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What changes in conceptual change?

Andrea A. diSessa, Graduate School of Education, University of California-
Berkeley and Bruce L. Sherin, School of Education and Social Policy,
Northwestern University, Evanston, Illinois, USA

This paper has two aims. First, it reviews literature about conceptual change and about the study of
concepts more broadly. The principal claim is that much prior work has suffered from inexplicitness
and imprecision in terms of what constitutes a concept. Second, we introduce a theory of one particular
type of concept. A coordination class is a systematic collection of strategies for reading a certain type of
information out from the world. We identify both structural components and performance properties of
coordination classes. Using this theory, we analyse protocol data from a student with respect to the
difficult concept of force in Newtonian mechanics.

Introduction

The intent of this paper is to add to theory about the fundamentals of conceptual
change. We want to show where imprecision in prior descriptions has marred
progress and we want to take some steps towards a more sound account of the
nature of conceptual change. Our basic contention is that it is essential for
researchers to answer the question 'What changes in conceptual change?' with
substantially greater precision than has heretofore been attempted. We will, of
course, argue for this contention as the paper proceeds, but the central observation
is that how one understands and describes the processes of conceptual change must
flow from an account of the entities that are changing. For example, suppose we
begin with the image of a network of nodes, each of which corresponds to a
concept, with the nodes connected by links of multiple types. This is called a
semantic net and its purpose is to model meaning by situating a concept in a
larger field. What are the relevant types of change? Some possibilities are:

• We can add or delete nodes (concepts).
• We can add or delete links between nodes, or change the type of an existing

link.
• If the network has a characteristic global organization (perhaps a hierarch-

ical structure), we can perform more dramatic alterations to this structure.

These are just a few of the possibilities. Thagard (1992), for example, begins with a
network of this type and lists nine degrees of change.

Alternatively, suppose we start with the image of a concept as a set consisting
of elements which are instances of the concept. Given such a model, changes to the
concept correspond to changes in the constituting elements, which means adding
or deleting instances. We might also identify some special types of changes to these
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1156 A. A. DISESSA AND B. L. SHERIN

sets. For example, the set could be broken into two parts (differentiation), or we
could form the union of two sets (coalescence). The point, once again, is that the
possible types of change are largely dictated by the nature of what is changing.

As this paper proceeds, we will be working towards our own answers to the
'what changes' question. We are, of course, not the first people to propose to
answer this question. However, we will argue that many proposed answers only
end up begging the question. Furthermore, we believe that, even where answers
are given, greater precision is needed.

In what follows, we begin by presenting what we call the 'standard model' of
conceptual change. This model is, we will argue, typical of the way that conceptual
change is understood in educational research. Within this model, the answer that is
typically given to the 'what changes' question is 'concepts'. This observation
motivates us to turn our attention to the notion of concept. We will examine
how this notion has been treated in the literature dealing with conceptual change,
and we will try to pinpoint some difficulties. Ultimately, we will argue that it is
necessary to replace the notion of concept with a variety of more carefully defined
theoretical constructs.

In the second major portion of this paper we will present our own candidate
for one of these new theoretical constructs, what we call a coordination class. After
presenting a general introduction to coordination classes, we will focus our atten-
tion on physical or mathematical quantities as examples of coordination classes.
We will then illustrate these ideas with excerpts from some clinical interviews,
providing an analysis focused around the concept of force.

The standard model of conceptual change

The purpose of introducing the notion of conceptual change, especially in educa-
tionally-oriented work, is to separate learning into at least two types: we want to
have a vocabulary that distinguishes deep varieties of change from more routine
sorts of learning, such as fact memorization and the gradual accretion of beliefs.
Any account of conceptual change should draw a line between these two types of
learning. The standard model does this; it is an image that is invoked by a wide
array of researchers, both implicitly and explicitly, to describe what counts as
'conceptual change', which represents deep, more difficult to accomplish learning,
in opposition to more mundane sorts of learning. For us, the standard model serves
as a jumping-off point, but we will ultimately react against it.

We begin with a version of the standard model that appears in the work of
Susan Carey (1988). In order to distinguish more and less fundamental varieties of
change, Carey contrasts the accounts that appear in two bodies of literature. First,
she begins with a discussion of literature concerning the novice/expert shift, espe-
cially as it appears in accounts of physics learning. She describes how some novice
misconceptions may be replaced by more expert beliefs. For example, the mis-
conception 'there is no motion without a force' should be replaced with the expert
belief 'there is no acceleration without a force'.

What sort of change is this? According to Carey, one possibility is that we
should understand this as a change in the relations among the concepts that appear
in these beliefs. The point is that concepts such as force, motion, and acceleration
may remain unchanged in the move from novice to expert; they are simply related
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WHAT CHANGES IN CONCEPTUAL CHANGE? 1157

in new ways. Students develop new beliefs, and follow those which are a type of
relation. But they may be beliefs about the same concepts.

For contrast, Carey describes another body of literature that emphasizes the
possible existence of more dramatic varieties of change. Here, Carey turns to the
history of science, and especially to the work of Thomas Kuhn. Carey states that,
although there has been much argument and counter-argument, 'a strong view of
restructuring has survived, one that allows for true conceptual change among core
concepts of successive theories'. In discussing the historical development of the-
ories, historians have argued that there may be changes 'even in the individual
concepts in the center of each system' and 'because of these differences, some
terms in one theory may not even be translatable into the terms of the other'
(Carey 1988: 6).

Carey thus provides a contrast between more and less dramatic varieties of
change. If the less dramatic variety is accurate for describing what happens when a
student learns physics, then it may be good enough to understand students as
simply acquiring new beliefs about (that is, new relations among) concepts, such
as force and mass, that they already possess. However, if the stronger version is
correct, it may not be accurate to think of students as even talking about the same
things when they say 'force' or 'mass'; the very concepts may differ in some
fundamental manner. The concepts may be incommensurable, to use the term
that is used by historians of science.

Carey calls these two varieties of change 'weak' and 'strong' knowledge
restructuring. In weak restructuring 'new relations among concepts are repre-
sented, and new schemata come into being which allow the solution of new prob-
lems and which change the solutions to old problems'. In contrast, strong
restructuring involves 'change at the level of individual concepts at the core of
the successive systems' (p. 7). The latter, stronger variety of restructuring we call
conceptual change.

This is the standard model of conceptual change. We can see that it attempts to
do the job of distinguishing between conceptual change and more mundane vari-
eties of learning. Other researchers use different language than Carey, but present
very similar images. For example, Gentner et al. (1997: 31—2), writing in a recent
special issue on conceptual change, distinguish three grades of change: belief revi-
sion, theory change, and conceptual change.

Belief revision is a change in facts. Theory change is a change in the global knowledge
structure. Conceptual change, in some sense the most drastic, is a change in the
fundamental concepts that compose the belief structure. Conceptual change thus
requires at least locally nonalignable or incommensurable beliefs.

Although Gentner et al. (1997) distinguish two degrees of change in the relations
among concepts, it is clear that their notion of what counts as conceptual change is
very similar to that of Carey.

It is worth emphasizing that the standard model originated in literature from
the history of science. We saw that Carey drew on this literature to develop her
own distinction. And, although not all researchers subscribe to many of the spe-
cifics — such as whether it is ever accurate to speak of concepts as being 'incom-
mensurable' - terminology from the history of science has been central to
discussions of conceptual change. For example, in an influential article that has
been described as 'seminal' (Magnusson et al. 1997), Posner et al. (1982: 212)
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1158 A. A. DISESSA AND B. L. SHERIN

develop their version of the standard model precisely by making analogies to the
history of science. In particular, they make analogy to the Kuhnian notions of
'normal science' and 'scientific revolution':

There are two distinguishing phases of conceptual change in science. Usually scien-
tific work is done against the background of central commitments which organize
research... The second phase of conceptual change occurs when these central com-
mitments require modification. Here the scientist is faced with a challenge to his basic
assumptions. If inquiry is to proceed, the scientist must acquire new concepts and a
new way of seeing the world. Kuhn terms this kind of conceptual change a 'scientific
revolution'

With Kuhn's version laid out, Posner and colleagues (1982: 212) make their ana-
logy to individual learning:

We believe there are analogous patterns of conceptual change in learning. Sometimes
students use existing concepts to deal with new phenomena... Often, however, the
student's current concepts are inadequate to allow him to grasp some new phenom-
enon successfully. Then the student must replace or reorganize his central concepts.

Not only are ideas borrowed from the history of science, much of the
conceptual change literature uses historical examples for illustration. For
example, the article by Gentner et al. (1997) cited above, looks in detail at the
work of Kepler. Similarly, Wiser (1988) discusses the historical development
of the concepts of heat and temperature. Thagard (1992) uses a number of
historical examples, including the replacement of the phlogiston theory by the
oxygen theory.

Not all conceptual change researchers would subscribe to the standard model,
at least not in the particular way that we have presented it. Furthermore, even
those that do subscribe to a version of this model might reasonably complain that
what we have presented is overly simplified. There are complications and theor-
etical positions that relate to the standard model in ways that are not trivial to work
out. In addition, most writers who describe conceptual change in this manner also
count other types of change as conceptual change. To cite what is perhaps an
extreme example, Thagard (1992) counts six of his nine degrees of change, men-
tioned above, as conceptual change.

Nonetheless, the above exposition of the standard model is sufficient to estab-
lish the jumping-off point that we need for the remainder of this paper. What we
have tried to do, thus far, is document that conceptual change is very often under-
stood as involving changes in 'the very concepts' at the 'core' of a conceptual
system, the very 'terms' in which the world is understood. When this foundation
of terms changes, everyone seems to agree that this is difficult, and we call it
conceptual change.

Thus, we must turn our attention more seriously to concepts and how they
change. In asking what changes in conceptual change, we will now answer 'con-
cepts'. But, since we have yet to say much about what a concept is, this only goes so
far towards answering our question. Indeed, one of the most important difficulties
of the standard model, in most of the relevant presentations in the literature, is its
failure to unpack what 'the very concepts' are in sufficiently rigorous terms.
Without a clear notion of what a concept is, the standard model really only begs
the question of what counts as conceptual change.
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WHAT CHANGES IN CONCEPTUAL CHANGE? 1159

The concept of 'concept' and research on conceptual change:
the problems identified

In this section we begin our focus on concepts. We work on this first by taking a
look at how the notion of concept has been treated in the literature on conceptual
change, both implicitly and explicitly. For a first example, we return to the article
by Carey (1988), discussed above.

After laying out the notions of strong and weak restructuring, Carey applies
these notions to the restructuring of biological knowledge that occurs between the
ages of 4 and 10. In doing so, she makes a strong case that there are dramatic
changes in biological knowledge during these years. Among her more important
contentions is that the acquisition of detailed biological knowledge is the key to
these broad changes.

Let us look briefly at one example from the paper to give a flavour of Carey's
argument and to see the role that the notion of concept plays within that argument.
Some of the key developments addressed by Carey relate to childhood animism. A
well-known and well-reproduced result is that young children tend to describe
many things as 'alive' - such as the moon and cars - that would not be judged
to be alive by adults. For Carey, these observations are relevant to human under-
standing of the concept living thing, and she describes an experiment that is
designed to explore whether and in what way young children possess this concept.

