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More than misconceptions: Multiple perspectives on student knowledge
and reasoning, and an appropriate role for education research

David Hammer®

Department of Education, Tufts University, Medford, Massachusettes 02155
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This article analyzes an excerpt of a discussion from a high school physics class from several
different perspectives on students’ knowledge and reasoning, illustrating a range in what an
instructor might perceive in students’ work and take as tasks for instruction. It suggests a view of
current education research as providing perspectives to expand, refine, and support instructors’
perceptions and judgment, rather than as providing definitive principles or proven methods.

© 1996 American Association of Physics Teachers.

INTRODUCTION

There are often articles in The American Journal of Phys-
ics, Physics Today, and The Physics Teacher that review
results of physics education research and suggest implica-
tions for instruction.'~> Writing mainly for readers more fa-
miliar with research in physics than in education, the authors
sometimes make it a point to temper their claims with quali-
fications regarding current understanding of student knowl-
edge and learning. Thus, Reif* wrote of the prospects that
“‘education might...become more of an applied science,”” but
warned that ““it would be foolish to claim that [current re-
sults of education research] are more than beginnings.”’
More recently, Redish® noted the absence of a unifying theo-
retical framework and set out to begin one, grouping results
into ‘“four broad principles.”” But, he cautioned, the prin-
ciples are ‘‘fuzzy’’ and should not be treated ‘‘as ‘theorems’
or as ‘laws of cognitive science.” >’ Redish avoided calling
education research ‘‘science,”” and he presented his frame-
work as a “‘personal account’’ rather than as formal argu-
ment.

This modesty is appropriate: Physics education research
has not produced any theories with the precision, coherence,
and stability that have been achieved in physics. In fact, it is
cause for concern when those who follow or participate in
education research accept its results as established. It has, for
example, been popular to base instructional decisions on the
notion that reasoning abilities develop in stages from “‘con-
crete’’ to ‘‘abstract’’; today it is often accepted as a truth that
students come to physics courses with ‘‘misconceptions’
that constitute obstacles to learning. These ideas may be use-
ful, but they do not merit faithful commitment in instruc-
tional practice: There are a number of reasons to question
such views of the development of reasoning abilities” and of
the structure of intuitive knowledge.®’

Nevertheless, although physics education has not achieved
what physics has achieved, it has made substantial progress,
and this includes clear, compelling evidence to discredit tra-
ditional methods and convictions. Unfortunately, whereas
Reif, Redish and other researchers take pains to qualify their
claims, many physics instructors remain confident in intui-
tions borne out of their extensive but unstudied experience as
students and as teachers. Both Reif and Redish noted a con-
trast between the careful thought physicists apply to physics
and the “‘seat of the pants”’® approach many take to teaching.
Like the intuitions physics-naive students have developed
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from their extensive, unstudied experience of the physical
world, and in which they may be confident, these instructors’
intuitions are inadequate and often incorrect.

Physics education researchers are thus torn by competing
and legitimate concerns of, on the one hand, acknowledging
limitations in the dependability and precision of their results,
and, on the other, promoting their work to the teaching com-
munity. Some authors, worried that physics instructors
would be disinclined to attend to hesitant, qualified claims,
have chosen to present results in more definitive terms than
are warranted. Their worry is valid, but their strategy is dan-
gerous: It may contribute to instructors’ distrust and disre-
gard of education research; or, possibly worse, some instruc-
tors may accept the results at face value.

Part of the problem may lie in what the physics education
community expects of research, based largely on experiences
with physics research, and of how it should inform instruc-
tional practice. We tend to assume that, to be useful, research
should provide unambiguous, demonstrably valid results, re-
liable principles and methods, and in terms sufficiently pre-
cise so as not to be sensitive to interpretation and judgment.
These assumptions might be appropriate if education were
already an applied science—we expect physicists to provide
engineers with precise, reliable results on which to base their
designs’>—but it is not. We describe students as having
‘‘misconceptions,”” but we cannot present that account with
anything like the precision and confidence with which, for
example, we can describe the properties of hydrogen.

It is possible that these assumptions will never be appro-
priate for education, that fundamental, epistemological dif-
ferences between the study of human cognition and the study
of the physical world will preclude a physicslike formalism
in education.!® It is also possible that education, like physics,
will eventually achieve a productive formalism. In either
case, whether education is in the very early stages of its
evolution into a formal science or whether it will develop a
different epistemology, we need to reconsider what to expect
of current education research and how it might contribute to
physics instruction.

The purpose of this article is to propose a view of educa-
tion research as providing perspectives that expand, refine,
and support instructors’ perceptions and judgment, rather
than as providing definitive principles or proven methods.
Redish suggested such a role in his account:

[Ideas from education research] cannot provide us with
hard and fast rules for what to do... . But I have found
that they help me to organize my thinking about my
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students and to refocus my attention. Instead of concen-

trating only on the organization of the physics content,

I now also pay attention to what my students are doing

when they interact with a physics course.”’!!

