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require careful scrutiny to determine whether a p-prim or part of a coordi"ation class
is involved. More broadly, rfully expect that we will need many other knowledge
types to fully explain the transition from naTve student to conceptually-competent
physicist.

4.What sort of details of subjects' behavior can be accounted for with sharpened
theoretical terms. For example, what are typical easy and difficult accomplishments
along the path to conceptual competence?
Starting from the last question, establishing appropriate span and alignment is
difficult, and we should expect continued examples of failures of this sort in the
trajectory toward competence. Not only did we document failures of these types in a
subject's process data,. we even showed how a specific failure of a specific attribute
of a mature coordination class (alignment) was due to the invocation of a particular
previously-documented p-prim. That p-prim (contact conveys motion) "explained" a
situation (a paper moving under a pushed book) and thus aborted the use of an
articulate principle (for this subject), that motion requires the existence ofa force.

P-prims explain many wrong expectations-and many correct "ones-that
students have about how the world works. They also explain phenomena like data
fluidity and the general richness and detail found in intl;litive thought. P-prims
explain the emergence of particular macro-constructions (e.g., 'McCloskey's
"impetus theory") as a confluence of a number-of p-prims ina,relatively stable
configuration for a particular class of contexts.

How do p-prims and coordination classes relate to "theories" or "mental
models," and so on? In general this is not a particularly good game to play precisely
because of the clements of our earlier critique; most advocates of these terms say
precious little about what they actually entail. Nonetheless, I can make some
comments that may be at least heuristically useful. P-prims are obviously sub­
conceptual, sub-theoretical, or sub-model-like. They are too small to constitute any
of. these macro-conceptual structures, and the most plausible developmental path
between nai've p-prims and any of these structures is "incorporation as a limited
part" of an emergent complex knowl~dge system.

Coordination classes, we have argued, are an appropriate refinement of the idea
of "concept." Theories are likely to be even larger conceptual structures,
encompassing several related concepts (coordination classes). For example, force.
mass, and acceleration may each constitute coordination classes, and "Newton's
theory" might be abbreviated in a particular relation among these coordination
classes, "F = rna." Such a relation provides opportunities for coordination across
coordination classes-for example, if you 'can "see" mass and acceleration, you'can
~Iso "see" force. Developmentally, therefore, there are likely to be important mutual
mfluences in coordination classes that participate in the same theory. For my own
part, I w~uld require "theories" to entail an explicit, articulable component (like F =
~a), whIch requirement I did not introduce into the definition of coordination
c asses,. (although I did not rule it out). I believe language introduces important
propertIes that may not hold in dominantly inarticulate knowledge systems. , •

d
l expect even less consensus ·on what a mental model is. To my mind, mental

mo I h -e s s ould (1) involve a strong, welt-developed "substrate" knowledge system,



5. COHERENCE AND CONSISTENCY

. .
/I The issue oJcoherence. systematicity. or lack thereof. is an important. unsettled issue in
studies oJcognition. See. Jor example. discussion and empirical studies in Rogers. Rutherford.
and Bibby (1992).

Issues of coherence and consistency in reasoning ("systematicity," speaking
inclusively) become salient as one approaches a complex systems view of
conceptual change. I I For example, if a concept is, in fact, a complex system, there is
likely no point in the learning trajectory where we can unequivocally decide a

