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Series Foreword

The MIT Press Acting with Technology series is concerned with the study of mean-
ingful human activity as it is mediated by tools and technologies. The goal of the
series is to publish the best new books—Dboth research monographs and textbooks—
that contribute to an understanding of technology as a crucial facet of human activ-
ity enacted in rich social and physical contexts.

The focus of the series is on tool-mediated processes of working, playing, and
learning in and across a wide variety of social settings. The series explores devel-
opments in postcognitivist theory and practice from the fields of sociology, com-
munication, education, organizational studies, science and technology studies,
human-computer interaction studies, and computer-supported collaborative work.
It aims to encompass theoretical frameworks developed through cultural-historical
activity theory, actor-network theory, distributed cognition, ethnomethodology, and
grounded theory.

In Group Cognition: Computer Support for Building Collaborative Knowledge,
Gerry Stahl challenges us with the provocative notion that “small groups are the
engines of knowledge building.” He notes that research on learning has focused on
either individual cognition or the larger community. Based on his extensive experi-
ence in teaching and system building, Stahl points to the “decisive role of small
groups” in learning. Stahl’s contribution is to alert us to the need for a theoretical
representation of small groups and their pivotal role in group cognition. He explores
this theme in varied ways—empirical, theoretical, philosophical—each persuasive
and thoughtful in its own way.

Stahl pushes hard on the notion of group cognition, proposing that we view dis-
course as a “substrate for group cognition.” Discourse is defined broadly to include
spoken words, inscriptions, and body language. Using these notions, Stahl hopes to
position cognition in that zone of small groups where he feels it belongs, moving
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it away from individual “brains” but not too far into less precise entities such as
community. Stahl notes that adopting such a notion would change education
profoundly in terms of classroom practice, testing, assessment, and teacher
training.

Group Cognition is a welcome addition to the Acting with Technology series. It
is highly recommended for readers interested in education, human-computer inter-
action, and computer-supported collaborative work.
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Introduction: Essays on Technology, Interaction,
and Cognition

The promise of globally networked computers to usher in a new age of universal
learning and sharing of human knowledge remains a distant dream; the software and
social practices needed have yet to be conceived, designed, and adopted. To support
online collaboration, our technology and culture have to be reconfigured to meet a
bewildering set of constraints. Above all, this requires understanding how digital
technology can mediate human collaboration. The essays gathered in this volume
document one path of exploration of these challenges. They include efforts to design
software prototypes featuring specific collaboration-support functionality, to analyze
empirical instances of collaboration, and to theorize about the issues, phenomena,
and concepts involved today in supporting collaborative knowledge building.

The studies in this book grapple with the problem of how to increase opportunities
for effective collaborative working, learning, and acting through innovative uses of
computer technology. From a technological perspective, the possibilities seem
endless and effortless. The ubiquitous linking of computers in local and global net-
works makes possible the sharing of thoughts by people who are separated spatially
or temporally. Brainstorming and critiquing of ideas can be conducted in many-to-
many interactions, without being confined by a sequential order imposed by the
inherent limitations of face-to-face meetings and classrooms. Negotiation of con-
sensual decisions and group knowledge can be conducted in new ways.

Collaboration of the future will be more complex than just chatting—verbally or
electronically—with a friend. The computational power of personal computers can
lend a hand here; software can support the collaboration process and help to manage
its complexity. It can organize the sharing of communication, maintaining both
sociability and privacy. It can personalize information access to different user per-
spectives and can order knowledge proposals for group negotiation.

Computer support can help us transcend the limits of individual cognition. It can
facilitate the formation of small groups engaged in deep knowledge building. It can
empower such groups to construct forms of group cognition that exceed what the
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group members could achieve as individuals. Software functionality can present,
coordinate, and preserve group discourse that contributes to, constitutes, and rep-
resents shared understandings, new meanings, and collaborative learning that is not
attributable to any one person but that is achieved in group interaction.

Initial attempts to engage in the realities of computer-supported knowledge build-
ing have, however, encountered considerable technical and social barriers. The tran-
sition to this new mode of interaction is in some ways analogous to the passage
from oral to literate culture, requiring difficult changes and innovations on multi-
ple levels and over long stretches of time. But such barriers signal opportunities. By
engaging in experimental attempts at computer-supported, small-group collabora-
tion and carefully observing where activity breaks down, researchers can identify
requirements for new software.

The design studies presented in this book explore innovative functionality for col-
laboration software. They concentrate especially on mechanisms to support group
formation, multiple interpretive perspectives, and the negotiation of group knowl-
edge. The various applications and research prototypes reported in the first part of
this book span the divide between cooperative work and collaborative learning,
helping us to recognize that contemporary knowledge workers must be lifelong
learners and also that collaborative learning requires flexible divisions of labor.

The attempt to design and adopt collaboration software led to a realization that
we need to understand much more clearly the social and cognitive processes
involved. In fact, we need a multifaceted theory for computer-supported collabora-
tion, incorporating empirically based analyses and concepts from many disciplines.
This book, in its central part, pivots around the example of an empirical micro-
analysis of small-group collaboration. In particular, it looks at how the group con-
structs intersubjective knowledge that appears in the group discourse itself, rather
than theorizing about what takes place in the minds of the individual participants.

The notion that it is important to take the group, rather than the individual, as
the unit of analysis ultimately requires developing, from the ground up, a new theory
of collaboration in the book’s final part. This theory departs from prevalent cogni-
tive science, grounded as it is on mental representations of individuals. Such a theory
builds on related efforts in social-cultural theory, situated cognition, and eth-
nomethodology, as well as their post-Kantian philosophical roots.

Collaboration as Group Cognition
This book does not aspire to the impossible task of describing all the ways that

technology does or could affect working and learning. I work and I learn in innu-
merable ways and modes—and everyone else works and learns in additional ways,



Essays on Technology, Interaction, and Cognition 3

many different from mine. Working and learning with other people mixes these ways
into yet more complex varieties. Technology multiplies the possibilities even more.
So this book chooses to focus on a particular form of working and learning—one
that seems especially attractive to many people and may be particularly responsive
to technological support but one that is also rather hard to point out and observe
in the current world. It is the holy grail of cooperative knowledge work and col-
laborative learning—the emergence of shared group cognition through effective col-
laborative knowledge building.

The goal of collaborative knowledge building is much more specific than that of
e-learning or distance education generally, where computer networks are used to
communicate and distribute information from one teacher to several students who
are geographically dispersed. Collaborative knowledge building stresses supporting
interactions among the students themselves, with a teacher playing more of a facil-
itating than instructing role. Moreover, knowledge building involves the construc-
tion or further development of some kind of knowledge artifact. That is, the students
are not simply socializing and exchanging their personal reactions or opinions about
the subject matter but might be developing a theory, model, diagnosis, conceptual
map, mathematical proof, or presentation. These activities require the exercise of
high-level cognitive activities. In effective collaborative knowledge building, the
group must engage in thinking together about a problem or task and produce a
knowledge artifact such as a verbal problem clarification, a textual solution pro-
posal, or a more developed theoretical inscription that integrates their different per-
spectives on the topic and represents a shared group result that they have negotiated.

We all know from personal experience—or think we know based on our tacit
acceptance of prevalent folk theories—that individual people can think and learn
on their own. It is harder to understand how a small group of people collaborat-
ing online can think and learn as a group and not just as the sum of the people in
the group thinking and learning individually.

Ironically, the counterintuitive notion of group cognition turns out to be easier
to study than individual learning. Whereas individual cognition is hidden in private
mental processes, group cognition is necessarily publicly visible. This is because any
ideas involved in a group interaction must be displayed for the members of the group
to participate in the collaborative process. In this book, I try to take advantage of
such displays to investigate group cognition without reducing it to an epiphenom-
enon of individual cognition. This does not mean that I deny that individuals have
private thoughts: I simply do not rely on our commonsense intuitions and intro-
spections about such thoughts. In the end, consideration focused on the group unit
may have implications for understanding individual cognition as a socially grounded
and mediated product of group cognition.
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How does a group build its collective knowing? A noncognitivist approach avoids
speculating on psychological processes hidden in the heads of individuals and
instead looks to empirically observable group processes of interaction and discourse.
The roles of individuals in the group are not ignored but are viewed as multiple
interpretive perspectives that can conflict, stimulate, intertwine, and be negotiated.
The spatiotemporal world in which collaborative interactions are situated is not
assumed to be composed of merely physical as opposed to mental ideas but is seen
as a universe filled with meaningful texts and other kinds of artifacts—human-made
objects that embody shared meanings in physical, symbolic, digital, linguistic, and
cultural forms.

The concern with the processes and possibilities of building group knowing has
implications for the choice of themes investigated in this book. The software pro-
totypes reported on in part I, for instance, were attempts to support the formation
of teams that had the right mix for building knowledge as a group, to represent the
multiple perspectives involved in developing group ideas, and to facilitate the nego-
tiation of group knowledge that arose. Certainly, there are other important processes
in online collaboration, but these are of particular concern for small-group knowl-
edge building. Similarly, the empirical analysis in part I zooms in on the way in
which the participants in an observed group of students constructed knowledge in
their discourse that could not be attributed to any simple conjunction of their indi-
vidual contributions. Finally, the theoretical reflections of part III try to suggest a
conceptual framework that incorporates these notions of “interpretive perspectives”
or “knowledge negotiation” within a coherent view of how group cognition takes
place in a world of discourse, artifacts, and computer media.

Rather than centering on practical design goals for computer-supported cooper-
ative work (CSCW) industrial settings or computer-supported collaborative learn-
ing (CSCL) classrooms, the following chapters explore foundational issues of how
small groups can construct meaning at the group level. The ability of people to
engage in effective group cognition in the past has been severely constrained by
physical limits of the human body and brain. We can really relate to only a small
number of individual people at a time or follow only one primary train of thought
at a time, and most business meetings or classroom activities are structured, mod-
erated, and delimited accordingly. Moreover, we quickly forget many of the details
of what was said at such meetings. Collaboration technology has enormous poten-
tial to establish many-to-many interactions, to help us manage them, and to main-
tain logs of what transpired. Figuring out how to design and deploy collaboration
technologies and social practices to achieve this still-distant potential is the driving
force that is struggling to speak through these essays.

The structure of the book follows the broad strokes of my historical path of
inquiry into computer-supported group cognition. Part I reports on several attempts
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to design online technologies to support the collaborative building of knowing—
that is, computer-mediated group sense making—in which I was involved. Part II
shows how I responded to the need I subsequently felt to better understand phe-
nomena of collaboration—such as group formation, perspective sharing, and knowl-
edge negotiation through microanalysis of group interaction—in order to guide such
software design. In turn, part III indicates how this led me to formulate a concep-
tual framework and a research methodology: a theory of collaboration, grounded
in empirical practice and exploration. Although theory is typically presented as a
solid foundational starting point for practice, this obfuscates its genesis as a con-
ceptual reflection in response to problems of practice and their circumstances. I have
tried to avoid such reification by presenting theory at the end of the book because
it emerged as a result of design efforts and empirical inquiry.

The Problematic of CSCL and the Approach of This Book

This book documents my engagement with the issues of CSCL as a research field.
Although I believe that much of the group-cognition approach presented is also
applicable to CSCW, my own research during the decade represented here was more
explicitly oriented to the issues that dominated CSCL at the time. In particular,
CSCL is differentiated from related domains in the following ways:

» Group The focus is not on individual learning but on learning in and by small
groups of students.

= Cognition The group activity is not one of working but of constructing new
understanding and meaning within contexts of instruction and learning.

= Computer support The learning does not take place in isolation but with support
by computer-based tools, functionality, microworlds, media, and networks.

* Building The concern is not with the transmission of known facts but with the
construction of personally meaningful knowledge.

= Collaborative The interaction of participants is not competitive or accidental but
involves systematic efforts to work and learn together.

» Knowledge The orientation is not to drill and practice of specific elemen-
tary facts or procedural skills but to discussion, debate, argumentation, and deep
understanding.

The fact that these points spell out the title of this book is an indication that the
book consists of an extended reflection on the defining problems of CSCL.

The history of CSCL research and theory can be schematically viewed as a gradual
progression of ever-increasing critical distance from its starting point, consisting of
conceptualizations of learning inherited from dominant traditions in the fields of
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education and psychology. Much of the early work in CSCL started from this indi-
vidualistic notion of learning and cognition. For instance, the influence of artificial
intelligence (AI) on CSCL—which can be seen particularly clearly in my first three
studies—often relied on computational cognitive models of individual learners. For
me, at least, dramatic shifts away from this tradition came from the following
sources:

* Mediated cognition Vygotsky’s work from the 1920s and 1930s only became
available in English 50 years later, when it proposed a radically different view of
cognition and learning as socially and collaboratively mediated.

* Distributed cognition This alternative, developed by a number of writers (includ-
ing Suchman, Winograd, Pea, and Hutchins), also stressed the importance of not
viewing the mind as isolated from artifacts and other people.

« Situated learning Lave’s work applied the situated perspective to learning,
showing how learning can be viewed as a community process.

» Knowledge building Scardamalia and Bereiter developed the notion of com-
munity learning with a model of collaborative knowledge building in computer-
supported classrooms.

* Meaning making Koschmann argued for reconceptualizing knowledge build-
ing as meaning making, drawing on theories of conversation analysis and
ethnomethodology.

» Group cognition This book arrives at a theory of group cognition by pushing
this progression a bit further with the help of a series of software-implementation
studies, empirical analyses of interaction, and theoretical reflections on knowledge
building.

The notion of group cognition emerged out of the trajectory of the research that
is documented in this volume. The software studies in the early chapters attempted
to provide support for collaborative knowledge building. They assumed that col-
laborative knowledge building consisted primarily of forming a group, facilitating
interaction among the multiple personal perspectives brought together, and then
encouraging the negotiation of shared knowledge. When the classroom use of my
software resulted in disappointing levels of knowledge building, I tried to investi-
gate in more detail how knowledge building occurs in actual instances of collabo-
rative learning.

The explorative essays in the middle of the book prepare the way for that analy-
sis and then carry out a microanalysis of one case. The fundamental discovery made
in that analysis was that, in small-group collaboration, meaning is created across
the utterances of different people. That is, the meaning that is created is not a cog-
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nitive property of individual minds but a characteristic of the group dialogue. This
is a striking result of looking closely at small-group discussions; it is not so visible
in monologues (although retrospectively these can be seen as internalized discourses
of multiple voices), in dialogues (where the utterances each appear to reflect the
ideas of one or the other member of the dyad), or in large communities (where the
joint meaning becomes fully anonymous). I call this result of collaborative knowl-
edge building group cognition.

For me, this discovery—already implied in certain social science methodologies
like conversation analysis—led to a conception of group cognition as central to
understanding collaboration and consequently required a rethinking of the entire
theoretical framework of CSCL: collaboration, knowledge, meaning, theory build-
ing, research methodology, design of support. The paradigm shift from individual
cognition to group cognition is challenging—even for people who think they already
accept the paradigms of mediated, distributed, and situated cognition. For this
reason, the essays in the last part of the book not only outline what I feel is neces-
sary for an appropriate theory but also provide a number of reflections on the per-
spective of group cognition itself. While the concept of group cognition that I
develop is closely related to findings from situated cognition, dialogic theory, sym-
bolic interactionism, ethnomethodology, and social psychology, I think that my
focus on small-group collaboration casts it in a distinctive light particularly relevant
to CSCL. Most important, I try to explore the core phenomenon in more detail than
other writers, who tend to leave some of the most intriguing aspects as mysteries.

Accomplishing this exposition on group cognition requires spelling out a number
of interrelated points, each complex in itself. A single conference or journal paper
can enunciate only one major point. This book is my attempt to bring the whole
argument together. I have organized the steps in this argument into three major book
parts:

Part I, Design of Computer Support for Collaboration, presents eight studies of
technology design. The first three apply various Al approaches (abbreviated as
DODE, LSA, CBR) to typical CSCL or CSCW applications, attempting to harness
the power of advanced software techniques to support knowledge building. The
next two shift the notion of computer support from Al to providing collaboration
media. The final three try to combine these notions of computer support by creat-
ing computational support for core collaboration functions in the computational
medium. The chapters discuss how to

1. Support teacher collaboration for constructivist curriculum development (written
in 1993),

2. Support student learning of text production in summarization (1999),
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3. Support the formation of groups of people who can work effectively together
(1996),

4. Define the notion of personal interpretive perspectives of group members

(1993),

5. Define the role of computational media for collaborative interactions (2000),
6. Support group and personal perspectives (2001),

7. Support group work in collaborative classrooms (2002), and

8. Support the negotiation of shared knowledge by small groups (2002).

Part II, Analysis of Collaborative Knowledge Building, consists of five essays
related to research methodology for studying small-group interaction. First, a
process model of knowledge building shows how utterances from multiple per-
spectives may be negotiated to produce shared knowledge. Second, methodological
considerations argue that the most important aspects of collaboration are system-
atically obscured by the approach taken by many leading CSCL studies. A solution
is then proposed that integrates knowledge building and merged perspectives with
artifacts from distributed cognition theory and the close interpretation of utterances
from conversation analysis. This solution is applied to an empirical case of collab-
oration. This case reveals how group cognition creates shared meaning through the
thick interdependencies of everyone’s utterances. It also shows how the group builds
knowledge about meaning in the world. In particular, these chapters provide

9. A process model of collaborative knowledge building, incorporating perspectives
and negotiation (2000),

10. A critique of CSCL research methodologies that obscure the collaborative phe-
nomena (2001),

11. A theoretical framework for empirical analysis of collaboration (2001),

12. Analysis of five students who are building knowledge about a computer simu-
lation (2001), and

13. Analysis of the shared meaning that they built and its relation to the design of
the software artifact (2004).

Part III, Theory of Group Cognition, includes eight chapters that reflect on the
discovery of group meaning in chapter 12 and its further analysis in chapter 13. As
preliminary context, previous theories of communication are reviewed to see how
they can be useful, particularly in contexts of computer support. Then a broad-
reaching attempt is made to sketch an outline of a social theory of collaborative
knowledge building based on the discovery of group cognition. A number of spe-
cific issues are taken up from this, including the distinction between meaning making
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at the group level versus interpretation at the individual level and a critique of the
popular notion of common ground. Chapter 18 develops the alternative research
methodology hinted at in chapter 10. Chapters 19 and 20 address philosophical
possibilities for group cognition, and the final chapter complements chapter 12 with
an initial analysis of computer-mediated group cognition, as an indication of the
kind of further empirical work needed. The individual chapters of this final part
offer

14. A review of traditional theories of communication (2003),
15. A sketch of a theory of building collaborative knowing (2003),

16. An analysis of the relationship of group meaning and individual interpretation
(2003),

17. An investigation of group meaning as common ground versus as group cogni-
tion (2004),

18. A methodology for making group cognition visible to researchers (2004),

19. Consideration of the question, “Can groups think?” in parallel to the Al ques-
tion, “Can computers think?” (2004),

20. Exploration of philosophical directions for group-cognition theory (2004), and
21. A wrap-up of the book and an indication of future work (2004).

The discussions in this book are preliminary studies of a science of computer-
supported collaboration that is methodologically centered on the group as the
primary unit of analysis. From different angles, the individual chapters explore how
meanings are constituted, shared, negotiated, preserved, learned, and interpreted
socially by small groups within communities. The ideas these essays present them-
selves emerged out of specific group collaborations.

Situated Concepts

The studies of this book are revised forms of individual papers that were under-
taken during the decade between my dissertation at the University of Colorado and
my research at Drexel University and were published on various specific occasions.
In bringing them together, T have tried to retain the different voices and perspec-
tives that they expressed in their original situations. They look at issues of online
collaboration from different vantage points, and I wanted to retain this diversity as
a sort of collaboration of me with myself—a collection of selves that I had inter-
nalized under the influences of many people, projects, texts, and circumstances. The
format of the book thereby reflects the theory it espouses: that knowledge emerges
from situated activities involving concrete social interactions and settings and that
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such knowledge can be encapsulated in vocabularies and texts that are colored by
the circumstances of their origins.

Thus, the main chapters of this book are self-contained studies. They are repro-
duced here as historical artifacts. The surrounding apparatus—this overview, the
part introductions, the chapter lead-ins, and the final chapters—has been added to
make explicit the gradual emergence of the theme of group cognition. When I started
to assemble the original essays, it soon became apparent that the whole collection
could be significantly more than the sum of its parts, and I wanted to bring out this
interplay of notions and the implications of the overall configuration. The meaning
of central concepts, like group cognition, are not simply defined; they evolve from
chapter to chapter in the hope that they will continue to grow productively in the
future.

Concepts can no longer be treated as fixed, self-contained, eternal, universal, and
rational, for they reflect a radically historical world. The modern age of the last
several centuries may have questioned the existence of God more than the medieval
age, but it still maintained an unquestioned faith in a god’s-eye view of reality. For
Descartes and his successors, an objective physical world was knowable in terms of
a series of facts that were expressible in clear and distinct propositions using terms
defined by necessary and sufficient conditions. While individuals often seemed to
act in eccentric ways, one could still hope to understand human behavior in general
in rational terms.

The twentieth century changed all that. Space and time could henceforth be mea-
sured only relative to a particular observer; position and velocity of a particle were
in principle indeterminate; observation affected what was observed; relatively simple
mathematical systems were logically incompletable; people turned out to be poor
judges of their subconscious motivations and unable to articulate their largely tacit
knowledge; rationality frequently verged on rationalization; revolutions in scientific
paradigms transformed what it meant in the affected science for something to be a
fact, a concept, or evidence; theories were no longer seen as absolute foundations
but as conceptual frameworks that evolved with the inquiry; and knowledge (at
least in most of the interesting cases) ended up being an open-ended social process
of interpretation.

Certainly, there are still empirical facts and correct answers to many classes of
questions. As long as one is working within the standard system of arithmetic, com-
putations have objective answers—by definition of the operations. Some proposi-
tions in natural language are also true, like “This sentence is declarative.” But others
are controversial, such as “Knowledge is socially mediated,” and some are even
paradoxical: “This sentence is false.”

Sciences provide principles and methodologies for judging the validity of propo-
sitions within their domain. Statements of personal opinion or individual observa-
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tion must proceed through processes of peer review, critique, evaluation, argumen-
tation, negotiation, refutation, and so on to be accepted within a scientific com-
munity; that is, to evolve into knowledge. These required processes may involve
empirical testing, substantiation, or evidence as defined in accord with standards of
the field and its community. Of course, the standards themselves may be subject to
interpretation, negotiation, or periodic modification.

Permeating this book is the understanding of knowledge, truth, and reality as
products of social labor and human interpretation rather than as simply given inde-
pendently of any history or context. Interpretation is central. The foundational essay
of part I (chapter 4) discusses how it is possible to design software for groups (group-
ware) to support the situated interpretation that is integral to working and learn-
ing. Interpretation plays the key analytic role in the book, with the analysis of
collaboration that forms the heart of part II (chapter 12) presenting an interpreta-
tion of a moment of interaction. And in part III (particularly chapter 16), the con-
cepts of interpretation and meaning are seen as intertwined at the phenomenological
core of an analysis of group cognition. Throughout the book, the recurrent themes
of multiple interpretive perspectives and of the negotiation of shared meanings
reveal the centrality of the interpretive approach.

There is a philosophy of interpretation, known since Aristotle as hermeneutics.
Hans-Geory Gadamer (1988) formulated a contemporary version of philosophical
hermeneutics, based largely on ideas proposed by his teacher, Martin Heidegger
(1996). A key principle of this hermeneutics is that the meaning of a term should
be interpreted based on the history of its effects in the world. Religious, political,
and philosophical concepts, for instance, have gradually evolved their meanings as
they have interacted with world history and been translated from culture to culture.
Words like being, truth, knowledge, learning, and thought have intricate histories
that are encapsulated in their meaning but that are hard to articulate. Rigorous
interpretation of textual sources can begin to uncover the layers of meaning that
have crystallized and become sedimented in these largely taken-for-granted words.