In this article, I focus on the influence of perspectives
from research on how instructors organize their thinking and
attend to what their students are doing. In the following sec-
tion, I will present a brief excerpt of conversation from an
introductory physics class. I will then discuss several differ-
ent ways an instructor might perceive the students’ knowl-
edge and reasoning in that excerpt, taking in turn five per-
spectives from education research.

MULTIPLE PERSPECTIVES ON A MOMENT FROM
A PHYSICS CLASS

During the 1992—-1993 school year, I taught a noncalculus,
introductory physics course as a guest at a public high school
in an eastern Massachusetts city. I videotaped every session
from the third week of school through April 1, except for
occasional losses due to technical problems, and I recorded
daily, detailed notes. The class met every morning from 9:18
to 10:00, except on Monday when it met for a double period.
There were 22 students, mostly seniors, divided evenly by
gender.

The excerpt below recounts three minutes from a class
debate, as transcribed from the videotape, that lasted roughly
33 mins and took place two months into the year. The stu-
dents were discussing whether a ball rolling on a level plane
would keep moving at a constant speed, having heard argu-
ments by Galileo that under ideal conditions it would. I have
chosen to present this excerpt for several reasons: First, in
this moment the students first articulated the notion that a
force is needed to ‘‘make the ball move,”” an idea that con-
nects to a rich body of research on student conceptions. Sec-
ond, the substance of the students’ comments is not unusual;
similar exchanges occur in almost any introductory physics
course, whether high school, university, or even grade
school, when students speak about their understanding.
Third, this debate was one of the first times in the year the
students participated in such a lively, extended discussion.

There is not space here for a more complete account of the
debate or of previous class meetings.'>'3 This is a disadvan-
tage with respect to perceiving different aspects of the stu-
dents’ knowledge and reasoning, as it provides only a
glimpse of what was happening in the course. The students’
participation in any three minutes will reflect (or break) pat-
terns that are only noticeable over longer periods. For this
reason, I am presenting this excerpt to provide a focus for the
subsequent analysis, but I will also refer to the rest of the
debate and to previous meetings.

A moment from a physics class

Prior to this moment, the debate had mostly focused on the
question of whether it is friction, gravity, or both that causes
the ball to slow down. The students also debated whether it
is appropriate to neglect friction or gravity, or both, and
whether it is possible to neglect one without neglecting the
other.

About 20 min into the debate, Ning'* argued that Galileo’s
ideal conditions would mean no forces on the ball, including
no friction and no gravity; and, she claimed, “‘if you don’t
put any force on it, it’s going to stay still or go at constant
speed.”” Bruce elaborated on Ning’s statement, adding that
there must be a force to make the ball move:
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Bruce: If there is no gravity and no friction, and there is
a force that’s making it move, it’s just going to go in a
straight line at a constant speed... . What’s making the
ball move?

Amelia [over several other voices]: The forces behind
it.

Susan: He [Galileo] said there was no force.

Bruce: If there’s no force pulling it down, and no force
slowing it down, it would just stay straight.

Harry: The ball wouldn’t move.

Jack: There’s no force that’s making it go.

Steve: The force that’s pushing it.

Bruce: The force that’s pushing it will make it go.
Jack: Where’d that force come from, because you don’t
have any force.

Steve: No there is force, the force that’s pushing it, but
no other force that’s slowing it down.

[Many voices at once, unintelligible. Sean says he has
an example. ]

Teacher: Sean, go ahead with your example.

Sean: If you’re in outer space and you push something,
it’s not going to stop unless you stop it.

Teacher: If you’re in outer space and you give some-
thing a push, so there’s a place with no gravity—
Sean: No gravity, no friction.

Teacher:—it’s not going to stop until you stop it. So
Penny what do you think about that?

Penny: But we talked about the ball on [a surface], but
when we talk about space, it’s nothing like space. So I
was just saying that gravity will make it stop.

Amelia objected to Sean’s example for another reason,
saying that something moving in space will still stop:

Amelia: No. Maybe there’s no gravity and no air there,
but there are other kinds of gases that will stop it.
Teacher: But those are other, those are outside things.
Amelia: The outside friction should stop it.

Bruce: That’s not, that makes it an un-ideal state.
Sean: Space is a vacuum. Like a vacuum there’s no—
Amelia: There are other kinds of gases.

[Several voices, unintelligible.]

Harry: We're talking about ideal space. (students

laugh)

I intervened at this point to steer the discussion away from
the question of whether there are gases in space and toward
the question of whether there is a ‘“force that’s moving’’ the
ball:

Teacher:... So how can one side say there are no forces
on it, and the other side say there is a force that’s mov-
ing it.

Bruce: Well there was an initial force.

Susan: There’s an initial force that makes it start, giv-
ing it the energy to move.

Muitiple perspectives

What instructors perceive in moments such as this de-
pends critically on the conceptual resources they have avail-
able and influences strongly how they think to intervene. For
example, a principal conceptual resource for all physics in-
structors should be an understanding of physics; this re-
source allows them to recognize the correctness of the stu-
dents’ staternents with respect to, in this case, Newtonian
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mechanics. Most instructors have a variety of other concep-
tual resources as well, concerning students’ level of effort,
interest in the material, self-confidence, study habits, and so
on. What they notice in these regards informs their decisions,
such as whether to slow down the presentation, which topics
to cover or problems to assign, and how to advise particular
students. For many instructors, developing these resources
happens spontaneously, as a by-product of experience as stu-
dents and as teachers; for others it is a deliberate process,
involving careful thought and, often, informal or formal ex-
perimentation.

