 the counter-allack was a grave eror.

BATTLE BACKGROUND

The Allies have finally broken the German momentum, capitalizing on knowing where the German army was
heading and the fact that the Germans had ceased their rapid movement to launch a small but very effective
counterattack. In response, the Germans have halted their advance 1o consolidate their position and defend their flank.

BATTLE DESCRIPTION

As the Germans pause to consolidate, the Allics are given important time to recover their balance and plan for the
extrication of their trapped forces.
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(DISLOCATION/MOMENTUM: The Germans' sacrificing of their Momentum in a timid pursuit of
security allowed the Allies to recover from their Dislocation.)

The successful evacuation of the trapped Allied forces at Dunkirk followed.




You should be experiencing a deepening awareness that your understanding Is getting richer,
more intimate, more complex, just from this very limited exploitation of the features of the
Cognitive Flexibility Hypertext useful for exploring that complexity of understanding that
advanced knowledge acquisition increasingly requires. And, again, the scenes of the Ardennes
campaign are a fairly compact staging ground for teaching elaborated lessons about S!A. There is
not that much factual detail that must be kept in mind while tracking these illustrations of SIA
themes and their interplay. Yet, consider how much about SIA and about its application to this
particular case (the Ardennes campaign) is learned from just this small amount of easily
managed case information, in relatively short amounts of time (keeping in mind, again, that not -
all of this would be covered in a row, all at one time; however, the amount of time it would take
across occasions is very small), And, as we will see below, there are many more lessons that
could potentially be taught, as the design features of Cognitive Flexibility Hypentexts are
exploited 1o teach other Cognitive Flexibility Theory lessons using the same set of minicases.

Now that we have seen the powerful eftects on increasing the iuliness of scene coverage
and producing additional interconnection/assembly paths for future use of having jus! a few
Core Themes used to analyze the SIA aspects of a battle scene, we will now show how much gets
added to instryction, with just the same short minicase-scene, as additionai theme
commentaries are explored on later visits to the scene. [Scene 8 will again be explored in-
depth, in various new ways. That scene's earlier exploration of Core Theme commentaries, as
well as its map and description, should be reviewed again at this time.)




Now let's look in even greater depth at how the Strategy of the Indirect Approach is applied o Scenc 8. We will
look at the commentaries for some additional, non-core themes (calied bridge themes because they help to connect
the more abstract Core Themes o specific, denotative case details, and they connect Core Themes with each other).
During this further exploration of Scene 8 we will also occasionally return 1o Core Theme commentaries we have
already read because of the new light they cast in the context of being juxtaposed with different themes than they
were carlier.

Leverage

The Allies were able 10 seriously disrupt the German advance with just a small counterattacking force. The
DISLOCATION for the Germans caused by the counteratack was out of proportion o the risk that it posed--this is
an example of LEVERAGE.

This LEVERAGING was made possible by several things:

First, the Germans had, in the preceding Scene-7, slowed the SPEED of what had earlier been a continuously
rapid advancc-- a reduction in MOVEMENT and INITIATIVE that was a CHANGE from the most recent patiern.
The fact that it was a CHANGE increased its effects. The reduction in INTTIATTVE allowed the Allics to recover
from some of their recent DISLOCATION. The reduction in MOVEMENT provided a VULNERABLE target 1o hit
aL. The moral of this story is that an attacking force that has MOMETUM should not tet its opponent "off the
hook."

Second, the Allies used RUSES (LA4) to DECEIVE {L2] the Germans about the size of their counterattacking
force. Of course, the
(misperceived) larger size of the force caused the Germans' FEAR 1o be increased and therefore increased the
LEVERAGE (increased the DISLOCATION).

Third, the effect of the small counterattacking force was LEVERAGED by being a nonfrontal (OBLIQUE) attack.