Six-year-old children were shown pictures of dogs and flowers and told 'here
are two things in the world that have golgi'. Carey reasons that if 6-year-olds
possess the concept living things, then they should be able to induce that other
livings things also possess golgi. Since they do not possess this concept, they will
sometimes say that inanimate objects have golgi. In Carey's words 'By hypothesis,
the 6-year-old does not have the concept living thing available as an inductive base,
and so should sometimes include inanimate objects as golgi-havers' (p. 22). This
hypothesis was validated by the experiment.

Carey ultimately addresses the question of whether the changes in biological
knowledge that occur between the ages of 4 and 10, such as those described above,
should count as strong restructuring. In the present paper, we are especially inter-
ested in whether Carey concludes that there is a fundamental change at the level of
individual concepts. Near the end of her paper, Carey concludes (speculatively)
that there is a fundamental change of this particular sort:

Are important biological concepts such as dog, animal, alive, death, growth, eating, and
so on different in the two systems in the same ways that the concept motion differs in
successive mechanics? Attribution of strong restructuring hangs on the answer to this
question, for it is change at the level of individual concepts, more than anything else,
that distinguishes the two types of restructuring. I believe it is misleading to describe
the 10-year-old merely as having represented different relations among the same
concepts... Learning the role of eating in maintaining the function of the body is
part of coming to distinguish dead from animate, (p. 23)

We are using Carey's work here not because we believe that it is especially proble-
matic. On the contrary, we believe it is an outstanding example in the field. Carey
makes her points clearly and, more importantly, she has assembled substantial
evidence of deep learning within a domain. Nonetheless, we will now point to
what we feel are important difficulties in this work, difficulties that are common
across work in conceptual change. These problems, we believe, need to be
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1160 A. A. DISESSA AND B. L. SHERIN

addressed before we can profitably continue to make claims concerning conceptual
change.

Furthermore, we should emphasize that we are using Carey (1988) as an
extended reference point for purposes of specificity and concreteness. We do not
mean to imply that it summarizes her or anyone else's point of view, nor that
Carey's work has not evolved. Nonetheless, we do not take it that more recent
work changes the basic issues about which we speak. For example, in Carey and
Spelke (1994) concepts - indeed, core concepts - and conceptual change are still
central ideas. Although the article conjectures about mechanisms, these are not
connected in any detailed way to a model of concepts or how pieces of that model
are changed by the proposed mechanisms.

The items on the following list of difficulties are not independent. Rather, they
constitute approaches to seeing a core underlying problem. We do not present the
list in order to provide a careful analysis of the problem, but, instead, simply to
help the reader to begin to see the dramatic nature of the difficulties involved.

1. What should we count as a concept?

First, we ask the question: How does Carey know a concept when she sees one?
One of her research questions is to ask whether children of a certain age possess a
particular concept such as living thing. But how does she know that anyone, even
adults, can accurately be described as possessing this concept?

The central problem here is that just because we, as researchers, can name a
particular cognitive task (such as the task of determining whether something is
'alive' or not), this does not tell us anything directly or obviously about how that
task is accomplished. Even if we can name the task with a word of phrase ('living
thing'), this does not mean that any unified mental structure, such as a concept, is
responsible for an individual's ability to perform the task. To cite a dramatic
possibility, we might decide, on various grounds, that it is more accurate to
describe our apparent understanding of a word such as 'dog' as being due to
some completely different, hidden set of concepts, ones for which we have no
words or even any explicit awareness. Some researchers have believed that there
is a language of the mind, mentalese, but that the vocabulary of that language has
nothing much to do with common words (Fodor 1975). In mentalese, 'dog' might
correspond to 'nog fruk chuk'. So, learning 'dog' might mean learning any subset
of the (let us say) concepts 'nog', 'fruk', or 'chuk'. Or, in mentalese, 'nog fruk
chuk' might implicate a theory, so learning it might not even be conceptual. How
do we know? We do not intend to argue for mentalese, but much research assumes
and seems to validate that tacit knowledge, which is not evident in language, does
key work in learning (Tirosh 1994).

The temptation to assume that words or phrases correspond to concepts has
other difficulties. Notably, there are tens of thousands of words. If every such is a
concept, then the concept of concept almost certainly cannot do the work we need
to do. That is, conceptual change (learning a new word) cannot separate difficult,
deep learning from easy learning. Consider that children learn many words per
week during their peak language-learning period, not to mention that some words
are almost certainly learnable simply by looking them up in the dictionary. We
might recover our research goals by determining empirically which word-concepts
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WHAT CHANGES IN CONCEPTUAL CHANGE? 1161

are difficult and which are easy. But this begs the question of why, and provides no
insight on how to improve learning.

To be fair to Carey, she does do some of the triangulating that would be
necessary to establish her candidate concepts as solid elements of a descriptive
theory. We cannot argue the specific cases here and, indeed, Carey is, in our
estimation, among the best in this regard. Instead, we only want to note that
there is extremely difficult work to be done. A significant amount of argument
and evidence is needed before one should venture to assert that any individual or
group possesses a particular concept, such as force or mammal, much less that
acquiring the concept explains difficulties in learning.

2. Lack of attention to manifest variety

In the above quote from Carey, notice the long list of things that are called con-
cepts: dog, animal, alive, death, growth, eating. To this list we can add motion, force,
velocity and acceleration, which are referred to as concepts earlier in her paper. In
calling all of the above things concepts, Carey is putting together quite a variety of
things. This is not necessarily a problem; indeed, science is partly about looking
for unifying categories. But it is entirely possible that knowing force is very dif-
ferent from knowing dog. The reader is asked to ponder (as we will more carefully
later in this paper) the difference between recognizing dogs and forces in the
world, and the very different types of reasoning that one might do involving
each. Furthermore, how should we handle possibly even more exotic concepts,
such as the concept of number} Numbers are very different than dogs.

In sum, it is very easy to imagine that we will need more than one theoretical
construct to deal with this variety. If there are differences, then this may well
matter for how we understand conceptual change in each case.

3. Theoretical imprecision

Even if it turns out that it makes sense to call all of force, dog and number concepts -
even if we can usefully deal with all of these with a single theoretical construct - at
rock bottom, we are still left with the problem of saying what a concept is. If we
accept the standard model, we can say that concepts are at the 'core' of our under-
standing, that they are the entities about which we have beliefs, but they are
nonetheless left as something of a black box. The precise form that an account
of concepts takes will depend, of course, on the research tradition that one adopts,
and we certainly do not want to rule out multiple traditions. In the present paper,
we adopt the tradition of cognitive science, and from that point of view we want to
have more precision about the processes and form of the mental representations
associated with concepts. However, whatever the tradition, we need enough pre-
cision on the nature of concepts to be able to say something about what in essence a
concept is, what concepts people actually have, and how these entities can change.

What might a concept be

At this point, we want to pause in our examination of the notion of concept in
conceptual change research and look a little more broadly at how concepts have
been treated in the research literature. It is possible that other fields have provided
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1162 A. A. DISESSA AND B. L. SHERIN

empirically grounded theoretical accounts of the notion of concept that can serve as
the necessary basis for conceptual change research. This discussion will also help
give a feel for what a 'more precise' model of concept might be like.

'Categories' and 'concepts'

We first turn our attention to a literature most of which falls within the realm of
experimental psychology. This research is typically described as being about the
psychological nature of categories, but, in some cases, the researchers involved
frame their work more generally as being about the psychological nature of con-
cepts (Medin 1989, Rosch 1994). Although this research is rich and fascinating, we
can only scratch the surface here. Our primary job will be to show why this work
cannot provide the answers we need, that is, why we will not be able to look to the
category research for an account of the nature of concepts that can provide the sole
— or even primary — basis for further study of conceptual change.

We begin with a little of the history of this work. This story has been told
many times by more authoritative sources, and the interested reader should look to
existing summaries for a more detailed account (Lakoff 1987, Medin 1989, Rosch
1994). The story usually begins with the rejection of the 'classical' view of cate-
gories. In the classical view, a category is defined by a list of features - sometimes
also called 'properties' or 'attributes' — that are both necessary and sufficient to
determine category membership. For example, a bird might be defined as a thing
that has wings, a beak and feathers. If something has all of these features, then it is
a bird; if it does not, then it is not a bird.

The rejection of the classical view of categories was fuelled in large part by the
recognition of what have been called 'typicality effects' (Medin 1989). It was found
that, psychologically, humans judge some instances of a concept to be better ex-
amples of the concept than others. For example, robins are judged to be better
examples of birds than chickens. And there are fuzzy cases - cases in which it is not
clear whether or not the case should count as an instance of the concept.

These observations led to the development of what have been called 'prob-
abilistic' theories of concepts. In one version of this theory, it is argued that a
concept is represented by a prototype. So, for the concept of bird, the mental
representation would be a prototypical bird — something like an idealized bird.
Then category membership is determined by measuring the similarity of some
instance to the prototype. In contrast, in an alternative class of probabilistic the-
ories called 'exemplar' theories, the concept is represented by means of specific
examples of the concept.

All of the above models are at least moderately specific about the mental
representation of concepts. If they do not describe the precise form of the repre-
sentation and process details, at least they describe content - what the representa-
tion represents. For the classical view, the representation is a list of features; for
prototype theories, the mental representation is simply some form of the proto-
type. In some cases, there have been attempts to specify form and process, for
example, how the prototype is represented and how similarity is measured for
prototype theories. In any case, all of these models constitute steps beyond 'con-
cept as black box'. If we believed that they provided a useful account of the
psychological nature of concepts, we would probably be in a relatively good posi-
tion to say something about possible types of conceptual change. For example, if
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WHAT CHANGES IN CONCEPTUAL CHANGE? 1163

concepts were feature lists, then changes in a concept would correspond to various
sorts of changes to the associated feature list.

However, this history of category research is not yet done. The formerly more
promising theories - prototype and exemplar - have now been rejected by many
researchers, even by some of the original proponents of these theories. In fact, one
of the most prominent of these, Eleanor Rosch, has altered her view. The evolution
in Rosch's thinking is summed up concisely by Lakoff (1987: 43):

Rosch considered the possibility that prototype effects, as operationalized by the
experiments cited above, might provide a characterization of the internal structure
of the category. Thus, for example, the goodness-of-example ratings might directly
reflect the internal structure of the category in mental representation... Rosch even-
tually gave up on these interpretations of her experimental results. . . She came to the
conclusion that prototype effects, defined operationally by experiment, underdeter-
mined mental representations. The effects constrained the possibilities for what
representations might be, but there was no one-to-one correspondence between the
effects and mental representations.

The problem is that, although prototype (typicality) effects are very robust, the
interpretation of these effects in terms of mental structures and processes is far
from clear. In particular, there is no reason to believe that these effects are necess-
arily generated by a simple mental structure (e.g. a prototype) that embodies the
typicality distribution in a straightforward manner. It is possible, for example, that
the effects are generated by a complex ensemble of mental structures. This reali-
zation was partly driven by some observations that apparently 'classical' categories,
such as odd and even number, also exhibit typicality effects (Gleitman et al. 1983).

These problems are closely related to the first difficulty we mentioned in
relation to Carey's work - what should count as a concept? In most cases, the
category researchers framed their experiments as asking questions about specific
concepts. They asked: How can we characterize human understanding of Category
X? They then went on to map out the structure of this category in the response
given by subjects. However, the assumption that there is anything like a mental
representation of Category X is a big assumption; it presumes that there is an
entity in our mental ecology that is both worthy of reification and also straight-
forwardly associated with Category X. Again, how do we know, a priori, what
concepts to look for? If every idea one might trouble to name is a concept and
concepts are responsible for extraordinary difficulties in learning, then surely we
are in an untenable position.