If we now view meaning making and the production of knowledge as processes
of interpretive social construction within communities, then the question arises of
whether such fundamental processes can be facilitated by communication and com-
putational technologies. Can technology help groups to build knowledge? Can com-
puter networks bring people together in global knowledge-building communities
and support the interaction of their ideas in ways that help to transform the opin-
ions of individuals into the knowledge of groups?

As an inquiry into such themes, this book eschews an artificially systematic logic
of presentation and, rather, gathers together textual artifacts that view concrete
investigations from a variety of perspectives and situations. My efforts to build soft-
ware systems were not applications of theory in either the sense of foundational
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principles or predictive laws. Rather, the experience gained in the practical efforts
of part I motivated more fundamental empirical research on computer-mediated col-
laboration in part II, which in turn led to the theoretical reflections of part III that
attempt to develop ways of interpreting, conceptualizing, and discussing the expe-
rience. The theory part of this book was written to develop themes that emerged
from the juxtaposition of the earlier, empirically grounded studies.

The original versions of the chapters were socially and historically situated. Con-
cepts they developed while expressing their thoughts were, in turn, situated in the
contexts of those publications. In being collected into the present book, these papers
have been only lightly edited to reduce redundancies and to identify cross-references.
Consistency of terminology across chapters has not been enforced as much as it
might be to allow configurations of alternative terminologies to bring rich com-
plexes of connotations to bear on the phenomena investigated.

These studies strive to be essays in the postmodern sense described by Theodor
Adorno (1984, p. 160):

In the essay, concepts do not build a continuum of operations, thought does not advance in
a single direction, rather the aspects of the argument interweave as in a carpet. The fruitful-
ness of the thoughts depends on the density of this texture. Actually, the thinker does not
think, but rather transforms himself into an arena of intellectual experience, without simpli-
fying it. . .. All of its concepts are presentable in such a way that they support one another,
that each one articulates itself according to the configuration that it forms with the others.

In Adorno’s book Prisms (1967), essays on specific authors and composers
provide separate glimpses of art and artists, but there is no development of a general
aesthetic theory that illuminates them all. Adorno’s influential approach to cultural
criticism emerged from the book as a whole, implicit in the configuration of con-
crete studies but nowhere in the book articulated in propositions or principles. His
analytic paradigm—which rejected the fashionable focus on biographical details of
individual geniuses or eccentric artists in favor of reflection on social mediations
made visible in the artworks or artifacts themselves—was too incommensurable
with prevailing habits of thought to persuade an audience without providing a series
of experiences that might gradually shift the reader’s perspective. The metaphor of
prisms—that white light is an emergent property of the intertwining of its con-
stituent wavelengths—is one of bringing a view into the light by splitting the illu-
mination itself into a spectrum of distinct rays.

The view of collaboration that is expressed in this book itself emerged gradually,
in a manner similar to the way that Prisms divulged its theories, as I intuitively
pursued an inquiry into groupware design, communication analysis, and social phi-
losophy. While T have made some connections explicit, I also hope that the central
meanings will emerge for each reader through his or her own interpretive interests.
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In keeping with hermeneutic principles, I do not believe that my understanding of
the connotations and interconnections of this text is an ultimate one; certainly, it is
not a complete one, the only valid one, or the one most relevant to a particular
reader. To publish is to contribute to a larger discourse, to expose one’s words to
unanticipated viewpoints. Words are always open to different interpretations.

The chronology of the studies has generally been roughly maintained within each
of the book’s parts, for they document a path of discovery, with earlier essays anti-
cipating what was later elaborated. The goal in assembling this collection has been
to provide readers with an intellectual experience open-ended enough that they can
collaborate in making sense of the enterprise as a whole—to open up “an arena of
intellectual experience” without distorting or excessively delimiting it so that it can
be shared and interpreted from diverse perspectives.

The essays were written from my own particular and evolving perspective. They
are linguistic artifacts that were central to the intellectual development of that per-
spective and should be read as situated within that gradually developing interpre-
tation. It may help the reader to understand this book if some of the small groups
that incubated its ideas are named.

Collaborating with Groups

Although most of the original papers were published under my name, they are
without exception collaborative products, artifacts of academic group cognition.
Acknowledgments in the notes section at the end of the book indicate the most
immediate intellectual debts. Due to collaboration technologies like the Web and e-
mail, our ideas are ineluctably the result of global knowledge building. Considered
individually, there is little in the way of software features, research methodology, or
theoretical concept that is completely original here. Rather, available ideas have been
assembled as tools or intellectual resources for making sense of collaboration as a
process of constituting group knowing. If anything is original, it is the mix and the
twist of perspectives. Rather than wanting to claim that any particular insight or
concept in this book is absolutely new, I would like to think that I have pushed
rather hard on some of the ideas that are important to CSCL and brought unique
considerations to bear. In knowledge building, the configuration of existing ideas
and the intermingling of a spectrum of perspectives on those ideas count.

In particular, the ideas presented here have been developed through the work of
certain knowledge-building groups or communities:

« The very notion of knowledge-building communities was proposed by
Scardamalia and Bereiter and the Computer-Supported International Learning
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Environment (CSILE) research group in Toronto. They pioneered CSCL, working
on pedagogical theory, system design, and evaluation of computer-supported class-
room practices.

= They cited the work of Lave and Wenger on situated learning, a distillation of
ideas brewing in an active intellectual community in the San Francisco Bay area that
had a formative impact on CSCW in the 1970s.

= The sociocultural theory elaborated there, in turn, had its roots in Vygotsky and
his circle, which rose out of the Russian revolution. The activity theory that grew
out of that group’s thinking still exerts important influences in the CSCW and CSCL
communities.

The personal experience behind this book is perhaps most strongly associated
with:

+ McCall, Fischer, and the Center for LifeLong Learning and Design in Colorado,
where I studied, collaborated, and worked on Hermes and CIE in the early 1990s
(see chapters 4 and 5);

+ The Computers and Society research group led by Herrmann at the University of
Dortmund (now at Bochum), which collaborated on WebGuide and negotiation
support (chapters 6 and 9);

« Owen Research, Inc., where TCA and the Crew software for NASA were devel-
oped (chapters 1 and 3);

- The Institute for Cognitive Science at Boulder, where State the Essence was created
(chapter 2);

+ The Innovative Technology for Collaborative Learning and Knowledge Building
(ITCOLE) project in the European Union (2001-2002), in which I designed BSCL
and participated as a visiting scientist in the CSCW group at Fraunhofer-FIT (chap-
ters 7 and 8);

+ The research community surrounding the conferences on computer support for
collaborative learning, where I was program chair in 2002 (chapter 11); and

+ The Virtual Math Teams (VMT) project that colleagues and I launched at Drexel
University in 2003 (chapter 21).

But today knowledge building is a global enterprise, and most of the foundational
concepts—like knowledge, learning, and meaning—have been forged in the
millennia-long discourse of Western philosophy, whose history is reviewed periodi-
cally in the following chapters.
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Technology as Mediation

When I launched into software development with a fresh degree in artificial intelli-
gence, I worked eagerly at building cognitive aids—if not directly machine cogni-
tion—into my systems, developing rather complicated algorithms using search
procedures, semantic representations, case-based reasoning, fuzzy logic, and an
involved system of hypermedia perspectives. These mechanisms were generally
intended to enhance the cognitive abilities of individual system users. When I strug-
gled to get my students to use some of these systems for their work in class, I became
increasingly aware of the many barriers to the adoption of such software. In reflect-
ing on this, I began to conceptualize my systems as artifacts that mediated the work
of users. It became clear that the hard part of software design was dealing with its
social aspects. I switched my emphasis to creating software that would promote
group interaction by providing a useful medium for interaction. This led me to study
collaboration itself and to view knowledge building as a group effort.

As I became more interested in software as mediator, I organized a seminar with
colleagues and graduate students from different fields on computer mediation of
collaborative learning. I used the software discussed in chapter 6 and began the
analysis of the moment of collaboration that over the years evolved into chapter
12. We tried to deconstruct the term mediation, as used in CSCL, by uncovering
the history of the term’s effects that are sedimented in the word’s usage today. We
started with its contemporary use in Jean Lave and Etienne Wenger’s Situated Learn-
ing (1991, p. 50): “Briefly, a theory of social practice emphasizes the relational inter-
dependency of agent and world, activity, meaning, cognition, learning and knowing.
... Knowledge of the socially constituted world is socially mediated and open
ended.”

This theory of social practice can be traced back to Lev Vygotsky. Vygotsky
described what is distinctive to human cognition, psychological processes that are
not simply biological abilities, as mediated cognition. He analyzed how both signs
(words, gestures) and tools (instruments) act as artifacts that mediate human
thought and behavior—and he left the way open for other forms of mediation: “A
host of other mediated activities might be named; cognitive activity is not limited
to the use of tools or signs” (Vygotsky, 1978, p. 55).

Vygotsky attributes the concept of indirect or mediated activity to Hegel and
Marx. Where Hegel loved to analyze how two phenomena constitute each other
dialectically—such as the master and slave, each of whose identity arises through
their relationship to each other—Marx always showed how the relationships arose
in concrete socioeconomic history, such as the rise of conflict between the capital-
ist class and the working class with the establishment of commodity exchange and
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wage labor. The minds, identities, and social relations of individuals are mediated
and formed by the primary factors of the contexts in which they are situated.

In this book, mediation plays a central role in group cognition, taken as an emer-
gent phenomenon of small-group collaboration. The computer support of collabo-
ration is analyzed as a mediating technology whose design and use forms and
transforms the nature of the interactions and their products.

Mediation is a complex and unfamiliar term. In popular and legal usage, it might
refer to the intervention of a third party to resolve a dispute between two people.
In philosophy, it is related to media, middle, and intermediate. So in CSCL or CSCW,
we can say that a software environment provides a medium for collaboration or
that it plays an intermediate role in the midst of the collaborators. The contact
between the collaborators is not direct or im-mediate but is mediated by the soft-
ware. Recognizing that when human interaction takes place through a technologi-
cal medium the technical characteristics influence—or mediate—the nature of the
interaction, we can inquire into the effects of various media on collaboration. For
a given task, for instance, should people use a text-based, asynchronous medium?
How does this choice both facilitate and constrain their interaction? If the software
intervenes between collaborating people, how should it represent them to each other
to promote social bonding and understanding of each other’s work?

The classic analyses of mediation will reappear in the theoretical part of the book.
The term mediation—perhaps even more than other key terms in this book—takes
on a variety of interrelated meanings and roles. These emerge gradually as the book
unfolds; they are both refined and enriched—mediated—by relations with other
technical terms. The point for now is to start to think of group-collaboration soft-
ware as artifacts that mediate the cognition of their individual users and support
the group cognition of their user community.

Mediation by Small Groups

Small groups are the engines of knowledge building. The knowing that groups build
up in manifold forms is what becomes internalized by their members as individual
learning and externalized in their communities as certifiable knowledge. At least,
that is a central premise of this book.

The last several chapters of this book take various approaches to exploring the
concept of group cognition because this concept involves such a difficult, counter-
intuitive way of thinking for many people. This is because cognition is often assumed
to be associated with psychological processes contained in individual minds.

The usual story, at least in Western culture of the past three hundred years, goes
something like this: an individual experiences reality through his senses (the para-
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Figure 1

Auguste Rodin, The Thinker, 1881, bronze, Rodin Museum, Philadelphia, PA. Photo: G.
Stahl, 2004.

digmatic rational thinker in this tradition is often assumed to be male). He thinks
about his experience in his mind; cognition, stemming from the Latin cogito for “I
think,” refers to mental activities that take place in the individual thinker’s head
(see figure 1). He may articulate a mental thought by putting it into language, stating
it as a linguistic proposition whose truth value is a function of the proposition’s cor-
respondence with a state of affairs in the world. Language, in this view, is a medium
for transferring meanings from one mind to another by representing reality. The
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recipient of a stated proposition understands its meaning based on his own sense
experience as well as his rather unproblematic understanding of the meanings of
language.

The story based on the mediation of group cognition is rather different: here, lan-
guage is an infinitely generative system of symbolic artifacts that encapsulate and
embody the cultural experiences of a community. Language is a social product of
the interaction of groups—not primarily of individuals—acting in the world in cul-
turally mediated ways. Individuals who are socialized into the community learn to
speak and understand language as part of their learning to participate in that com-
munity. In the process, they internalize the use of language as silent self-talk, inter-
nal dialogue, rehearsed talk, narratives of rational accountability, senses of morality,
conflicted dream lives, habits, personal identities, and their tacit background knowl-
edge largely preserved in language understanding. In this story, cognition initially
takes place primarily in group processes of interpersonal interaction, which include
parent and child, friend and friend, husband and wife, teacher and student, boss
and employee, extended family, social network, gang, tribe, neighborhood, com-
munity of practice, and so on. The products of cognition exist in discourse,
symbolic representations, meaningful gestures, patterns of behavior; they persist in
texts and other inscriptions, in physical artifacts, in cultural standards, and in the
memories of individual minds. Individual cognition emerges as a secondary effect,
although it later seems to acquire a dominant role in our introspective narratives.

Most people have trouble accepting the group-based story at first and viewing
collaborative phenomena in these terms. Therefore, the group emphasis emerges
gradually in this book rather than being assumed from the start. Indeed, that is what
happened during my decade-long inquiry that is documented in these studies.

Although one can see many examples of the decisive role of small groups in the
CSCW and CSCL literature, their pivotal function is rarely explicitly acknowledged
and reflected on. For instance, the two prevailing paradigms of learning in CSCL—
which are referred to in chapter 17 as the acquisition metaphor and the participa-
tion metaphor—focus on the individual and the community, respectively, not on the
intermediate small group. In the former paradigm, learning consists in the acquisi-
tion of knowledge by an individual; for instance, a student acquires facts from a
teacher’s lesson. In the later, learning consists in knowledgeable participation in a
community of practice; for instance, an apprentice becomes a more skilled practi-
tioner of a trade. But if one looks closely at the examples typically given to illus-
trate each paradigm, one sees that there is usually a small group at work in the
specific learning situation. In a healthy classroom there are likely to be cliques of
students learning together in subtle ways, even if the lesson is not organized as col-
laborative learning with formal group work. Their group practices may or may not
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be structured in ways that support individual participants to learn as the group
builds knowledge. In apprenticeship training, a master is likely to work with a few
apprentices, and they work together in various ways as a small group; it is not as
though all the apprentice tailors or carpenters or architects in a city are being trained
together. The community of practice functions through an effective division into
small working groups.

Some theories, like activity theory, insist on viewing learning at both the indi-
vidual and the community levels. Although their examples again typically feature
small groups, the general theory highlights the individual and the large community
but has no theoretical representation of the critical small groups in which the
individuals carry on their concrete interactions and into which the community is
hierarchically structured (see chapter 21).

My own experiences during the studies reported here and in my apprenticeships
in philosophy and computer science that preceded them impressed on me the im-
portance of working groups, reading circles, and informal professional discussion
occasions for the genesis of new ideas and insights. The same can be seen on a
world-historical scale. Quantum jumps in human knowledge building emerge from
centers of group interaction: the Bauhaus designers at Weimar, the postimpression-
ist artists in Paris salons, the Vienna Circle, the Frankfurt School—in the past, these
communities were necessarily geographic locations where people could come
together in small groups at the same time and place.

The obvious question once we recognize the catalytic role of small groups in
knowledge building is whether we can design computer-supported environments to
create effective groups across time and space. Based on my experiences, documented
in part I, I came to the conclusion that to achieve this goal we need a degree of
understanding of small-group cognition that does not currently exist. To design
effective media, we need to develop a theory of mediated collaboration through a
design-based research agenda of analysis of small-group cognition. Most theories
of knowledge building in working and learning have focused primarily on the two
extreme scales: the individual unit of analysis as the acquirer of knowledge and the
community unit of analysis as the context within which participation takes place.
We now need to focus on the intermediate scale: the small-group unit of analysis
as the discourse in which knowledge actually emerges.

The size of groups can vary enormously. This book tends to focus on small groups
of a few people (say, three to five) meeting for short periods. Given the seeming
importance of this scale, it is surprising how little research on computer-supported
collaboration has focused methodologically on units of this size. Traditional
approaches to learning—even to collaborative learning in small groups—measure
effects on individuals. More recent writings talk about whole communities of
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practice. Most of the relatively few studies of collaboration that do talk of groups
look at dyads, where interactions are easier to describe but qualitatively different
from those in somewhat larger groups. Even in triads, interactions are more
complex, and it is less tempting to attribute emergent ideas to individual members
than in dyads.

The emphasis on the group as unit of analysis is definitive of this book. It is not
just a matter of claiming that it is time to focus software development on group-
ware. It is also a methodological rejection of individualism as a focus of empirical
analysis and cognitive theory. The book argues that software should support coop-
erative work and collaborative learning, should be assessed at the group level, and
should be designed to foster group cognition.

This book provides different perspectives on the concept of group cognition, but
the concept of group cognition as discourse is not fully or systematically worked
out in detail. Neither are the complex layers of mediation presented, by which inter-
actions at the small-group unit of analysis mediate between individuals and social
structures. This is because it is premature to attempt this; much empirical analysis
is needed first. The conclusions of this book simply try to prepare the way for future
studies of group cognition.

The Promise of Collaborating with Technology

Online workgroups are becoming increasingly popular, freeing learners and workers
from the traditional constraints of time and place for schooling and employment.
Commercial software offers basic mechanisms and media to support collaboration.
However, we are still far from understanding how to work with technology to
support collaboration in practice. Having borrowed technologies, research method-
ologies, and theories from allied fields, it may now be time for the sciences of
collaboration to forge their own tools and approaches, honed to the specifics of the
field.

This book tries to explore how to create a science of collaboration support
grounded in a fine-grained understanding of how people act, work, learn, and think
together. It approaches this by focusing the discussion of software design, interac-
tion analysis, and conceptual frameworks on central, paradigmatic phenomena of
small-group collaboration, such as multiple interpretive perspectives, intersubjective
meaning making, and knowledge building at the group unit of analysis.

The view of group cognition that emerges from the following essays is one worth
working hard to support with technology. Group cognition is presented in stronger
terms than previous descriptions of distributed cognition. Here it is argued that high-
level thinking and other cognitive activities take place in group discourse and that
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these are most appropriately analyzed at the small-group unit of analysis. The focus
on mediation of group cognition is presented more explicitly than elsewhere, sug-
gesting implications for theory, methodology, design, and future research generally.

Technology in social contexts can take many paths of development in the near
future. Globally networked computers provide a promise of a future of worldwide
collaboration founded on small-group interactions. Reaching such a future will
require overcoming the ideologies of individualism in system design, empirical
methodology, and collaboration theory, as well as in everyday practice.

This is a tall order. Today, many people react against the ideals of collaboration
and the concept of group cognition based on unfortunate personal experiences, the
inadequacies of current technologies, and deeply ingrained senses of competition.
Although so much working, learning, and knowledge building takes place through
teamwork these days, goals, conceptualizations, and reward structures are still ori-
ented toward individual achievement. Collaboration is often feared as something
that might detract from individual accomplishments, rather than valued as some-
thing that could facilitate a variety of positive outcomes for everyone. The specter
of group-think—where crowd mentality overwhelms individual rationality—is used
as an argument against collaboration rather than as a motivation for understand-
ing better how to support healthy collaboration.

We need to continue designing software functionality and associated social prac-
tices; continue analyzing the social and cognitive processes that take place during
successful collaboration; and continue theorizing about the nature of collaborative
learning, working, and acting with technology. The studies in this book are attempts
to do just that. They are not intended to provide final answers or to define recipes
for designing software or conducting research. They do not claim to confirm the
hypotheses, propose the theories, or formulate the methodologies they call for.
Rather, they aim to open up a suggestive view of these bewildering realms of inquiry.
I hope that by stimulating group efforts to investigate proposed approaches to
design, analysis, and theory, they can contribute in some modest measure to our
future success in understanding, supporting, and engaging in effective group
cognition.
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Studies of Technology Design

The chapters of this book were written over a number of years while I was finding
my way toward a conception of group cognition that could be useful for computer-
supported collaborative learning and cooperative work (CSCL and CSCW). Only
near the end of that period, in editing the essays into a unified book, did the coher-
ence of the undertaking become clear to me. In presenting these writings together,
I think it is important to provide some guidance to the readers. Therefore, I provide
brief introductions to the three parts and the 21 chapters to resituate the essays in
the book’s mission.

Theoretical Background to Part I

The theory presented in this book comes at the end, emanating out of the design
studies and the empirical analysis of collaboration. This does not mean that the
work described in the design studies of the first section had no theoretical framing.
On the contrary, in the early 1990s when I turned my full-time attention to issues
of CSCL, my academic training in computer science, artificial intelligence (AI), and
cognitive science, which immediately preceded these studies, was particularly influ-
enced by two theoretical orientations: situated cognition and domain-oriented
design environments.

Situated Cognition As a graduate student, I met with a small reading group of
fellow students for several years, discussing the then recent works of situated cog-
nition (Brown & Duguid, 1991; Donald, 1991; Dreyfus, 1991; Ehn, 1988; Lave &
Wenger, 1991; Schon, 1983; Suchman, 1987; Winograd & Flores, 1986), which
challenged the assumptions of traditional Al. These writings proposed the central-
ity of tacit knowledge, implicitly arguing that ADs reliance on capturing explicit
knowledge was inadequate for modeling or replacing human understanding. They
showed that people act based on their being situated in specific settings with par-
ticular activities, artifacts, histories, and colleagues. Shared knowledge is not a
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stockpile of fixed facts that can be represented in a database and queried on all
occasions but an ongoing accomplishment of concrete groups of people engaged in
continuing communication and negotiation. Furthermore, knowing is fundamen-
tally perspectival and interpretive.

Domain-Oriented Design Environments I was at that time associated with the
research lab of the Center for Lifelong Learning and Design (L3D) directed by
Gerhard Fischer, which developed the domain-oriented design environment (DODE)
approach to software systems for designers (Fischer et al., 1993; Fischer, 1994;
Fischer et al., 1998). The idea was that one could build a software system to support
designers in a given domain—say, kitchen design—by integrating such components
as a drawing sketchpad, a palette of icons representing items from the domain
(stovetops, tables, walls), a set of critiquing rules (sink under a window, dishwasher
to the right), a hypertext of design rationale, a catalog of previous designs or tem-
plates, a searching mechanism, and a facility for adding new palette items, among
others. My dissertation system, Hermes, was a system that allowed one to put
together a DODE for a given domain and to structure different professional per-
spectives on the knowledge in the system. I adapted Hermes to create a DODE for
lunar-habitat designers. Software designs contained in the studies of part I more or
less start from this approach: TCA was a DODE for teachers designing curriculum
and CIE was a DODE for computer-network designers.

This theoretical background is presented primarily in chapter 4. Before present-
ing that, however, I wanted to give a feel for the problematic nature of CSCL and
CSCW by providing examples of designing software to support constructivist edu-
cation (chapter 1), computational support for learning (chapter 2), or algorithms
for selecting group members (chapter 3).

The Studies in Part I

The eight case studies included in part I provide little windows on illustrative expe-
riences of designing software for collaborative knowledge building. They are not
controlled experiments with rigorous conclusions. These studies hang together
rather like the years of a modern-day life, darting off in unexpected directions but
without ever losing the connectedness of one’s identity—one’s evolving yet endur-
ing personal perspective on the world.

Each study contains a parable: a brief, idiosyncratic, and inscrutable tale whose
moral is open to—indeed begs for—interpretation and debate. The parables describe
fragmentary experiments that pose questions and that, in their specificity and mate-
riality, allow the feedback of reality to be experienced and pondered.
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Some of the studies include technical details that may not be interesting or par-
ticularly meaningful to all readers. Indeed, it is hard to imagine many readers whose
backgrounds would allow them to follow in detail all the chapters of this book.
This is an unavoidable problem for interdisciplinary topics. The original papers for
part I were written for specialists in computer science, and their details remain inte-
gral to the argumentation of the specific study but not necessarily essential to the
larger implications of the book.

The book is structured so that readers can feel free to skip around. There is an
intended flow to the argument of the book—summarized in these introductions to
the three parts—but the chapters are each self-contained essays that can largely
stand on their own or be visited in accordance with each reader’s particular needs.