In the following, I will discuss various aspects of what an
instructor might perceive in the preceding excerpt, and I will
organize the presentation in terms of conceptual resources an
instructor might bring to bear. With the exception of the
instructors’ knowledge of physics, the resources I will con-
sider correspond to various perspectives developed in educa-
tion research. This is not to suggest that instructors could not
develop similar resources without education research; to the
contrary, I expect that thoughtful instructors perceive much
of what these perspectives reveal, though perhaps not in such
explicit terms. It is to suggest that education research can
contribute to that development. For some instructors, a re-
search perspective may lead to new perceptions; for others, it
may provide a means to articulate and refine ideas that had
been mostly tacit.

For purposes of exposition," I divide the resources into
two groups of three. The first group concerns what is tradi-
tionally understood as the content of a physics course,
namely, knowledge about physical phenomena. It includes
Newtonian mechanics, misconceptions, and diSessa’s
“p—prims.”16 The second group concerns some other aspects
of “‘thinking like a physicist,”” including reasoning abilities,
epistemological beliefs, and inquiry practices. In each case,
except for Newtonian mechanics, I will provide a brief re-
view of the perspective, and I will describe what an instruc-
tor might perceive in applying the perspective to the debate
excerpt.

Some further caveats

Before proceeding, I would like to forestall several pos-
sible misunderstandings about this set of conceptual re-
sources. First, to use any one does not necessarily preclude
using others as well, either at the same moment or at other
times. At any given moment, some perceptions will be mu-
tually inconsistent, and others will be complementary. An
instructor will sometimes choose, tacitly or explicitly, which
perspectives to apply, but this is not the same as choosing
which perspectives to retain among her or his resources.

Moreover, I do not present this as either a comprehensive
or an adequate set of resources, and I do not presume to
describe everything an instructor could or should perceive.
Nor am [ presenting them in order of what I consider increas-
ing validity or sophistication; within each group they are in
order of what I am guessing to be decreasing familiarity.

Finally, for the purposes of this analysis I will assume a
close correspondence between perspectives and conceptual
resources. In general, one should distinguish between con-
ceptual resources an instructor has developed, resources ‘‘in
the instructor’s head,”’ from public, articulate perspectives.
For example, an instructor has his or her understanding of
Newtonian mechanics as a resource, which should be distin-
guished from Newtonian mechanics as a body of knowledge.
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1 will return to this issue in the closing section, but until then
I will treat public, articulate perspectives as equivalent to
personal conceptual resources.

Knowledge about physical phenomena
Newtonian mechanics

All physics instructors should have an understanding of
the established body of physics knowledge as a principal
conceptual resource. In this case, an understanding of New-
ton’s Laws would allow an instructor to recognize the cor-
rectness or incorrectness of students’ statements.

Some of what the students said in this moment of discus-
sion was correct, namely their assertions that the ball will
continue at a constant speed in the absence of any force to
make it slow down. Much of what they said was incorrect, in
particular that there must be a force on the ball to make it
move. In some respects, then, the students appeared to be on
the right track; in other respects they were confused. They
were incorrect that Galileo’s ideal conditions required no
gravity; Penny was incorrect in her comment that what hap-
pens with a ball rolling has nothing to do with what happens
in space. Susan’s comment at the end sounds consistent with
the idea that an initial force does work on the ball: ““There’s
an initial force that makes it start, giving it the energy to
move.”’

Elsewhere in the conversation, of course, students said
many other things that were correct (e.g., Ning later ex-
plained that ‘‘we don’t have to talk about gravity”’ because
the level surface exerts an upward force on the ball equal and
opposite to the downward force of gravity) and incorrect
(Susan and Nancy contended that “‘if you're farther away
from the ground, the stronger the pull [of gravity]”’).

Without question, an instructor’s understanding of New-
ton’s laws is a powerful and essential resource. However, it
concerns only physical phenomena and statements about
physical phenomena; it does not concern the nature of stu-
dent knowledge. With this resource alone, an instructor may
be limited to perceiving students’ statements as correct or
incorrect.

Misconceptions

Among those who follow or participate in science educa-
tion research, it has become standard to accept that students
come to courses with conceptions that differ from scientists’
and must be addressed in instruction.'’!° These conceptions
are referred to variously as ‘‘preconceptions,”” ‘‘alternative
conceptions,”’ and ‘‘misconceptions,’”’ but the core idea is of
conceptions that (i) are strongly held, stable cognitive struc-
tures; (ii) differ from expert conceptions; (iii) affect in a
fundamental sense how students understand natural phenom-
ena and scientific explanations; and (iv) must be overcome,
avoided, or eliminated for students to achieve expert under-
standing. For the purposes of this paper, I will use the most
common term, ‘‘misconceptions,”’ defined by these four
properties.