The notion that more elaborate mental structures may ultimately be respon-
sible for generating prototype effects has led to a new class of 'theory-based'
models. For example, Lakoff (1987: 70) understands concepts as defined relative
to what he calls 'idealized cognitive models' (ICM), and he uses the concept of
bachelor for illustration. To explain why priests and homosexuals are not typical
examples of bachelors, even though they are unmarried males, Lakoff states that
bachelor is defined with respect to an ICM in which there is a human society with
(typically monogamous) marriage, and a typical marriageable age.

The move to theory-based models may very well be a move in the right
direction; we believe that loosening the presumed relation between concepts - as
delineated a priori - and mental representations is appropriate. However, although
we cannot begin to analyse and critique this work here, we agree with Rosch (1994:
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1164 A. A. DISESSA AND B. L. SHERIN

522) that existing theory-based models do not provide much precision on the
nature of the 'theories' that are at the heart of these models.

Is the theory of categories as theories a new claim of substance, or is it only a battle
cry? On the one hand, it comes as a refreshing recognition of the larger context in
which categorization always occurs - which it is hoped will provide an antidote to the
minimodel mentality. However, the theories view is remarkably silent on all positive
issues one might expect it to address. What is meant by a theory?... It is hard to
escape the impression that presently absolutely anything can count as a theory and
that the word theory can be invoked as an explanation of any finding about similarity
or attributes.

If we accept this appraisal, we must conclude that we cannot look to current
theory-based models to solve the problem of theoretical precision for us.

We have one final point to make about the category literature. This is perhaps,
from the point of view of this paper, the most important point we will make, and it
relates closely to our Difficulty 2. Although the category researchers often describe
their work as being about the nature of human concepts, the term concept tends to
be used much more broadly within educational research. When we say concept, we
are not only talking about bird and bachelor, we also intend to include force and
number. Thus, even if the models generated by the category literature work well for
concepts like bird and bachelor — perhaps call them 'category-like concepts' - it is
extremely difficult to see how the same models could possibly work for all of the
things that have been labelled concepts by educational researchers. For example, it
does not seem conceivable that one understands the concept of number only by
holding some representation of a prototype number. Would all numbers be repre-
sented by a single prototype, or do we need a prototype for every number? We
believe that this inquiry is prima facie absurd. There are many different places that
we need to see numbers in the world, so even one prototype per number seems
unlikely. Furthermore, knowing the concept of number means much more than
deciding if a particular entity in the world is an instance of this concept. What
might the I CM for number be?

What else might a concept be?

The discussion above of the category literature captures an important fraction of
the noteworthy theorizing concerning the psychological nature of concepts. As we
argued, although the category literature is relevant to our understanding of con-
cepts and the models described may be among the best currently available, we
believe that this literature does not provide the big answers we need to press
forward our study of conceptual change. The early and more precise models,
such as prototype theories, are proving to be unsatisfactory. Successor models
have back-pedalled on precision. Furthermore, it seems evident that the existing
models could not possibly cover the range of uses of the term 'concept'.

To fill out this discussion, we briefly mention additional noteworthy classes of
models.

• Relational theories of concepts. In relational theories, concepts get their
meaning by participating in a web of relations with other concepts. Given
this model, changes correspond to the adding and deletion of nodes, as well
as changes in the existing relations between these nodes (although we might
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WHAT CHANGES IN CONCEPTUAL CHANGE? 1165

not count the latter as conceptual change). Models in which concepts cor-
respond to terms, and these terms are defined by the beliefs and proposi-
tions in which they participate, may be considered to be relational theories.
It is possible that we might ultimately decide to include relational theories
among theory-based models.

• Patterns of activation in a neural net. Models of concepts have also been
proposed by connectionists. In these models, there may be no simple, loca-
lized 'mental representation' that corresponds to the concept; instead, con-
cepts can correspond to patterns of activation that emerge during the
activity of the neural net (e.g. Rumelhart et al. 1986). If we decide to
adopt this viewpoint, we are left with two options. First, we could abandon
any attempts to provide accounts of learning at the level of concepts. (This
is a real option!) Alternatively, we could work on describing how and when
the patterns corresponding to concepts arise. The latter path, of course, is
not trivial, and still leaves us with all of the difficult issues pertaining to
understanding the nature of concepts. For example, we still need to know:
How can we determine which items in our vocabulary, if any, correspond to
concepts?

• Actional/situated perspectives. Situated perspectives go, in a sense, a step
farther than the distributed connectionist viewpoint. These perspectives not
only reject a simple localization of a concept in a particular mental repre-
sentation, they reject any sort of localization of concepts in the mind of an
individual. (See, for example, Magnusson et al. 1997). In these views, con-
cepts are taken to be abstractions over people acting in settings. Thus,
rather than being a pattern of activation in neurons, they are somehow a
pattern of people, things in the world and neuronal activations. If this
notion of concept is retained, many tasks remain; we still must decide
what to reify as concepts, and we must come up with a precise notion of
concept that fits within this perspective.

Models of concept in conceptual change research

The list of models of concept just presented is far from exhausive. Nonetheless, we
believe that the preceding discussion can give a good feel for the range of views
concerning the nature of concepts, and for what a more precise model of a concept
might be like. With this discussion in mind, we now return, once again, to Carey
(1988). To which, if any, of the above models does Carey subscribe? There is no
place in Carey's article in which she provides any approximation of a definition of
the term concept. So, to determine how she understands the nature of concepts, we
must resort to looking at the various statements she makes about concepts. Here,
we will use just one representative passage. In arguing that the core biological
concepts must change in the development that occurs between ages 4 and 10,
Carey states:

At least two important kinds of conceptual change that are found in theory changes
are found in this case. Both differentiation and coalescence must be achieved (such as
the just-mentioned differentiation of two senses of not alive and the 'coalescence' of
animal and plant). The coalescence of animal and plant into a single category living
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1166 A. A. DISESSA AND B. L. SHERIN

things involves more than a simple disjunction animal or plant. By age 10 the two are
seen as fundamentally alike in a way that involves having reconceptualized both,
(p. 24)

First, we note that Carey is using the word category here, rather than the word
concept. This may suggest that she has in mind the category literature described
above. Indeed, the concepts mentioned in this last quote seem plausibly to be of
the 'category-like' variety; unlike the concepts of force and number, it does not
seem, prima facie, absurd to think of the concept of animal as being represented
as a mental prototype. However, whatever model we attribute to Carey must be
consistent with her statements concerning how concepts change. This poses a
difficulty for prototype models, for example, since it is difficult to understand
what it might mean to coalesce the prototypes of animal and plant to get a new
prototype for living thing. How might we fill in some details of a prototype repre-
sentation so that such a coalescence makes sense? Furthermore, it is hard to see
how a single prototype could cover a category as large as living thing. Likely, we
would want to resort to using multiple prototypes, or a large set of exemplars.

It is possible that Carey would be more comfortable within a theory-based or
relational model. In fact, there are hints of this in the paper. But the notions of
differentiation and coalescence are harder to understand in models that give mean-
ing to concepts through non-localized representations. In the case of a relational
model, for example, the coalescence of two concepts would have to involve a
complicated rearrangement of relations in a manner that corresponds roughly to
coalescing.

The problem is not that any of these possibilities is untenable. Rather, the
difficulty is that we simply cannot be sure what sort of model Carey has in mind. If
we do not know what a concept is, statements about changes in concepts are
questionable utility; saying that animal and plant coalesce is less helpful if we
are not very clear on the general nature of animal and plant before and after
coalescence.

To make these judgements more pointed, we look at work by David
Trowbridge and Lillian McDermott that is described in two papers published
in 1980 and 1981. In these two papers, Trowbridge and McDermott provide
empirical results that they describe as relevant to students' understanding of the
physical concepts of velocity and acceleration. Although our comments here are
relevant to both of these papers, we will focus on the first, which describes itself as
'systematic investigation of the understanding of the concept of velocity among
students enrolled in a wide variety of introductory physics courses' (1980: 1920).

Trowbridge and McDermott employed modified versions of some traditional
Piagetian tasks. One of these tasks is illustrated in figure 1. In this task, two balls

H Ball A

BallB

Figure 1. Trowbridge and McDermott's task.
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WHAT CHANGES IN CONCEPTUAL CHANGE? 1167

roll simultaneously along U-shaped channels. The top ball, Ball A, travels at a
constant speed from left to right. In contrast, Ball B starts off moving more quickly
than Ball A, but slows down as it goes up the incline. The apparatus is set up so
that Ball B passes Ball A near the start of the motion, but is then itself passed by
Ball A.

The question that the researchers asked their subjects was: Do these balls ever
have the same speed? In response, many students stated that the balls have the
same speed at the two passing points, that is, when they were at the same position.

Trowbridge and McDermott attributed these incorrect responses to what they
called the 'position-speed confusion', though the authors themselves were some-
what tentative in the use of this phrase. They stated that 'The use of the word
"confusion" here should not be misconstrued to mean the mistaking of one fully
developed concept for another. We are using the expression "confusion between
speed (or velocity) and position" to refer to the indiscriminate use of nondiffer-
entiated protoconcepts' (p. 1027).

Trowbridge and McDermott presents us with some quite clear empirical
results, which they interpret in terms of the concepts of velocity and position.
The authors' interpretation is important, since they prescribe instruction that is
specifically directed at helping students 'resolve' (differentiate) these concepts. But
Trowbridge and McDermott's conclusions need to be reexamined in the light of
the three difficulties discussed above:

1. What should we count as a concept?

Trowbridge and McDermott's whole programme is framed in terms of questions
about the concepts of position and velocity. But how do we know, a priori, whether
there is any psychological reality to these concepts? To use Lakoff's language, the
observations presented in this work greatly 'underdetermine mental representa-
tions' - there is a big step from subjects; responses in these Piagetian tasks to any
claims about mental representations. As noted above, Trowbridge and
McDermott are somewhat sophisticated in this regard; they realize that it may
not be accurate to describe student behaviour in terms of the concepts of position
and velocity, and they allow that students may have some undifferentiated mixture.
Nonetheless, the presumption is that, in experts, the non-differentiated protocon-
cepts are ultimately differentiated into the concepts of position and velocity.

Trowbridge and McDermott's analysis actually illustrates a special case of
Difficulty 1. The presumption that we can use expert concepts as a lens through
which to view novice or everyday concepts is clearly, given our above discussions,
questionable.2 Other researchers have been sensitive to this particular difficulty
(e.g. Wiser 1988). But to this we add the following: As of yet, we are not in a
position to identify expert concepts! We must not make the mistake of presuming
that there is a simple alignment between expert concepts (psychologically under-
stood) and the technical vocabulary of a domain.

2. Lack of attention to manifest variety

There is less for us to say about this difficulty. We only note that Trowbridge and
McDermott are using the term 'concept' for position, velocity and acceleration.
This is the same term that Carey and others have used for mammal and number.
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1168 A. A. DISESSA AND B. L. SHERIN

As we have discussed, some of the best developed theories of concepts do not
appear to be readily applicable to non-category-like concepts of this sort.