Part I explores, in particular ways, some of the major forms of computer support
that seem desirable for collaborative knowledge building, shared meaning making,
and group cognition. The first three chapters address the needs of individual
teachers, students, and group members, respectively, as they interact with shared
resources and activities. The individual perspective is then systematically matched
with group perspectives in the next three chapters. The final chapters of part I
develop a mechanism for moving knowledge among perspectives. Along the way,
issues of individual, small-group, and community levels are increasingly distin-
guished and supported. Support for group formation, perspectives, and negotiation
is prototyped and tested.

Study 1, Teachers Curriculum Assistant (TCA) The book starts with a gentle intro-
duction to a typical application of designing computer support for collaboration.
The application is the Teachers Curriculum Assistant (TCA), a system for helping
teachers to share curriculum that responds to educational research’s recommenda-
tion of constructivist learning. It is a CSCW system in that it supports communities
of professional teachers as they cooperate in their work. At the same time, it is a
CSCL system that can help to generate, refine, and propagate curriculum for col-
laborative learning by students, either online or otherwise. The study is an attempt
to design an integrated knowledge-based system that supports five key functions
associated with the development of innovative curriculum by communities of teach-
ers. Interfaces for the five functions are illustrated.

Study 2, State the Essence The next study turns to computer support for students,
either in groups or singly. The application, State the Essence, is a program that gives
students feedback on summaries they compose from brief essays. Significantly
increasing students’ or groups’ time on task and encouraging them to create multi-
ple drafts of their essays before submitting them to a teacher, the software uses a
statistical analysis of natural-language semantics to evaluate and compare texts.
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Rather than focusing on student outcomes, the study describes some of the com-
plexities of adapting an algorithmic technique to a classroom educational tool.

Study 3, CREW The question in this study is how software can predict the behav-
ior of a group of people working together under special conditions. Developed for
the American space agency to help the agency select groups of astronauts for the
international space station, the Crew software modeled a set of psychological factors
for subjects participating in a prolonged space mission. Crew was designed to take
advantage of psychological data being collected on outer-space, under-sea, and
Antarctic winter-over missions confining small groups of people in restricted spaces
for prolonged periods. The software combined a number of statistical and Al
techniques.

Study 4, Hermes This study was actually written earlier than the preceding ones,
but it is probably best read following them. It describes at an abstract level the the-
oretical framework behind the design of the systems discussed in the other studies.
It is perhaps also critical of some assumptions underlying their mechanisms. It devel-
ops a concept of situated interpretation that arises from design theories and writ-
ings on situated cognition. These sources raised fundamental questions about
traditional Al, based as it was on assumptions of explicit, objective, universal, and
rational knowledge. Hermes tried to capture and represent tacit, interpretive, situ-
ated knowledge. It was a hypermedia framework for creating domain-oriented
design environments. It provided design and software elements for interpretive per-
spectives, end-user programming languages, and adaptive displays, all built on a
shared knowledge base.

Study 5, CIE A critical transition occurs in this study—away from software that
is designed to amplify human intelligence with Al techniques and instead toward
the goal of software designed to support group interaction by providing structured
media of communication, sharing, and collaboration. While TCA attempted to use
an early version of the Internet to allow communities to share educational artifacts,
CIE aimed to turn the Web into a shared workspace for a community of practice.
The specific community supported by the CIE prototype was the group of people
who design and maintain local area computer networks (LANs)—for instance, at
university departments.

Study 6, WebGuide WebGuide was a several-year effort to design support for
interpretive perspectives focusing on the key idea proposed by Hermes (computa-
tional perspectives) and trying to adapt the perspectivity concept to asynchronous
threaded discussions. The design study was situated within the task of providing a
shared guide to the Web for small workgroups and whole classrooms of students,
including the classroom where Essence was developed. Insights gained from adop-
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tion hurdles with this system motivated a push to better understand collaboration
and computer-mediated communication, resulting in a WebGuide-supported
seminar on mediation, which is discussed in this study. This seminar began the the-
oretical reflections that percolate throughout part IT and then dominate in part IIL.
The WebGuide system was a good example of trying to harness computational
power to support the dynamic selection and presentation of information in accor-
dance with different user perspectives.

Study 7, Synergeia Several limitations of WebGuide led to the Synergeia design
undertaking. The WebGuide perspectives mechanism was too complicated for users,
and additional collaboration supports were needed, particularly support for group
negotiation. An established CSCW system was redesigned for classroom usage,
including a simplified system of class, group, and individual perspectives and a
mechanism for groups to negotiate agreement on shared knowledge-building arti-
facts. The text of this study began as a design scenario that guided development of
Synergeia and then morphed into its training manual for teachers.

Study 8, BSCL This study takes a closer look at the design rationale for the nego-
tiation mechanism of the previous study. The BSCL system illustrates designs for
several important functions of collaborative learning: formation of groups (by the
teacher); perspectives for the class, small workgroups, and individuals; and negoti-
ation of shared knowledge artifacts. These functions are integrated into the mature
BSCW software system, with support for synchronous chat and shared whiteboard,
asynchronous threaded discussion with note types, social-awareness features, and
shared workspaces (folder hierarchies for documents). The central point of this
study is that negotiation is not just a matter of individuals voting based on their
preconceived ideas; it is a group process of constructing knowledge artifacts and
then establishing a consensus that the group has reached a shared understanding of
this knowledge and that it is ready to display it for others.

The chapters of part I demonstrate a progression that was not uncommon in
CSCL and CSCW around the turn of the century. A twentieth-century fascination
with technological solutions reached its denouement in Al systems that required
more effort than expected and provided less help than promised. In the twenty-first
century, researchers acknowledged that systems needed to be user-centric and should
concentrate on taking the best advantage of human and group intelligence. In this
new context, the important thing for groupware was to optimize the formation
of effective groups, help them to articulate and synthesize different knowledge-
building perspectives, and support the negotiation of shared group knowledge. This
shift should become apparent in the progression of software studies in part I.
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For this project,' I worked with several colleagues in Boulder, Colorado, to apply
what we understood about educational theory and about approaches to computer
support of collaboration to the plight of classroom teachers. Constructivist
approaches to learning were well established as being favored by most educational
researchers. The problem was disseminating this to teachers in the actual class-
rooms. Even when teachers were trained in the theory, they had no practical instruc-
tional materials to help them implement the new approach on a daily basis. Few
textbooks or other resources were available, and teachers had to spend vast amounts
of time they did not have to integrate those few materials into classroom practices
and institutional requirements.

The Internet was just starting to reach public schools, so we tried to devise com-
puter-based supports for disseminating constructivist resources and for helping
teachers to adapt and apply them. We prototyped a high-functionality design envi-
ronment for communities of teachers to construct innovative lesson plans together,
using a growing database of appropriately structured and annotated resources. This
was an experiment in designing a software system for teachers to engage in collab-
orative knowledge building.

This study provides an example of a real-world problem confronting teachers. It
tries to apply the power of artificial intelligence and domain-oriented design envi-
ronment technologies to support collaboration at a distance. The failure of the
project to move beyond the design phase suggests that the institutional context of
schooling and the intricacies of potential interaction among classroom teachers need
further examination.

Many teachers yearn to break through the confines of traditional textbook-centered
teaching and present activities that encourage students to explore and construct their
own knowledge. But this requires developing innovative materials and curriculum
tailored to local students. Teachers have neither the time nor the information to do
much of this from scratch.
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The Internet provides a medium for globally sharing innovative educational
resources. School districts and teacher organizations have already begun to post cur-
riculum ideas on Internet servers. However, just storing unrelated educational mate-
rials on the Internet does not by itself solve the problem. It is too hard to find the
resources to meet specific needs. Teachers need software for locating material-rich
sites across the network, searching the individual curriculum sources, adapting
retrieved materials to their classrooms, organizing these resources in coherent lesson
plans, and sharing their experiences across the Internet.

In response to these needs, I designed and prototyped a Teacher’s Curriculum
Assistant (TCA) that provides software support for teachers to make effective use
of educational resources posted to the Internet. TCA maintains information for
finding educational resources distributed on the Internet. It provides query and
browsing mechanisms for exploring what is available. Tools are included for tai-
loring retrieved resources, creating supplementary materials, and designing innova-
tive curricula. TCA encourages teachers to annotate and upload successfully used
curricula to Internet servers and thereby share their ideas with other educators. In
this chapter, I describe the need for such computer support and discuss what I have
learned from designing TCA.

The Internet’s Potential for Collaboration Support

The Internet has the potential to transform educational curriculum development
beyond the horizons of our foresight. In 1994, the process was just beginning as
educators across the country started to post their favorite curriculum ideas for others
to share. This first tentative step revealed the difficulties inherent in using such
potentially enormous, loosely structured sources of information. As the Internet
becomes a more popular medium for sharing curricula, teachers, wandering around
the Internet looking for ideas to use in their classrooms, confront a set of problems
that will not go away on its own. On the contrary,

1. Teachers have to locate sites of curriculum ideas scattered across the network;
there is currently no system for announcing the locations of these sites.

2. They have to search through the offerings at each site for useful items. While
some sites provide search mechanisms for their databases, each has different inter-
faces, tools, and indexing schemes that must be learned before the curricula can be
accessed.

3. They have to adapt items they find to the needs of their particular classroom: to
local standards, the current curriculum, their own teaching preferences, and the
needs or learning styles of their various students.
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4. They have to organize the new ideas within coherent curricula that build toward
long-term pedagogical goals.

5. They have to share their experiences using the curriculum or their own new ideas
with others who use the resources.

In many fields, professionals have turned to productivity software—like spread-
sheets for accountants—to help them manage tasks involving complex sources of
information. I believe that teachers should be given similar computer-based tools to
meet the problems listed above. If this software is designed to empower teachers—
perhaps in conjunction with their students—in open-ended ways, opportunities will
materialize that we cannot now imagine.

In this chapter, I consider how the sharing of curriculum ideas over the Internet
can be made more effective in transforming education. I advance the under-
standing of specific issues in the creation of software designed to help classroom
teachers develop curricula and increase productivity and introduce the Teacher’s
Curriculum Assistant (TCA) that I built for this purpose. First, I discuss the nature
of constructivist curriculum, contrasting it with traditional approaches based on
behaviorist theory. Then I present an example of a problem-solving environment
for high school mathematics students. The example illustrates why teachers need
help to construct this kind of student-centered curriculum. I provide a scenario of
a teacher developing a curriculum using productivity software like TCA and con-
clude by discussing some issues I feel will be important in maximizing the effec-
tiveness of the Internet as a medium for the dissemination of innovative curricula
for educational reform.

The Problem of Curriculum in Educational Reform

The distribution of curriculum over the Internet and the use of productivity
software for searching and adapting posted ideas could benefit any ped-
agogical approach. However, it is particularly crucial for advancing reform in
education.

The barriers to educational reform are legion, as many people since John Dewey
have found. Teachers, administrators, parents, and students must all be convinced
that traditional schooling is not the most effective way to provide an adequate foun-
dation for life in the future. They must be trained in the new sensitivities required.
Once everyone agrees and is ready to implement the new approach, there is still a
problem: what activities and materials should be presented on a day-to-day basis?
This concrete question is the one that Internet sharing can best address. I general-
ize the term curriculum to cover this question.
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Consider curricula for mathematics. Here, the reform approach is to emphasize
the qualitative understanding of mathematical ways of thinking rather than to stress
rote memorization of quantitative facts or “number skills.” Bebaviorist learning
theory supported the view that one method of training could work for all students;
reformers face a much more complex challenge. There is a growing consensus
among educational theorists that different students in different situations construct
their understandings in different ways (Greeno, 1993). This approach is often called
constructivism or constructionism (Papert, 1993). It implies that teachers must cre-
atively structure the learning environments of their students to provide opportuni-
ties for discovery and must guide individual learners to reach insights in their own
ways.

Behaviorism and constructivism differ primarily in their views of how students
build their knowledge. Traditional, rationalist education assumed that there was a
logical sequence of facts and standard skills that had to be learned successively. The
problem was simply to transfer bits of information to students in a logical order,
with little concern for how students acquire knowledge. Early attempts at design-
ing educational software took this approach to its extreme, breaking down curric-
ula into isolated atomic propositions and feeding these predigested facts to the
students. This approach to education was suited to the industrial age, in which
workers on assembly lines performed well-defined, sequential tasks.

According to constructivism, learners interpret problems in their environments
using conceptual frameworks that they developed in the past (Roschelle, 1996). In
challenging cases, problems can require changes in the frameworks. Such concep-
tual change is the essence of learning: people’s understanding evolves so that they
can comprehend their environment. To teach a student a mathematical method or
a scientific theory is not to place a set of propositional facts into her mind but to
give her a new tool that she can make her own and use in her own ways in com-
prehending her world.

Constructivism does not entail the rejection of a curriculum. Rather, it requires
a more complex and flexible curriculum. Traditionally, a curriculum consisted of a
textual theoretical lesson, a set of drills for students to practice, and a test to eval-
uate if the students could perform the desired behaviors. In contrast, a construc-
tivist curriculum might target certain cognitive skills, provide a setting of resources
and activities to serve as a catalyst for the development of these skills, and then
offer opportunities for students to articulate their evolving understandings (NCTM,
1989). The cognitive skills in math, for example, might include qualitative reason-
ing about graphs, number lines, algorithms, or proofs.

My colleagues on the project and I believe that the movement from viewing a
curriculum as fact-centered to viewing it as cognitive-tool-centered is appropriate
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for the postmodern (postindustrial, postrationalist, postbehaviorist) period. Cogni-
tive tools include alternative knowledge representations (Norman, 1993). As
researchers in artificial intelligence, we know that knowledge representations are
key to characterizing or modeling cognition. We have also found that professionals
working in typical contemporary occupations focus much of their effort on devel-
oping and using alternative knowledge representations that are adapted to their
tasks (Sumner, 1995). Curricula to prepare people for the next generation of jobs
would do well to familiarize students with the creation and use of alternative con-
ceptual representations.

A Diverse Learning Ecology

Teachers need help to create learning environments that stimulate the construction
and evolution of understanding through student exploration using multiple con-
ceptual representations. A stimulating learning environment is one with a rich
ecology in which many elements interact in subtle ways. In this section, I present
an illustration of a rich ecology for learning mathematical thinking that includes
inductive reasoning, recursive computation, spreadsheet representation, graphing,
simultaneous equations, and programming languages.

A typical curriculum suggestion that might be posted on an educational resources
listing on the Internet is the problem of regions of a circle: Given n points on the
circumference of a circle, what is the maximum number of regions one can divide
the circle into by drawing straight lines connecting the points? (See figure 1.1.) For
instance, connecting two points divides the circle into two regions; connecting three
points with three lines creates four regions. This is a potentially fascinating problem
because its subtleties can be explored at length using just algebra and several vari-
eties of clear thinking.

The problem with this curriculum offering as an Internet posting is that it has
not been placed in a rich setting. To be useful, a fuller curriculum providing a set
of conceptual tools is needed. For instance, a discussion of inductive reasoning
brings out some of the character of this particular problem. If one counts the number
of regions, R(n), for n = 1 to 6, one obtains the doubling series 1, 2, 4, 8, 16, 31.
Almost! One expects the last of these numbers to be 32, but that last region is
nowhere to be found. For larger n, the series diverges completely from the powers
of 2. Why? Here, inductive reasoning can come to the rescue of the hasty inductive
assumption—if, that is, the problem is accompanied by a discussion of inductive
reasoning.

Consider the general case of 7 points. Assume that the answer is known for
n — 1 points, and think about how many new regions are created by adding the
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Figure 1.1
Regions of a circle; 7 = 8.

nth point and connecting it to each of the 7 — 1 old points. There is a definite pattern
at work here. It may take a couple days of careful thought to work it out. It would
also help if the sigma notation for sums of indexed terms is explained as a repre-
sentational tool for working on the problem. Perhaps a collaborative group effort
will be needed to check each step and avoid mistakes.

At this point, a teacher might introduce the notion of recursion and relate it to
induction. If the students can program in Logo or Pascal (programming languages
that can represent recursive processes), they could put the general formula into a
simple but powerful program that could generate results for hundreds of values of
n very quickly without the tedious and error-prone process of counting regions in
drawings. It would be nice to formalize the derivation of this result with a deduc-
tive proof, if the method of formulating proofs has been explained.

Now that students are confident that they have the correct values for many 7,
they can enter these values in a spreadsheet to explore them. The first representa-
tion they might want to see is a graph of R(n) and 7. On the spreadsheet, they could
make a column that displays the difference between each R(n) and its correspond-
ing R(n — 1). Copying this column several times, they would find that the fourth
column of differences is constant. This result means that R(#) follows a fourth-order
equation, which can be found by solving simultaneous equations.

The point of this example is that sharing the isolated statement of the problem
is not enough. The rich learning experience involves being introduced to alternative



Share Globally, Adapt Locally 37

representations of the problem: induction, recursion, spreadsheet differences,
graphs, computer languages, simultaneous equations, and so on. There is not one
correct method for tackling a problem like this; a mathematically literate person
needs to be able to view the problem’s many facets through several conceptual
frameworks.

A curriculum in the new paradigm typically consists of stimulating problems
immersed in environments with richly interacting ecologies, including cognitive
skills, knowledge representations, computational tools, related problems, and ref-
erence materials. Perhaps a creative teacher with unlimited preparation time could
put these materials together. However, the reality is that teachers deserve all the
support they can get if they are to prepare and present the complex learning ecolo-
gies that constructivist reforms call for. Computer support for curriculum develop-
ment should make the kinds of resources shown in figure 1.2 readily available.

From Database to Design Environment

Curriculum planning for learning ecologies is not a simple matter of picking con-
secutive pages out of a standard textbook or of working out a sequential presenta-
tion of material that builds up to fixed learning achievements. Rather, it is a matter
of design. To support teachers in developing curriculum that achieves this, we must
go beyond databases of isolated resources to provide design enviromments for
curriculum development.

It may seem to be an overwhelming task to design an effective learning environ-
ment for promoting the development of basic cognitive skills. However, dozens of
reform curricula have already been created. The problem now is to disseminate these
in ways that allow teachers to adapt them to their local needs and to reuse them as
templates for additional new curricula. It is instructive to look at a recent attempt
to make this type of curriculum available. The CD-ROM MathFinder Sourcebook:
A Collection of Resources for Mathematics Reform excerpts materials from 30 new
math curricula (Kreindler & Zahm, 1992). Like the posting of curriculum ideas at
several Internet sites, this is an important early step at electronic dissemination.

Unfortunately, MathFinder has a number of serious limitations due to its CD-
ROM (read-only) format. It relies on a fixed database of resources that allows
resources to be located but not expanded or revised. Its indexing is relatively
simple—primarily oriented toward illustrating a particular set of math standards—
yet its search mechanism is cumbersome for many teachers. Because its resources
are stored in bitmap images, they cannot be adapted in any way by teachers or stu-
dents. Moreover, MathFinder provides no facility for organizing resources into cur-
ricula—despite the fact that most of the resources it includes are excerpted from
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Figure 1.2

A number of multimedia resources related to the “regions of a circle” problem. These include
textual documents, drawings, equations, spreadsheets, graphs, and computer-program source
code.

carefully constructed curricula. Because it is sold as a read-only commodity, Math-
Finder does not allow teachers to share their experiences with annotations or to add
their own curricular ideas. Thus, of the five issues listed in the introduction to this
chapter—locating, searching, adapting, organizing, and sharing—MathFinder pro-
vides only a partial solution to the issues of location and search.

An alternative approach is suggested by our work on domain-oriented design
environments (Fischer et al., 1993; Fischer et al., 1998; Repenning & Sumner, 1995;
Stahl, McCall, & Peper, 1992; Stahl, 1993a). A software design environment pro-
vides a flexible workspace for the construction of artifacts and places useful design
tools and materials close at hand. A design environment for curriculum develop-
ment goes substantially beyond a database of individual resources. Based on this
approach, we built a prototype version of a Teacher’s Curriculum Assistant (TCA).
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TCA includes a catalog of previously designed curricula that can be reused and
modified. It has a gallery of educational resources that can be inserted into partial
curriculum designs. There is a workspace, into which curricula from the catalog can
be loaded and resources from the gallery inserted. It is also possible for a teacher
to specify criteria for the desired curriculum. Specifications are used for searching
the case base of curricula, adapting the resources, and critiquing new designs.

TCA allows teachers to download curricular resources from the Internet and to
create coherent classroom activities tailored to local circumstances. In particular,
TCA addresses the set of five issues identified in the introduction:

1. TCA is built on a database of information about educational resources posted
to the Internet, so it provides a mechanism for teachers to locate sources of cur-
riculum ideas at scattered Internet sites.

2. The TCA database indexes each resource in a uniform way, allowing teachers to
search for all items meeting desired conditions.

3. TCA includes tools to help teachers adapt items they find to the needs of their
classroom.

4. TCA provides a design workspace for organizing retrieved ideas into lesson plans
that build toward long-term goals.

5. TCA lets teachers conveniently share their experiences through the Internet.
The TCA Prototype

Based on preliminary study of these issues, a TCA prototype has been developed.
Six interface screens have been designed for teacher support: Profiler, Explorer,
Versions, Editor, Planner, and Networker.

The Profiler, Explorer, and Versions interfaces work together for information
retrieval (figure 1.3). The Profiler helps teachers define classroom profiles and locates
curricula and resources that match the profile. The Explorer displays these items
and allows the teacher to search through them to find related items. Versions then
helps the teacher select from alternative versions that have been adapted by other
teachers. Through these interfaces, teachers can locate the available materials that
most closely match their personal needs; this makes it easier to tailor the materials
to individual requirements.

The Planner, Editor, and Networker help the teacher to prepare resources and
curricula and to share the results of classroom use (figure 1.4). The Planner is a
design environment for reusing and reorganizing lesson plans. The Editor allows
the teacher to modify and adapt resources. This is a primary means of personaliz-
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Figure 1.3
The TCA software interface for locating, searching, and selecting resources and curricula:
Profiler, Explorer, and Versions.

ing a curriculum to individual classroom circumstances. Finally, the Networker sup-
ports interactions with the Internet, providing a two-way medium of communica-
tion with a global community of teachers. Using the Networker, a teacher can share
personalized versions of standard curricula with other teachers who might have
similar needs.

To illustrate how TCA works, each of the five issues is discussed in the follow-
ing sections. These sections present a scenario of a teacher using TCA to locate
resources, search through them, adapt selected resources, organize them into a
curriculum, and share the results with other teachers.
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Figure 1.4
The TCA interface for adapting, organizing, and sharing resources and curricula: Planner,
Editor, and Networker.

Scenario Step 1: Locating Curriculum

Imagine a high school mathematics teacher using TCA. In the coming year, she has
to introduce some geometric concepts like Pythagoras’s theorem and deductive
proofs. More generally, she might want to discuss the ubiquity of patterns and ways
to represent them mathematically. TCA lets her browse for semester themes and
their constituent weekly units and lesson plans related to these topics.

TCA distinguishes four levels of curricula available on the Internet:

= A theme is a major curriculum, possibly covering a semester or a year of school and
optionally integrating several subjects. A theme consists of multiple teaching units.

« A weekly unit is part of a theme, typically one week of lessons for a single subject.
A unit is described by its constituent daily lesson plans.

» A plan is one day’s lesson for a class. A lesson plan might include a number of
resources, such as a lecture, a reading, an exercise, or a project, and perhaps a quiz
and a homework assignment.
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= A resource is an element of a lesson plan. It might be a text, available as a word
processing document. It could also be a video clip, a spreadsheet worksheet, a

graphic design, or a software simulation. Resources are the smallest units of cur-
ricula indexed by TCA.

TCA lets the teacher locate relevant curricula by analyzing information stored on
her computer about items available on the Internet. Along with the TCA software
on her computer, there is a case base of summaries (indexes) of curricula and
resources that can be downloaded. These summary records reference curricula and
resources that have been posted to Internet nodes around the world. In addition to
containing the Internet address information needed for downloading an item, a
record contains a description of the item so that the teacher can decide whether it
is of interest.