This perspective reflects the constructivist tenet that
people perceive and interpret the world through their current
knowledge. It is an alternative to the generally tacit assump-
tions that students are simply ignorant and that instruction
constitutes a transfer of information. By those assumptions,
for instance, an instructor might expect students will under-
stand a statement that ‘‘an object moves at constant velocity
in the absence of external forces,”” to the instructor a
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straightforward expression of the law of inertia; and the in-
structor might believe that demonstrations of inertia—air
track or dry ice carts, yanking a tablecloth, etc.—would be
effective in convincing students of the truth of that state-
ment.

From the misconceptions perspective, students are not
simply ignorant: They have knowledge about the physical
world; their knowledge is reasonable and useful to them; and
they use that knowledge to understand what they hear and
see. A number of accounts in the literature!’~'? attribute to
students, in one form or another, a conception that motion is
caused by force, in other words, the notion that if an object is
moving then there must be a force on it causing that motion.
Students with this misconception could understand the in-
structor’s explanation to say, ‘“if the only force on an object
is its velocity, then the object keeps moving’’; they could see
an air-track as demonstrating the need for a cushion of air to
maintain the cart’s motion.

Motion is caused by force is evident in the excerpt of
discussion presented above, in statements by Bruce, Amelia,
Jack, Harry, and Steve, all of whom spoke of a force as
necessary to cause motion. Susan’s comment at the end, al-
though to a physicist literally correct, could be seen as indi-
cating a version of this misconception as well: It is unlikely
that Susan, using the words force and energy, meant by them
what a physicist would mean. From this perspective it is
more likely that she was describing a naive impetus theory,'®
according to which motion is caused by an internally stored
impetus that is drained from objects by the influences of
friction and gravity. This same naive theory could be seen as
underlying Susan’s and others’ beliefs, expressed earlier in
the discussion, that gravity causes the ball to slow down.

An instructor who perceives motion is caused by force as
underlying the students’ reasoning would, accordingly, see it
as necessary to overcome, because their holding this miscon-
ception would interfere with their developing a Newtonian
understanding. This overcoming would generally involve
first, drawing out explicit statements of the misconception by
the students; second, confuting the misconception with argu-
ments and evidence; and, third, promoting new, more appro-
priate conceptions.'® One could see this process as beginning
in the excerpt above: Students have expressed the miscon-
ception, and Sean has started to challenge it with his account
of what happens to an object in space.

P-prims

Despite its wide acceptance in the science education com-
munity, there are a number of reasons to question the com-
pleteness and validity of the misconceptions perspective.
Among the concerns raised, Smith, diSessa and Roschelle’
have argued that the misconceptions perspective, “‘in focus-
ing only on how student ideas conflict with expert con-
cepts...offers no account of lproductivc ideas that might serve
as resources for learning.”’%! If students construct new under-
standings out of their current knowledge, then there must be
aspects of their current knowledge that are useful for that
construction.

diSessa? has developed an alternative account of intuitive
physics knowledge involving ‘‘phenomenological primi-
tives’” or ‘‘p-prims.”’ Rather than describing students’
knowledge in terms of conceptions inherently inconsistent
with expert knowledge, this perspective posits knowledge
elements that, appropriately organized, contribute to expert
understanding. By diSessa’s account, attributing to students
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the misconception motion is caused by force confuses emer-
gent knowledge, an act of conceiving in a particular situa-
tion, for a stable cognitive structure. If motion is caused by
force were a stable cognitive structure, then students should
attribute a force whenever they see a motion. But he and
others™ have argued, students are not consistent in this way:
whether they infer a force seems to be sensitive to the par-
ticular context in which they see motion.

On this account, students’ reasoning can be understood in
terms of the activation of the p-prim maintaining agency.®
Whereas the misconception is an element of cognitive struc-
ture specifically tied to motion and force, maintaining
agency is posited as an element of cognitive structure in-
volved in an intuitive understanding of any continuing effect
maintained by a cause: For example, an engine maintains the
motion of a car; a supply of energy keeps a bulb lit; or
continuous encouragement keeps a student motivated. Actu-
ating agency is another p-prim, an element of cognitive
structure involved in understanding an effect initiated by a
cause, when the effect outlasts the cause: A toss causes the
motion of a ball; the strike of a hammer causes a bell to ring;
or a traumatic event causes anxiety. Unlike the misconcep-
tion motion implies a force, the p-prims maintaining agency
and actuating agency are not ‘‘incorrect.”’ Neither are they
correct; they are elements of cognitive structure that can be
activated under various circumstances. Development toward
expert understanding involves modifying their activation
conditions, not replacing them with appropriate structures.

Using this perspective, one may perceive the activation of
maintaining agency, in the students’ references to a force
behind the ball causing its motion, and the activation of ac-
tuating agency, in Bruce’s and Susan’s references at the end
to an “‘initial force.”” Rather than see these as interfering
with students’ construction of expert understanding, an in-
structor could see maintaining agency as a useful resource
for building an understanding of momentum, actuating
agency for impulse.