More (orces are always required for a fronta! atack. By auacking INDIRECTLY (towards a flank). less force was
required o have a big effecL

Fourth, A PENETRATING column is VULNERABLE 10 FLANK COUNTERATTACKS. By attacking a
VULNERABLE point the Allics were able to LEVERAGE their attack (i.2., have a greater effect than usual for a
small force). This was an EFFICIENT way to EXPLOIT the opportunity presenied by the Germans slowing their
advance. They had slowed their advance because the 1extbook VULNERABILITY of a PENETRATING columr 10 a
COUNTERATTACK TO FLANK made them afraid (TITMIDITY). CONCENTRATING is the recommended
solution in such a case, and it was incompatible with further MOVEMENT and INITIATIVE, thus reducing the
Germans' MOMENTUM.

Fifth, even the small amount of forces made available for the counteratiack would not have been possible if the
Germans hadn't allowed the Allies v iemporarily relax elsewhere, The halt in the German INTTIATIVE gave the
Allies more FLEXIBILITY to redirect some of their retrealing and defending forces towards an offensive action
(LEVERAGING in onc place by relieving necd in another place.)

Boldness/Timnidity

The Germans were afraid that the Allics would attack their VULNERABLE flank. As a result, they stopped their
BOLD advance, which had been so successful, and protecied against their fears. This TIMID action was a kind of
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self-fulfilling prophecy: by lessening their INITIATIVE they enabled the Allies to actually make the counterattack
that they feared (w/ max. LEVERAGE, given the combination of VULNERABILITY + TIMIDITY +
STATIONARY). When one has DISLOCATED an enemy by BOLD actions, it's a mistake to become TIMID and
allow the opponent to recover from their DISLOCATION. If you've got them down, den't let them get back up
again.

Deception

The Allics used RUSES 10 DECEIVE the Germans about the size of their counterattacking force. The fact that the
Germans had EXPECTED such a counterauack made them more susceptible 10 the DECEPTION. The
DECEPTION increased the DISLOCATION produced by the small counterattacking force, making the acuon more
EFFICIENT (a LEVERAGING effecl).

Avoidance

The counterauack thwared a major goal of the Germans: AVOIDING confrontations with the Allies in order to
continue their PENETRATION. By MANEUVERING w0 AVOID batte. the Germans had been able to stay cne
step ahead of the Allies, MYSTIFYING them about German intentions (ALTERNATIVE OBJECTIVES), throwing
them off BALANCE, and causing DISORDER, all of which had cumulatively DISLOCATED the Allies. These
effects were seriously diminished when the Germans slowed down in Scene-7 allowing the Allics an opportunity 10
attack them. Much of the MOMENTUM that the Germans had built was lost, eventually contributing to the Allics
successful evacuation at Dunkirk.

The Germans’ SPEED + MOBILITY + DISPERSION + UNPREDICTABILITY had enabled AVOIDANCE. In
Scene-7 they had eliminawed all of these: they slowed down, reduced movement, concentrated, and became more
predictable. As a result, it was casier for the Allies 1o force non-AVOIDANCE.

The Allies were smart (o force the Germans not 0 AVOID them because that was what the Germans wanied to
do--the Germans were the INITIATOR, they had the MOMENTUM. i is usually a good idea to try to thwart the
desires of the INITIATOR or MOMENTUM-HOLDER.

The decision not w allow the Germans to AVOID the Allies was good also because it was semething that
SCARED the Germans, something they thought they were especially VULNERABLE to, and thus was very
DISLOCATING to them,

1t was more acceplable for the Allies 1o not AVOID the Germans to the extent that their MANEUVER was
OBLIQUELY CONCENTRATED against a WEAKER FORCE (EFFICIENCY) and FEARED. These are also
conditions of EXPEDIENCY!!

The counterattack cngagement (non-AVOID) SHAPED THE OPPONENT (SECURITY). The Allies knew
where the Germans were (leading w greater FLEXIBILITY & EFFICIENCY for the Allies--they didn't have to
distribute everywhere to prolect against everything. And it forced the Germans to be where the altack was occurring,
reducing their FLEXIBILITY.

AVOIDANCE is relaied 10 many of the Core Themes: Avoidance is INDIRECTION (the German offensive was
thus inherently INDIRECT). To achieve Avoidance, you need FLEXIBILITY (the slowdown for concentration in
Scene-7 reduced the Germans' FLEXIBILITY). To
achieve Avoidance, you also need 10 pay attention to all of the things going on at any one time and to the rapid
change in what's going on (SITUATEDNESS). If it's already known that the opponent wants 10 Avoid you, and
you hit him, that's DISLOCATING.