3. Theoretical imprecision

Although Trowbridge and McDermott do try to be careful, phrases such as 'non-
differentiated protoconcepts' cannot be helpful without further elaboration, and
the authors fall far short of any model of concept. It is worth nothing that
Trowbridge and McDermott use language that implicates processes of use as
well as representation. 'Indiscriminate use' suggests something like carelessness.
But no details of this characterization of process are forthcoming.

For a view of what they understand a concept to be, we can, as with Carey,
look at some of their statements about concepts:

Physics instructors generally share a common interpretation of the kinematical con-
cepts based on operational definitions and precise verbal and mathematical articula-
tion. On the other hand, students in an introductory physics course are likely to have a
wide variety of somewhat vague and undifferentiated ideas about motion based on
intuition, experience, and their perception of previous instruction, (p. 1020)

Although students who were unsuccessful could generally give an acceptable defini-
tion for velocity, they did not understand the concept well enough to be able to
determine a procedure they could use in a real physical situation for deciding if and
when two objects have the same speed, (p. 1027)

For experts, Trowbridge and McDermott state that concept understanding is
based on 'operational definitions and precise verbal and mathematical articula-
tion'. This seems closest to a classical model of a concept since it appears to
bound understanding within a simple and statable definition, even if that defini-
tion is not based on features and attributes. In any case, this statement implies a
model of concept that is very localized in a particular mental representation. This
inference is supported by the latter passage in which the authors speak of a concept
being used to 'determine a procedure'. If concepts determine procedures, then the
procedures are themselves not part of the concept. In contrast, the model of con-
cept that we introduce below incorporates procedures into the heart of 'concept'.

Drawing as many possible inferences as we can, we still cannot be definitive
about what 'concept' means to Trowbridge and McDermott. For the most part,
they and others treat concept as a black box. Without a more precise notion of
concept, serious difficulties follow. We do not know whether the terms position
and velocity adequately cover novice or expert conceptual competence. Even if
these terms do apply in some manner, without a better model of concept we cannot
conclude anything general about conceptual change from these experiments, nor
can we say anything reasonably precise about the change that happens in this case,
aside from remarking on the different performances of novices and experts.

Finally, we note that a number of other terms have been used in conceptual
change research. For example, some researchers use conception in place of concept
and framework or theory to implicate a relational view. There are many nuances
that may be explored comparing the meanings of these terms. However, to keep
this paper manageable, we remark only that, in our estimation, none of these
escape the difficulties listed here and in previous sections.

In the following section, we build on the above critiques towards a positive
contribution to understanding the nature of concepts and conceptual change. The
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WHAT CHANGES IN CONCEPTUAL CHANGE? 1169

first section prepares for later work by setting the standards to which we aspire in
presenting a model of concept. These standards flow, for the most part, directly
from what was said above. We then introduce a particular model of concept —
heuristically first, then in more detail, including particular expectations and issues
that deserve empirical investigation. Last, we will present several episodes in a case
study of conceptual change to illustrate and make plausible the value of the pro-
posed model of concept.

Tenets of accountability

What should we expect from a model of concepts?

1. Standards of what counts as a concept

We should be in a much better position than the work cited above for determining
what is a concept, and what is not. These standards should be both theoretical and
empirical. They should have analytic clarity, and such clarity should lead to
empirical focus and determination. We can expect an articulation of the pieces
of 'knowing a concept'.

2. An account of different varieties of concepts

An articulated model of concept should lead to an understanding of parameters in
the nature of different concepts, or towards an understanding of qualitatively
different kinds of concepts. Indeed, the term 'concept' may not survive as a tech-
nical term and may instead be replaced by a variety of theoretical constructs. If
there are warrants for treating concepts in a unitary manner, these should be
explicitly given - theoretically and/or empirically.

3. Theoretical accounts of a variety of processes involved in concept use
and conceptual change

Given a better articulation of the nature of concept, we should be in a much
better position to understand the operation, emergence and change of such
entities. More particularly, we should have a better understanding of which
are the most difficult parts of assembling a concept and which parts are easy,
at least in some circumstances. These processes need to specify what aspects
of prior understanding are involved in new concepts and in what ways. This
'prior understanding' might include something akin to a prior version of the
target concept (such as notions of 'alive' that precede a proper biological
concept), but, more generally, other aspects of prior competence will be
implicated. Because of this, conceptual change involves more than the change of
prior related concepts. Ancillary knowledge may well specify contextual effects
that determine in significant measure how easy or difficult learning a new
concept might be.
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1170 A. A. DISESSA AND B. L. SHERIN

4. The ability to match real-time data from students' thinking with the
theoretical accounts of processes described above.

It is remarkable how much study of conceptual change has been simply description
of before and after states, without watching in any detail how concepts work and
develop, fitting such observations into theoretical patterns. Simply put, a good
articulation of the nature of concepts should allow us, for example, to 'see concepts
and conceptual change at work'.

Overall, having an articulated model of concept may allow us to organize and
differentiate the processes involved in the application of a concept and in concep-
tual change. We should be able to localize difficulties students have with a concept
and in conceptual change, and we may be able to theoretically identify types or
components of change, possibly making connections that might otherwise be sur-
prising. In addition, Item 4 reminds us that this ability to localize and be precise in
our accounts must be empirical as well as theoretical; it is important that we are
able to account for process data relating to the use and change of concepts.

Coordination classes: a heuristic introduction

Preamble

In the particular model of concept we will present, readers' expectations about
what concepts are may well be violated. This is exactly as it should be. If expecta-
tions are not violated in developing a scientifically sharp and useful concept of
concept, then it is almost certain we have not produced anything significantly new.
So, our first task is to sketch briefly what can be and what should not be expected.

Our model of concept will not include a simple account of a unitary mental
structure ('concept nodes'), or even a small number of mental structures, associ-
ated with a concept. Instead, what we will describe is more like a knowledge
system (diSessa 1996). This is a fundamental break from much prior work, and
we believe it is an important one. In particular, a knowledge system approach is
exactly what allows us to analyse real-time performance in terms of particular parts
of the system. As a consequence of adopting a system view, however, the bound-
aries of any concept become somewhat fuzzy, since many system parts are
involved. Our contention is that this is not a disadvantage, but reflects a funda-
mental reality. Instead of stating that one either has or does not have a concept, we
believe it is necessary to describe specific ways in which a learner's concept system
behaves like an expert's - and the ways and circumstances in which it behaves
differently.

In accord with this shift to a system view, we describe our model partly in
terms of performance. We will still attempt to provide structural descriptions of
the parts of the system; however, we believe it is equally important to understand
the function of the system. Performance specifications can also enhance our ability
to make connections with empirical data

Another difficulty that may hinder readers in understanding our model is that
when many people hear the term 'concept', they may think of category-like con-
cepts. However, our model is not clearly about category-like concepts. It turns out
that, in some instances, the model of concept that we will present behaves in a
category-like manner: it defines a class of entities that are cleanly distinguished
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WHAT CHANGES IN CONCEPTUAL CHANGE? 1171

from other entities. But this need not be the case, or it may not be obviously the
case. Furthermore, as we will see, there are instances in which our model behaves
in a way that is manifestly not category-like.

A start

Our model concerns a class of concepts that we believe is important in science
learning. We call them coordination classes. To motivate the idea, we begin with the
contention that 'seeing things' in the world - gaining information about them - is a
complex cognitive accomplishment. What we want to describe is what lies behind
this ability to 'see things'. In this regard, the comment is often made that every
observation is theoretically based, as well as empirical. The notion of pure and
indubitable 'data' is no longer regarded as a serious possibility in the philosophy of
science, nor is it commonly used in the avowed warrants of professional science.
While we do not believe it is appropriate to describe what lies behind observation
necessarily as a 'theory', this nonetheless provides a good beginning orientation. In
this way, our concept of concept might be considered a refinement of theory-based
models mentioned in the subsection on categories and concepts.

Coordination classes, then, are systematically connected ways of getting infor-
mation from the world. Note that this is a performance specification and it stipu-
lates that the prototypical task for coordination classes is getting information. The
prototypical task for category-like concepts, in contrast, is to determine whether
something is or is not a member of the category. For illustration, consider the two
candidate concepts velocity and bird. The primary task that a concept of velocity
must do is to determine the amount of velocity. Is the velocity of that car high or
low? Which of those two cars has the higher velocity? In contrast, the primary task
that a concept of bird must accomplish, if we follow the lead of category research-
ers, is determining whether some particular entity in the world is a bird.

Of course, getting information and determining class membership may be
related. But one can use information for many purposes in addition to determining
category membership. Our implicit assertion is that getting information is a better
characterization of the work that must be done by scientific concepts - at least of
the sort we consider - as compared to sorting entities by category.

In a certain sense, this programme goes back to Kant. He saw that an essential
contribution of the individual was the fusion of diverse perceptions into an inte-
grated reality. Kant believed this was an a priori necessity for any form of cogni-
tion and that the forms for accomplishing it were universal. In the present case,
our interest is in understanding how 'seeing in different situations' can constitute
the core function of concepts (coordination classes). Shifting the means of seeing, a
fortiori, is the core problem of conceptual change.

The difficult job of a coordination class is to penetrate the diversity and rich-
ness of varied situations to accomplish a reliable 'readout' of a particular class of
information. This information may be, for example, seeing the defining attributes
of instances of the concept in question, if the concept is category-like. 'Seeing', as
used here, is at least partially metaphorical. In many instances this seeing is a
substantial accomplishment of learning and will depend only very partially on
basic perceptual capabilities. In addition, this form of seeing sometimes involves
explicit strategies and extended reasoning, as later examples will show. We will use
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1172 A. A. DISESSA AND B. L. SHERIN

coordinate as a verb in place of 'see' or 'determine information' to emphasize a
coordination class perspective.

Think of an individual faced with a rich phenomenological world, where
things present themselves in very many different contexts. That individual is
faced with the problem of opportunistically picking out features in the current
context that relate to the critical information required. These features may vary
from situation to situation. Indeed, even within one situation, one may have to
combine several contingently related observations via some form of reasoning to
infer the necessary information. Coordination classes include strategies of selecting
attention and strategies of determining and integrating observations into the requi-
site information.

Coordination has a double meaning. First, it refers to the fact that, within a
given situation, multiple observations or aspects may need to be coordinated to
determine the necessary information. This version of coordination might be
described more precisely as integration. Second, it refers to the fact that, across
instances and situations, the knowledge that accomplishes readout of information
must reliably determine the same information. Otherwise we might count the
concept as confused or incoherent. This latter sense of coordination might be
called invariance.

Imagine you have gone to a party and meet someone named John. Consider
two different ways of getting information about John. First, you may be interested
in him as a personality. Is he witty? Is he trustworthy? Is he aggressive? To
determine these things, you look at him and listen to him, but you focus on very
particular things, and not others. You listen to his words, but 'tone' may be more
important than meaning. You watch his face for signs of sincerity (however one
does that). You may even attend to feelings he engenders in you, like fear. Often,
you combine several 'observations'. Perhaps you are afraid of him, but you are
certain he didn't intend this. Notice that causality is part of your judgments - in
this case, psychological causality of intentions, means of carrying them out, and
their consequences. Notice how subtle and critical attention must be, and how
multiple modalities, sight and sound might be combined. In sum, our 'readout' of
personality in this case is a complex task, requiring integration of very diverse
observations and extended reasoning based on psychological causality.