Accordingly, the instructor could try to take advantage of
the students’ intuitive knowledge, adapting it gradually to-
ward Newtonian ideas, rather than try to displace their con-
ceptions to make room for physicists. One could see this
discussion as beginning that process, as the teacher’s ques-
tion (‘‘how can one side say there are no forces on it, and the
other side say there is a force that’s moving it?”’) seems to
have prompted students to distinguish an initial force from a
continuing force. Thus, the students were now describing an
initial agency imparting something to the ball, possibly a
seed for the idea of an impulse imparting momentum.

‘““Thinking like a physicist”’

The resources I have discussed thus far all constitute or
pertain to knowledge about physical phenomena, tradition-
ally seen as the ““content’” of the physics course. Most phys-
ics instructors, however, hope not only that their students
will become familiar with the established body of knowl-
edge, but also that they will develop abilities and inclinations
to ““think like physicists.”” The latter agenda is especially
difficult to pursue, because our understanding of what it
means to “‘think like a physicist’ is not nearly as well de-
veloped as our understanding of physical phenomena. It is
relatively straightforward for a physicist to assess the cor-
rectness of the content of a students’ statement with respect
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to established knowledge, but it is not at all straightforward
to assess it with respect to the less tangible goals of promot-
ing scientific reasoning, habits, and attitudes.

In other words, instructors are better equipped with re-
sources to perceive and consider aspects of students’ knowl-
edge about physical phenomena than to perceive and con-
sider their reasoning in other respects. This section discusses
three perspectives on students’ work that may contribute to
instructors’ resources, concerning reasoning abilities, episte-
mological beliefs, and inquiry practices.

Reasoning abilities

One may conceive of students not only as having (or lack-
ing) knowledge in various forms about the physical world,
but also as having (or lacking) more general abilities for
reasoning and understanding.

For example, it has been popular to attribute students’ dif-
ficulties to their ‘‘concrete’’ rather than ‘‘abstract” reason-
ing abilities: Students who have not developed ‘‘abstract”’
reasoning are seen as incapable of understanding the con-
cepts of physics, such as force or energy, because these are
not directly observable, manipulable objects. This view is
ostensibly based on Piaget’s?® account of cognitive develop-
ment, specifically concerning the progression from concrete
to formal operational reasoning, but it is an untenable distor-
tion of those ideas.”’” Because I am not aware of any substan-
tive basis in the research literature for this account of reason-
ing abilities, I will not discuss it further or attempt to apply it
to the excerpt.

There, however, are a number of more useful and sup-
ported accounts of reasoning abilities.”® Here I focus on one
developed by Kuhn® that is closely related to Piaget’s work,
specifically in regard to the development of abilities to reflect
on one’s own thinking. By Kuhn’s perspective, scientific rea-
soning involves and develops from abilities for argumenta-
tion, including abilities to identify and evaluate different
points of view. She argues that these abilities are not ordi-
narily involved in everyday thinking and that they are often
not sufficiently developed in many children and nonscientist
adults. Thus, for example, when asked to defend a conjecture
against counter evidence, many students simply reiterate the
conjecture; when asked to generate hypothetical, contradic-
tory evidence (e.g., ‘“What evidence might someone give to
try to show that you were wrong?’’), they are unable to an-
swer appropriately. In general, they are unable to coordinate
and distinguish alternative theories and evidence. Rather,
they meld theory and evidence into a single “‘script’’ they
take for granted as describing reality.

Taking this perspective, one might perceive the students in
the excerpt as lacking the abilities Kuhn describes. The stu-
dents were not, here or for most of the debate, trying to
delineate different points of view; they were simply making
assertions, reiterating and elaborating their respective scripts.
Sean, for example, asserted that an object in outer space “‘is
not going to stop’’; Amelia objected that there are still
““gases that will stop it”’; and Sean contradicted her, saying
that ‘‘space is a vacuum.”” Neither student reflected on the
relevance of their disagreement to the question of whether an
object will move at constant velocity in the absence of fric-
tion.

Earlier in the debate, challenged to support her assertion
that gravity causes the ball to slow down, Nancy could only
restate her claim:
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Nancy: If you roll a ball down it speeds up because of
gravity. And if you roll a ball up, it slows down be-
cause of the gravitational pull. So if you’re rolling a
ball horizontally the gravitational pull is pulling it
down and it slows it down, you just can’t notice, but
eventually it will stop.

Steve, similarly defending his position that it is friction and
not gravity causing the ball to slow down, could only restate
his claim:

Steve: But if there was no friction and there was still
gravity then it wouldn’t slow down, because the ball
wouldn’t have any friction. It doesn’t matter, gravity
doesn’t make it slow down. The thing that makes it
slow down is the friction, not the gravity.

With respect to Newtonian mechanics, Steve was correct and
Nancy was not. With respect to Kuhn’s account of scientific
reasoning, neither of them was able to give valid evidence or
argument.