After a set of interesting items has been selected based on the information in the
case base, TCA downloads the items to the teacher’s computer. This happens
without her having to know where they were located or how to download them.
The items are then available for modification, printing, or distribution to her stu-
dents. If Internet traffic is slow, she may opt to download batches of curriculum
and resources overnight and then work with them the next day.

Scenario Step 2: Searching for Resources

TCA provides a combination of query and browsing mechanisms to help a teacher
select curricula of interest and to find resources that go with it. She can start in the
Profiler (figure 1.3) by specifying that she wants a curriculum for ninth-grade math-
ematics. Then she can browse through a list of themes in the Explorer that meet
the specification. If the list is too long, she can narrow down her search criteria.

The theme named “A Look at the Greek Mind” is summarized as “This is an
integrated curriculum that explores myth, patterns, and abstract reasoning.” It
emphasizes patterns and is likely to include Pythagoras’s theorem. The teacher can
click on this theme in the list. Her computer now displays summaries of the units
that make up the curriculum for that theme. This list shows three weekly units.
Select week 1, described as “Abstract thinking: number theory and deductive
reasoning.”

She now sees summaries of that week’s five daily lesson plans. She looks at the
geometry example for day 3: “Inductive reasoning example: regions of a circle.”
She selects that one, and the screen changes to show the lesson plan in the Planner
(figure 1.4). It lists all the resources suggested for that period: two lecture topics,
a class exercise, several alternative activities for small groups, and a homework
assignment.
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The screenshot of Explorer illustrates how a teacher can browse from a given
resource, like “chart of regions on a circle,” up to all the lesson plans, units, and
themes that include that resource and then back down to all the associated units,
plans, and resources. This is one way to locate related resources within curricular
contexts. The teacher can also turn to the Versions component to find variations on
a particular resource and comments about the resource and its different versions by
teachers who have used it.

Notice the second resource in the Planner, where students create a spreadsheet
chart: “Group activity: Chart of ratios on a circle.” When the teacher selects it with
the mouse, the Editor shows the detail for that resource, including its index values.

The description contained in the case base for each posted resource is organized
as a set of 24 indexes and annotations, such as recommended grade level, content
area, pedagogical goal, instructional mode, prerequisites, materials used, required
time, and the like. Note that total class time and homework time are computed and
teacher preparations for the resources are listed below the workspace.

The TCA Profiler allows a teacher to specify her curricular needs using combi-
nations of these indexes. Resources are also cross-referenced so that she can retrieve
many different resources that are related to a given one. Thus, once she has found
the “problem of regions of a circle,” she can easily locate discussions of inductive
reasoning, formal proofs, recursion, simultaneous equations, sample programs in
Logo or Pascal, spreadsheet templates for analyzing successive differences, and
graphing tools. She can also find week-long units that build on geometric problems
like this one, with variations for students with different backgrounds, learning styles,
or interests. TCA allows her to search both top down from themes to resources and
bottom up from resources to curricula.

Scenario Step 3: Adapting to Local Needs

Adaptation tools are available in TCA for resources that have been downloaded
from the Internet. The Planner component provides a design workspace for assem-
bling a custom lesson plan, and the Editor helps a teacher to adapt individual
resources to her local needs. The TCA system can often make automated sugges-
tions for adapting a resource to the specification given in the search process. For
instance, if she retrieves a resource that was targeted for eleventh grade when she
is looking for tenth-grade material, then TCA might suggest allowing her students
more time to do the tasks or might provide more supporting and explanatory mate-
rials for them. In general, she will need to make the adaptations; even where the
software comes up with suggestions, she must use her judgment to make the final
decision.
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While TCA can automate some adaptation, most tailoring of curricula requires
hands-on control by an experienced teacher. Sometimes TCA can support her efforts
by displaying useful information. For instance, if she is adapting resources orga-
nized by national standards to local standards, she might like her computer to
display both sets of standards and to associate each local standard with corre-
sponding national standards. In other situations, perhaps involving students whose
first language is not English, TCA might link a resource requiring a high level of
language understanding to a supplementary visual presentation.

The adaptation process relies on alternative versions of individual resources being
posted. The TCA Versions component helps a teacher adjust to different student
groups, teaching methods, and time constraints by retrieving alternative versions of
resources that provide different motivations, use different formats, or go into more
depth. She can substitute these alternative resources into lesson-plans; they can then
be modified with multimedia editing software from within TCA.

Included in the Editor is a reduced image of the spreadsheet. If a teacher clicks
on this image, TCA brings up the commercial software application in which the
document was produced. So she can now edit and modify the copy of this docu-
ment that appears on her screen. She need not leave TCA to do this. Then she can
print out her revised version for her students or distribute it directly to their com-
puters. In this way, she can use her own ideas or those of her students to modify
and enhance curricular units found on the Internet.

Just as it is important for teachers to adapt curricula to their needs, it is
desirable to have resources that students can tailor. Current software technology
makes this possible, as illustrated by a number of simulations in the Agentsheets
Exploratorium (Ambach, Perrone, & Reppening, 1995; Stahl, Sumner, & Repenning,
1995).

Scenario Step 4: Organizing Resources into Lesson Plans

The lesson-plan is a popular representation for a curriculum. It provides teachers a
system for organizing classroom activities. TCA uses the lesson-plan metaphor as
the basis for its design workspace. A teacher can start her planning by looking at
downloaded lesson plans and then modifying them to meet her local needs.

The TCA Planner workspace for designing lesson plans was shown in figure 1.4.
In addition to summaries of each resource, the workspace lists the time required by
each resource, both in class and at home. These times are totaled at the bottom of
the list of resources in the Planner. This provides an indication of whether there is
too much or too little instructional material to fill the period. The teacher can
then decide to add or eliminate resources or adjust their time allowances. The total
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homework time can be compared to local requirements concerning homework
amounts.

TCA incorporates computational critics (Fischer et al., 1993; Fischer et al., 1998).
Critics are software rules that monitor the curriculum being constructed and verify
that specified conditions are maintained. For instance, critics might automatically
alert the teacher if the time required for a one-day curriculum exceeds or falls short
of the time available.

Scenario Step 5: Sharing New Experiences

Once a teacher has developed curricula and used them successfully in the classroom,
she may want to share her creations with other teachers. This way, the pool of ideas
on the Internet will grow and mature. TCA has facilities for her to annotate indi-
vidual resources and curricular units at all levels with descriptions of how they
worked in her classroom. This is part of the indexing of the resource or unit.

Assume that a teacher downloaded and used the “regions of a circle” resource
and modified it based on her classroom experiences. Now she wants to upload her
version back to the Internet. The TCA Networker component automates that
process, posting the new resource to an available server and adding the indexes for
it to the server used for distributing new indexes. Because the indexing of her revi-
sion would be similar to that of the original version of the resource, other teachers
looking at the “regions of a circle” resource would also find her version with her
comments. In this way, the Internet pool of resources serves as a medium of com-
munication among teachers about the specific resources. It is in such ways that I
hope the use of the Internet for curriculum development will go far beyond today’s
first steps.

What I Have Learned

I conceptualize the understanding I have reached through my work on TCA in five
principles:

1. Most resources should be located at distributed sites across the Internet, but care-
fully structured summaries (indexes) of them should be maintained on teachers’ local
computers or in centralized catalogs.

2. The search process should be supported through a combination of query and
browsing tools that help teachers explore what is available.

3. Adaptation of tools and resources to teachers and students is critical for devel-
oping and benefiting from constructivist curriculum.
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4. Resources must be organized into carefully designed curriculum units to provide
effective learning environments.

5. The Internet should become a medium for sharing curriculum ideas, not just
accessing them.

A system to assist teachers in developing curricula for educational reform has
been designed and prototyped. All aspects of the system must now be refined
through further work with classroom teachers and curriculum developers. While
the approach of TCA appeals to teachers who have participated in its design, its
implementation must still be tuned to the realities of the classroom.

The distribution of resources and indexes prototyped in TCA has attractive
advantages. Because the actual multimedia resources (text, pictures, video clips,
spreadsheet templates, HyperCard stacks, software applications) are distributed
across the Internet, there is no limit to the quantity or size of these resources and
no need for teachers to have large computers. Resources can be posted on network
servers maintained by school districts, regional educational organizations, textbook
manufacturers, and other agencies. Then the originating agency can maintain and
revise the resources as necessary.

However, the approach advocated here faces a major institutional challenge: the
standardization of resource indexing. The difficulty with this approach is the need
to index every resource and to distribute these indexes to every computer that runs
TCA. This involves implementing a distribution and updating system for the case-
base index records and then establishing the TCA indexing scheme as a standard.

The distribution and updating of indexes can be handled by tools within TCA
and support software for major curriculum contributors. However, the standard-
ization requires coordination among interested parties. Before any teachers can use
TCA, there must be useful indexed resources available on the network with com-
prehensive suggested lesson plans. It is necessary to establish cooperation among
federally funded curriculum development efforts, textbook publishers, software
publishers, and school districts. If successful, this will establish a critical mass of
curriculum on the Internet accessible by TCA. Then the Internet can begin to be an
effective medium for the global sharing of locally adaptable curriculum.
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Evolving a Learning Environment

Chapter 2 offers another fairly typical attempt to use the power of computer tech-
nology to support learning.! Students need iterative practice with timely expert
feedback for developing many skills, but computer-based practice is not easy to
implement in ways that are fun and educationally effective when the task involves
interpreting semantics of free text. The State the Essence software used latent seman-
tic analysis to solve this problem. It shows how a computer can provide a partial
mentoring function, relieving teachers of some of the tedium while increasing per-
sonalized feedback to students.

The software evolved through a complex interplay with its user community during
classroom testing to provide effective automated feedback to students learning to
summarize short texts. It demonstrates the collaboration among researchers, teach-
ers, and students in developing educational innovations. It also suggests collabora-
tive group use of such software.

This case study is interesting not only for describing software design, implemen-
tation, and adoption within a social context involving researchers, teachers, and stu-
dents but also for its assessment of latent semantic analysis, which is often proposed
as a panacea for automated natural language understanding in CSCW and CSCL
systems. It is an idea that at first appears simple and powerful but turns out to
require significant fine-tuning and a very restricted application. Success also depends
on integration into a larger activity context in which the educational issues have
been carefully taken into account. In this case, well-defined summarization skills of
individual students are fairly well understood, making success possible.

Interactive learning environments promise to enrich the experience of students in
classrooms by allowing them to explore information under their own intrinsic moti-
vation and to use what they discover to construct knowledge in their own words.
To date, a major limitation of educational technology in pursuing this vision has
been the inability of computer software to interpret unconstrained free text by
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students so that the computer can interact with the students without having the
students’ behavior and expression limited.

In a project at the University of Colorado’s Institute of Cognitive Science, a
research group I worked with developed a system named State the Essence that pro-
vides feedback to students on summaries that they compose in their own words
from their understanding of assigned instructional texts. This feedback encourages
the students to revise their summaries through many drafts, to reflect on the sum-
marization process, to think more carefully about the subject matter, and to improve
their summaries prior to handing them in to the teacher. Our software uses a tech-
nology called latent semantic analysis (LSA) to compare the student summary to
the original text without having to solve the more general problem of computer
interpretation of free text.

LSA has frequently been described from a mathematical perspective, and the
results of empirical studies of its validity are widely available in the psychological
literature.” This report on our experience with State the Essence is not meant to
duplicate those other sources but to convey a fairly detailed sense of what is involved
in adapting LSA for use in interactive learning environments. To do this, I describe
how our software evolved through a two-year development and testing period.

In this chapter, I explain how our LSA-based environment works. There is no
magic here. LSA is a statistical method that has been developed by tuning a numeric
representation of word meanings to human judgments. Similarly, State the Essence
is the result of adapting computational and interface techniques to the performance
of students in the classroom. Accordingly, this chapter presents an evolutionary view
of the machinery we use to encourage students to evolve their own articulations of
the material they are reading.

The chapter begins by discussing the goals and background of our work and then
takes a look at our interactive learning environment from the student perspective—
the evolving student-computer interface. The multiple ways in which LSA is used
to assess a student summary and formulate feedback raise questions about how
LSA’s semantic representation contained in our software evolved to the point where
it can support decisions comparable to human judgments. These questions are
addressed in the conclusion, which also summarizes our process of software design
in use as a coevolution and suggests directions for continuing development.

Evolution of Student Articulations
Educational theory emphasizes the importance of having students construct their

own understanding in their own terms. Yet most schooling software that provides
automatic feedback to students requires them to memorize and repeat exact word-
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ings. Although the new educational standards call for helping students to develop
high-level critical-thinking skills, such as interpretation and argumentation, current
tutoring and testing software tools still look for correct answers to be given by par-
ticular keywords. In the attempt to assess learning more extensively without further
overburdening the teachers, schools increasingly rely on computer scoring, typically
involving multiple-choice or single-word answers. This may be appropriate under
certain conditions, but it fails to assess more open-ended communication and reflec-
tion skills—and may deliver the wrong implicit message about what kind of learn-
ing is important. Encouraging learners to be articulate requires overcoming this
limitation of computer support.

The underlying technical issue involves the inability of computer software to
understand normal human language. Programs can decide if a multiple-choice or
single-word selection matches an option or keyword stored in the program, but soft-
ware generally cannot decide if a paragraph of English is articulating a particular
idea. This is known as the problem of natural-language understanding in the field
of artificial intelligence (AI). Some researchers have been predicting since the advent
of computers that the solution to this problem is just around the corner (Turing,
1950), while others have argued that the problem is in principle unsolvable (Dreyfus,
1972; Searle, 1980).

The software technique called latent semantic analysis promises a way to finesse
the problem of natural-language understanding in many situations. LSA has proven
to be almost as good as human graders in judging the similarity of meaning of two
school-related texts in English in a number of restricted contexts. Thus, LSA can be
used to compare a student text to a standard text for semantic similarity without
having to interpret the meaning of either text explicitly.

The technique underlying LSA was originally developed in response to the
“vocabulary problem” in information retrieval (Furnas et al., 1987). The retrieval
problem arises whenever information may be indexed using different terms that
mean roughly the same thing. A search using one term should retrieve the infor-
mation indexed by that term’s synonyms as well. LSA maintains a representation
of words that are similar in meaning so that it can retrieve information about a
given topic regardless of which related index terms are used. The representation of
which words are similar in meaning may be extended to determine which texts (sen-
tences, paragraphs, essays) are similar in topic. The way that LSA does all this
should become gradually clearer as this chapter unfolds.

Because LSA has often proven to be effective in judging similarities in meaning
between texts, it should be able to be used for judging student summaries. The idea
seems startlingly simple: submit two texts to LSA—an original essay and a student
attempt to summarize that essay—and the LSA software returns a number whose
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magnitude represents how close the two texts are semantically (how much they
express what humans would judge as similar meanings). All that would be needed
would be to incorporate this technique in a motivational format where the number
is displayed as a score. Students would see the score and try to revise their sum-
maries to increase their scores.

In 1996, we (see note 1) were a group of cognitive scientists who had been funded
to develop educational applications of LSA to support articulate learners. We were
working with a team of two teachers at a local middle school. We recognized that
summarization skills were an important aspect of learning how to be articulate and
discovered that the teachers were already teaching these skills as a formal part of
their curriculum. We spent the next two years trying to implement and assess this
simple-sounding idea. We initially called our application State the Essence to indi-
cate the central goal of summarization.

A companion paper (Kintsch et al., 2000) reports on the learning outcomes of
middle-school students using our software during two years of experimentation.
This approach also has potential in a different context—collaborative learning at
the college level. I conducted an informal experiment in an undergraduate computer
science course on Al. The instructor wanted to give the students a hands-on feel for
LSA, so we held a class in a computer lab with access to State the Essence. Prior to
class, the students were given a lengthy scholarly paper about LSA (Landauer, Foltz,
& Laham, 1998) and were asked to submit summaries of two major sections of the
paper as homework assignments. Once in the lab, students worked both individu-
ally and in small teams. First, they submitted their homework summary to State the
Essence, and then they revised it for about half an hour. The students who worked
on the first section individually worked on the second section in groups for the
second half hour, and vice versa.

I cannot compare the number of drafts done online with the original homework
summaries because the latter were done without feedback and presumably without
successive drafts. Nor have I assessed summary quality or student time on task.
However, informal observation during the experiment suggests that engagement
with the software maintained student focus on revising the summaries, particularly
in the collaborative condition. In writing summaries of the first section, collabora-
tive groups submitted 71 percent more drafts than individual students—an average
of 12 compared to 7. For the second section (which was more difficult and was
done when the students had more experience with the system), collaborative groups
submitted 38 percent more drafts—an average of 22 drafts as opposed to 16 by
individuals. Interaction with the software in the collaborative groups prompted
stimulating discussions about the summarization process and ways of improving the
final draft—as well as an impressive number of revisions. Computer support of col-
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laboration opens up a new dimension for the evolution of student articulations
beyond what we have focused on in our research to date. Developing interface fea-
tures, feedback mechanisms, and communication supports for collaboration would
help to exploit the potential of collaborative learning.

Evolution of the Student-Computer Interface

What did students view on the computer screen that motivated them to keep revis-
ing their summaries? The companion paper discusses in detail our shifting rationale
for the design of the State the Essence interface. However, it may be useful to show
here what the screen looked like after a summary draft was submitted. In the first
year of our testing, we built a fairly elaborate display of feedback. Figure 2.1 shows
a sample of the basic feedback.

Note that the main feedback concerns topic coverage. The original text was
divided into five sections with headings. The feedback indicates which sections the
students’ summaries cover adequately or inadequately. A link points to the text
section that needs the most work. Other indications show which sentences are con-
sidered irrelevant (off topic for all sections) and which are redundant (repeating
content covered in other sentences of the student summary). In addition, spelling
problems are noted. Finally, warnings are given if the summary is too long or too
short. The focus of the feedback is an overall score, with a goal of getting 10 points.

The evolution of the interface was driven primarily by the interplay of two factors:
our ideas for providing helpful feedback (see next section) and students’ cognitive
ability to take advantage of various forms of feedback (see the companion paper).

We found that some feedback provides too little help and excessive feedback is
overwhelming, depending on student maturity, level of writing skills, class prepa-
rations for summarization tasks, classroom supports, and software presentation
styles.

For our second year, we simplified the feedback, making it more graphical and
less detailed. Following a student suggestion, we renamed the system Summary
Street. Figure 2.2 is a sample of feedback provided for a student summary: here the
dominant feature is a series of bars, whose length indicates how well the summary
covers each of the original text’s sections. The solid vertical line indicates the goal
to be achieved for coverage of each section. Dashed lines indicate the results of the
previous trial and show progress. Spelling errors are highlighted within the summary
text for convenient correction. The detailed information about irrelevant and redun-
dant sentences has been eliminated, and the length considerations are not presented
until a student has achieved the coverage goals for every section (these different
forms of feedback are described in the next section).
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Figure 2.1
View of the early interface showing feedback for a draft summary at the bottom of the screen.

Naturally, the AI college students in our recent experiment were curious about
how the system computed its feedback. They experimented with tricks to tease out
the algorithms and to try to foil LSA. Surprisingly, many of the sixth graders did
the same thing. In general, learning to use the system involves coming to an under-
standing of what is behind the feedback. Interacting across an interface means
attributing some notion of agency to a communication partner. Even sixth graders
know that there is no little person crouching in their computer and that computers
can only manipulate strings of characters.
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Figure 2.2
View of the later interface showing feedback for a draft summary.

Evolution of Feedback Techniques

So how does State the Essence figure out such matters as topic coverage? In design-
ing the software, we assumed that we had at our disposal a technology—the LSA
function—that could judge the similarity in meaning between any two texts about
as well as humans can agree in making such judgments. When given any two texts
of English words, the function returns a number between —1.0 and 1.0 such that
the more similar the meaning of the two texts, the higher the result returned. For
instance, if two identical copies of the same essay are submitted, the function will
return 1.0. If an essay and a summary of that essay are submitted, the function will
return a number whose value is closer to 1.0 as the summary better expresses the
same composite meaning as the essay itself. This section reports on how our use of
the LSA function in State the Essence evolved during our research. This provides a
detailed example of how the LSA technology can be adapted to an educational
application.
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In the course of our research, we had to make a number of key strategic design
decisions and revise them periodically. One was how to structure the software’s
feedback to provide effective guidance to the students. The feedback had to be useful
to students in helping them to think critically about their summaries, recognize pos-
sible weaknesses, and discover potential improvements to try. Another decision was
how to measure the overlap in meaning between a summary and the original essay.
For this we had to somehow represent the essence of the essay that we wanted the
summaries to approach. This led to the issue of determining thresholds, or stan-
dards of cut-off values for saying when a summary had enough overlap to be
accepted. Then we had to define a feedback system to indicate clearly for the stu-
dents how good their summaries were and how much they were improving.

Providing Guidance

Given the LSA function, we could have developed a simple form on the Web that
accepts the text of a student’s summary, retrieves the text of the original essay,
submits the two texts to the function, multiplies the result of the function by 10,
and returns that as the student’s score. Unfortunately, such a system would not be
of much help to a student who is supposed to be learning how to compose sum-
maries. True, it would give the student an objective measure of how well the
summary expressed the same thing as the essay, but it would not provide any guid-
ance on how to improve the summary. Providing guidance—scaffolding the novice
student’s attempt to craft a summary—is the whole challenge to the educational
software designer.

To design our software, we had to clearly define our pedagogical focus. We oper-
ationalized the goal of summary writing to be “coverage.” That is, a good summary
is one that faithfully captures the several major points of an essay. A summary also
should cover these points “concisely”—in perhaps a quarter the number of words
of the original.

We considered and tried other factors in various versions of the software. For
instance, students should progress beyond the common “copy and delete” strategy
where they excerpt parts of the original verbatim and then erase words to be more
concise; learning to be articulate means saying things in your own words. However,
even learning to manipulate someone else’s words can be valuable. We generally felt
that the most important thing was for students to be able to identify the main points
in an essay. It is also necessary that students learn to use the words that they come
across in an essay. For instance, a technical article on the heart and lungs has many
medical terms that must be learned and that should probably be used in writing a
summary. So avoiding plagiarism and reducing redundancy were less primary goals
in a system for sixth graders than focusing on coverage.
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Spelling is always a concern, although we would not want a focus on spelling to
inhibit articulation and creativity. In a software feedback system, correct spelling is
necessarily required, if only because misspelled words will not be recognized by the
software. Other issues of composition had to be ignored in our software design. We
made no attempt to provide feedback on logic or coherence of argument, literary
or rhetorical style, and other aspects of expository writing. These were left for the
teacher. Our system focused on helping students to “state the essence” of a given
text by optimizing their coverage of the main points prior to submitting their com-
positions to a teacher for more refined and personal feedback. The power of LSA
is limited, and the limitations must be taken into account when designing its use
context by balancing automated and human feedback appropriately.

Representing the Essence

The first question in defining our system algorithm was how to represent the main
points of an essay so that we would have a basis for comparison with student sum-
maries. Most educational essays are already fairly well structured: pages are divided
into paragraphs, each of which expresses its own thought; an essay that is a couple
pages long is generally divided into sections that discuss distinct aspects of the topic.
For our classroom interventions, we worked closely with the teachers to select or
prepare essays that were divided into four or five sections, clearly demarcated with
headings. We avoided introduction or conclusion sections and assumed that each
section expressed one or more of the major points of the essay as a whole. This
allowed us to have the software guide the students by telling them which sections
were well covered by their summaries and which were not. That is the central heuris-
tic of our design.

So the idea is to compare a student summary with the main points of each section
of the original text and then provide feedback based on this. The question is how
to formulate the main points of a section for LSA comparison. There are several
possible approaches:

= Use previously graded student summaries of text sections and determine how close
a new summary is to any of the high-ranked old summaries. This method works
only when a text has been previously summarized by comparable students and has
been carefully graded. This was not possible for most of our experiments.