• person "has" the concept. It may always be a matter of degree and context. With
large numbers ofelements and a heightened accountability concerning contextuality,
it is easy to parody a complex systems view as assuming total fragmentation and
inconsistency in the conceptual behavior of naive or novice students. This is far
from a sensible view. Rather, conventional assumptions about conceptual change,
which I am critiquing in this chapter, are as vague and presumptuous about
consistency as they are concerning the mental entities involved in conceptual
change. A complex systems view may look necessarily fragmented, but that is only
true because it recognizes existing complexity and takes on more accountability for
details.
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such as spatial reasoning, (2) allow explicit hypothetical reasoning, and (3) involve
only a small, well-defined class of causal inferences (diSessa, 1996). It is possible,
for example, that a limited set of p-prims (e.g., perhaps "contact conveys motion")
together with reasoning about spatial configurations (of, for example, gears) could
constitute a mental model. However, other principles might define the causality in a
mental model, aside from p-prims. Furthermore, the involvement of p-prims
wouldn't necessarily entail the ability to support explicit hypothetical reasoning. In
fact, the involvement of p-prims might even make this less likely. I see no obvious
generalities about the involvement of mental models in coordination classes, or the
reverse, although I also see no principle that would rule those relations out.

I know of no even remotely specific process definition of ontology in the
literature. However, I believe the idea of coordination class is, in fact, a technically
sufficient refinement of the general idea of ontology. This may be a contentious
claim. I don't propose to defend it here, aside from noting that a coordination class
may define the ability to know about a particular class of entity in the world-for
example, the ability to "see" forces. If it turns out to be sensible to consider
coordination classes ontological, most invocations of ontology to explain difficulties
in conceptual change pale. The reason is that invocations of ontology merely assume
that ontologies are difficult to learn, and also never explain exactly how it is possible
to learn one. In contrast, the articulated definition of coordination class shows what
is entailed in developing one and provides a list of focal difficulties. In certain cases
we can name both the general class and the precise circumstances of conceptual
difficulty, such as such when a context-specific p-prim "short-circuits" alignment.



5.2. Allowed Elements ofSystematicity

Beyond necessary systematicity, the view of conceptual change presented in this
chapter allows other sorts of systematicity. In particular, although space here did not
allow it, I have charted in other places several kinds of systematicity in intuitive
~hysics (see diSessa, 1993, for details). First, although elements are not tightly
Integrated, there are a number of loose relations. I described 1's description of a toss
as a (relatively stable) composition of a number of p-prims. In addition, p-prim
compositions may generate new p-prims as "phenomenological syllogisms." If one
~ows that heavier things move slower and that bigger things tend to be heavier, it is
hkely. one will also expect bigger things to move slower. Along similar lines, I have
~escnbed a kind of systematicity that appears because of common attributes
mvol~ed. in many p-prims. For example, agency is important in many situations, and
C~nf1lct.IS another fundamental attribute involved in many p-prims. Finally, a family
o p-pnms may engender a common abstraction-a kind of meta-p-prim-which
means that a substantial range of situation may be covered, in some degree, by the
same (meta) p-prhn.

5.1. Entailed Elements ofSystematicity

Let me begin by sketching elements of consistency that are necessarily entailed by
the view of conceptual change described in this chapter. First, although I presume
there are a large number of p-prims, the existence of a p-prim actually constitutes, in
itself, an important consistency in thinking. A p-prim is precisely a regularity in
responding to situations in the world. Without a degree of consistency, identifying
particular mental entities, particular Jrprims, would make no sense. Indeed, this
consistency is an explicit methodological commitment in my own work to identify
p-prims. It is embodied in a fundamental idea I call "the principle of invariance."
Roughly, if one has gotten the description of a p-prim correct, the p-prim should be
invoked in every situation in which the description applies. Failure in invocation is a
failure to describe the p-prim or its contextual specifics adequately. See the
methodology section ofdiSessa (1993).

The mere fact that some p-prims are much more important and generally applied
than others lends another kind of systematicity to intuitive thought. Sketching an
important, widely applicable p-prim catches an important tendency in intuitive
thought.