There were also some examples of students’ successfully
coordinating alternative points of view and evidence. Jack, in
this excerpt, might be seen as showing an awareness of dif-
ferent points of view, as he implied there was an inconsis-
tency within the idea that there are no forces on the ball
except a force that’s making it move: ‘“Where’d that force
come from, because you don’t have any force.”

Ning clearly displayed such abilities earlier in the class. I
had asked the students to rebut Galileo’s view that ‘‘any
velocity once imparted to a body will be rigidly maintained
as long as there are no causes of acceleration or
retardation.””* In response, Ning asked me to walk across
the room, varying my speed and looking at her as I walked.
Relative to me, she explained, she was speeding up and
slowing down, but there was nothing to cause her to speed
up or slow down. Having given this argument, she then of-
fered to refute it herself.

Perceiving students in this way, an instructor might make
different decisions about how to proceed than if she or he
saw them only through traditional content-oriented perspec-
tives. In particular, the instructor may choose to focus on
developing students’ abilities to participate in scientific argu-
ment, perhaps by pressing them to articulate alternative
points of view and systematically derive their consequences;
the instructor might design or locate materials to promote
students’ abilities to coordinate alternative points of view
and evidence.>! Or, the instructor might decide that some of
these students are not ready to learn Newtonian mechanics
and seek to develop the prerequisite reasoning abilities using
less difficult content.

Epistemological beliefs

How students reason in a physics course may reflect not
only whether they have or do not have certain abilities, but
also what they believe about the course and the knowledge
and reasoning it will entail>>** Students may fail to coordi-
nate alternative theories, for example, not necessarily be-
cause they lack the requisite abilities, but because they do
not see a science class as a place to consider multiple points
of view.

I have argued™ that some students could be characterized
as believing (1) that understanding in physics means being
familiar with a collection of facts and formulas; (2) that the
formalism of physics is only loosely associated with concep-
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tual content or with what happens in the ‘‘real world;”’ and
(3) that learning physics means memorizing information and
procedures supplied by the professor or textbook. In contrast,
other students could be characterized as believing (1) that
understanding in physics means developing a sense of its
underlying principles and coherence; (2) that the formalism
of physics represents ideas about the physical world, includ-
ing everyday experience; and (3) that learning physics is a
process of applying and modifying one’s own understanding.

By this perspective, an instructor could see the students’
participation in the excerpt as reflecting their beliefs about
knowledge and learning in the course. That this was one of
the first times in the year the students participated in such
lively, extended debate, arguing among themselves without
looking to the teacher as the source of understanding, might
be seen as indicating change in their epistemological beliefs:
They were starting to see their own ideas as relevant and to
expect that they should be thinking things through for them-
selves.

The exchange between Sean and Penny might be under-
stood in terms of a difference of belief with respect to the
coherence of physics knowledge. Sean felt there should be
consistency at some level between what would happen “‘if
you’re in outer space and you push something”’ and what
happens to a ball rolling on the earth, but Penny did not,
saying that the rolling ball is ‘‘nothing like space.”’ Other
students, including Amelia, believed with Sean that there
should be a coherence in their understanding of the two situ-
ations, but they disagreed with him about the substance of
that understanding.

These perceptions, a arn would lead to further consider-
ations for an instructor.* One may choose, for example, to
focus directly on establishing appropriate beliefs about the
coherence of physics understanding, such as by supporting
students’ attempts to coordinate different aspects of their ex-
perience or by explicitly emphasizing coherence as an objec-
tive. It becomes apparent, moreover, that a range of percep-
tions of students, and consequent 1ntent10ns for instruction,
can lead to dilemmas over how to proceed.’> There could be
a dilemma here, for instance, for an instructor who sees in
these students both misconceptions, about the relationship
between forces and motion, and nascent epistemological be-
liefs, about the relevance of everyday knowledge and per-
sonal sense-making. On the one hand, the instructor would
feel obliged to challenge the misconceptions; on the other
hand, to challenge those misconceptions at this point may
have the unintended effect of re-establishing students’ con-
victions that they should not try to think for themselves.

Inquiry practices

Thus far, all of the perspectives I have considered attribute
statements and actions to students as individuals. One might
also conceive of collective phenomena among the class as a
whole. For example, rather than understand students’ success
or failure to coordinate alternative theory and evidence as
reflecting either individual abilities or beliefs, one may think
of the ways in which these practices of argumentation have
or have not emerged in the context of the class. Or, rather
than understand the students’ participation in this debate as
reflecting changes in individual epistemologies, one may see
it as an essentially social phenomenon that came about as a
result of various aspects of the situation of the class on that
day.
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By this view, students and ph;/srcrsts participate in socially
constructed, situated practices.>’® Scientific knowledge and
practices are collective constructs of the scientific
commumty ® Fundamentally, learning physics means be-
coming a member—-and adopting the practices—of the com-
munity of physicists,*’ in much the same way that one be-
comes a member of any new culture. There is not necessarily
any normative rationality to these practices: To members,
they are natural and routine; to outsiders, they can seem
quirky and arbitrary

There are various versions of this perspective. Lave and
Wenger’s®” account, with roots in anthropological research,
refrains from attributing conceptions, beliefs, or abilities to
individuals. Other versions have arrsen more from Vy-
gotsky’s developmental psychology,*! by which individual
reasoning processes are internalized forms of social 1nterac-
tion. In this manner, consistent with Kuhn’s account,?® one
may understand students to develop abilities for coordrnatlng
theories and evidence by internalizing forms of argument
they first experience as social practice. Epistemological be-
liefs may similarly be seen as following, and influenced by,
changes in practice.*” This is the reverse of the traditional
view that individual knowledge and abilities are prerequisites
to participation in scientific inquiry; by this account, the par-
ticipation comes first.