= Have adults (researchers or teachers) craft a “golden” summary of each section.
This was our original approach. Typically, we had two summaries by the teachers
and a couple by researchers; we then created one golden summary for each section
that synthesized all of the ideas contained in the adult summaries. We would then
use this summary as a section target. In addition, each adult’s complete set of section
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summaries was conglomerated for use as a target for the summary as a whole. The
software compared the entire student summary to the target summary for each
section and selected the highest LSA score to determine how well the student covered
that section’s points. It also compared the entire student summary to each of the
expert whole summaries to compute the student’s score. That gave students a
number of alternative adult summaries to target. This approach worked well.
However, it required too much preparatory work. Each time we wanted to use a
new essay in a classroom, we had to prepare between a dozen and two dozen section
summaries. This used too much teacher and researcher time and clearly would not
scale up.

= Use the original text for comparison. This did not allow for feedback on cover-
age of each section.

= Use each section of the original text for a series of comparisons. The problem with
this approach was setting thresholds. It is much easier to write a summary that gets
a high LSA rating for some texts than it is for others. How do we know what score
to consider good enough to praise or bad enough to criticize? Where adults crafted
expert target summaries we understood roughly what a 0.75 versus a 0.30 LSA
score meant, but this was not the case for an arbitrary page of text. This led to our
other major challenge—how to set standards of achievement in cases where we did
not have a large base of experience.

Setting Standards
Setting thresholds is always an issue. The easier the method of defining comparison
texts, the harder it is to set effective thresholds for them.

One idea we considered was to use past student summaries as a statistical basis
for scoring new attempts. But that worked only for essays that had been used in past
trials, and most of our experiments introduced new texts. So as an alternative to past
summaries, we tried comparing hundreds of randomly selected short texts to the
essay section to gain a measure of how hard the essay is to summarize (the random
texts were selected from the corpus used for the LSA scaling space; see next section).
We found that if a student summary does, say, four or five standard deviations better
than a random text, it is probably fairly good. This approach was easy to automate,
and we adopted it. However, significant discrepancies sometimes arose between
reaching these thresholds for one essay section compared to reaching them for
another. We could adopt the attitude that life is just that way and that students need
to learn that some things are harder to say than others. But we have some ideas on
how to address this issue and revisit the issue in the conclusion to this chapter.
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Computing the Basic Feedback

Whatever approach we use to represent the sections and the whole text for LSA
comparisons and whatever method we use to set the thresholds for what is consid-
ered an adequate or an inadequate comparison, we always compare a given student
draft to each section and to the whole text in order to derive a score.

In our early version of State the Essence, we took the best LSA result from com-
paring the student summary to each expert whole summary. We multiplied this by
10 to give a score from 0 to 10. In addition to calculating this score, we computed
feedback on coverage of individual sections. For each essay section, we took the
best LSA result from comparing the student summary to each expert section
summary. We compared this to thresholds to decide whether to praise, accept, or
require more work on the section. Praised sections increased the student’s score;
criticized sections decreased it. We made additional adjustments for problems with
summary length, redundancy, irrelevance, and plagiarism.

In the later version of the system, SummaryStreet, we compared the student
summary draft with each section of the original text, as well as with the whole essay.
The results of the LSA evaluations of the sections are compared to the automati-
cally generated thresholds for the sections, and the results are displayed graphically.

Refining the Summary

For a human, constructing a summary is a complex design problem with manifold
constraints and subgoals. Sixth graders vary enormously in their ability to do this
and to respond to standardized guidance feedback. Telling a student that a partic-
ular section has not been covered adequately provides some guidance but does not
specify clearly what has to be done. How does the student identify the main points
of the section that are not yet covered in the summary? Primarily, the feedback
points the student back to a confined part of the text for further study. The system
also provides a hypertext link to that section so the student can reread it on their
computer screen. The student can then try adding new sentences to the summary
and resubmitting to see what happens. By comparing the results of subsequent trials,
the student can learn what seems to work and what does not. The principle here is
that instant and repeated feedback opportunities allow for learning through student-
directed trial, with no embarrassing negative social consequences to the student for
experimenting.

Repeated additions of material by a student, driven by the coverage requirement,
inevitably lead to increasing length, soon exceeding the boundaries of a concise
summary. In our early system, we continuously gave length feedback—a word count
and a warning if the maximum length was being approached or exceeded. The
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composite score was also affected by excessive length, so it fluctuated in complex
ways as more material was added. Dealing with the tradeoff that was implicitly
required between coverage and conciseness seemed to be more than most sixth
graders could handle—although it might be appropriate for older students. So in
our later system, SummaryStreet, we withheld the length feedback until the cover-
age thresholds were all met, letting students pursue one goal at a time.

To help with the conciseness goal, we gave additional, optional feedback on rel-
evance and repetition at the sentence level. This provided hints for the students
about individual sentences in their summaries. They could view a list of sentences—
or see them highlighted in their summary—that were considered irrelevant to the
original essay or were considered redundant with other sentences in the summary.
These lists were computed with many more LSA comparisons.

For the relevance check, each sentence in the student draft summary was com-
pared (using LSA) with each section of the essay. A sentence whose comparison was
well above the threshold for a section was praised as contributing significantly to
the summary of that section. A sentence whose comparison was below the thresh-
olds for all the sections was tagged as irrelevant.

To check for overlapping, redundant content, each sentence in the student draft
summary was compared with each other sentence of the summary. Where two sen-
tences were highly correlated, they were declared redundant. Similarly, summary
sentences could be compared with each sentence in the original to check for pla-
giarism, where the correlation approached 1.0. Again, this detailed level of feed-
back is difficult for most sixth graders to use effectively.

A final form of feedback concerns spelling. This does not make use of the LSA
function but merely checks each word to see if it is in the lexicon that LSA uses.
Because the LSA vocabulary combines a general K through 12 textual corpus with
documents related to the essay being summarized, most correctly spelled words used
in student summaries are included in it.

As the preceding review indicates, the techniques for computing feedback in State
the Essence evolved considerably over a two-year period. Perhaps most interesting
is the variety of LSA computations that can be integrated into the feedback. From
the original idea of doing a single LSA comparison of student summary to original
essay, the system evolved to incorporate hundreds or even thousands of LSA
computations. These comparisons are now used to automatically set a variety of
system thresholds and to evaluate summaries at the sentence, section, and holistic
levels.

At least at the current state of the technology, testing and fine tuning of many
factors are always necessary. The final product is an opaque system that returns rea-
sonable feedback in about a second and seems simple. But to get to that point, each
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component of the system had to be carefully crafted by the researchers, reviewed
by the teachers, and tested with students. This includes the style of the text, its divi-
sion into sections, the representation of the essence of each section, the values of
multiple thresholds, the presentation of the feedback, and various factors discussed
in the next section, including the composition of the scaling space and the choice
of its dimensionality.

Another conclusion to be drawn from the history of the evolution of our tech-
niques is the importance of tuning system feedback to the needs and abilities of the
audience rather than trying to exploit the full power that is computationally pos-
sible. T reflect on this process in the next section and take a closer look at how the
LSA function can do what it does in the computations just described.

Coevolution of the Software in Use

This chapter adopts an evolutionary view of software development. The experience
of our project with State the Essence can be summed up by saying that a coevolution
has taken place among the various participants. Research goals, software features,
teacher pedagogy, student attitudes, and classroom activities changed remarkably
over two years. They each changed in response to the other factors to adapt to each
other effectively. Such an effective structural coupling (Maturana & Varela, 1987)
between the development of the software and the changing behavior of the user com-
munity may constitute a significant indicator for a successful research effort.

Some of these changes and interactions among the researchers, teachers, and stu-
dents have been documented elsewhere (Kintsch et al., 2000). This chapter focuses
more on the software-development process in relation to student cognition. The edu-
cational point of the project is to promote evolution at the level of the individual
student’s ability to articulate his or her understanding of instructional texts. Pre-
liminary impressions suggest that collaborative uses of the software may be even
more powerful than individual uses. On a larger scale, significant changes in the
classroom as a community were informally observed in the interactions during single
classroom interventions as well as during the school year, even when the software
was nominally being used by students on an individual basis. Students tended to
interact with friends around use of the software as they helped each other and shared
experiences or insights. The software interface evolved as it adjusted to student
difficulties, and this can be traced back to shifts in approaches at the level of the
underlying algorithms. One can go a step deeper and see the use of the basic LSA
technology in our software as a product of a similar evolutionary adaptation.
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Evolution of the Semantic Representation

At one level, the semantic representation at the heart of LSA is the result of a learn-
ing process that is equivalent to the connections in Al neural networks that learn
to adjust their values based on experiences with training data. An LSA analysis of
a corpus of text has arguably learned from that corpus much of what a child learns
from the corpus of text that the child is exposed to (Landauer & Dumais, 1997).
One difference is that LSA typically analyzes the corpus all at once rather than
sequentially, but that does not make an essential difference. In certain applications,
it might be important for LSA to continually revise its values—to continue learn-
ing. For instance, in State the Essence, it might be helpful to add new student sum-
maries to the corpus of analyzed text as the system is used to take into account the
language of the user community as it becomes available.

The mathematical details of LSA have been described elsewhere, as have the
rigorous evaluations of its effectiveness. To understand the workings of State the
Essence in a bit more depth and to appreciate both the issues that we addressed as
well as those issues that remain open, it is necessary to review some of the central
concepts of LSA at a descriptive level. These concepts include scaling space, co-
occurrence, dimensionality reduction, cosine measure, and document representation.

Scaling Space The representation of meaning in LSA consists of a large matrix or
high-dimensionality mathematical space. Each word in the vocabulary is defined as
a point in this space—typically specified by a vector of about 300 coordinates. The
space is a semantic space in the sense that words that people would judge to have
similar meanings are located proportionately near to each other in the space. This
space is what is generated by LSA’s statistical analysis of a corpus of text. For State
the Essence, we use a large corpus of texts similar to what K through 12 students
encounter in school. We supplement this with texts from the domain of the essays
being summarized, such as encyclopedia articles on the heart or on Aztec culture.
The semantic space is computed in advance and then used as a scaling space for
determining the mathematical representations of the words, sentences, and texts of
the student summaries. It may seem counterintuitive that a mathematical analysis
of statistical relations among words in written texts could capture what people
understand as the meaning of those words. It seems somewhat akin to learning lan-
guage from circular dictionary definitions alone. Yet experiments have shown that
across a certain range of applications, LSA-based software produces results that are
comparable to those of foreign students, native speakers, or even expert graders.

Cooccurrence The computation of semantic similarity or nearness (in the space)
of two words is based on an analysis of the cooccurrence of the two words in the



Evolving a Learning Environment 61

same documents. The corpus of texts is defined as a large number of documents,
usually the paragraphs in the corpus. Words that cooccur with each other in a large
number of these documents are considered semantically related or similar. The
mathematical analysis does not simply count explicit cooccurrences, but takes full
account of latent semantic relationships—such as two words that may never cooccur
themselves but that both cooccur with the same third word or set of words. Thus,
synonyms, for instance, rarely occur together but tend to occur in the same kinds
of textual contexts. The LSA analysis takes full advantage of latent relationships
hidden in the corpus as a whole and scales similarities based on relative word fre-
quencies. The success of LSA has shown that cooccurrence can provide an effective
measure of semantic similarity for many test situations when the cooccurrence rela-
tionships are manipulated in sophisticated ways.

Dimensionality Reduction The raw matrix of cooccurrences has a column for
every document and a row for every unique word in the analyzed corpus. For a
small corpus, this might be 20,000 word rows x 2,000 document columns. An
important step in the LSA analysis is dimensionality reduction. The representation
of the words is transformed into a matrix of, say 20,000 words x 300 dimensions.
This compression is analogous to the use of hidden units in Al neural networks.
That is, it eliminates a lot of the statistical noise from the particular corpus selec-
tion and represents each word in terms of 300 abstract summary dimensions. The
particular number 300 is somewhat arbitrary and is selected by comparing LSA
results to human judgments. Investigations show that about 300 dimensions usually
generate significantly better comparisons than either higher or lower numbers of
dimensions. This seems to be enough compression to eliminate noise without losing
important distinctions.

Cosine Measure If the LSA representation of words are visualized as a high-
dimensionality mathematical space with 300 coordinate axes, then the vector rep-
resenting each word can be visualized as a line from the origin to a particular point
in the space. The semantic similarity of any two words can be measured as the angle
between their vectors. In LSA applications like State the Essence, this angle is mea-
sured by its cosine. For two points close to each other with a very small angle
between their vectors, this cosine is about 1.0. The larger the angle between the two
words, the lower the cosine. While it might seem that nearness in a multidimensional
space should be measured by Euclidean distance between the points, experience with
LSA has shown that the cosine measure is generally the most effective. In some cases,
vector length is also used (the combination of cosine and vector length is equiva-
lent to Euclidean distance). We are considering adopting vector-length measures in
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State the Essence, as well, to avoid problems we have encountered (discussed in the
next section).

Document Representation In our software, LSA is used not to compare the mean-
ings of individual words but to assess content overlap between two documents
(sentences, summaries, essay sections, and whole essays). It is standard practice in
LSA applications to represent the semantics of a document with the vector average
of the representations of the words in the document, massaged by some factors that
have proven effective empirically. Thus the two documents we are comparing are
taken to be at the centroid (vector average) of their constituent words within the
same scaling space as their individual words. We then use the cosine between these
two centroid points as the measure of their semantic content similarity. On language
theoretic grounds, this may be a questionable way to compute sentence semantics.
It could be argued, for instance, that “there is no way of passing from the word as
a lexical sign to the sentence by mere extension of the same methodology to a more
complex entity” (Ricoeur, 1976, p. 7) because words may have senses defined by
other words, but sentences refer to the world outside text and express social acts.
In response to such an argument, the confines of our experiment might be presumed
to protect us from theoretical complexities. State the Essence is looking only for
overlapping topic coverage between two documents. Because of this operational
focus, the simple similar inclusion of topical words (or their synonyms) might be
said to produce the desired experimental effect. However, we have done some infor-
mal investigations that indicate that topical words alone are not what influence
LSA’s judgments; the inclusion of the proper mix of “syntactic glue” words is impor-
tant as well. Nevertheless, it may be that the LSA-computed centroid of a well-
formed sentence performs on average adequately for practical purposes in the tasks
we design for them because these tasks need not take into account external refer-
ence (situated deixis) or interactional social functions. For instance, we do not
expect LSA to assess the rhetorical aspects of a summary.

This overview of the key concepts of the LSA technology suggests that LSA has
evolved through iterative refinement under the constant criterion of successful adap-
tation to comparison with human judgment. The force driving the evolution of the
LSA technology as well as that of our application has always been the statistical
comparison with human judgments at a performance level comparable to inter-
human reliability. In its application to summarization feedback, our use of LSA has
evolved significantly to a complex use of many LSA-based measures that have been
blended into an interaction style carefully tuned to the intended audience through
repeated user trials.
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Evolution into the Future

The use of LSA in State the Essence is not fixed as a result of our past work. A
number of technical issues must be further explored, and practical improvements
are needed, if this software is to be deployed for classroom use beyond the research
context.

At least four technical issues that have already been mentioned in passing need
further attention: space composition, threshold automation, vector-length measure-
ment, and plagiarism flagging.

Space Composition As noted, our scaling spaces for middle-school students were
based on a corpus of documents that included both generic K through 12 texts and
domain-specific texts related to the essay being summarized. It is still not clear what
the optimal mix of such texts is and the best way of combining them. Clearly, some
domain-specific material needs to be included so that the space includes meaning-
ful representations of technical terms in the essay. It is also important to have the
general vocabulary of the students well represented to give valid feedback when they
express things in their own words. The problem is that two distinct corpora of text
are likely to emphasize different senses of particular words, given the considerable
polysemy of English words. Mathematical techniques have been proposed for com-
bining two LSA spaces without disrupting the latent relationships determined for
each space, and we must explore these techniques under experimental conditions.
The creation and testing of an LSA scaling space is the most computationally inten-
sive and labor-intensive part of preparing an intervention with State the Essence. If
this learning environment is to be made available for a wide range of essays in class-
rooms, we must find a way of preparing effective scaling spaces more automatically.

Threshold Automation The other technical aspect that needs to be further auto-
mated is the setting of reasonable thresholds for a diversity of texts and for differ-
ent age levels of students. We have already experimented with some approaches to
this as described above. Yet we still find unacceptable divergences in how easy it is
for students to exceed the automatically generated thresholds of different texts. We
have noticed that some texts lend themselves to high LSA cosines when compared
to a very small set of words—sometimes even a summary a couple of words long.
These are texts whose centroid representation is very close to the representation of
certain key words from the text. For instance, a discussion of Aztecs or solar energy
might include primarily terms and sentences that cluster around the term “Aztec”
or “solar energy.” According to LSA measurements, these texts are well summa-
rized by an obvious word or two.
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Vector-Length Measurement We suspect that the use of vector lengths and cosines
to measure overlapping topic coverage between two texts will address the thresh-
old problem just discussed—at least partially. But we need to experiment with this.
The rationale for this approach is that vector length corresponds to how much a
text has to say on a given topic, whereas cosine corresponds to what the topic is.
Thus, a document consisting of the single word “Aztec” might be close to the topic
of an essay on the Aztecs and therefore have a high cosine, but it would not be
saying much about the topic and thus would have a small vector length. The inclu-
sion of vector lengths within LSA-based judgments would allow State the Essence
to differentiate between a quick answer and a more thoughtful or complete sum-
mary. Here, again, the software must evolve in response to tricks that students might
use to achieve high scores without formulating quality summaries.

Plagiarism Flagging The simplest way to get a good LSA score is to copy the whole
essay. This is a winning strategy for topic coverage. If the length is too long, then
the unnecessary details must be cut. Here, the sixth grader faces a task that requires
distinguishing essential points from inessential details—a task that many sixth
graders are still learning. A related alternative approach is to copy topic sentences
from each section or paragraph of the original and use them for a summary. Again,
this requires an important skill that State the Essence is intended to help teach—
identifying topic ideas. So it is probably a decision best left to the teacher to decide
how much copying of vocabulary, phrases, and even whole sentences is acceptable
in a given exercise. Perhaps for older students, such as college undergraduates, the
system should object to any significant level of plagiarism. It is still necessary to
define the boundaries of what is considered to be plagiarism, such as reusing or
reordering sentence clauses. In the end, such matters may have to be automatically
flagged for subsequent teacher review and judgment.

There is still much else to do before State the Essence is ready for widespread
deployment. In addition to wrapping up these open research issues and continuing
to refine the system’s functionality and interface, there is the whole matter of pack-
aging the software for easy use by teachers and of integration with curriculum.
Another possibility is to include State the Essence as a tool within larger interactive
learning environments like CSILE (van Aalst et al., 1999) or WebGuide (see chapter
6). Perhaps all that can be said now is that we have taken State the Essence far
enough to suggest its potential educational utility and to demonstrate how LSA
technology can be integrated into an interactive, constructivist, student-centered
approach to facilitating student articulation.



3

Armchair Missions to Mars

The matching of people to form groups that will work together closely over periods
of time is a subtle task. The Crew software described in this study aimed to advise
planners at the National Aeronautics and Space Administration on the selection of
teams of astronauts for long missions." The problem of group formation is impor-
tant for computer support of collaboration in small groups but has not been exten-
sively investigated. This study explores the application of case-based reasoning to
this task. This software adapted a variety of Al techniques in response to a complex
problem entailing high levels of uncertainty. Like the previous chapter’s task of ana-
lyzing student writing and the following chapter’s task of managing intertwined
hypertext perspectives, this involved tens of thousands of calculations—illustrating
how computers can provide computational support that would not otherwise be
conceivable.

Modeling a Team of Astronauts

The prospect of a manned mission to Mars has been debated for 25 years—since
the first manned landing on the moon (American Astronomical Society, 1966). It is
routinely argued that this step in human exploration is too costly and risky to under-
take, particularly given our lack of experience with lengthy missions in space
(McKay, 1985).

During the period of space exploration around 1993, planners at the National
Aeronautics and Space Administration (NASA) (the U.S. space agency) were con-
cerned about interpersonal issues in astronaut crew composition. The nature of
astronaut crews was beginning to undergo significant changes. In the past, astro-
nauts had been primarily young American males with rigorous military training. Mis-
sions were short, and crews were small. Prior to a mission, a crew trained together
for about a year, so that any interpersonal conflicts could be worked out in advance.
The future, however, promised crews that would be far less homogeneous and
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regimented. International crews would speak different languages, mix genders and
generations, be larger, and go on longer missions. This was the start of Soviet-
American cooperation and planning for an international space station. While there
was talk of a manned expedition to Mars, the more likely scenario was the creation
of an international space station with six-month crew rotations.

NASA did not have much experience with the psychology of crews confined in
isolated and extreme conditions for months at a time. Social scientists had explored
the effects of analog missions under extreme conditions of isolation and confine-
ment, such as Antarctic winter-overs, submarine missions, orbital space missions,
and deep-sea experiments (Harrison, Clearwater, & McKay, 1991). This research
had produced few generalized guidelines for planning a mission to Mars or an
extended stay aboard a space station (Collins, 19835).

The data from submarines and Antarctic winter-overs were limited, inappropri-
ately documented, and inconsistent. NASA was beginning to conduct some exper-
iments to collect the necessary kinds of data, but it required a way to analyze such
data, generalize it, and apply it to projected scenarios.

Computer simulations of long missions in space can provide experience and pre-
dictions without the expense and risk of actual flights. Simulations are most helpful
if they can model the psychological behavior of the crew over time rather than
simply predict overall mission success. Because of the lack of experience with inter-
planetary trips and the problems of generalizing and adapting data from analog mis-
sions, it was not possible to create formal rules that were adequate for building an
expert system to model extended missions such as this one.

NASA wanted a way to predict how a given crew—with a certain mix of astro-
nauts—might respond to mission stress under different scenarios. This would
require a complex model with many parameters. There would never be enough rel-
evant data to derive the parameter values statistically. Given the modest set of avail-
able past cases, the method of case-based reasoning suggested itself (Owen, Holland,
& Wood, 1993). A case-based system requires (1) a mechanism for retrieving past
cases similar to a proposed new case and (2) a mechanism for adapting the data of
a retrieved case to the new case based on the differences between the two (Riesbeck
& Schank, 1989).

For the retrieval mechanism, my colleagues at Owen Research and I defined a
number of characteristics of astronauts and missions. The nature of our data and
these characteristics raised several issues for retrieval, and we had to develop inno-
vative modifications of the standard case-based reasoning algorithms, as described
in detail below.

For the adaptation mechanism, I developed a model of the mission based on a
statistical approach known as interrupted time-series analysis (McDowall et al.,
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1980). Because there was too little empirical data to differentiate among all possi-
ble options, the statistical model had to be supplemented with various adaptation
rules. These rules of thumb were gleaned from the social science literature on small-
group interactions under extreme conditions of isolation and confinement. The non-
quantitative nature of these rules lends itself to formulation and computation using
a mathematical representation known as fuzzy logic (Cox, 1994).

The application domain presented several technical issues for traditional case-
based reasoning: there is no natural hierarchy of parameters to use in optimizing
installation and retrieval of cases, and there are large variations in behavior among
similar missions. These problems were addressed by custom algorithms to keep the
computations tractable and plausible. Thus, the harnessing of case-based reasoning
for this practical application required the crafting of a custom, hybrid system.

We developed a case-based reasoning software system named Crew. Most of the
software code consisted of the algorithms described in this chapter. Because Crew
was intended to be a proof-of-concept system, its data-entry routines and user inter-
face were minimal. The user interface consisted of a set of pull-down menus for
selecting a variety of testing options and a display of the results in a graph format
(figure 3.1). Major steps in the reasoning were printed out so that the automated
reasoning process could be studied.

We were working with staff at the psychology labs of NASA’s astronaut support
division, so we focused on psychological factors of the crew members, such as stress,
morale, and teamwork. NASA had begun to collect time-series psychological data
on these factors by having crew members in space and analog missions fill out
surveys on an almost daily basis. By the conclusion of our project (June 1995),
NASA had analyzed data from an underwater mission designed to test a data-
collection instrument, the Individualized Field Recording System (IFRS) survey, and
was collecting data from several Antarctic traverses. The IFRS survey was sched-
uled to be employed on a joint Soviet-American shuttle mission. Its most likely initial
use would be as a tool for helping to select crews for the international space station.