Maneuver/Mobility

In this scene the Germans paid a price for stopping their high iempo of MANEUVER in the preceding Scene-7. The
Germans owed much of their earlier success to their highly mobile MANEUVERING; they followed a ZIG-ZAG
course, thcy CONFUSED the Allies about their intentions by first threatening one way and then another
(ALTERNATIVE OBJECTIVES). they uscd RUSES to DECEIVE the Allics about their position (SECURITY),
and so on. The MANEUVERING was FLEXIBLE and STTUATIONALLY EXPEDIENT

(ADAPT ELY aliening direction as circumstances dictated). It built MOMENTUM and resulied in compounded
DISLOCATION. The Allies simply became paralyzed after having been thrown off BALANCE so often. The
success of the German MANEUVERS decreased the ability of the Allies 1o MANEUVER in response. By changing
strategy from FLEXIBLE MANEUVER (o a direciecd CONCENTRATION in Scene-7, they were losing much of the
INDIRECTNESS that had allowed them to AVOID the Allies and successfully exccute the Blitzkrieg phase of
PENETRATION and selective EXPLOITATION by MANEUVER. You can't slow an advance to defend your

VULNERABLE flank by CONCENTRATICN and still maintain the MOMENTUM and AVOIDANCE that come
with MANEUVER.

Balance

The high pacc of MANEUVERS exccuted by the Germans had thrown the Allies off balance. They would first tum
one way in response to the Germans, who would by then have tumed another way, throwing the Allies further off
balance. When you are moving one way it is hard to suddeniy swilch directions; the Germans were choosing where
10 go, but the Allies had to react to the Germans out of a position of lack of knowledge (SECURITY), creating
situations where the new German MOVEMENT would require a response that was harder to make just because of the
one just made, IMBALANCING the Allies. The continuous imbalancing had paralyzed the Allies
(DISLOCATION), leaving them unable to relationally MANEUVER to counter the Germans. By

CONCENTRATING, and ihus giving a more stable target to respond 10, the Germans had allowed the Allies to
regain their BALANCE.

——

Adaptation

The Allies nceded to halt the German MOMENTUM. But the Germans had provided no opportunities 10 do this
until thcy TIMIDLY slowed their advance in Scene-7. The Allies capitalized on the SITUATION immediately by
RAPIDLY counterattacking the temporarily VULNER ABLE Germans. If they had waited, this window of
opportunity would have vanished as the Germans CONCENTRATED, ending their VULNERABILITY. The umely
counteratiack was a very EXPEDIENT action, carried out EFFICIENTLY.

Somelimes it would not be wise to attack a stronger force; in this case, the Allies needed to throw the Germans

off BALANCE 10 get time to recover from their DISLOCATION--so the counierattack was an appropriate
ADAPTATION to this particular situation,
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I SIA Tt ; I id lization?

We have shown how much is learned about the full structure of SIA in a singie battle
scene just by successively reading a few Core Theme commentaries for several scenes in
succession, and several additional commentaries for one scene. Now we return 10 in-depth
exploration of Scene 8, with the intention of lessaning any compartmentalization that may have
resulted from the list-like treatments (reading one Core Theme after another) in the preceding
sections. A central tenet of Cognitive Flexibility Theory is the avoidance of
compartmentalization: in ill-structured domains, knowledge is highly interconnected in its
conlexts of application. The example of the Cognitive Flexibility Hypertext tor SIA presented
thus far has illustrated several anti-compartmentalization features: Multiple conceptual
themes are presented in the context of the same case-scene, rather than the conventional
textbook treatment of separating the conceplual elements and presenting an example of each one
separately. Theme commentaries have built-in cross-referances to themes that are related in
their application to the scene. Now it is tima to pay more attention to the interrelatedness of
the themes in a scene. We would like you 1o re-reac the theme commentaries presented for
Scene 8 (the Core Theme commentaries presented earlier, and the additional theme
commentaries just presented). Except, this time, pay particuiar attention to the relationships
among themes. Use any clues you notice 1o explore around on youtr own. You should notice your
understanding of SIA, as it applies 10 Scene 8, becoming more organically interconnected, as a
representational weave is beginning to be formed. The longer you do it, the more
interconnections you will notice.