To return to the students’ debate, it is routine among
physicists, in certain circumstances, to suppose ideal, unat-
tainable conditions, in other words to neglect aspects of what
they see happening. This practice was part of Galileo’s as-
sertion that ‘‘any velocity once imparted to a body will be
rigidly maintained as long as there are no causes of accelera-
tion or retardation, a condition which is approached only on
horizontal planes where the force of friction has been
minimized.”’* Implicit in Galileo’s claim is that such condi-
tions are never actually realized: He was deliberately reason-
ing about a situation he felt could not occur. To nonphysi-
cists, including these students, it may be difficult to
understand this practice or when and how it should be in-
voked. ‘

In the excerpt above, Amelia objected to Sean’s thought
experiment in space because, she claimed, even in space
there is some friction. Earlier, several students took the po-
sition that it would not be possible to eliminate friction with
the ground without also eliminating gravity; this reasoning
may have contributed to the confusion evident in the excerpt
over whether Galileo’s ideal conditions involved neglecting
gravity. In the context of a discussion of the Second Law of
Thermodynamics, a physicist would agree: It is not possible
to eliminate friction between the ball and the ground without
eliminating the force of contact between them; more gerrer-
ally, it is not possible to eliminate friction absolutely under
any (classical) circumstances, even in space. But in this con-
text, reasoning about the ball on the ground or in space, it
would be routine for a physicist to neglect friction. Harry’s
joking response to Amelia (‘“We’re talking about ideal
space.”’), and the laughter it drew, highlighted that this prac-
tice of assuming ideal conditions was not natural or routine
for the class.

In other respects, the class’s inquiry practices resembled
physicists’, such as in their use of analogies** and references
to prior experience. Sean’s comparison to outer space was an
example; elsewhere in the discussion students referred, for
example, to their experiences throwing balls, swinging pen-
dulums, and playing air hockey.
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These perceptions might lead an instructor to try to draw
the class into the physicists’ practices of assuming ideal con-
ditions, and to build on their use of analogies and compari-
sons. Sherin, diSessa, and Hammer* discussed the activity
of programming a simulation of a Newtonian object. The
students collaborated, in a teacher-moderated discussion, in
the design of an algorithm to control the motion of the
“‘space ship’’ of a computer game. We argued that this con-
struction of a computational model contributed to a situation
in which an appropriate practice of idealization was likely to
emerge for the students, in contrast to a discussion focused
on the question of what ‘‘really’’ happens to a moving ob-
ject.

In general, this perspective provides alternative possibili-
ties for diagnosing students’ strengths and needs, and for
assessing their progress, other than in terms of individually
held knowledge and ability. Thinking of students’ participa-
tion in terms of situated, collective phenomena, an instructor
would not, for example, necessarily expect the difficulties or
achievements students’ display in one situation to persist in
others. As well, rather than directing interventions exclu-
sively or primarily at individual knowledge and abilities, an
instructor might think of the task of establishing certain so-
cial practices as prerequisite to individual learning.

EDUCATION RESEARCH AND INSTRUCTORS’
CONCEPTUAL RESOURCES

Discussing college teaching 25 years ago, Perry® de-
scribed what is probably a familiar situation among physics
instructors:

The good teacher becomes one who supports in his
students a more sustained groping, exploration, and
synthesis... . Typically, [instructors] enter their class-
rooms with [this] set of values, looking at the [class] as
an opportunity for the students to develop initiative and
scope in their own thinking. No sooner do the students
get started, however, and some error or inexactness is
voiced, than the older form of responsibilities imposes
on the instructor the imperative of ““correcting.”” In the
hours where this tendency gets in motion, three to five
corrections of this kind appear sufficient to defeat the
students’ initiative for search and the flow of their ex-
ploration. The initiative for conversation then falls back
upon the instructor, who then finds himself in a mono-
logue or lecture...compelled...to do what he had never
intended to do.*

Part of the difficulty is that the “‘errors’” and ‘‘inexact-
nesses’’ are so salient. For a physics instructor who under-
stands Newtonian mechanics, for example, it is relatively
automatic and straightforward to assess the correctness of
what students say about forces and motion; it may not be so
automatic or straightforward to consider the value of their
‘‘groping, exploration, and synthesis.”” My purpose in this
article has been to illustrate how perspectives from education
research might influence what instructors perceive in their
students.