Cues available to determine John's personality might depend on the situation.
In a formal situation, for example, it might be hopelessly difficult, and part of your
coordination knowledge might be the ability to appreciate this difficulty. On the
other hand, you might find John on the tennis court, and believe how he handles
losing is a dead giveaway for 'good sports'. In general, having multiple strategies to
see the same thing in multiple situations and the ability to judge the reliability of
various strategies in various situations is prototypical coordination knowledge.

Notice that it is really a significant stretch to think of personality-determining
strategies as defining a category-like concept. The task of determining which
things in the world are 'personalities' and which are not is much backgrounded.
Instead, information gathering is the primary function. 'What is a person's
personality?' Personality determining illustrates the idea of a systematically con-
nected set of strategies to get a class of information, which is the essence of coor-
dination classes.

Now, consider that you want to get information about John simply as a physi-
cal object, rather than as a personality. Suppose, for example, John has become
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WHAT CHANGES IN CONCEPTUAL CHANGE? 1173

drunk, and he is no longer interesting to talk to, or to interact with as a personality.
Furthermore, if he is sufficiently drunk, he may even have lost the ability to get
from place to place on his own. Intellectually boring and without autonomous
locomotion, John might as well be a sack of. potatoes, for most purposes.
Indeed, finding and moving a sack of potatoes might involve essentially the
same set of skills as finding and moving John to get him home. This is a very
different way of coordinating John compared to determining his personality. You
might still attend to the sounds he makes. For example, you might listen for his
muttering in order to find him if you forgot where you last saw him. But you
attend to these sounds not for personality or meaning, but to locate the source of a
sound, just as a child might listen for the quacking of a mechanical duck in order to
find it. And if you can locate a quacking toy in a room full of people, you likely
have the skills to find John by sound, even if you are naive about human person-
ality. Coordinating location doesn't have much to do with any of the categories
people, 'John', or toy duck.

Location is less category-like even than personality. The reasons are fairly
clear. Every physical object has a location, so it does not make sense to ask if a
scene contains a location, as it does for dogs and cups. Furthermore, there just
aren't many location-like things, so that distinguishing location from nearby cate-
gories may not be important. In general, complex attributes like location arid
personality don't make prototypical categories, although they are fine candidates
for coordination classes.

Determining personality is probably not very closely related to the sort of
coordination classes we have in mind, those involving concepts from physics.
However, coordinating 'as a physical object' (including location) is probably
more closely related. Below we discuss the development of this capability, in
part to illustrate its relevance and in part to continue developing the model for
coordination classes.

Piagetian examples

Piagetian psychology provides a wealth of examples that may very well be amen-
able to analysis as learning particular coordination classes. Early on, babies must
learn to coordinate various observations in order to determine the position of an
object. 'Object permanence' may be defined roughly as having the 'concept' of
spatially-localized and permanently existing entities, such as those you may choose
to employ in dealing with poor John. Empirical studies show that this is an
extended accomplishment. An accumulation of a complex and broad set of strate-
gies and understandings is characteristic of coordination classes, as opposed to,
say, learning a rule or definition. In particular, babies give little indication very
early on of even continued attention when an object disappears from view.
Maintaining attention and instigating search strategies are accomplishments.
Later, children may search, but do so ineffectively. They may look where they
last saw an object even though they are told or are given enough information to
determine that the object has been moved. When children have the capability to
track and determine the location of most objects under most conditions they are
likely to meet, we say they have the 'concept of object permanence'. An analysis of
the knowledge necessary to do this would constitute an analysis of the coordination
class 'location of physical objects'.
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1174 A. A. DISESSAAND B. L. SHERIN

Blue Train • •

Red Train

B

Figure 2. The blue and red trains start at the same place and time (A);
the blue train is slower, but travels for a longer time - until time C,
after time B.

'Giving children enough information to infer that an object has moved' impli-
cates a critical pool of knowledge relevant to defining a coordination class. This is
the set of inferences that lead from observable information to the determination of
things that may not be directly or easily observable. We call this class of informa-
tion the causal net. In many instances, the causal net corresponds roughly to what
people intuitively expect of causality, especially in the empirical analyses we dis-
cuss later. Inferring something about John's personality — by inferring motives,
means and intentions - involves psychological causality. In other instances, 'cau-
sal' must be understood in the very general sense of relating observations and
determinations to other plausible or necessary determinations. Causal nets are,
roughly, our replacement for the 'theories that lie behind observations', or the
theories implicated in theory-based notions of categories.

One of our favourite examples of coordination, which highlights the causal net
and how critical and frequently invisible it is, comes from Piaget's studies of
children's conception of time. Consider two trains that start from the same place
at the same time (labelled A in figure 2). Suppose that the blue train is slower than
the red train. However, the blue one continues running for a longer period of time
(until C), while not long enough to overtake the red train spatially (which stopped
at time B). Some children seem entirely capable of making all the relevant obser-
vations about relative time duration in order to conclude that the blue train went
on for a longer duration than the red train. After observing the trains, they will
assert that both trains started at the same time, and that neither started before the
other. They will also assert that the blue train was still going when the red train
stopped, and that the red train was stopped when the blue train stopped. In
terminology that we will explain more fully later, such children possess in-prin-
ciple sufficient readout strategies. But then they will claim that the red train went
on for a longer time than the blue train.5 To an adult, making the former observa-
tions about when the trains started and what was happening when each stopped is
an invisible step away from determining that the train that stopped after the other
went on for more time. But, some children appear simply not to make this infer-
ence. It is missing from their causal net.

To take a different Piagetian example, acquiring the concept of 'conservation
of volume' as an issue of coordination highlights the two senses of the term coor-
dination. Early on, children will fairly systematically claim that an amount of
liquid that has just been poured from a wide container into a narrow one is now
'more'. But this is not as simple as confusing height with 'more'. On other occa-
sions, they may use width as a determinant of amount. This is (lack of) invariance,
coordinating across different situations (as in creating a coherent concept).
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WHAT CHANGES IN CONCEPTUAL CHANGE? 1175

In the case of a child who 'has conservation of volume', he or she must
coordinate, in the sense of jointly using, width and height to estimate volume;
this is integration. In the case in question, the child may well judge that 'the
same liquid, with none removed or added' is a more precise and reliable deter-
minant of more or less than coordinating width and height. So, integration might
be, in some cases, selecting from different determining possibilities. This last case
again shows that judgements of reliability and contextual effects that determine use
of one method or another, are central in defining coordination class knowledge.

A final Piagetian example of (hypothetical) coordination class knowledge sug-
gests that, sometimes, coordination is complex, extended in time and strategic in
nature, compared to being quick, perceptual and invisible. Reading out the infor-
mation about cardinality of a set involves a complex knowledge system consisting
of many coordinated parts, responsive to a wide range of situations (e.g. arrange-
ments of objects, kinds of objects, visibility, and so on). The most obvious part of
cardinality competence, counting, is itself complex and requires a high degree of
coordination (for example, coordinating the 'number song' with sequentially
touching objects). One decides to count, it takes time to do so, and then one
may reflect on parts of this strategy - for example, when to stop. Still, invisible
and quick components are central parts of this hypothetical coordination class - for
example, judging that if no objects join or leave a group, it has the same cardin-
ality.

We have not defined coordination class precisely. However, even at this stage
we believe it is evident that the concept has some specifcity and 'bite'. We can see
that some examples that might be referred to as concepts are clearly not coordina-
tion classes. Other cases are strongly suggestive that they are, while a third class of
'concepts' might take extended empirical analysis to determine their status as
coordination classes. In the first case, non-coordination class concepts, it seems
clear that certain categories piggyback on preexisting coordinations. For example,
learning categories such as 'a glurb is blue and square' piggybacks on coordinating,
individually, shape and colour information, specifically using logical connectives.
It is implausible that people learn how to see 'square' or 'blue' when learning about
glurbs. And it is also implausible that people learn logical connectives in the
context of learning about glurbs. In net, a glurb may be a category, but learning
it is not learning a coordination class. In contrast, an example that is prototypical
of coordination class learning is object permanence. Finally, whether there is any
component of coordination class learning involved in scientific concepts, such as
force or acceleration, is, at this point, unclear. Since the relevance of coordination
classes to science education depends on encompassing ideas like force and accel-
eration, we turn directly to this issue.

Quantities as coordination classes: refining the definition of
coordination class8

We suggested above, with little argument, that cardinality might constitute a
coordination class. In this section we argue, more generally, that physical quan-
tities might constitute coordination classes. We review what we have said about
coordination classes and present a slightly elaborated model of coordination class
knowledge for the case of quantities. At this point, we will view the issue of
whether quantities constitute coordination classes as hypothetical. Later we will
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1176 A. A. DISESSA AND B. L. SHERIN

argue — briefly from a theoretical point of view and more extensively using empiri-
cal data - that there is good reason to believe some quantities do constitute coor-
dination classes, and that viewing them as such is insightful. To aid clarity, we
italicize the key theoretical terms in this section.

In our heuristic introduction to coordination classes, we emphasized readout
strategies that deal with the diversity of presentations of information to determine,
for example, characteristic attributes of a concept exemplar in different situations.
In the case of quantities, this amounts mainly to determining the value of the
quantity in a particular situations. Readout strategies constitute the first of two
main structural components of coordination classes.

We suggested that two different kinds of coordination are central to readout.
First, in a given situation, one must frequently collect, select or combine diverse
'observations' to determine what we wish to 'see' {integration). Indeed, when each
strategy will be used, and how reliable these strategies are, is prototypical coordi-
nation class knowledge. The second sense of coordination deals specifically with
how observations in different circumstances can manage to determine the same
information (invariance) . Integration and invariance are the two primary per-
formance specifications of coordination classes, beyond 'getting information'.

The general class of knowledge and reasoning strategies that determines when
and how some observations are related to the information at issue (that is, related
to 'determining the value of the quantity') is called the causal net. In the case of
physical quantities, the term causal may be particularly apt. This is because quan-
tities are involved in regularities that connect circumstances (preconditions) to
outcomes. If certain preconditions causally determine particular outcomes, then
the relations between preconditions and outcomes can be used to determine out-
come information using only precondition information. Similarly, if we are trying
to determine quantities involved in certain preconditions, causal links may allow us
to observe outcomes and infer preconditions. The causal net is the second primary
structural component of coordination classes.

To illustrate the causal net, consider what is a particularly important case for
this paper, determining force. The existence of a force 'causes' acceleration, which
is the essence of Newton's second law, the equation F = ma. (F denotes force; a
denotes acceleration, and m denotes the mass of the object that is accelerating and
on which the force acts.) So, if you want to determine force, you can sometimes
look first to determine acceleration. Conversely, the same equation allows you to
determine effects from preconditions. If you happen to know the force, then you
can determine the acceleration.

This example illustrates the potentially pivotal role that equations may play in
the causal net for quantities, especially for experts. However, for many reasons,
some of which will become evident, we caution that identifying the causal net with
equations, even equations that are defining, simply will not do. In particular,
students' non-quantitative assumptions about what things cause or determine
other things are quite evident in their thinking about and determining quantities.
We will provide some vivid empirical examples later where a student abandons
equations in deference to more intuitive assumptions in acts of coordination.
Although we won't argue the case here, we believe that, even for experts, non-
quantitative connections among quantities and other aspects of the physical situa-
tion are critical in coordinating.
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WHAT CHANGES IN CONCEPTUAL CHANGE? 1177

The relations between readout strategies and the causal net are intimate. One
looks for things that are related (via the causal net) in order to determine some
quantity. Indeed, even seeing those secondary features may involve additional
inferences from the same or another causal net. In general, readout strategies
and the causal net should co-evolve as learning occurs. There should be episodes
of 'conceptual bootstrapping', where causal assumptions drive the learning of new
readout strategies. On other occasions, 'noticings' — for example, that something
surprisingly affects something else - may drive reformulations in the causal net. In
general, characteristics of one will have important influences on how the other
behaves and develops.