In this section we will begin 1o see how interconnectedness gets buiit across minicass-
scenes (helped by the interconnectedness of themes observed within sceries). One pattern of

relationship that you are likely to have noliced in the in-depth exploration of Scene 8 involved
the following elements:

The Germans relinquished their MOMENTUM because of TIMIDITY, reducing the
DISLOCATION of the Allies and thereby enabling @ LEVERAGED counter-attack (i.e., a
move that had greater effects than it ought to have, given its relative lack of strength).

Is there a general lesson to be learned here? s this a pattern that applies to other cases
as well? One teature of Cognitive Flexibility Hypertexts is that they permit a search for any
minicase-scenes that have relevance to the intersection of any gombination of conceptual themes
(a further reduction of conceptual and case compartmentalization, as recommended by Coghnitive
Flexibility Theory). This is done simply by highlighting the desired themes, the four themes
capitalized above, in the Theme Menu (see Figure 40 on the next page). The search yields a
scene from the Civil War batile of Chancellorsville that shows a battle that had a similar
combination of SIA themes. The batlle map and background and description for that scene are
presented on the second, third, and fourth pages following, Figures 41-43.
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Click on the themes you want to search for.

Then, click Initiate Search.

Core SiA Themes

Bridge Themes

Dislocation

Flexibility
Situatedness/Expediency
Inditection
Efficiency

Initiate Search

Reiurn 1o Main Menu

Case Themesﬂ o

‘Cancentration/Dispersion
Commitment
Speed/Expeditiousness
Movement/Stasis
Initiative

Securitly

Surprise

Alternative objectives

Deception Balance

Mystification Disorder

Distraction Morale

Adaptation Boldness/Timidily
Momentum Expectation

Leverage Multiplicity and Change
Avoidance ] Exploitation/Vulnerability

Maneuve:/Mobility
Obliqueness

‘ Dogma-bounaedness

Case Fealures

Feints, Ruses, Traps
Shapes opponent
Zig-2ag
Counteratiack
Threat: frontal
Threat: flank

Cenlral axls
Breakthrough
Penetration
Woedging
Rolling out
Force strength

Threat: rear & communications | Terrain

Threat: envelopment

Weather

Figure 40, Combinatorial theme search.
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So, we now have preliminary evidence that this particular combination of themes might
form some kind of general rule or generic schema, useful across a range of cases. (Even ill-
structured domains have some well-structured slements.) To determine if that is true, the
theme-combination search would be continued. 1t counter-examples are discovered, they could
be compared with the scenes where the candidate schema works 10 determine whether there are
other theme values (besides the four that are being tracked) which would help the tearner to
determine the conteatual conditions for which the schema works and those for which it does not.

4.6.3 Concluding Remarks

At this point we will end our tour of the initial stages of learning SIA using the Cognitive
Flexibility Hypertext. Of course, we have barely scralched the surface, just beginning to cycle
out of the Ardennes case 1o consider other historical battles. Yet, much has already been
learned, and you can probably imagine with some ease how the instructional process for
teaching conceptual aspects of SIA in case contexts would continue. There are many other issues
that we have not been able 10 touch on (e.g., algorithins for sequencing; options for the isamer
to customize the program as he or she makes new discoveries; and $o on -- the unique
advantages of our hypertext design approach compared to others were covered in detail in
Chaptler 4.4). However, our purpose was 10 provide a detailed concreie example 1o illustrate
the hyperiext theory that was presented in great depth in Chapler 4.4, and that has been
accomplished.