Our task was to design a system for incorporating eventual IFRS survey results
in a model of participant behavior on long-term missions. Our goal was to imple-
ment a proof-of-concept software system to demonstrate algorithms for combining
Al techniques like case-based reasoning and fuzzy logic with a statistical model of
IFRS survey results and a rule base derived from the existing literature on extreme
missions.

By the end of the project, we successfully demonstrated that the time-series model,
the case-based reasoning, and the fuzzy logic could all work together to perform as
designed. The system could be set up for specific crews and projected missions, and
it would produce sensible predictions quickly. The next step was to enter real data
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Figure 3.1

A view of the Crew interface. Upper left allows selection of mission characteristics. Menu
allows input of data. Lower left shows magnitude of a psychological factor during 100 points
in the simulated mission. To the right is a listing of some of the rules taken into account.

that NASA was just beginning to collect. Because of confidentiality concerns, this
had to be done within NASA, and we turned over the software to NASA for further
use and development.

This chapter reports on our system design and its rationale—the time-series
model, the case-based reasoning system, the case-retrieval mechanism, the adapta-
tion algorithm, the fuzzy-logic rules, and our conclusions. The Crew system pre-
dicts how crew members in a simulated mission would fill out their IFRS survey
forms on each day of the mission; that is, how they would self-report indicators
such as stress and motivation. As NASA collects and analyzes survey data, the Crew
program can serve as a vehicle for assembling and building on the data—entering
empirical cases and tuning the rule base. Clearly, the predictive power of Crew will
depend on the eventual quantity and quality of the survey data.
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Modeling the Mission Process

NASA is interested in how psychological factors such as those tracked in the IFRS
surveys evolve over time during a projected mission’s duration. For instance, it is
not enough to know what the average stress level will be of crew members at the
end of a nine-month mission. We need to know if any crew member is likely to be
particularly stressed at a critical point in the middle of the mission when certain
actions must be taken. To obtain this level of prediction detail, I created a time-
series model of the mission.

The model is based on standard statistical time-series analysis. McDowall et al.
(1980) argue for a stochastic autoregressive integrated moving-average (ARIMA)
model of interrupted time series for a broad range of phenomena in the social sci-
ences. The most general model takes into account three types of considerations:
trends, seasonality effects, and interventions. An observed time series is treated as
a realization of a stochastic process. The ideal model of such a process is statisti-
cally adequate (its residuals are white noise) and parsimonious (it has the fewest
parameters and the greatest number of degrees of freedom among all statistically
equivalent models).

« Trends The basic model takes into account a stochastic component and three
structural components. The stochastic component conveniently summarizes the mul-
titude of factors that produce the variation observed in a series, which cannot be
accounted for by the model. At each time ¢, there is a stochastic component ¢, which
cannot be accounted for any more specifically. McDowall, et al. (1980) claim that
most social science phenomena are properly modeled by first-order ARIMA models.
That is, the value Y, of the time series at time ¢ may be dependent on the value of
the time series or of its stochastic component at time ¢ — 1 but not (directly) on the
values at any earlier times. The first-order expressions for the three structural com-
ponents are as follows:

Autoregressive Y, = o+ ¢Y,,
Differenced Y=o, + Y.,
Moving average Y=o, + 6 a,..

I have combined these formulas to produce a general expression for all first-order
ARIMA models:
Yt =04+ ¢Yz,1 + edz,1.

This general expression makes clear that the model can take into account trends
and random walks caused by the inertia (or momentum) of the previous moment’s
stochastic component or by the inertia of the previous moment’s actual value.
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= Seasonality Many phenomena in economics and nature have a cyclical charac-
ter, often based on the 12-month year. It seems unlikely that such seasonality effects
would be significant for NASA missions; the relevant cycles (daily and annual)
would be too small or too large to be measured by IFRS time-series data.

« Interventions External events are likely to affect modeled time series. Their dura-
tion can be modeled as exponential decay, where the nth time period after an event
at time e will have a continuing impact of Y,,, = 6”@, where 0 <= § <= 1. Note that
if 6 =0, then there is no impact, and if 6 = 1, then there is a permanent impact.
Thus, 0 is a measure of the rate of decay, and @ is a measure of the intensity of the
impact.

I have made some refinements to the standard time-series equations to tune them
to our domain and to make them more general. First, the stochastic component o;(z)
consists of a mean value y;(¢) and a normal distribution component governed by a
standard deviation o;(¢). Second, mission events often have significant effects of
anticipation. In general, an event j of intensity @; at time #; will have a gradual onset
at a rate &; during times # < t; as well as a gradual decay at a rate §; during times
t > t;. The following equation incorporates these considerations:

(#j-t) (z-tj)
Vi) = iy + 9 Yoy + 0,00 + D, 1 [8,7 ' a),-,-] + 3 [51-,- ' co,-,-]

(fort<t;) (fort>1t;)

where

Yi(t) = value of factor i for a given actor in a given mission at mission time ¢,
t; = time of occurrence of the jth of # intervening events in the mission,
o = noise, a value is generated randomly with mean u and standard deviation o,
U = mean of noise value, 0 <= u <= 10,
o = standard deviation of noise, 0 <= 0 <= 10,
¢ = momentum of value, -1 <= ¢ <=1,
6 = momentum of noise, -1 <= <=1,
€ = rise rate of interruption, 0 <= £ <= 1,
0 = decay rate of interruption, 0 <= § <= 1, and
o = intensity of interruption, —10 <= © <= 10.
The model works as follows. Using IFRS survey data for a given question
answered by a given crew member throughout a given mission and knowing when

significant events occurred, one can use standard statistical procedures to derive the
parameters of the preceding equation: u, o, ¢, and 6 as well as ¢, 6, and o for each
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event in the mission. Conversely, these parameters can be used to predict the results
of a new proposed mission. Once the parameters have been obtained for a partic-
ular psychological factor, a crew member, and each event, one can predict the values
that the crew member would enter for that survey question i at each time period ¢
of the mission by calculating the equation with those parameter values.

This model allows us to enter empirical cases into a case base by storing the para-
meters for each factor (a psychological factor for a given crew member during a
given mission) or event (an intervention event in the given factor time series) with
a description of that factor or event. To make a time-series prediction of a proposed
factor with its events, I retrieve a similar case, adapt it for differences from the pro-
posed case, and compute its time-series values from the model equation.

Using Case-Based Reasoning

The time-series model is complex in terms of the number of variables and factors.
It must produce different results for each time period, each kind of mission, each
crew member personality, each question on the IFRS survey, and each type of
intervention event. To build a rule-based expert system, we would need to acquire
thousands of formal rules capable of computing predictive results for all these
combinations. But there are no experts on interplanetary missions who could
provide such a set of rules. Nor are there data that could be analyzed to produce
these rules. So we took a case-based reasoning approach by taking actual missions—
including analog missions—and computing the parameters for their time series.

Each survey variable requires its own model (values for parameters u, o, ¢, and
0), as does each kind of event (values for parameters &, 6, and ®). Presumably, the
107 IFRS survey questions can be grouped into several factors, although this itself
is an empirical question. We chose six psychological factors that we thought under-
lay the IFRS questionnaire: crew teamwork, physical health, mental alertness, psy-
chological stress, psychological morale, and mission effectiveness. In addition, we
selected a particular question from the survey that represented each of these factors.
The Crew system currently models these 12 factors: six composites and six specific
IFRS questions.

There is no natural taxonomy of events. Our approach assumes that some cate-
gories of events can be modeled consistently as interventions with exponential onsets
and decays at certain impact levels and decay rates. Based on the available data, we
decided to model eight event types: start of mission, end of mission, emergency, con-
flict, contact, illness, discovery, and failure.

The case base consists of instances of the 12 factors and the eight event types.
Each instance is characterized by its associated mission and crew member and is
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annotated with its parameter values. Missions are described by 10 characteristics
(variables), each rated from 0 to 10. The mission characteristics are harshness of
environment, duration of mission, risk level, complexity of activities, homogeneity
of crew, time of crew together, volume of habitat, crew size, commander leadership,
and commander competence. The 12 crew-member characteristics are role in crew,
experience, professional status, commitment, social skills, self-reliance, intensity,
organization, sensitivity, gender, culture, and voluntary status. In addition, events
have three characteristics: event type, intensity, and point in mission.

Because there are only a small handful of cases of actual IFRS data available at
present, additional cases are needed to test and to demonstrate the system. Approx-
imate models of time series and interventions can be estimated based on space and
analog missions reported in the literature, even if raw time-series data are not avail-
able to derive the model statistically. Using these, we generated and installed sup-
plemental demo cases by perturbating the variables in these cases and adjusting the
model parameters in accordance with rules of thumb gleaned from the literature on
analog missions. This database is not rigorously empirical but should produce plau-
sible results during testing and demos. The database can be recreated at a later time
when sufficient real data are available. At that point, NASA might change which
factor and event types to track in the database or the set of variables to describe
them. Then the actual case data would be analyzed using interrupted time-series
analysis to derive empirical values for u, o, ¢, and 0 for the factors.

Users of Crew enter a scenario of a proposed mission, including crew composi-
tion and mission characteristics. They also enter a series of # anticipated events at
specific points in the mission period. From the scenario, the system computes values
for u, o, ¢, and 6 for each behavioral factor. For events j = 1 through 7, it com-
putes values for &, &, and @. The computation of parameters is accomplished with
case-based reasoning rather than statistically. The missions or events in the case base
that most closely match the hypothesized scenario are retrieved. The parameters
associated with the retrieved cases are then adjusted for differences between the pro-
posed and retrieved cases, using rules of thumb formulated in a rule base for this
purpose. Then, using the model equation, Crew computes values of Y, for each
behavioral factor at each time slice # in the mission. These values can be graphed
to present a visual image of the model’s expectations for the proposed mission. Users
can then modify their descriptions of the crew, the mission scenario, or the sequence
of events and rerun the analysis to test alternative mission scenarios.

Crew is basically a database system, with a system of relational files storing vari-
able values and parameter values for historical cases and rules for case adaptation.
For this reason, it was developed in the FoxPro database-management system, rather
than in Lisp, as originally planned. FoxPro is extremely efficient at retrieving items



Armchair Missions to Mars 73

from indexed database files, so that Crew can be scaled up to arbitrarily large case
bases with virtually no degradation in processing speed. Crew runs on Macintosh
and Windows computers.

The Case-Retrieval Mechanism

A key aspect of case-based reasoning (CBR) is its case-retrieval mechanism. The first
step in computing predictions for a proposed new case is to retrieve one or more
similar cases from the case base. According to Roger Schank (1982), CBR adopts
the dynamic-memory approach of human recall.

As demonstrated in exemplary CBR systems (Riesbeck & Schank, 1989), this
involves a hierarchical storage and retrieval arrangement. Thus, to retrieve the case
most similar to a new case, one might, for instance, follow a tree of links that begins
with the mission characteristic “harshness of environment.” Once the link corre-
sponding to the new case’s environment is chosen, the link for the next mission
characteristic is chosen, and so on until one arrives at a particular case. The problem
with this method is that not all domains can be meaningfully organized in such a
hierarchy. Janet Kolodner (1993) notes that some CBR systems need to define non-
hierarchical retrieval systems. In the domain of space missions, there is no clear pri-
ority of characteristics for establishing similarity of cases.

A standard nonhierarchical measure of similarity is the #-dimensional Euclidean
distance, which compares two cases by adding the squares of the differences between
each of the 7 corresponding variable values. The problem with this method is that
it is intractable for large case bases because a new case must be compared with every
case in the database.

Crew adopts an approach that avoids the need to define a strict hierarchy of vari-
ables as well as the ultimately intractable inefficiency of comparing a new case to
each historic case. It prioritizes which variables to compare initially to narrow down
to the most likely neighbors using highly efficient indices on the database files. But
it avoids strict requirements even at this stage.

The retrieval algorithm also responds to another problem of the space-mission
domain that is discussed in the section on adaptation below—the fact that large
random variations exist among similar cases. This problem suggests finding several
similar cases instead of just one to adapt to a new case. The case-retrieval algorithm
in Crew returns 7 nearest neighbors, where 7 is a small number specified by the
user. Thus, parameters for new cases can be computed using adjusted values from
several near neighbors rather than just from the one nearest neighbor as is tradi-
tional in CBR. This introduces a statistical flavor to the computation to soften the
variability likely to be present in the empirical case data.
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The case-retrieval mechanism consists of a procedure for finding the 7» most
similar factors and a procedure for finding the #» most similar events, given a pro-
posed factor or event, a number 7, and the case-base file. These procedures, in turn,
call various subprocedures. Each of the procedures is of computational order 7,
where 7 is the number of neighbors sought, so it will scale up with no problem for
case bases of arbitrary size. Here are outlines of typical procedures:

nearest_factor (new_factor, n, file)

1. Find all factor records with the same factor type, using a database index.
2. Of these, find the 47 with the nearest_mission.

3. Of these, find the # with the nearest_actor.

nearest_mission (new_mission, n, file)

1. Find all mission records with environment = new mission’s environment £ 1 using
an index.

2. If less than 207 results, then find all mission records with environment = new
mission’s environment + 2 using an index.

3. If less than 20n results, then find all mission records with environment = new
mission’s environment * 3 using an index.

4. Of these, find the 37 records with minimal Imission’s duration — new mission’s
durationl| using an index.

5. Of these, find the 7 records with minimal X dif?.

nearest_actor (new_actor, n, file)

1. Find up to # actor records with minimal X dif?.

Note that in these procedures there is a weak sense of hierarchical ordering. It
includes only a couple of levels and usually allows values that are not exactly iden-
tical, depending on how many cases exist with identical matches. Note, too, that
the n-dimensional distance approach is used (indicated by “minimal X dif?”), but
only with 3% cases, where 7 is the number of similar cases sought. The only oper-
ations that perform searches on significant portions of the database are those that
can be accomplished using file indexes. These operations are followed by procedures
that progressively narrow down the number of cases, thereby maintaining a balance
that avoids both rigid prioritizing and intractable computations.

Case-based reasoning often imposes a hierarchical priority to processing that is
hidden behind the scenes. It makes case retrieval efficient without exposing the pri-
orities to scrutiny. The preceding algorithms employ a minimum of prioritizing. In
each instance, priorities are selected that make sense in the domain of extreme mis-
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sions based on our understanding of the relevant literature and discussions with
domain experts at NASA. As understanding of the domain evolves with increased
data and experience, these priorities will have to be reviewed and adjusted.

The Adaptation Algorithm

Space and analog missions exhibit large variations in survey results due to the com-
plexity and subjectivity of the crew members’ perceptions as recorded in survey forms.
Even among surveys by different crew members on relatively simple missions with
highly homogeneous crews, the recorded survey ratings varied remarkably. To
average out these effects, Crew retrieves 7 nearest neighbors for any new case rather
than the unique nearest one as is traditional in CBR. The value of # is set by the user.

The parameters that model the new case are computed by taking a weighted
average of the parameters of the # retrieved neighbors. The weight used in this com-
putation is based on a similarity distance of each neighbor from the new case. The
similarity distance is the sum of the squares of the differences between the new and
the old values of each variable. So if the new case and a neighbor differed only in
that the new case had a mission complexity rating of 3 while the retrieved neigh-
bor had a mission complexity rating of 6, then the neighbor’s distance would be
(6 —3)*=09.

The weighting actually uses a term called importance that is defined as (sum —
distance)/(sum * (n — 1)), where distance is the distance of the current neighbor as
just defined, and sum is the sum of the distances of the 7 neighbors. This weight-
ing gives a strong preference to neighbors that are very near to the new case, while
allowing all # neighbors to contribute to the adaptation process.

Rules and Fuzzy Logic

Once 7 similar cases have been found, they must be adapted to the new case. That
is, we know the time-series parameters for the similar old cases, and we now need
to adjust them to define parameters for the new case, taking into account the dif-
ferences between the old and the new cases. Because the database is relatively sparse,
it is unlikely that we will retrieve cases that closely match a proposed new case.
Adaptation rules play a critical role in spanning the gap between the new and the
retrieved cases.

The rules have been generated by our social science team, which has reviewed
much of the literature on analog missions and small-group interactions under
extreme conditions of isolation and confinement, e.g. (Radloff & Helmreich, 1968).
They have determined what variables have positive, negligible or negative
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correlations with which factors. They have rated these correlations as either strong
or weak. The Crew system translates the ratings into percentage correlation values.
For instance, the rule “Teamwork is strongly negatively correlated with comman-
der competence” would be encoded as a —80 percent correlation between the vari-
able commander competence and the factor teamwork.

What follow are examples of the general way that the rules function in Crew.
One rule, for instance, is used to adjust predicted stress for a hypothetical mission
of length new-duration from the stress measured in a similar mission of length old-
duration. Suppose that the rule states that the correlation of psychological stress to
mission duration is +55 percent. All mission factors, such as stress, are coded on a
scale of 0 to 10. Suppose that the historic mission had its duration variable coded
as 5 and a stress factor rating of 6 and that the hypothetical mission has a dura-
tion rating of 8. We use the rule to adapt the historic mission’s stress rating to the
hypothetical mission given the difference in mission durations (assuming all other
mission characteristics to be identical). Now, the maximum that stress could be
increased and still be on the scale is 4 (from 6 to 10), the new-duration is greater
than the old by 60 percent (8 — 5 = 3 of a possible 10 — 5§ = §), and the rule states
that the correlation is 55 percent. So the predicted stress for the new case is greater
than the stress for the old case by 4 x 60% x 55% = 1.32, for a predicted stress of
6 + 1.32 = 7.32. Using this method of adapting outcome values, the values are
proportional to the correlation value, to the difference between the new and old
variable values and to the old outcome value, without ever exceeding the 0 to 10
range.

Many rules are needed for the system. Rules for adapting the four parameters (L,
o, ¢, and 6) of the 12 factors are needed for each of the 22 variables of the mission
and actor descriptions, requiring 1,056 rules. Rules for adapting the three parame-
ters (& 6, and w) of the eight event types for each of the 12 factors are needed for
each of the 24 variables of the mission, actor, and intervention descriptions,
requiring 6,912 rules. Many of these 7,968 required rules have correlations of 0,
indicating that a difference in the given variable has no effect on the particular
parameter.

The rules gleaned from the literature are rough descriptions of relationships rather
than precise functions. Because so many rules are applied in a typical simulation, it
was essential to streamline the computations. We therefore made the simplifying
assumption that all correlations were linear from zero difference between the old
and new variable values to a difference of the full 10 range, with only the strength
of the correlation varying from rule to rule.

However, it is sometimes the case that such rules apply more or less, depending
on values of other variables. For instance, the rule “Teamwork is strongly nega-
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tively correlated with commander competence” might be valid only if “Comman-
der leadership is very low, and the crew member’s self-reliance is low.” This might
capture the circumstance where a commander is weak at leading others to work on
something, the crew is reliant on him, and the commander can do everything
himself. It might generally be good for a commander to be competent but prob-
lematic under the special condition that he is a poor leader and that the crew lacks
self-reliance.

Note that the original rule has to do with the difference of a given variable (com-
mander competence) in the old and the new cases, while the condition on the rule
has to do with the absolute value of variables (commander leadership, crew
member’s self-reliance) in the new case. Crew uses fuzzy logic (Cox, 1994) to encode
the conditions. This allows the conditions to be stated in English language terms,
using values like low, medium, or high; modifiers like very or not; and the connec-
tives and or or. The values like low are defined by fuzzy set-membership functions,
so that if the variable is 0, it is considered completely low, but if it is 2, it is only
partially Jow. Arbitrarily complex conditions can be defined. They compute to a
numeric value between 0 and 1. This value of the condition is then multiplied by
the value of the rule so that the rule is applied only to the extent that the condition
exists.

The combination of many simple linear rules and occasional arbitrarily complex
conditions on the rules provides a flexible yet computationally efficient system for
implementing the rules found in the social science literature. The English language
statements by the researchers are translated reasonably into numeric computations
by streamlined versions of the fuzzy-logic formalism, preserving sufficient precision
considering the small effect that any given rule or condition has on the overall
simulation.

Conclusions and Future Work

The domain of space missions poses a number of difficulties for the creation of an
expert system:
= Too little is known to generalize formal rules for a rule-based system.

= A model of the temporal mission process is more needed than just a prediction of
final outcomes.

= The descriptive variables cannot be put into a rigid hierarchy to facilitate case-
based retrieval.

= The case base is too sparse and too variable for reliable adaptation from one
nearest-neighbor case.
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= The rules that can be gleaned from available data or relevant literature are
imprecise.

Therefore, we have constructed a hybrid system that departs in several ways from
traditional rule-based as well as classic case-based systems. Crew creates a time-
series model of a mission, retrieving and adapting the parameters of the model from
a case base. The retrieval uses a multistage algorithm to maintain both flexibility
and computational tractability. An extensive set of adaptation rules overcomes the
sparseness of the case base, with the results of several nearest neighbors averaged
together to avoid the unreliability of individual cases.

Our proof-of-concept system demonstrates the tractability of our approach. For
testing purposes, Crew was loaded with descriptions of 50 hypothetical missions
involving 62 actors. This involved 198 intervention parameters, 425 factor para-
meters and 4,047 event parameters. Based on our reading of the relevant literature,
7,968 case-adaptation rule-correlation figures were entered. A number of fuzzy-logic
conditions were also included for the test cases. Given a description of a crew
member and a mission, the Crew system predicts a series of 100 values of a selected
psychological factor in a minute or two on a standard desktop computer.

Future work includes expanding the fuzzy-logic language syntax to handle more
subtle rules. Our impression from conflicting conclusions within the literature is that
it is unlikely that many correlation rules hold uniformly across entire ranges of their
factors.

We would also like to enhance the explanatory narrative provided by Crew to
increase its value as a research assistant. We envision our system serving as a tool
to help domain experts select astronaut crews rather than as an automated decision
maker. People will want to be able to see and evaluate the program’s rationale for
its predictions. This would minimally involve displaying the original sources of cases
and rules used by the algorithms. The most important factors should be highlighted.
In situations strongly influenced by case-adaptation rules or fuzzy-logic conditions
derived from the literature, it would be helpful to display references to the sources
of the rules if not the relevant excerpted text itself.

Currently, each crew member is modeled independently; it is undoubtedly impor-
tant to take into account interactions among them as well. While crew interactions
indirectly affect survey results of individual members (especially to questions like
“How well do you think the crew is working together today?”), additional data
would be needed to model interactions directly. Two possible approaches suggest
themselves—treating crew interaction as a special category of event and subjecting
data from crew members on a mission together to statistical analyses to see how
their moods and other factors affect one another. Taking interactions into account
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would significantly complicate the system and would require data that are not cur-
rently systematically collected.

Use of the system by NASA personnel will suggest changes in the variables tracked
and their relative priority in the processing algorithms; this will make end-user mod-
ifiability facilities desirable. To quickly develop a proof-of-concept system, we hard-
coded many of the algorithms described in this chapter. However, some of these
algorithms make assumptions about, for instance, what are the most important
factors to sort on first. As the eventual system users gain deeper understanding of
mission dynamics, they will want to be able to modify these algorithms. Future
system development should make that process easier and less fragile.

Data about individual astronauts, about group interactions, and about mission
progress at a detailed level is not public information. For a number of personal and
institutional reasons, such information is closely guarded. Because NASA was just
starting to collect the kind of time-series data that Crew is based on, we were not
able to use empirical data in our case base. Instead, we incorporated the format of
the IFRS surveys and generated plausible data based on the statistical results of com-
pleted IFRS surveys and the public literature on space and analog missions. When
NASA has collected enough empirical cases to substitute for our test data, it will
have to enter the new parameters, review the rule base, and reconsider some of the
priorities embedded in our algorithms based on a new understanding of mission
dynamics. However, NASA should be able to do this within the computational
framework we have developed and remain confident that such a system is feasible.
As NASA collects more time-series data, the Crew database will grow and become
increasingly plausible as a predictive tool that can assist in the planning of expen-
sive and risky interplanetary missions.
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Supporting Situated Interpretation

This chapter opens up themes of computer support for collaboration, design theory,
and situated cognition.! It also introduces the importance of interpretive perspec-
tives as stressed in the hermeneutic tradition. Anticipating the book’ recurrent
discussion of perspectives, it argues that collaboration software should support
multiple interpretive design perspectives, represent the context of work, and provide
shared language elements. The Hermes software that illustrates these principles was
part of my dissertation research on computer-supported cooperative work support
for NASA lunar-habitat designers.