On the basis of these distinctions, we can be more refined in describing the
process of change in acquiring a coordination class. In particular, the separate
changes in readout strategies and in the causal net constitute parameters of con-
ceptual change. For example, it is plausible that no new readout strategies are
necessary in learning a new coordination class, but existing ones come to be organ-
ized and used differently. On the other hand, sometimes new strategies may be
necessary. On the causal net side, the issue is similarly differentiated. In principle,
one may have essentially no prior causal net and a new net may need to be built
from whole cloth. Or an old causal net may need to be developed and reorganized
to varying degrees.

In the following, we will not systematically replace 'concept' with 'coordina-
tion class'. We avoid this for two reasons. First, coordination classes are only one
type of concept, and we still need a more general and open term. Second, we want
to emphasize that we are working on the same issues as those concerned with
concepts and conceptual change.

Assumptions and predictions

We have already, implicitly or explicitly, provided significant possibility for dif-
ferentiating aspects of the accomplishment of coordination class competence into
different categories. In particular, we distinguished acquiring new readout strate-
gies from altering the causal net. We have also distinguished coordination across
situations (invariance) from coordination within particular situations (integration).
All of these distinctions should allow us to be more precise in describing difficul-
ties, easy accomplishments and partial success in conceptual change. In this sec-
tion, we elaborate a few specific expectations about how things will turn out
empirically in the case of physics. This is based mainly on prior work about
intuitive conceptions in physics and their relation to learning schooled concepts
(diSessa 1993).

Probably the most important observation in this prior work is that naive
understandings of the physical world constitute a rich knowledge system. First,
this means that perceptual (low-level readout) strategies may need to be organized
and somewhat extended. However, on the whole, this is not a particular difficulty
in achieving conceptual change in physics. What may be more surprising is that a
rich and flexible causality already exists for understanding physics prior to instruc-
tion. diSessa (1983, 1993) called this causality the naive 'sense of mechanism'. In
brief, the claim is that naive physical causality consists of a rich system of elements
that are organized only in a limited degree. The elements themselves, called p-
prims, are relatively simple and usually abstracted from common experiences. For
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1178 A. A. DISESSA AND B. L. SHERIN

example, people expect the greater effort is accompanied by greater results. Push
harder, and things go faster or farther. The extension of this prior work that we
make here is to project that the naive sense of mechanism is the causal net begin-
ners use in bootstrapping their way toward understanding physical concepts. In
short, p-prims coordinate and are especially prominent at early stages of learning.
Recalling that the causal net is roughly akin to 'theory' in other accounts of con-
cepts, the properties of p-prims - including their individual simplicity, their large
number, limited organization and their phenomenological nature - are stark con-
trasts to what usually comes to mind as properties of theories.

Since students start with a different sense of mechanism, we project that the
causal net is, in fact, the primary locus of difficulty in learning concepts of
schooled physics. Among other things, it needs to become more systematically
organized (diSessa 1993). In the terms of this discussion, both issues of invariance
and issues of integration are relevant potential difficulties in 'recruiting and orga-
nizing' prior causal net knowledge. In fact, because naive physical causality is so
rich and diverse, invariance in particular is extremely problematic. In different
situations, different p-prims may be evoked, and hence students may behave as if
their concepts varied from context to context. Indeed, the diversity of naive phe-
nomenology may mean that even achieving a sense of invariance - a sense that one
is getting at the same kind of thing in different circumstances — let alone full
coordination, may be extremely difficult.

Finally, although we will not justify it theoretically (but see later data, and
consult diSessa 1991), we project that the details of calculation are minimally
relevant to the coordination that equations accomplish. Instead, rough qualitative
relationships seen via equations do the most work. Sherin (1996) provides a theory
of equation interpretation that names and empirically determines a critical set of
schemata that lie at the base of the skill of 'equation interpretation'. These
schemata are thus prime candidates for the sort of relationship that do do the
critical work in how equations coordinate.

In sum, the observed richness of intuitive phenomenology suggests that:

(a) There is little shortage of capability to see physically relevant things in
the world. Students don't need to lean new sensory strategies to coordi-
nate properly. Instead, the causal net will constitute a more serious prob-
lem.

(b) Because of the richness of intuitive causality, the prototypical problem is
that too much will be seen as relevant, or the wrong things. Thus, invar-
iance will be a particular issue.

(c) P-prims coordinate. That is, the beginning causal net is, substantially,
the naive sense of mechanisms, which we identify as the set of p-prims a
student has.

(d) Qualitative interpretations of equations are more important than precise
calculation in equations' role in coordination. This may have important
educational implications for a curriculum full of calculation and rela-
tively devoid of both qualitative analysis and explanation as learning
activities.

It is worth remarking that p-prims manifestly cannot count, themselves, as coor-
dination classes. While they may constitute concepts in some sense, individually a
p-prim is simply too small and isolated to constitute a coordination class. This fact
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WHAT CHANGES IN CONCEPTUAL CHANGE? 1179

is particularly notable as expectations extremely similar to p-prims have been
identified as 'the native concepts' (for example, see 'motion implies a force' in
Clement 1982) or even 'the naive theory' (McCloskey 1983) involved in learning
physics. If naive coordination classes exist, undoubtedly multiple p-prims are
involved in the causal net, but these p-prims are not sensibly considered to be
concepts themselves.

J coordinates force and acceleration

We turn to empirical work in this section. We look at several episodes from an
extended clinical interviewing study conducted (by AdS) with a freshman at the
University of California, Berkeley. The subject, called J, had done well in high
school physics and managed introductory university physics reasonably, if not
without some difficulties. She was articulate and spoke easily about her thinking
about physics.

Our intent is not to demonstrate or prove that coordination classes exist and
have the properties we say. That would be much too much to expect for anything
as complex and elusive as a model of concepts. Instead, we want to illustrate
coordination class ideas in an empirical context to help readers tune up their
own coordinations for coordination class. Beyond this, we want to show that view-
ing concepts as coordination classes at least plausibly applies to the phenomenol-
ogy of learning physics, and to suggest that coordination classes' existence is not
only empirically tractable, but that it may well have significant consequences in
how we understand concepts and conceptual change.

The main focus in these episodes is the concept of force. Force is an excellent
focus for several reasons. First, it is important — arguably the most important
concept in Newtonian physics. Second, relying on prior work (such as diSessa
1993), we know that the naive sense of mechanism is very rich in the vicinity of
force-related phenomena. Hence, especially since force-related p-prims have
already been investigated, we should be in a good position to see their role in
learning the schooled concept of force. Finally, the concept of force embraces a
very wide range of situations and phenomenon. It applies to phenomenologically
very different situations, such as the force that supports an object sitting on a table
or the motion of an object tossed into the air. Given the fact that this diversity is
covered by a single concept, force, we should expect issues of invariance particu-
larly to show in the development of the schooled concept. We will see that J has
difficulties with the concept of force that seem explainable in terms of force's
constituting a coordination class. Not only does she show these difficulties
precisely in the context of reading out the amount of force, but we can com-
pare in detail how she does this to how experts do it. Furthermore, how she
coordinates force is consistent with the assumptions and predictions of the
previous section.

In addition to force, we will look briefly at acceleration. We consider a second
concept primarily to provide a contrast to the difficulties we find J has with force,
and to understand both concepts as variations comprehensible within the frame-
work of coordination classes.

In what follows we make our points as directly as possible. Some limitations
and difficulties will be discussed in the section, 'How have we done?'
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1180 A. A. DISESSA AND B. L. SHERIN

Episode 1: J denies one can feel the force of gravity

In this segment, J and the interviewer are discussing the fact that all objects, no
matter how heavy or light, fall at the same rate - Galileo's famous discovery. The
interviewer proposes the problem: If gravity pulls harder on different objects, how
is it that they still fall at the same rate? He presumes the following coordination
analysis, which is ordinarily well within the reach of first-year students. The force
of gravity is easy to feel (read out) in the situation where you hold a body. The
force of gravity is pulling down, and the supporting force of your hand is pushing
up. If the body is not moving, these forces must be balanced, so the force your
hand exerts — which you can feel — is equal to the force of gravity. Indeed, this
analysis is so transparent to competent physics students that they might say one
can directly feel the force of gravity. In contrast, J simply denies that one can feel
the force of gravity. Evidently, she does not coordinate 'force of gravity' in the
usual way.

In protocol transcriptions, comments or explanations are in italics. Ellipses
denote that portions of the transcript have been omitted for clarity. The symbol //
denotes an abrupt stop or interruption.

/: ... there are people who say that, well, it sure seems like the heavier one should
go faster because it's being pulled harder. I can feel that it's being pulled harder.
So what would you say to that?

J: Well, first I'd say, 'how can you tell it's being pulled harder?'
[J has focused directly on the critical coordination problem.]
I: . . . I guess I'd say, 'well you can feel it in your hand'. You've got a heavy thing

that's being pulled hard, you've got a light thing that's//
J: Well, um. Gravity's uniform. So gravity won't pull any harder on something

that's in the same place as it will on something else...
/: So you're not feeling the force of gravity when you hold something?
J: You're feeling the weight of the object.
/: The weight of the object. So that's different from the force.
J: Right... Weight equals mass times gravity.... So when you talk about the
weight you do incorporate gravity. But whether you have something heavy or light,
gravity's gonna be the same.... You don't feel the force of gravity.

J considers the situation where you hold a body in your hand, and 'observes' the
force of gravity in a nonstandard way. She agrees with part of the standard coor-
dination inference, that one feels something more or less directly. But she
describes this as the 'weight' of an object, and distinguishes it from the force of
gravity. She coordinates gravity indirectly via two things. First, she coordinates via
the property 'gravity acts the same on all bodies'. And she coordinates via the
correct equation F = mg, incorrectly identifying g, rather than F, as the force of
gravity. (This g needs to be coordinated as an acceleration, not as a force). These
two elements - 'gravity (gravitational force) is constant' and 'the g in F = mg is
gravitational force' - constitute the part of J's causal net that we can see in this
situation.

This seems a strikingly clear example of a student having a different coordina-
tion for force than a physicist. It is patently a situation where the issue is one of
readout, how one sees a force in a particular situation. Rather than following the
expert causal net to coordinate gravitational force directly from felt force, she
introduces an intervening concept, weight, which can be felt, but which is related
only abstractly, via an equation, to gravitational force. Her problem with using the
equation is neither that the equation is incorrect nor that it is inappropriate.
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WHAT CHANGES IN CONCEPTUAL CHANGE? 1181

Instead, she incorrectly coordinates a term in the equation, g, as a force rather than
as an acceleration.

Episode 2: 'It's just bringing the paper with it'

In the following brief segment, J again does not use the expert way of coordinating
force. In this case, the expert causal net inference is that 'action and reaction'
forces are equal and opposite. Thus, if you know one, you know the other. In
place of action and reaction, J uses a familiar p-prim: contact conveys motion. A
prototypical situation in which one may abstract this p-prim is a child pulling a
wagon with an object inside. Because the object rests on the wagon, it is unpro-
blematically moved with the wagon. The critical feature of this p-prim is that it
explains motion with no need for intervention or force.