Even with the amount of material that we have been able 10 cover, with just a parlial
piciure of the experience of a Cognitive Flexibility Hypertext, it is clear that many Cognitiv-
Flexibility Theory principles, necessary for advanced knowledge acquisition because of the
features of ill-structuredness, have already begun to be well addressed. For example, you have
been able 1o see how muiltiple themes apply to any case for fullness of case coverage and to creale
mulliple knowledge assembly routes for future use. How conceptual variability is taught by the
theme search process (and flexible future use of each theme is thereby engendered). How the
themes and scenes are interrelated in various ways rather than companmentalized. How themes
are combined to produce larger conceptual structures. How the meaning of each theme gets
tailored 1o the specific case context in which it is being applied (thereby preparing for future
silvaied applications). And much more. (Again, see Chapter 4.4 for a more detailed accounting
cf the many ways that Cognilive Flexibility Hypertexts provide the features that are needed to
prepare an individual to flexibly deal with a wide range of disparate cases in the future.)

Most importantly, it should be clear how, by compacling and elaborating cases without
removing their structural features of complexity, the goal of consolidating many times over the
process ol knowledge acquisition from case experience is addressed (or at least that part of
experience that results in conceptual knowledge structure building). Think of how much was
taught in so short an amount of time -- and, again, we have barely scratched the surface.

Imagine encountering the same kind of thing as you saw for Scene 8 for another scene, then
another, then another, with each of the mulli-lessoned new scenes interacting with each of those
that had proceeded, and so on. Imagine what would happen as knowledge webs get tractably and
incrementally built up over hours, or days, or weeks (just by adding cases; thare Is no "scaling-
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up problem” with Cognitive Flexibility Hypertexts--see below). Cognitive Flexibility
Hypertexts are supposed 1o be used over periods of weeks, not an hour or two. And, of course,
advanced case-based instruction over days or weeks is far more desirable than the many years
it usually takes to acquire sufficient everyday experience for the attainment of expertise in ill-
structured domains. The effectiveness of the SIA hypertext has not been tested yet.
Programmatically, it made the most sense 10 begin with domain development and tests using
more managable domains and learning materials. However, the preliminary indications of
transfer success when following Cognitive Flexibility Theory principles with the simpler
materials, and the considerable overlap between the earlier domains and SIA in the way
Cognitive Flexibility Theory is applied, provide good grounds for optimism.

6.3.1 A Final N be Difficulty of Preparing Texts for Coanitive Flexibility Hyperext

it may seem at first that ail of the text writing you have observed would make it difficult
to build a Cognitive Flexibility Hypertext. This is not a very big problem for several reasons.
First, other cases are not covered in as much detail as Arennes, making them easier to produce.
Ardennes is intended to be the starting point of instruction in SIA. This follows the Cognitive
Flexibility Theory principle of the New Incrementalism: start case explorations with “bite-
size chunks of complexity” (here, a great deal of weaving of very compact scenes). Second, what
was written just for the Ardennes case bought a large amount of potential lessons and leaming
tine. Even after you have used the materials you read for an hour or iwo, as described, you
could still return to them many more times o explore them in difierent criss-crossed
sequences, each teaching new lessons about the complex SIA . And the "fanciness® of what
Cognitive Flexibility Hypertexts do lies more in the number of weaves within and between many
minicases, along many concepltual dimensions, not in the complexity or subtlety of the
individual scene commentaries. Third, each new case, even if not as detailed as Ardennes, adds
multiple minicase scenes and an exponential explosion of potential interconnections when a
highly webbed, multi-themalic new case and ils scenes gets woven through an increasingly more
substantial preexisting web of case-based SIA knowledge. Fourth, each scene or case ends a
"story", so you can start anywhere -- i.e., you have completeness or closure after writing just
one case. And you can add cases any time, gradually building up a large set of cases--the more
experience the better in an ill-structured domain--while being able to do plenty with the cases
you already have at every step of the way). Fifth, there are no scaling-up problems that always
plague computer instructional systems as they move from initial prototypes -- all you do to
expand the program is more of the same--everything has been done that's difficult to do; and all
learners have to do is the same thing they have already done for new cases, always increasing
the number of revisitings of previously read material (although decreasing the prob. of revisit
per case/scene). Again, other virtues of the Cognitive Flexibility Hypertext design approach

and iactors contribuling to iis efficiency and practicability are dealt with in detail in Chapter
4.4.
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