Another necessary element of consistency involves coordination classes. If
coordination class adequately describes any scientific concept, then, to the extent
that anyone learns that concept, they have achieved (a remarkable) consistency and
coherence in their knowledge state-surpassing difficulties of span, integration and
alignment. Obviously, I can't sensibly take the position that no one ever learns any
scientific concepts. The fact that I list and demonstrate failures to achieve this
consistency in several modes (e.g., failures in alignment) merely shows steps along
the way to consistency and also the degree of consistency actually achieved when
one learns a scientific concept.
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5.3. An Issue ofEpistemology

.0

11 There are difficult analytical issues I ~m suppressing here. How does one develop a metric
to be able to measure objectively the "range of~ircumstances" in which an idea applies? I
believe it is likely that a metric can be established only relatively. that is. noting whether a
concept crosses boundaries established with respect to another way of thinking. Once again.
we may wind up being able to say only that one way ofthinking distinguishes contexts that
are treated uniformly in another way ofthinking, and viceversa.
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An illusion of fragmentation occurs because we tend to view intuitive ideas
normatively (as I have, mainly, here). That is, we meaSU1:e intuitive ideas against a
particular standard, say, the Newtonian concept of force. This essentially guarantees
a fragmented view, as we must identify all the pieces and the ways they must be
coordinated in order to achieve the Newtonian concept. Scientific concepts,
however, differentiate as well as integrate contexts. Galileo made a huge advance in
science by concerning himself only with spatial change (motion), in contrast with
Aristotle's physics, which attempted a uniform treatment of all change, including,
for example, biological growth and decay.

Naive p-prims of wide scope clearly exist. I've argued, for example, that many
p-prims apply to both physical and psychological/sociological situations (diSessa,
2000). As such, they clearly extend beyond the boundaries of Newtonian concepts,
which are, thus, comparatively fragmented. Making an absolute comparison between
the scope of intuitive ideas and scientific ones is very difficult, even disregarding the
fact that there are many kinds of ideas on both sides of the transition to scientific
expertise: Naive thinking and expert thinking draw contextual boundaries
differently. Hence, we are guaranteed to find, in some instances, naive ideas are
fragmented compared to scientific ones, and, in other instances, scientific ideas are
fragmented compared to intuitive ones.12

I mentioned previously in this chapter that coordinati9n classes mayor may not
exist in naive, intuitive thought. My guess is that some do. Piagetian object
permanence may be part of a coordination class involving reading out information
about physical location from the world. This conjecture is elaborated in diSessa &
Sherin (1998). If naive coordination classes exist, then all of the systematicity
implied in my description of coordination classes has been achieved in physics­
naive individuals, with respect to certain ideas. The principal reason to keep the
existence of naiVe coordination classes hypothetical is that, given the degree of
specificity in the concept of coordination class, detailed empirical support would be
necessary to establish their existence. I find this far preferable to assuming
characteristics of naive thought in describing its contents as naive concepts (or
theories, etc.), to the extent that one is making any claim at all in making such
statements.

......
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ThiS precise lask is taken on. in a rough and ready form. in diSessa. Elby. and Hammer (in
pr~.f$). We show that the subject whose thinking is displayed here. J. has a very interesting
;ela;,onceptua' profile that influences how much fragmental ion or consistency she feels ;s
oS oss;, e. In broad strokes. she/eels that the scope 0/SCientific ideas. like F = rna. ;s generally
t~~ ~,. than is true. She a/so simply does not judge thai she is being inconsistent ifshe says

e IS both one and twoforces acting in a situation.

5.4. Intention in Systematicity

Other issues concerning consistency and coherence are simply not touched, one way
or another. in the account ofnarve and expen thinking given here. For example. how
much do students strive for coherence? These are meta-conceptual issues-issues of
students' ways of conceiving of their own knowledge, issues of strategies for
dealing with it, and so on. I accept the common sense that students (sometimes)
strive for consistency. However, I note that this is a highly knowledge intensive
activity. Clearly the world is diverse enough that insisting one must think in the
same way about an situations is a foolhardy and doomed-to-failure approach. So,
one has to make judgments about when it is necessary or plausible to think in the
same way. More generally, it is fooHsh to seek more consistency than the world
allows. The physical world, clearly, is quite diverse. If one takes a scientific
standard, one needs to learn linear Newtonian mechanics, rotational dynamics, fluid
mechanics, electricity and magnetism, optics, possibly quantum mechanics, and so
on, in order to understand even everyday phenomena (bouncing balls, wobble in a
spinning football, static electricity, a magnifying glass, the strength of different
materials). It won't do to attempt consistency by thinking about all the implied
situations in the same way.