The situation at issue in this episode is simply pushing a book along the sur-
face of a desk. Strikingly, J begins by identifying a correct action and reaction pair,
the force your fingers exert in pushing the book, and the 'resistance', the pushing
back of the book against your fingers.

/: And now, I'm pushing on this book. What about the force that the book is
exerting on my finger?

J: Umm. It's the same as the force you're exerting on the book.

Below, the interviewer attempts to get J to identify another action and reaction
pair, which is the frictional force pushing against the book's motion and the com-
plementary force the book exerts on the desktop in the direction of its motion
(refer to figure 3).

/: Alright, what about the force of the book on the table as I'm pushing this thing
along? There's a downward force that the book is exerting on the table. Is there a
sideways force?

J: [Shakes head no]
I: No. So friction is pushing on the book that way [against the motion]. The book is

not pushing on the table either way. Alright.

J accepts that the frictional force of the table on the book acts backward on the
book, resisting the motion, but she rejects the existence of a complementary force
of the book pushing forward on the table. Next, the interviewer puts a sheet of
paper under the book, demonstrating that it moves when the book is moved.
He suggests, as a physicist would, that there must be a force to move the
paper. Indeed, one can 'feel the force' by holding the paper, preventing it from
moving.

Force of table on book ^>
4 Force of book on table

Direction of motion
Book

Figure 3. When a book is pushed along a table with friction, the book
exerts a force on the table and the table exerts an equal and opposite
force on the book.
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1182 A. A. DISESSA AND B. L. SHERIN

/: [continuing] But this paper [under the book] moves with the book, so I have to
hold it in order to keep it stopped. So, suppose I said that I have to hold it
because the book is exerting a force on the paper.

J: I think it's just sliding, and I think it's just bringing the paper with it. I mean,
it's a really simple situation. I think you could start saying there's all these
millions and trillions of forces. [Several sentences are omitted in which J describes
complex situations with many forces.] So I would just say that it's [the book] sliding
against the table and bringing the paper with it.

J understands, in some degree, the principle of action equalling reaction. She will
use it to 'see' the amount of force involved in one situation (the amount of force
pushing back on fingers that are pushing a book). But she encounters problems of
invariance. She just doesn't see action and reaction as applying in another situa-
tion, to the pair consisting of the friction that the table exerts on the sliding book
(which she acknowledges) and the force the book exerts on the table (which she
does not acknowledge). While this protocol does not show the reasons for this lack
of invariance, it shows why she rejects an argument of the interviewer. She does
not see that a force is necessary to account for a moving paper precisely because of
a specific p-prim, contact conveys motion, applies and, in that situation, the p-prim
negates the need for force. This is a second example of non-invariance because, in
other circumstances (see below) J articulately uses a principle that motion requires
a force. In this case, it seems clear that the context specficity of a particular p-prim
explains the lack of invariance. This is precisely one of our expected occurrences:
because the naive causal net is rich and diverse, it sometimes overrides principles
that seem logical in other situations (e.g. that an unbalanced force is needed to
create motion).

Episode 3: J denies F = ma

In the following episode, J finds a fundamental contradiction between her naive
causal net and the equation F = ma. In general, J sees rest as a special state usually
caused by a balance of forces (diSessa 1996). In her view, motion is the result of an
imbalance, when one force overcomes another. In other words, J uses the p-prims
balance implies stability (rest), and imbalance (or overcoming) implies motion. The
contradiction is that an object moving at constant speed, for J, must be the result of
unbalanced forces; but, F = ma says that unbalanced forces result in acceleration -
not constant speed.

Just before Episode 2, the interviewer had introduced the problem of pushing
a book along on a table. J had announced that, in that situation, the force of the
hand pushing the book had to be greater than the force of friction pushing back-
ward on the book. After Episode 2, the interviewer returns to focusing on the
force of the hand and friction. He reminds J that she said the hand force is greater,
and he sows the seeds of contradiction by raising the issue of acceleration.

/: And what about the situation where I'm just pushing along like that, after I get it
going?

jf: After you get it going, it's going at a constant velocity.
/: Right. In that situation is the force of my finger greater than the force of friction?
jf: [shakes head yes]
I: But if I have an unbalanced force, isn't it going to accelerate, continue to accel-

erate?
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WHAT CHANGES IN CONCEPTUAL CHANGE? 1183

jf: N o . . . . Because if you want to keep it accelerating, you have to keep applying,
you know, a greater force.... I mean if you said that every time forces were
unbalanced, something accelerated, that would change everything.

This is the beginning of a 15-minute inquiry into the conflict between her naive
causal net, which implies that the force of friction must be less than the force of the
hand pushing the book, and F = ma, which makes it impossible to have a situation
with both unbalanced forces and constant velocity (no acceleration). We reproduce
here a few critical sections.

Before, J reviews the contradiction she has run into, and she considers care-
fully whether it is possible that she just hasn't seen the acceleration of the book.
For example, perhaps it may be too small to see. But J is confident and competent
in her coordination knowledge for acceleration (and gets a little support from the
interviewer), and she concludes that there simply is no acceleration.

J: Because of F = ma, if you have a constant acceleration, then you should be able to
have constant force.

/ : Sounds right. If F = ma, constant mass.
J: Well, then, I don't know.
/ : This becomes puzzling.
J: Yes. See, to me, if you're applying this constant force like this, that doesn't look

to me like the book is accelerating. At all.
/ : No, it doesn't.
J: Maybe it's just accelerating at the same rate. It seems to me that, see, if it has

constant acceleration, the velocity is still increasing. It's just increasing at a
constant rate, right?

/ : Say that again.
J: If it has constant acceleration, the velocity is increasing, but it's at the same rate.
/: Yeah, that's right.
J: So if you're pushing this, it has constant acceleration. It still has to be getting

faster and faster and faster. I don't see it getting faster and faster, unless you're
applying greater and greater force.

Shortly thereafter:

J: See, I would think that when you're pushing it, it has a constant velocity, not a
constant acceleration. I can't imagine someone telling me something that would
convince me otherwise. Because// It's, like, you see accelerations, you feel accel-
eration. It's not like this book is really accelerating, and we just don't see it.

/ : I see. It's something in physics you can see.
J: Yeah.
/ : Forces are hard, but acceleration you can see.

This is canonical coordination behaviour. Because the amount of acceleration has
come into question, J focuses her attention on seeing acceleration. With that
increased care, J still (correctly) cannot see acceleration, and the contradiction
remains. She sees the force of the hand overcoming friction just as clearly as she
sees acceleration. Only, in that case, she is using an inappropriate coordination
from her naive causal net, motion implies imbalance.

J's relative success with acceleration, we believe, is a general phenomenon
among learners. It is accounted for by the fact that the naive causal net for accel-
eration is more like the experts' than is true in the case of force. Still, we know
non-trivial changes in the causal net must be accomplished to coordinate accelera-
tion adequately. For example, the naive distinction between acceleration and
deceleration is irrelevant to experts. For physics-naive people, deceleration is a
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1184 A. A. DISESSA AND B. L. SHERIN

natural phenomenon that needs no explanation (diSessa 1993). However, accelera-
tion always needs a forceful intervention.

Before resolving the conflict, J states it once more.

J: No, I'm just thinking about if that's true, let's say, that every time there's a force
something's moving, then it's going to be accelerating. Because anytime some-
thing moves, the forces aren't equal. And, to me, it's going to be very mind
boggling to think that every time something's moving, it's accelerating.

/: That just does not sound possible.
J: That just is not slightly possible.

J's resolution to this problem is stunning. She decides F = ma simply does not
apply to pushing a book across a table! She rejects the equation as relevant to
coordinating force in this situation.

jf: Like, to me, you look at F = ma, and there's a force, and that has to mean
acceleration. But, then, it's easy to say, 'that's true'. But, I mean, there's no
way it is. I guess you can just say that, you know, those darn equations aren't
applicable to every single thing. They're not always true. You can't live by them.

Later:

jf: I mean, to me, it just makes so much sense that it's crazy to even debate it: that if
you're pushing this with a constant force, and you see it moving, that it's not
accelerating.

Still later:

J: I mean, you learn these formulas in school and you can't// You know, half the
time they only apply to certain perfect models, especially like in chemistry. You
know, certain situations.... I just thought that F = ma was one of those that was
universal. You know, it wasn't, like, specific.

We see that, at least for J, equations are not at the center of her causal net. Here, p-
prims hold sway by virtue of their salience in this situation. Once again (as in the
case of sliding paper), lack of invariance is accounted for by the context specificity
of intuitive inference.

There are three ancillary but notable observations one can make about this
episode. First, J's difficulties with physics, at least in Episodes 2 and 3, have
nothing to do with categorization. She does not misclassify any non-force phenom-
enon as a force, or a force as some other entity. Instead, her problems are proto-
typically coordination — selecting attributes, like motion or rest, relevant to
determining force, and reasoning about magnitudes of various forces via a naive
or expert causal net.

Second, there does not seem to be any sense in which J is being 'indiscrimi-
nate' (in Trowbridge and McDermott's sense) about her use of F = ma and action
and reaction. She shows signs of being interested, attentive and careful. More
centrally, she is being highly discriminating — deciding that, in this case, a p-
prim is more causally relevant than other means of coordinating. Lest this seem
naive, we hasten to add that F = ma does not even come close to explaining all of
the rich phenomenology of the physical world. For example, it is not possible to
explain the behaviour of light (electromagnetic radiation) or why some objects are
brittle and others are durable by reference to F = ma. Discriminating what ideas
apply where is critical, and J is working on these issues.
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WHAT CHANGES IN CONCEPTUAL CHANGE? 1185

Third, this might have been an excellent learning opportunity for J. Had she
had more conviction that F = ma is general and does apply to this case, she might
well have questioned her own causal assumptions more thoroughly. About how
that might have been managed, unfortunately, we have no data. More generally,
although we will not argue it here, J's epistemological stance and strategies con-
cerning the nature of physical knowledge seemed to interfere with many learning
opportunities. This is the sort of knowledge, not specifically related to the concept
in question, that we mentioned as potentially influencing conceptual development
in Tenet of Accountability number 3. (See page 15.)

To sum up, in this situation J has been placed in a predicament. Her naive
causal net leads to one determination - that the force of the hand is overcoming
friction in moving a book — which is clear and incontrovertible to her. However,
this directly conflicts with F = ma, which implies that when there are unbalanced
forces, there must be an acceleration. After checking her coordination for accel-
eration and finding it adequate, J resolves the conflict by asserting that F = ma
does not apply to pushing books across tables. She will certainly coordinate, some-
times, with this critical equation. But in this instance, she has chosen her naive
causal net. This episode contrasts with the others in that J knew, here, that she had
two methods to coordinate. So she was forced into a more or less articulate choice.

How have we done

In this section, we briefly review what we have accomplished in comparison to the
standards and expectations we set. Of course, in a single paper, one can't really
expect to present a complete theory of concepts plus experimental demonstration.
Theoretically, we are clearly short of computational precision. Empirically, we
can't pretend to have shown that, for example, the difficulties we identify account
for widespread, systematic problems in learning physics, despite evidence from J.
But, we hope we have made some progress, reviewed below.