The chapter discusses the role of interpretation in innovative design and proposes
an approach to providing computer support for interpretation in design. According
to situated-cognition theory, most of a designer’s knowledge is normally tacit. Sit-
uated interpretation is the process of explicating something that is tacitly under-
stood, within its larger context. The centrality of interpretation to nonroutine design
is demonstrated by a review of the design methodology of Alexander, Rittel, and
Schon; a protocol analysis of a lunar-habitat design session; and a summary of
Heidegger’s philosophy of interpretation. These show that the designer’s articula-
tion of tacit knowledge takes place on the basis of an understanding of the design
situation, a focus from a particular perspective, and a shared language. As knowl-
edge is made explicit through the interpretive processes of design, it can be captured
for use in computer-based design-support systems. A prototype software system is
described for representing design situations, interpretive perspectives, and domain
terminology to support interpretation by designers. This chapter introduces the
concept of interpretation, which plays a central role in each part of this book:
software support for interpretive perspectives, interpretation as a rigorous method-
ology for computer-supported collaborative learning, and interpretation as integral
to collaborative meaning making and knowledge building. The hermeneutic phi-
losophy of interpretation introduced here reappears in the later, more theoretical
essays.
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The Need for Computer Support

The volume of information available to people is increasing rapidly. For many pro-
fessionals, this means that the execution of their jobs requires taking into account
far more information than they can possibly keep in mind. Consider lunar-habitat
designers, who serve as a key example in this chapter. In working on their high-tech
design tasks, they must take into account architectural knowledge, ergonomics,
space science, NASA regulations, and lessons learned in past missions. Computers
seem necessary to store these large amounts of data. However, the problem is how
to capture and encode information relevant to novel future tasks and how to present
it to designers in formats that support their mode of work.

A framework for clarifying the respective roles for computers and people in tasks
like lunar-habitat design is suggested by the theory of situated cognition. Several
influential books (Dreyfus, 1991; Ehn, 1988; Schon, 1983; Suchman, 1987,
Winograd & Flores, 1986) have argued that human cognition is fundamentally dif-
ferent from computer manipulations of formal symbol systems. These differences
imply that people need to retain control of the processes of nonroutine design,
although computers can provide valuable computational, visualization and external
memory aids for the designers, and support interpretation by them.

From the viewpoint of situated cognition, the greatest impediment to computer
support of innovative design is that designers make extensive use of tacit knowl-
edge while computers can use only explicit representations of information. This
chapter discusses the role of tacit understanding in design to motivate an approach
to computer support of design tasks. It focuses on three themes: the need to repre-
sent novel design situations, the importance of viewing designs from multiple per-
spectives, and the utility of formulating tacit knowledge in explicit language.

The following sections discuss how these three themes figure prominently in
analyses of interpretation in design methodology and in a study of interpretation in
lunar-habitat design. Following a discussion of the tacit basis of understanding, the
philosophy of interpretation defines interpretation as the articulation of tacit under-
standing. Then consequences for computer support for interpretation are drawn,
and they are illustrated by the Hermes system, a prototype for supporting inter-
pretation in the illustrative task of lunar-habitat design.

Interpretation in Design Methodology

The centrality of interpretation to design can be seen in seminal writings of design
methodologists. The following summaries highlight the roles of appropriate repre-
sentations of the design situation, alternative perspectives, and linguistic explica-
tions of tacit understanding within the processes of interpretation in design.
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Christopher Alexander (1964) pioneered the use of computers for designing. He
used them to compute diagrams or patterns that decomposed the structural depen-
dencies of a given problem into relatively independent substructures. In this way,
he developed explicit interpretations for understanding a task based on an analysis
of the unique design situation.

For Horst Rittel (Rittel and Webber, 1973), the heart of design is the delibera-
tion of issues from multiple perspectives. Interpretation in design is “an argumen-
tative process in the course of which an image of the problem and of the solution
emerges gradually among the participants, as a product of incessant judgment, sub-
jected to critical argument” (p. 162). Rittel’s idea of using computers to keep track
of the various issues at stake and alternative positions on those issues led to the cre-
ation of issue-based information systems.

Donald Schon (1983) argues that designers constantly shift perspectives on a
problem by bringing various professionally trained tacit skills to bear, such as visual
perception, graphical sketching, and vicarious simulation. By experimenting with ten-
tative design moves within the tacitly understood situation, the designer discovers
consequences and makes aspects of the structure of the problem explicit. Certain
features of the situation come into focus and can be named or characterized in lan-
guage. As focus subsequently shifts, what has been interpreted may slip back into an
understanding that is once more tacit but is now more developed.

Interpretation in Lunar-Habitat Design

As part of an effort at developing computer support for lunar-habitat designers
working for the National Aeronautics and Space Administration (NASA, the U.S.
space agency), I videotaped 30 hours of design sessions (Stahl, 1993a). The speci-
fied task was to accommodate four astronauts for 45 days on the moon in a cylin-
drical module 23 feet long and 14 feet wide.

Analysis of the designers’ activities shows that much of the design time consisted
of processes of interpretation—that is, the explication of previously tacit under-
standing. As part of this interpretation, representations were developed for describ-
ing pivotal features of the design situation that had not been included in the original
specification; perspectives were evolved for looking at the task; and terminology
was defined for explicitly naming, describing, and communicating shared
understandings.

The designers felt that a careful balance of public and private space would be
essential given the crew’s long-term isolation in the habitat. An early design sketch
proposed private crew areas consisting of a bunk above a workspace for each astro-
naut. Space constraints argued against this. The traditional conception of private
space as a place for one person to get away was made explicit and criticized as
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taking up too much room. As part of the interpretive designing process, this concept
was revised into a reinterpretation of privacy as a gradient along the habitat from
quiet sleep quarters to a public activity area. This notion of degrees of privacy per-
mitted greater flexibility in designing.

In another interchange related to privacy, the conventional American idea of a
bathroom was subjected to critical deliberation when it was realized that the place-
ment of the toilet and that of the shower were subject to different sets of constraints
based on life in the habitat. The tacit acceptance of the location of the toilet and
shower together was made explicit by comparing it to alternative European per-
spectives. The revised conception, permitting a separation of the toilet from the
shower, facilitated a major design reorganization.

In these and other examples, the designers needed to revise their representations
for understanding the design situation. They went from looking at privacy as a
matter of individual space to reinterpreting the whole interior space as a continuum
of private to public areas.

The conventional American notion of a bathroom was compared with other cul-
tural models and broken down into separable functions that could relate differently
to habitat usage patterns. Various perspectives were applied to the problem, sug-
gesting new possibilities and considerations. Through discussion, the individual per-
spectives merged and novel solutions emerged.

In this interpretive process, previously tacit features of the design became explicit
by being named and described in the language that developed. For instance, the fact
that quiet activities were being grouped toward one end of the habitat design and
interactive ones at the other became a topic of conversation at one point and the
term privacy gradient was proposed to clarify this emergent pattern.

The Tacit Basis of Understanding

Situated cognition theory disputes the prevalent view that all human cognition is
based on explicit mental representations such as goals and plans. Terry Winograd
and Fernando Flores (1986) hold that “experts do not need to have formalized rep-
resentations in order to act” (p. 99). Although manipulation of such representations
is often useful, there is a background of preunderstanding that cannot be fully for-
malized as explicit symbolic representations subject to rule-governed manipulation.
This tacit preunderstanding underlies people’s ability to understand representations
when they do make use of them. Lucy Suchman (1987) concurs that goals and plans
are secondary phenomena in human behavior, usually arising only after action has
been initiated: “when situated action becomes in some way problematic, rules and
procedures are explicated for purposes of deliberation and the action, which is oth-
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erwise neither rule-based nor procedural, is then made accountable to them”
(p. 54).

Philosophers like Michael Polanyi (1962), John Searle (1980), and Hubert
Dreyfus (1991) suggest a variety of reasons why tacit preunderstanding cannot be
fully formalized as data for computation. First, it is too vast: background knowl-
edge includes bodily skills and social practices that result from immense histories
of life experience and that are generally transparent to us. Second, it must be tacit
to function: we cannot formulate, understand, or use explicit knowledge except on
the basis of necessarily tacit preunderstandings.

This is not to denigrate conceptual reasoning and rational planning. Rather, it is
to point out that the manipulation of formal representations alone cannot provide
a complete model of human understanding. Rational thought is an advanced form
of cognition that distinguishes humans from other organisms. Accordingly, an evo-
lutionary theorist of consciousness such as Merlin Donald (1991) traces the devel-
opment of symbolic thought from earlier developmental stages of tacit knowing,
showing how these earlier levels persist in rational human thought as the necessary
foundation for advanced developments, including language, writing, and computer
usage.

The most thorough formulation of a philosophical foundation for situated cog-
nition theory is given by Martin Heidegger (1996), the first to point out the role of
tacit preunderstanding and to elaborate its implications. For Heidegger, we are
always knowledgeably embedded in our world; things of concern in our situations
are already meaningful in general before we engage in cognitive activity. We know
how to behave without having to think about it. For instance, without having to
actively think about it, an architect designing a lunar habitat knows how to lift a
pencil and sketch a line or how to look at a drawing and see the rough relation-
ships of various spaces pictured there. The architect understands what it is to be a
designer, to critique a drawing, to imagine being a person walking through the
spaces of a floor plan.

Heidegger defines the situation as the architect’s context—the physical surround-
ings, the available tools, the circumstances surrounding the task at hand, the archi-
tect’s own personal or professional aims, and so on. The situation constitutes a
network of significance in terms of which each part of the situation is already mean-
ingful (Stahl, 1975b). That is, the architect has tacit knowledge of the situation as
a whole; if something becomes a focus for the architect, it is perceived as already
understood, and its meaning is defined by its relation to the rest of the situation.

To the architect, a rectangular arrangement of lines on a piece of paper is not per-
ceived as meaningless lines, but given the design situation, it is already understood
as a bunk for astronauts. The bunk is implicitly defined as such by the design task,
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the shared intentions of the design team, the other elements of the design, the sense
of space conveyed by the design, and so on indefinitely. This network of significance
is background knowledge that allows the architect to think about features of the
design, to make plans for changes, and to discover problems or opportunities in the
evolving design. At any given moment, the background is already tacitly understood
and does not need to be an object of rational thought manipulating symbolic
representations.

At some point, the architect might realize that the bunk is too close to a source
of potential noise, like the flushing of the toilet. The explicit concern about this
physical adjacency arises and becomes something important against the background
of relationships of the preunderstood situation. Whereas a commonsensical view
might claim that the bunk and toilet were already present and therefore their adja-
cency was always there by logical implication, Heidegger proposes a more complex
reality in which things are ordinarily hidden from explicit concern. In various ways,
they can become uncovered and discovered, only to resubmerge soon into the back-
ground as our focus moves on.

In this way, our knowledge of the world does not consist primarily in mental
models that represent an objective reality. Rather, our understanding of things pre-
supposes a tacit preunderstanding of our situation. Only as situated in our already
interpreted world can we discover things and construct meaningful representations
of them. Situated cognition is not a simplistic theory that claims our knowledge lies
in our physical environment like words on a sign post: it is a sophisticated philos-
ophy of interpretation.

The Philosophy of Interpretation

Human understanding develops through interpretive explication. According to
Heidegger, interpretation provides the path from tacit, uncritical preunderstandings
to reflection, refinement, and creativity. The structure of this process of interpreta-
tion reflects the inextricable coupling of the interpreter with the situation—that is,
of people with their worlds. Our situation is not reducible to our preunderstanding
of it; it offers untold surprises, which may call for reflection but which can be dis-
covered and comprehended only thanks to our preunderstanding. Often, these sur-
prise occasions signal breakdowns in our skillful, transparent behavior, although we
can also make unexpected discoveries in the situation through conversation, explo-
ration, natural events, and other occurrences.

A discovery breaks out of the preunderstood situation because it violates or goes
beyond the network of tacit meanings that make up the preunderstanding of the
situation. To understand what we have discovered, we must explicitly interpret it
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as something, as having a certain significance, as somehow fitting into the already
understood background. Then it can merge into our comprehension of the mean-
ingful situation and become part of the new background. Interpretation of some-
thing as something is always a reinterpretation of the situated context.

For instance, the lunar-habitat designers discovered problems in their early
sketches that they interpreted as issues of privacy. Although they had created the
sketches themselves, they were completely surprised to discover certain conflicts
among the interactions of adjacent components, like the bunks and the toilet. The
discoveries could only occur because of their understanding of the situation, repre-
sented in their drawings. The designers paused in their sketching to discuss the new
issues. First they debated the matter from various perspectives—experiences of pre-
vious space missions, cultural variations in bathroom designs, technical acoustical
considerations. Then they considered alternative conceptions of privacy, gradually
developing a shared vocabulary that guided their revisions and became part of their
interpretation of their task. They reinterpreted their understanding of privacy and
represented their new view as a “privacy gradient.”

These themes of representing the situation, changing perspectives, and using
explicit language correspond to the threefold structure of interpretation in Heideg-
ger’s philosophy. He articulates the preconditions of interpretation as prepossession
of the situation as a network of preunderstood significance, preview or expectations
of things in the world as being structured in certain ways, and preconception, a lan-
guage for expressing and communicating.

In other words, interpretation never starts from scratch or from an arbitrary
assignment of representations but is an evolution of tentative preunderstandings and
anticipations. Sets of prejudices have been handed down historically, and the inter-
pretive process allows one to reflect on these preunderstandings methodically and
to refine new meanings, perspectives, and terminologies for understanding things
more appropriately.

Computer Support for Interpretation

The theory of situated cognition and the philosophy of interpretation stress how
different human understanding is from computer manipulations of arbitrary
symbols. These theories suggest the approach of augmenting (rather than automat-
ing) human intelligence. According to this approach, software can at best provide
computer representations for people to interpret based on their tacit understanding
of what is represented.

Representations used in computer programs must be carefully structured by
human programmers who thoroughly understand the task being handled because
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the computer itself simply follows the rules it has been given for manipulating
symbols, with no notion of what these symbols represent. People who understand
the domain must sufficiently codify their background knowledge into software rules
to make the computer algorithms generate results that will be judged correct when
interpreted by people. Only if a domain can be strictly delimited and its associated
knowledge exhaustively reduced to rules can it be completely automated.

Many tasks, like lunar-habitat design, that call for computer support do not have
such strictly delimited domains with fully catalogued and formalized knowledge
bases. These domains may require exploration of problems never before considered,
assumption of creative viewpoints, or formulation of innovative concepts. Software
to support designers in such tasks should provide facilities for the creation of
new representations and flexible modification of old ones. As the discussion of
Alexander emphasized, the ability to develop appropriate representations dynami-
cally is critical. Because they capture understandings of the situation that evolve
through processes of interpretation, representations need to be modifiable during
the design process itself and cannot adequately be anticipated in advance or pro-
vided once and for all.

The concept of an objective, coherent body of domain knowledge is misleading.
As Rittel said, nonroutine design is an argumentative process involving the inter-
play of unlimited perspectives, reflecting differing and potentially conflicting tech-
nical concerns, personal idiosyncrasies, and political interests. Software to support
design should capture these alternative deliberations on important issues, as well as
document specific solutions. Furthermore, because all design knowledge may be rel-
ative to perspectives, the computer should be used to define a network of overlap-
ping perspectives by which to organize issues, rationale, sketches, component parts,
and terminology.

As Schon emphasizes, interpretive design relies on moving from tacit skills to
explicit conceptualizations. Additionally, design work is inherently communicative
and increasingly collaborative, with high-tech designs requiring successive teams of
designers, implementers, and maintainers. Software to support collaborative design
should provide a language facility for designers to develop a formal vocabulary for
expressing their ideas, for communicating them to future collaborators, and for
formally representing them within computer-executable software. An end-user
language is needed that provides an extensible domain vocabulary, is usable by
nonprogrammers, and encourages reuse and modification of expressions.

Heidegger’s analysis of interpretation suggests that most of the information that
would be useful to designers may be made explicit at some moment of interpreta-
tion during designing. One strategy for accumulating a useful knowledge base is to
have the software capture knowledge that becomes explicit while the software is
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being used. As successive designs are developed on a system, issues and alternative
deliberations can accumulate in its issue base; new perspectives can be defined con-
taining their own modifications of terminology and critic rules; the language can be
expanded to include more domain vocabulary, conditional expressions, and query
formulations. In this way, potentially relevant information is captured in formats
useful for designers because it is a product of human interpretation.

This is an evolutionary, bootstrap approach, where the software supports indi-
vidual design projects but also simultaneously facilitates the accumulation of
expertise and viewpoints in open-ended, exploratory domains. This means that the
software should make it easy for designers to formalize their knowledge as it
becomes explicit, without requiring excessive additional effort. The software should
reward its users for increasing the computer knowledge base by performing useful
tasks with the new information, like providing documentation, communicating
rationale, and facilitating reuse or modification of relevant knowledge.

The Hermes System

In Greek mythology, Hermes supported human interpretation by providing the gift
of spoken and written language and by delivering the messages of the gods. A pro-
totype software system named Hermes has been designed to support the precon-
ditions of interpretation by representing the design construction situation for
prepossession, by providing alternative perspectives for preview, and by including
an end-user language for preconception.

It supports tacit knowing by encapsulating mechanisms for analyzing design sit-
uations using interpretive critics (Fischer et al., 1993), alternative sets of informa-
tion organized in named perspectives (Stahl, 1993a), and hypermedia computations
expressed in language terms (Stahl et al., 1992). In each of these cases, the hidden
complexities can be made explicit on demand, so the designer can reflect on the
information and modify (reinterpret) it.

Hermes is a knowledge-representation substrate for building computer-based
design assistants (like that in figure 4.1). It provides various media for designers to
build formal representations of design knowledge. The hypermedia network of
knowledge corresponds to the design situation. Nodes of the knowledge represen-
tation can be textual statements for the issue base, CAD graphics for sketches, or
language expressions for critics and queries.

Hermes supports the collaborative nature of design by multiple teams through its
perspectives mechanism. This allows users to organize knowledge in the system into
overlapping collections. Drawings, definitions of domain terms in the language,
computations for critic rules, and annotations in the issue base can all be grouped
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Figure 4.1

A view of the Hermes design environment, showing (left to right) a dialogue for browsing,
a view of the issue base, a critic message, a construction area, and a button for changing
interpretive perspectives.

together for a project, a technical specialty, an individual, a team, or an historical
version. Every action in Hermes takes place within some defined perspective, which
determines what versions of information are currently accessible.

The Hermes language pervades the system, defining mechanisms for browsing,
displaying, and critiquing all information. This means that designers can refine the
representations, views, and expressions of all forms of domain knowledge in the
system. Vocabulary in the language is modifiable and every expression can be encap-
sulated by a name. The syntax is English-like, in an effort to make statements in
the language easily interpretable. The language is declarative, so users need not
be bothered with explicit sequential programming concerns. Combined with the
perspectives mechanism, the language permits designers to define and refine their
own interpretations. This allows the Hermes substrate to support multiple situated
interpretations.
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Conclusion

The theory of situated cognition argues that only people’s tacit preunderstanding
can make data meaningful in context. Neither people nor computers alone can take
advantage of huge stores of data; such information is valueless unless designers use
it in their interpretations of design situations. The data-handling capabilities of com-
puters should be used to support the uniquely human ability to understand. The
philosophy of interpretation suggests that several aspects of human understanding
and collaboration can be supported with mechanisms like those in Hermes, such as
refining representations of the design situation, creating alternative perspectives on
the task, and sharing linguistic expressions. Together, situated cognition theory and
Heidegger’s philosophy of interpretation provide a theoretical framework for a prin-
cipled approach to computer support for designers’ situated interpretation in the
information age.






5

Collaboration Technology for Communities

In the age of information overload, lifelong learning and collaboration are essential
aspects of most innovative work." Fortunately, the computer technology that drives
the information explosion also has the potential to help individuals and groups
learn, on demand, much of what they need to know. In particular, applications on
the Internet can be designed to capture knowledge as it is generated within a com-
munity of practice and to deliver relevant knowledge when it is useful.

Computer-based design environments for skilled domain workers have recently
graduated from research prototypes to commercial products, supporting the learn-
ing of individual designers. Such systems do not, however, adequately support the
collaborative nature of work or the evolution of knowledge within communities of
practice. If innovation is to be supported within collaborative efforts, these domain-
oriented design environments must be extended to become collaborative infor-
mation environments, capable of providing effective community memories for
managing information and learning within constantly evolving collaborative con-
texts. In particular, collaborative information environments must provide func-
tionality that facilitates the construction of new knowledge and the shared
understanding necessary to use this knowledge effectively within communities of
practice.

This chapter reviews three stages of work on artificial (computer-based and Web-
based) systems that augment the intelligence of people and organizations. NetSuite
illustrates the domain-oriented design environment approach to supporting the
work of individual designers with learning on demand. WebNet extends this model
to collaborative information environments that support collaborative learning by
groups of designers, and WebGuide shows how a computational perspectives mech-
anism for these environments can support the construction of knowledge and of
shared understanding within groups. According to recent theories of cognition,
human intelligence is the product of tool use and of social mediations as well as of
biological development. Collaborative information environments are designed to
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enhance this intelligence by providing computationally powerful tools that are sup-
portive of social relations.

This chapter carries out a transition from systems that use artificial intelligence
techniques and computational power to computer-based media that support com-
munication and collaboration. In part, this is a difference of emphasis, as the media
may still incorporate significant computation. However, it is also a shift in the locus
of intelligence from clever software to human group cognition.

Introduction: The Need for Computer Support of Lifelong Collaborative Learning

The creation of innovative artifacts and helpful knowledge in our complex world—
with its refined division of labor and its flood of information—requires continual
learning and collaboration. Learning can no longer be conceived of as an activity
confined to the classroom and to an individual’s early years. Learning must
continue while we are engaged with other people as workers, citizens, and adult
learners for many reasons:

« Innovative tasks are ill-defined; their solution involves continual learning and the
creative construction of knowledge whose need could not have been foreseen (Rittel
& Webber, 1984).

= There is too much knowledge, even within specific subject areas, for anyone to
master it alone or all in advance (Zuboff, 1988).

= The knowledge in many domains evolves rapidly and often depends on the context
of the task situation, including the support community (Senge, 1990).

= Frequently, the most important information has to do with a work group’s own
structure and history, its standard practices and roles, and the details and design
rationale of its local accomplishments (Orr, 1990).

» People’s careers and self-directed interests require various new forms of learning
at different stages as their roles in communities change (Argyris & Schon, 1978).

= Learning—especially collaborative learning—has become a new form of labor, an
integral component of work and organizations (Lave & Wenger, 1991).

* Individual memory, attention, and understanding are too limited for today’s
complex tasks; divisions of labor are constantly shifting, and learning is required to
coordinate and respond to the changing demands on community members (Brown
& Duguid, 1991).

= Learning necessarily includes organizational learning: social processes that involve
shared understandings across groups. These fragile understandings are both reliant
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on and in tension with individual learning, although they can also function as the
cultural origin of individual comprehension (Vygotsky, 1978).

The pressure on individuals and groups to continually construct new knowledge
out of massive sources of information strains the abilities of unaided human
cognition. Carefully designed computer software promises to enhance the ability of
communities to construct, organize, and share knowledge by supporting these
processes. However, the design of such software remains an open research area.

The contemporary need to extend the learning process from schooling into orga-
nizational and community realms is known as lifelong learning. Our past research
at the University of Colorado’s Center for LifeLong Learning and Design explored
the computer support of lifelong learning with what we call domain-oriented design
environments (DODEs). This chapter argues for extending that approach to support
work within communities of practice with what it will term collaborative informa-
tion environments (CIEs) applied both to design tasks and to the construction of
shared knowledge. This chapter illustrates three stages that our efforts with illus-
trative software systems have evolved through during the 1990s.