Deciding when one can and should think in the same way involves subtle
judgments. For example, even within Newtonian mechanics, one can describe a toss
from the viewpoint of forces, or in terms of energy. The two viewpoints produce
different sketches of the same situation. Clearly, one shouldn't conclude that one is
being inconsistent in making these two different kinds of descriptions of the same
situation.

In some situations the very possibility of striving for consistency is problematic.
One may in principle want to be more consistent, but how can one actually make
progress? How could one, for example, consider the issue of consistency with
respect to p-prims? How could one consider whether dynamic balance should be
applied in some circumstances where a different balancing p-prim seems to apply?
Without some way of describing the knowledge that is applying-for example, a
verbal expression-one can't even phrase the question ofa more integrated view.

.The correct way of resolving the issue of intentionality in consistency is, I
believe, another version of the program described here as applied here to content­
level knOWledge, except applied to meta-conceptualization and epistemology. We
need. to describe the knowledge that people have about knowledge relevant to
cons~stency and their strategies for dealing with it Issues of "degree" of search for
conSIstency are very likely at least as complicated as those concerning the relative
fragmentation ofcontent-level knowledge. Il
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6. SUMMARY

Finally, there is one more open dimension of possible systematicity that I have
simply had no space to touch upon in this chapter. As I mentioned, p-prims and
coordination classes are only two exemplars of knowledge types that I feel are
necessary to distinguish in thinking about conceptual change. Were we to delve into
others, the issue of consistency and coherence becomes yet more complicated (and
my position less specified by what has been said in this chapter).

In this chapter, I have argued that the mainstream in the study of conceptual change
is flawed in several respects. Overall, I feel the theoretical accountability of the
research community is far from adequate. Instead, researchers use commonsense or
dictionary terms, or terms imported from other disciplines, that are much too vague
or implicitly defined to allow good progress. Adequate theoretical terms may be
developed and validated in many ways, but, first, must come a commitment to
clarity and cogency. "Concept," "belief," "theory," and "ontology" have all been
used to describe the elements of mind involved in conceptual change. Yet none are
elaborated to the point that we know exactly what we are talking about, and to the
point that we can even in principle empirically determine whether one or another of
these is more adequate than others (or whether they are all necessary) to describe
difficulties and accomplishments in conceptual change.

Theoretical vagueness and imprecision trickle down and reinforce a tendency to
use data impressionistically or merely statistically, without putting strong
hypotheses about what is involved in conceptual change to strong tests. I advocate
moving from before/after studies, and studies that use only constructs (like coding
categories) distanced from cogent theoretical terms, to the use of process data to test
and illustrate theoretical commitments about concepts, or other theoretical elements
of mind, in use and in change.

The greatest casualty of weak theoretical and empirical accountability is a wide­
spread and dramatic over-simplification of the complexity, diversity and nuance in
conceptual change data. This complexity is less evident in conceptual change
research than in common sense about types of concepts and in expert teachers'
detailed reactions and judgments concerning students' partial states of development
in the process of conceptual change. Clinical data is rich in possibilities for more
detailed accountability, if it is used for that purpose.

I have argued that, in order to recognize and deal with the diversity and
complexity involved in conceptual change, we need to move simultaneously in
several directions: With respect to types of knowledge, we need to move toward
multiplicity. With respect to "size" and number of elements of mind, we need to
move toward smaller grain size and greater numbers. Concomitantly with this move
to smaller grain size, we need to deal much more effectively with evident contextual
dependence in the way students think. With respect to details in describing both
change, and even what constitutes a concept, we need to move toward a systems
view that describes scientific concepts as complex, finely contigured systems
involving named parts and relations.
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