1. Standards of what counts as a concept

We haven't answered the question, 'What is a concept?' in general. However, we
have said quite a lot about a particular kind of concept. A coordination class is the
competence to see a particular class of information in the world. This core function
is at least as specific as 'distinguishing members from non-members' in category
research, and much better adapted to understanding how scientific concepts func-
tion in explanation and problem-solving. While it may be surprising that 'how one
sees it in the world' is a sufficient characterization of a scientific concept, this is the
hypothesis behind the definition of coordination class, and none of our empirical
work so far is inconsistent with it.

We have provided an articulation of the pieces of 'having a coordination class'.
We have defined two structural components: the set of readout strategies and the
causal net. If one claims to have identified a coordination class, one must further
specify these other components.

In addition, we identified two performance functions of coordination classes:
coordinating observations within a single situation (integration), and coordinating
different features in different situations to find the same information (invariance).
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1186 A. A. DISESSA AND B. L. SHERIN

One learns about a coordination class, in part, by identifying the range of invar-
iance and the particular ways that people integrate.

In the case of quantities, we delimited a role for equations. Equations are not
coordination classes, but one can use an equation to coordinate, to relate some
observations to particular needed information. We suggested that specific quanti-
tative use of equations is less important than qualitative uses of the connections
evident in equations.

In evaluating how well we have done in distinguishing what are concepts
(coordination classes) from what are not, it is important to remember that there
is always an empirical component of such determination. Psychological reality is
not a purely theoretical issue. Even with a perfectly precise and clear theory, cases
may require extensive and difficult experiment to resolve. Before data such as we
obtained with J, it may have been difficult to determine whether force would admit
of a coordination class analysis. To take a case in point, we do not assume that the
proposition 'force is a coordination class' is a priori valid. It requires the kind of
empirical work introduced here to validate.

2. An account of different varieties of concepts

It seems completely clear that coordination classes are not any old concept. In
particular, many category-like concepts are almost certainly not coordination
classes. The concept 'dog' may be extremely important, but it is far from deter-
mining a coordination class. Most of the strategies for observing physical objects,
or, more particularly, animals, overlap what it takes to see 'dogness'.

Any particular description of structural or performance attributes constitutes a
refinement of the broad category, coordination class. For example, we can imagine
a type of coordination class that involves a localized causal net, perhaps embodied
in an explicit definition. This type of coordination class might behave very differ-
ently from one with a diffuse causal net, like the many, loosely related p-prims in
the naive sense of mechanism.

As we differentiate various versions of concept, each one covers less. That
means, even if we understand coordination classes completely, other forms of
conceptual change involving other kinds of concepts probably need to be under-
stood. It is intriguing, if speculative, to note that all concepts may have a com-
ponent of coordination to them — how does one identify exemplars and their
characteristic attributes? On the other hand, coordination may not be definitive
of the nature of other types of concepts, and, for example, learning trajectories and
difficulties might be very different from coordination classes.

3. Theoretical accounts of a variety of processes involved in concept use
and conceptual change

Separate changes in the causal net and in readout strategies localize problems with
conceptual change. In particular, we hypothesized that the causal net is where
most difficulties with conceptual change in physics are. We can also consider
separately how people achieve invariance and how they achieve integration.
Learners may fail to have the relevant coordination class in either of these ways,
and each failure may need to be specified as to context and reason for failure.
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WHAT CHANGES IN CONCEPTUAL CHANGE? 1187

In terms of specific mechanisms and mental representation, this paper has
been comparatively light. On the other hand, we made excellent contact with
another theory — that of p-prims — which does attempt fairly explicit treatment
of representation, origins and development of the intuitive knowledge hypothe-
sized here to constitute the naive causal net. For details, see diSessa (1993).

4. The ability to match real-time data from student's thinking with the
theoretical accounts of process described above

We have interpreted several episodes of clinical interviewing data in terms of
coordination classes. In particular, J seems to have difficulty precisely with the
central function of a coordination class. She just doesn't see forces and determine
their values in the same way that a physicist does. In addition, we have (tenta-
tively) localized some of her difficulties. Consistent with our general expectations
(prediction a), J did not appear to have any shortage of readout strategies; she
could see motion and feel the weight of an object in her hand. Instead, she had
difficulties with her causal net. She showed that previously documented naive
knowledge elements, p-prims, served to coordinate (prediction c). More specifi-
cally, equations as a means of coordinating may well be rejected in particular cases
in favour of coordinating via p-prims. She coordinated force appropriately in some
cases and not in others. J's problems also seemed all to be in the category of
invariance, consistent with prediction b. Finally, consistent with prediction d,
when J used equations, she nonetheless never computed a single number.

We haven't shown very much learning in these segments, although there
appear to be good opportunities for J to learn. Tracing learning data with coordi-
nation class theory remains a project for future work.

Among our tenets of accountability and the various criticisms we brought to
bear against prior work, this presentation of coordination classes probably fares
worst with respect to the issues of whether there is any well-defined mental entity
that is referred to by 'force' or 'acceleration'. In our defence, we note:

• Because of our systems approach, establishing integrity and relative inde-
pendence of a coordination class may be among the most difficult empirical
accomplishments.

• We did not claim or expect that naive or novice students have well-defined
coordination classes that change during 'conceptual change'. It may be that
only experts have coordination classes for these things; novices merely
coordinate as best they can. On the other hand, we provide data that
prior knowledge, p-prims, were implicated in J's coordination, exactly as
predicted.

• Even if experts don't have coordination classes either, our data strongly
suggests that how they coordinate, and how students come to that, is im-
portant and insightful of learning difficulties. The theory may not lose
much if the assumption of integrity turns out to be false.

• Finally and most generally, we have presented details in our theory and
empirical expectations that can be checked far beyond typical specifications
of 'concept'. Those details allowed us to analyse J's use of force in real-time
data, showing at least examples of phenomena predicted by the theory and
even allowing us to note which aspects of the theory do not show in that
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1188 A. A. DISESSA AND B. L. SHERIN

data. (For example, we have no explanation for the non-invariance of J's use
of action and reaction). This is qualitatively different from assuming, a
priori, that a concept is at issue and then using data in which no process
details show to determine properties of the concept (e.g. whether people at
various ages 'have it').

Summary

We have had two overarching goals in this paper. The first was to provide an
overview and critique of research literature on the nature of concepts and concep-
tual change. The point is to sensitize readers to a plethora of difficulties and
unclarities. Most notably, research has been strikingly inexplicit about what it
means by concepts, thus begging the central question, "What changes in concep-
tual change?" In addition, we believe that researchers have uncritically applied the
term concept to what may be very different entities - dog, force, or number.
Underlying both of these difficulties is a theoretical imprecision that is insuperable.

Against this backdrop, we have sought to take modest positive steps. We out-
lined the beginnings of a theory of one type of concept that we call a coordination
class, and which we believe to be important in learning science. Coordination
classes, in a nutshell, are the complex set of ways that people use to read particular
classes of information out of the world. We have tried: (a) to provide sufficient
analysis so that what counts as a coordination class is clear enough to allow deter-
mination, at least in principle, of whether something is a coordination class or not;
(b) to use that analysis to distinguish not only coordination classes from other
concepts, but also to map a comprehensible variety of coordination classes based
on, for example, parameters like the richness of the causal net and its relation to
prior knowledge; (c) following the analyses above, to give some accounting of the
processes involved in learning a coordination class, such as typical phenomena (e.g.
lack of invariance) and more or less difficult aspects of learning; (d) to analyse real-
time data illustrating all of the above.
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Notes

1. We believe 'coalesce' and 'differentiate' are better understood as a priori descriptions of
the behaviour of category-like concepts. They merely describe changes over time in the
results of many 'Is this an X?' questions. In general, these terms will say essentially
nothing about the structure of concepts or change in that structure.

2. We are not saying that one shouldn't compare novices and experts, only that expert
ideas can't be the only reference point. Instead, if we want a theory of conceptual
change, we need to be able to describe novice (and expert!) concepts in their own
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WHAT CHANGES IN CONCEPTUAL CHANGE? 1189

terms. We want to describe in detail what students do do, not just what they don't.
Empirical accounts later in this paper are dedicated to showing that we can do better
than 'nondifferentiated protoconcept' in this regard.

3. Again, as in footnote 2, we want to characterize novice and expert concepts in their own
terms. But comparison is also enlightening, especially in theoretical terms that apply
equally (and insightfully) to characterize both novices and experts.

4. It is remotely possible that determining personality could reduce to determining mem-
bership in a finite set of categories, like 'good sport', etc. Given a specification of
categorizing processes, this would provide one model for coordination. This does not
appear to be the way scientific concepts work.

5. The situation is more complicated than 'confusing' duration with distance. In many
circumstances, it is clear that these same children can distinguish time from distance,
and even that, in this questioning, they believe they are talking about issues such as
'before lunch' or 'after lunch', rather than stopping 'in front of or 'after' (in the spatial
sense) the other train. Indeed, understanding when people use one indicator or another
to determine some information is a canonical task of understanding their coordination
knowledge.

6. Although beyond the scope of this paper, it is useful to distinguish relevance from
strategy as stages in the acquisition of an inference in a causal net. Many examples in
the developmental literature show children know or conjecture relevance of some factor
before they have strategic competence to use that relevance (Metz 1993).

7. In still other circumstances, it might mean that conflicting information requires yet
other perspectives to decide.

8. Historical note: The original theoretical motivation for coordination classes appeared in
diSessa (1994). In diSessa (1991) the conjecture that quantities may be coordination
classes was elaborated. The theory given here is slightly different in some respects, to
suit present circumstances.

9. An additional subspecification is possible. Achieving invariance involves appropriate
span (covering readout in the breadth of situations necessary) and alignment (making
sure that, in different situations, the same information is read out). This is more detail
than we will attempt to elaborate in this paper.

10. This is a perfectly well-formed question, and all its presuppositions are valid. Heavier
objects are pulled harder by gravity. The answer to why heavier objects don't fall faster
is that heavier objects also 'resist' motion in an amount proportional to the extra force
they feel. Hence, increased gravitational force is exactly compensated by increased
inertial resistance.

11. Gravitational acceleration is the same on all bodies at the same distance from the center
of the earth. However, gravitational force varies with the mass of the object according to
F = mg, where g is the constant gravitational acceleration.

12. An alternate interpretation that does not involve contact conveys motion is that the paper
is just 'sticking' to the book. Either way, the coordination implications are identical.

13. In fact, a correct analysis is that these forces are equal, even though they are not an
action/reaction pair.

14. The causal net, by itself, may make a more intuitive definition of a concept — the set
of inferences that one can make with and about a quantity. With that stipulation,
the definition of coordination class used in this paper might work equally well
because it happens that every aspect of a causal net may show up in some act of
determining. And the paper's definition might have methodological advantages in
defining a focused but sufficient set of inferences, those involved in empirical deter-
mining.

15. On the other hand, if one uses behaviour as a key indicator, a causal net concerning
animal behaviour and how to recognize different characteristic behaviours may be
implicated. However, this causal net is unlikely to be restricted to dogs.

16. This observation highlights an implicit assumption that we have made. That is, the
information-gathering strategies associated with the 'concept' in question are both
relatively integrated and characteristic of the concept. If gathering the relevant infor-
mation uses an ad hoc collection of strategies that are variously characteristic of other
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1190 A. A. DISESSA AND B. L. SHERIN

concepts as well, then we can speak of coordination, but coordination class may be
inappropriate.
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