The second section of this chapter highlights how computer support for lifelong
learning has already been developed for individuals such as designers. It argues,
however, that DODEs—such as the commercial product NetSuite—that deliver
domain knowledge to individuals when it is relevant to their task are not sufficient
for supporting innovative work within collaborative communities. The next section
sketches a theory of how software productivity environments for design work by
individuals can be extended to support organizational learning in collabora-
tive work structures known as communities of practice; a scenario of a prototype
system called WebNet illustrates this. Finally, the chapter discusses the need for
mechanisms within CIEs to help community members construct knowledge in their
own personal perspectives while also negotiating shared understanding about
evolving community knowledge; this is illustrated by the perspectives mechanism
in WebGuide, discussed in terms of three learning applications. A concluding
section locates this discussion within the context of broader trends in computer
science.

Augmenting the Work of Individual Designers

In this section, I discuss how our DODE approach, which has now emerged in com-
mercial products, provides support for individual designers. However, because
design (such as the layout, configuration, and maintenance of computer networks)
now typically takes place within communities of practice, it is desirable to provide
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computer support at the level of these communities as well as at the individual
designer’s level and to include local community knowledge as well as domain knowl-
edge. Note that much of what is described in this section about our DODE systems
applies to a broad family of design critiquing systems developed by others for
domains such as medicine (Miller, 1986), civil engineering (Fu, Hayes, & East,
1997), and software development (Robbins & Redmiles, 1998).

Domain-Oriented Design Environments

Many innovative work tasks can be conceived of as design processes: elaborating a
new idea, planning a presentation, balancing conflicting proposals, or writing a
visionary report, for example. While designing can proceed on an intuitive level
based on tacit expertise, it periodically encounters breakdowns in understanding
where explicit reflection on new knowledge may be needed (Schon, 1983). Thereby,
designing entails learning.

For the past decade, we have explored the creation of DODEs to support workers
as designers. These systems are domain-oriented: they incorporate knowledge spe-
cific to the work domain. They are able to recognize when certain breakdowns in
understanding have occurred and can respond to them with appropriate informa-
tion (Fischer et al., 1993). They support learning on demand.

To go beyond the power of pencil-and-paper representations, software systems
for lifelong learning must “understand” something of the tasks they are support-
ing. This is accomplished by building knowledge of the domain into the system,
including capturing design objects and design rationale. A DODE typically provides
a computational workspace within which a designer can construct an artifact and
represent components of the artifact being constructed. Unlike a CAD system, in
which the software only stores positions of lines, a DODE maintains a representa-
tion of objects that are meaningful in the domain. For instance, an environment for
local-area network (LAN) design (a primary example in this chapter) allows a
designer to construct a network’s design by selecting items from a palette repre-
senting workstations, servers, routers, cables, and other devices from the LAN
domain and configuring these items into a system design. Information about each
device is represented in the system.

A DODE can contain domain knowledge about constraints, rules of thumb, and
design rationale. It uses this information to respond to a current design state with
active advice. Our systems use a mechanism we call critiquing (Fischer et al., 1998).
The system maintains a representation of the semantics of the design situation,
which is usually the two-dimensional location of palette items representing design
components. Critic rules are applied to the design representation. When a rule
“fires,” it posts a message alerting the designer that a problem might exist. The
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message includes links to information such as design rationale associated with the
critic rule.

For instance, a LAN DODE might notice that the length of a cable in a design
exceeds the specifications for that type of cable, that a router is needed to connect
two subnets, or that two connected devices are incompatible. At this point, the
system could signal a possible design breakdown and provide domain knowledge
relevant to the cited problem. The evaluation of the situation and the choice of action
is up to the human designer, but now the designer has been given access to infor-
mation relevant to making a decision (Fischer, Lemke, McCall, & Morch, 1996).

NetSuite: A Commercial Product

Many of the ideas in our DODEs are now appearing in commercial products, inde-
pendently of our efforts. In particular, there are several environments for designing
LANSs. As an example, consider NetSuite, a highly rated system that illustrates
current best practices in LAN design support. This is a high-functionality system
for skilled domain professionals who are willing to make the effort required to learn
to use its rich set of capabilities (figure 5.1). NetSuite contains a wealth of domain
knowledge. Its palette of devices, which can be placed in the construction area,
numbers over 5,000, with more available for download from the vendor every
month. Each device has associated parameters defining its characteristics, limita-
tions, and compatibilities—domain knowledge used by the critics that validate
designs.

In NetSuite, one designs a LAN from scratch, placing devices and cables from the
palette. As the design progresses, the system validates it, critiquing it according to
rules and parameters stored in its domain knowledge. The designer is informed
about relevant issues in a number of ways: lists of devices to substitute into a design
are restricted by the system to compatible choices, limited design rationale is dis-
played with the option of linking to further details, and technical terms are defined
with hypertext links. In addition to the construction area, there are LAN tools, such
as an automated internet protocol (IP) address generator and utilities for reporting
on physically existing LAN configurations. When a design is completed, a bill of
materials can be printed out, and a Web page of it can be produced for display on
the Internet. NetSuite is a knowledgeable, well-constructed system to support an
individual LAN designer.

The Need to Go Further

Based on our understanding of organizational learning and our investigation of
LAN design communities, we believe that in a domain like LAN management no
closed system will suffice. The domain knowledge required to go beyond the



Figure 5.1

Two views of NetSuite. Top: The system has noted that a cable-length specification for a fiber
distributed data interface (FDDI) network has been exceeded in the design, and the system
has delivered information about the specification and affected devices. Bottom: Parts of the
network viewed in physical and logical representations are connected.
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functionality of NetSuite is too open-ended, too constantly changing, and too depen-
dent on local circumstances. The next generation of commercial DODEs will have
to support extensibility by end-users and collaboration within communities of prac-
tice. While a system like NetSuite has its place in helping to design complex net-
works from scratch, most work of LAN managers involves extending existing
networks, debugging breakdowns in service, and planning for future technologies.

Many LAN management organizations rely on home-grown information systems
because they believe that critical parts of their local information are unique. Each
community of practice has its own ways of doing things. Generally, these local prac-
tices are understood tacitly and are propagated through apprenticeship (Lave &
Wenger, 1991). This causes problems when the old-timer who set things up is gone
and when a newcomer does not know who to ask or even what to ask. A commu-
nity memory is needed that captures local knowledge when it is generated (such as
when a device is configured) and delivers knowledge when it is needed (when there
is a problem with that device) without being explicitly queried.

The burden of entering all this information in the system must be distributed
among the people doing the work and must be supported computationally to min-
imize the effort required:

= The DODE knowledge base should be integrated with work practices in ways that
capture knowledge as it is created.

= The benefits of maintaining the knowledge base have to be clearly experienced by
participants.

= There may need to be an accepted distribution of roles related to the functioning
of the organizational memory.

= The software environment must be thoroughly interactive so that users can easily
enter data and comments.

» The information base should be seeded with basic domain knowledge so that users
do not have to enter everything and so that the system is useful from the start.

= As the information space grows, there should be ways for people to restructure it
so that its organization and functionality keep pace with its evolving contents and
uses (Fischer et al., 1999).

DODEs must be extended in these ways to support communities of practice and
not just isolated designers. This reflects a shift of emphasis from technical domain
knowledge to local, social-based community knowledge.
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Supporting Communities of Practice

In this section, I briefly define community of practice—a level of analysis increas-
ingly important within discussions of computer-supported cooperative work
(CSCW)—and suggest that these communities need group memories to carry on
their work. The notion of DODEs must be extended to support the collaborative
learning that needs to take place within these communities. A scenario demonstrates
how a CIE prototype named WebNet can do this.

Community Memories

Communities of Practice All work within a division of labor is social (Marx,
1976). The job that one person performs is also performed similarly by others and
relies on vast social networks. That is, work is defined by social practices that are
propagated through socialization, apprenticeship, training, schooling, and culture
(Bourdieu, 1995; Giddens, 1984a; Lave & Wenger, 1991), as well as by explicit
standards. Often, work is performed by collaborating teams that form communi-
ties of practice within or across organizations (Brown & Duguid, 1991). These com-
munities evolve their own styles of communication and expression, or genres
(Bakhtin, 1986b; Yates & Orlikowski, 1992).

For instance, interviews we conducted showed that computer network managers
in different departments at our university work in concert. They need to share infor-
mation about what they have done and how it is done with other team members
and with other LAN managers elsewhere. For such a community, information
about their own situation and local terminology may be even more important than
generic domain knowledge (Orr, 1990). Support for LAN managers must provide
memory about how individual local devices have been configured, as well as
offer domain knowledge about standards, protocols, compatibilities, and naming
conventions.

Communities of practice can be colocated within an organization (such as at our
university) or across a discipline (such as all managers of university networks).
Before the World Wide Web existed, most computer support for communities of
practice targeted individuals with desktop applications. The knowledge in the
systems was mostly static domain knowledge. With intranets and dynamic Web
sites, it is now possible to support distributed communities and also to maintain
interactive and evolving information about local circumstances and group history.
Communities of practice need to be able to maintain their own memories. The
problem of adoption of organizational memory technologies by specific communi-
ties involves complex social issues beyond the scope of this chapter. For a review of
common adoption issues and positive and negative examples of responses, see
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Grudin (1990), Orlikowski (1992), and Orlikowski, Yates, Okamura, & Fujimoto
(1995).

Digital Memories for Communities of Practice Human and social evolution can
be viewed as the successive development of increasingly effective forms of memory
for learning, storing, and sharing knowledge. Biological evolution gave us episodic,
mimetic, and mythical memory; then cultural evolution provided oral and written
(external and shared) memory; and finally modern technological evolution gener-
ates digital (computer-based) and global (Internet-based) memories (Donald, 1991;
Norman, 1993).

At each stage, the development of hardware capabilities must be followed by the
definition and adoption of appropriate skills and practices before the potential of
the new information technology can begin to be realized. External memories, incor-
porating symbolic representations, facilitated the growth of complex societies and
sophisticated scientific understandings. Their effectiveness relied on the spread of
literacy and industrialization. Similarly, while the proliferation of networked com-
puters ushers in the possibility of capturing new knowledge as it is produced within
work groups and delivering relevant information on demand, the achievement of
this potential requires the careful design of information systems, software interfaces,
and work practices. New computer-based organizational memories must be matched
with new social structures that produce and reproduce patterns of organizational
learning (Giddens, 1984a; Lave & Wenger, 1991).

Community memories are to communities of practice what human memories are
to individuals. They embody organizational memory in external repositories that
are accessible to community members. They make use of explicit, external, sym-
bolic representations that allow for shared understanding within a community. They
make organizational learning possible within the group (Ackerman & McDonald,
1996; Argyris & Schon, 1978; Borghoff & Parechi, 1998; Buckingham Shum &
Hammond, 1994; Senge, 1990).

Integrative Systems for Community Memory Effective community memory relies
on integration. Tools for representing design artifacts and other work tasks must be
related to rich repositories of information that can be brought to bear when needed.
Communication about artifacts under development should be tied to that artifact
so they retain their context of significance and their association with each other.
Also, members of the community of practice must be integrated with each other in
ways that allow something one member learned in the past to be delivered to other
members when they need it in the future. One model for such integration—on an
individual level—is the human brain, which stores a wealth of memories over a
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lifetime of experience, thought, and learning in a highly interrelated associative
network that permits effective recall based on subjective relevance. This—and not
the traditional model of computer memory as an array of independent bits of objec-
tive information—is the model that must be extended to community memories.

Of course, we want to implement community memories using computer memory.
Perhaps the most important goal is integration to allow the definition of associa-
tions and other interrelationships. For instance, in a system using perspectives (like
those to be discussed in the section below on Perspectives on Shared, Evolving
Knowledge Construction), it is necessary for all information to be uniformly struc-
tured with indications of perspective and linking relationships. A traditional way to
integrate information in a computer system is with a relational database. This allows
associations to be established among arbitrary data. It also provides mechanisms
like structured query language (SQL) queries to retrieve information based on spec-
ifications in a rather comprehensive language. Integrating all the information of a
design environment in a unified database makes it possible to build bridges from
the current task representation to any other information. Certainly, object-oriented
or hybrid databases and distributed systems that integrate data on multiple com-
puters can provide the same advantages. Nor does an underlying query language
like SQL have to be exposed to users; front-end interfaces can be much more graph-
ical and domain-oriented (Buckingham Shum, 1998).

Communities themselves must also be integrated. The Web provides a convenient
technology for integrating the members of a community of practice, even if they are
physically dispersed or do not share a homogeneous computer platform. In partic-
ular, intranets are Web networks designed for communication within a specific
community rather than worldwide. WebNet, for instance, is intranet-based software
that we prototyped for LAN management communities. It includes a variety of com-
munication media as well as community memory repositories and collaborative
productivity tools. It is discussed later in this section.

Dynamic Web pages can be interactive in the sense that they accept user inputs
through selection buttons and text entry forms. Unlike most forms on the Web that
only provide information (like product orders, customer preferences, or user demo-
graphics) to the Web master, intranet feedback may be made immediately available
to the user community that generated it. For instance, the WebNet scenario below
includes an interactive glossary. When someone modifies a glossary definition, the
new definition is displayed to anyone looking at the glossary. Community members
can readily comment on the definitions or change them. The history of the changes
and comments made by the community is shared by the group. In this way, intranet
technology can be used to build systems that are CIEs in which community members
deposit knowledge as they acquire it so that other members can learn when they
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need or want to and can communicate with others about their learning. This model
illustrates computer support for collaborative learning with digital memories
belonging to communities of practice.

Extending the DODE Approach to CIEs for Design

To provide computer support for collaborative learning with CIEs, we first have to
understand the process of collaborative learning. Based on this analysis, we can see
how to extend the basic characteristics of a DODE to create a CIE.

The Process of Collaborative Learning The ability of designers to proceed based
on their existing tacit expertise (Polanyi, 1962) periodically breaks down, and they
have to rebuild their understanding of the situation through explicit reflection
(Schon, 1983). This reflective stage can be helped if they have good community
support and effective computer support to bring relevant new information to bear
on their problem. When they have comprehended the problem and incorporated the
new understanding in their personal memories, we say they have learned. The
process of design typically follows this cycle of breakdown and reinterpretation in
learning (figure 5.2, cycle on left).

When design tasks take place in a collaborative context, the reflection results in
articulation of solutions in language or in other symbolic representations. The artic-
ulated new knowledge can be shared within the community of practice. Such knowl-
edge, created by the community, can be used in future situations to help a member
overcome a breakdown in understanding. This cycle of collaboration is called orga-
nizational learning (see figure 5.2, upper cycle). The personal reflection and the col-
laborative articulation of shared perspectives interacting together make innovation
possible (Boland & Tenkasi, 1995; Tomasello, Kruger, & Ratner, 1993).

Organizational learning can be supported by computer-based systems of organi-
zational memory if the articulated knowledge is captured in a digital symbolic
representation. The information must be stored and organized in a format that
facilitates its subsequent identification and retrieval. To provide computer support,
the software must be able to recognize breakdown situations when particular items
of stored information might be useful to human reflection (see figure 5.2, lower
cycle). DODEs provide computer support for design by individuals. They need to
be extended to collaborative information environments to support organizational
learning in communities of practice.

Extending the DODE Approach to CIEs for Design The key to active computer
support that goes significantly beyond printed external memories is to have the
system deliver the right information at the right time in the right way (Fischer
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Figure 5.2
Cycles of design, computer support, and organizational learning. Adapted from Stahl (1993).

et al., 1998). To do this, the software must be able to analyze the state of the work
being undertaken, identify likely breakdowns, locate relevant information, and
deliver that information in a timely manner.

Systems like NetSuite and our older prototypes used critics based on domain
knowledge to deliver information relevant to the current state of a design artifact
being constructed in the design environment work space (see figure 5.3, left).

One can generalize from the critiquing approach of these DODEs to arrive at
an overall architecture for organizational memories. The core difference between a
DODE and a CIE is that a DODE focuses on delivering domain knowledge, con-
ceived of as relatively static and universal, while a CIE is built around forms of com-
munity memory, treated as constantly evolving and largely specific to a particular
community of practice. Where DODE:s relied heavily on a set of critic rules prede-
fined as part of the domain knowledge, CIEs generalize the function of the critiquing
mechanisms.

In a CIE, it is still necessary to maintain some representation of the task as a basis
for the software to take action. This task representation plays the role of the design
artifact in a DODE, triggering critics and generally defining the work context to
decide what is relevant. This is most naturally accomplished if work is done within
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Figure 5.3

Generalization of the domain-oriented design environment (DODE) architecture (left) to a
collaborative information environment (CIE) (right).

the software environment. For instance, if communication about designs takes place
within the system where the design is constructed, then annotations and e-mail
messages can be linked directly to the design elements they discuss. This reduces
problems of deixis (comments referring to “that” object “over there”). It also allows
related items to be linked together automatically. In an information-rich space, there
may be many relationships of interest between new work artifacts and items in the
organizational memory. For instance, when a LAN manager debugs a network, links
between network diagrams, topology designs, LAN diary entries, device tables, and
an interactive glossary of local terminology can be browsed to discover relevant
information.

The general problem for a CIE is to define analysis mechanisms that can bridge
the gap from task representation to relevant community memory information items
to support learning on demand (see figure 5.3, right).

To take a very different example, suppose a student is writing a paper within a
software environment that includes a digital library of papers written by her and
her colleagues. An analysis mechanism to support her learning might compare
sentences or paragraphs in her draft (which functions as a task representation) to
text from other papers and from e-mail discussions (the community memory) to find
excerpts of potential interest to her. We use latent semantic analysis (Landauer &
Dumais, 1997) to mine our e-mail repository (Lindstaedt & Schneider, 1997) and
are exploring similar uses of this mechanism to link task representations to textual
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information to support organizational learning. Other retrieval mechanisms might
be appropriate for mining catalogs of software agents or components, design ele-
ments, and other sorts of organizational memories.

Using our example of LAN design, I next show how a CIE might function in this
domain. I present a scenario of use of WebNet, a prototype I developed to extend
our DODE concept to explicitly support communities of LAN designers.

WebNet: Scenario of a CIE for Design

Critiquing and Information Delivery Kay is a graduate student who works part-
time to maintain her department’s LAN. The department has a budget to extend its
network and has asked Kay to come up with a design. Kay brings up WebNet in
her Web browser. She opens up the design of her department’s current LAN in the
LAN Design Environment, an Agentsheets (Repenning, 1994) simulation applet.
Kay starts to add a new subnet. Noticing that there is no icon for an Iris graphics
workstation in her palette, Kay selects the WebNet menu item for the Simulations
Repository Web page (figure 5.4, left frame). This opens a Web site that contains
simulation agents that other Agentsheets users have programmed. WebNet opens
the repository to display agents that are appropriate for WebNet simulations. Kay
locates a simulation agent that someone else has created with the behavior of an
Iris workstation. She adds this to her palette and to her design.

When Kay runs the LAN simulation, WebNet proactively inserts a router (see
figure 5.4, upper right) and informs Kay that a router is needed at the intersection
of the two subnets. WebNet displays some basic information about routers and sug-
gests several Web sites with details about different routers from commercial vendors
(see figure 5.4, lower right). Here, WebNet has signaled a breakdown in Kay’s
designing and provided easy access to sources of information for her to learn what
she needs to know on demand. This information includes generic domain knowl-
edge like definitions of technical terms, current equipment details like costs, and
community memory from related historical e-mails.

WebNet points to several e-mail messages from Kay’s colleagues that discuss
router issues and how they have been handled locally. The Email Archive includes
all e-mails sent to Kay’s LAN management workgroup in the past. Relevant e-mails
are retrieved and ordered by the Email Archive software (Lindstaedt, 1996) based
on their semantic relatedness to a query. In Kay’s situation, WebNet automatically
generates a query describing the simulation context, particularly the need for a
router. The repository can also be browsed, using a hierarchy of categories devel-
oped by the user community.

Kay reviews the e-mail to find out which routers are preferred by her colleagues.
Then she looks up the latest specs, options, and costs on the Web pages of router
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Figure 5.4
The WebNet local area network (LAN) design and simulation workspace (upper-right frame)

and information delivered by a critic (lower-right frame). Note table of contents to the Web
site (left frame).
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suppliers. Kay adds the router she wants to the simulation and reruns the simula-
tion to check it. She saves her new design in a catalog of local LAN layouts. Then
she sends an e-mail message to her coworkers telling them to take a look at the new
design in WebNet’s catalog. She also asks Jay, her mentor at Network Services, to
check her work.

Interactive and Evolving Knowledge Jay studies Kay’s design in his Web browser.
He realizes that the Iris computer that Kay has added is powerful enough to perform
the routing function itself. He knows that this knowledge has to be added to the
simulation to make this option obvious to novices like Kay when they work in the
simulation. Agentsheets includes an end-user programming language that allows Jay
to reprogram the Iris workstation agent (Repenning, 1994). To see how other people
have programmed similar functionality, Jay finds a server agent in the Simulations
Repository and looks at its program. He adapts it to modify the behavior of the Iris
agent and stores this agent back in the repository. Then he redefines the router critic
rule in the simulation. He also sends Kay an e-mail describing the advantages of
doing the routing in software on the Iris; WebNet may make this e-mail available
to people in situations like Kay’s in the future.

When he is finished, Jay tests his changes by going through the process that Kay
followed. This time, the definition of router supplied by WebNet catches his eye.
He realizes that this definition could also include knowledge about the option of
performing routing in workstation software. The definitions that WebNet provides
are stored in an interactive glossary. Jay goes to the WebNet glossary entry for
“Router” and clicks on the Edit Definition button. He adds a sentence to the exist-
ing definition, noting that routing can sometimes be performed by server software.
He saves this definition and then clicks on Make Annotations. This lets him add a
comment suggesting that readers look at the simulation he has just modified for an
example of software routing. Other community members may add their own com-
ments, expressing their views of the pros and cons of this approach. Any glossary
user can quickly review the history of definitions and comments—as well as con-
tribute their own thoughts.

Community Memory It is now two years later. Kay has graduated and been
replaced by Bea. The subnet that Kay had added crashed last night due to print
queue problems. Bea uses the LAN Management Information component of
WebNet to trace back through a series of e-mail trouble reports and entries in LAN
diaries. The LAN Management Information component of WebNet consists of four
integrated information sources: a Trouble Queue of reported problems, a Host Table
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listing device configurations, a LAN Diary detailing chronological modifications to
the LAN, and a Technical Glossary defining local hardware names and aliases. These
four sources are accessed through a common interface that provides for interactiv-
ity and linking of related items.

The particular problem that Bea is working on was submitted to her through the
Trouble Queue. Bea starts her investigation with the Host Table, reviewing how the
printer, routers, and servers have been configured. This information includes links
to LAN Diary entries dating back to Kay’s work and providing the rationale for
how decisions were made by the various people who managed the LAN. Bea also
searches the Trouble Queue for incidents involving the print queue and related
device configurations. Many of the relevant entries in the four sources are linked
together, providing paths to guide Bea on an insightful path through the commu-
nity history. After successfully debugging the problem using the community memory
stored in WebNet, Bea documents the solution by making entries and new cross
links in the LAN Management Information sources: the Trouble Queue, Host Table,
LAN Diary, and Glossary.

In this scenario, Kay, Jay, and Bea have used WebNet as a design, communica-
tion, and memory system to support both their immediate tasks and the future work
of their community. Knowledge has been constructed by people working on their
own but within a community context. Their knowledge has been integrated within
a multicomponent community memory that provides support for further knowledge
building. This scenario—in which simulations, various repositories, electronic
diaries, communication media, and other utilities are integrated with work
processes—suggests how complexly integrated CIEs can support communities of
practice.

Perspectives on Shared, Evolving Knowledge Construction

In this section, I propose a mechanism designed to make a CIE, like WebNet, more
effective in supporting the interactions between individuals and groups in com-
munities of practice. I call this mechanism perspectives. The perspectives mecha-
nism permits a shared repository of knowledge to be structured in ways that
allow for both individual work and the negotiation 