I have recounted a moment from a physics class discus-
sion and analyzed it from several perspectives. I have not
presented this as a comprehensive set, nor as a progression of
increasingly adequate theories. Certainly there are many
other considerations I have not addressed here, including, to
name a few, students’ mathematical abilities and use of the
formalism, gender differences, or anxieties about learning
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science. I have only intended to present a sampling of con-
ceptual resources. Equipped with a range of such resources,
instructors would see much more than “‘errors’’ and ‘‘inex-
actnesses.”’

On this view, teachers are constantly making choices,
whether implicitly or explicitly, of how to perceive what
their students are doing and of how to respond to those per-
ceptions. I noted some examples above: Listening to the stu-
dents talk about forces and motion, an instructor may choose
to perceive either misconceptions or the activation of
p-prims. Or, perceiving both misconceptions and the begin-
nings of independent reasoning, an instructor may experi-
ence a dilemma over whether to challenge the former or to
promote the latter. How instructors do or should handle these
choices and dilemmas is a matter for further discussion and
study;*® for the present, I hope to have suggested the range in
what an instructor might perceive in students, diagnose as
their strengths and needs, and see as tasks for instruction.

This role of education research in physics instruction is an
alternative to the traditional relationship between research
and application, and it raises a different agenda for further
work.

(1) Distinguish the goal of developing a coherent theo-
retical framework from the goal of improving (current) phys-
ics education. 1 am by no means advocating complacency
with respect to furthering our understanding of the process of
physics education. It is essential that researchers seek coher-
ent, principled frameworks, and growth in this regard often
emerges from researchers committed to developing a particu-
lar perspective. As Reif noted, no one should ‘‘minimize the
long-term potential of principled analytic approaches.””*’
Even in the near-term, such approaches are yielding useful
new ideas and materials.

At present, however, education research has yet to achieve
theories with the precision, coherence, and stable consensus
that would warrant faithful commitment by instructors. To
the end of improving current physics education, researchers
and instructors should be cautious about promoting or ac-
cepting what “‘research has shown.’”” Because we do not yet
have any proven methods or clear principles—education is
not yet an applied science—we must continue to rely sub-
stantially on instructors’ perception and judgment. I am sug-
gesting we think of the current contributions of education
research primarily in terms of how it might influence that
perception and judgment.

A reviewer suggested I discuss the Force Concept Inven-
tory (FCD)*® a subject of current debate.* The disagreement
concerns what, precisely, the FCI measures, in particular
whether an FCI score measures a student’s understanding of
the Newtonian concept of force. There is wide agreement
that a low score shows a lack of understanding of the con-
cept, and that low scores on the test provide solid evidence to
discredit conventional methods, but it remains controversial
what may be concluded from a high score.

This debate provides a topical context for distinguishing
goals of physics education research. For the goal of develop-
ing a principled framework, the debate is productive in that,
for one, it may lead toward a shared and technically precise
definition of what constitutes ‘‘understanding a concept.”
For the goal of improving current physics education, I am
suggesting that the FCI can and should inform instructors’
work, especially to challenge conventional intuitions about
learning and methods of instruction. It provides an alterna-
tive lens through which to consider students’ progress, and
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the view through that lens should influence instructors’ per-
ception and judgment. But I am also suggesting that we do
not yet have a shared, precise definition of what constitutes
understanding, and it would not be appropriate for instructors
to treat FCI scores as unproblematic, objective
measurements.>

(2) Cultivate a stance of inquiry in instruction. In sum, it
is essential that researchers and instructors maintain an ap-
propriate humility with respect to what we understand about
the process of education. For researchers, this means temper-
ing claims of implications and prescriptions for instructional
practice. For instructors, this means adopting a stance of in-
quiry, regarding the process both in general and in particular
students. Physics instruction should be understood to involve
ongoing inquiry into students’ knowledge and abilities, as-
sessment and reassessment of their strengths and needs, and
considered experimentation with different methods of inter-
vention.

One entailment of this view is that instructors need infor-
mation about their students’ knowledge and reasoning; and
this information should come in various forms, because there
is not an adequate framework by which to design a focused
collection. The variety should include traditional short-
answer problems and standardized multiple choice instru-
ments. It should also include, for example, written explana-
tions of problems or of physical principles; nontraditional,
open-ended problem solving; and, as this paper presented,
discussions and debates during class or recitation sections.
Learning to teach should involve developing the skills of
gathering information, including the skills of moderating dis-
cussions and ‘‘interviewing’’ students regarding their under-
standing. On this view, activities such as the discussion pre-
sented above are valuable not only pedagogically but also as
part of the instructor’s investigation into the students’ knowl-
edge and reasoning,”!

A second entailment of this view is the need to create
forums for conversation among instructors. Across all edu-
cational levels, from preschool to university, there are few
occasions for substantive exchange about learning and in-
struction. There is a general sense that everyone is both en-
titled and responsible to develop their own ideas, and there is
little opportunity or obligation to support those ideas or to
explore others. There are, however, some impressive ex-
amples of progress. Nelson and Hammerman®> and their col-
leagues have promoted a “‘culture of inquiry’’ among teach-
ers in elementary mathematics: ‘‘Inquiry groups’” of a dozen
teachers and a facilitator meet, for two hours every other
week from September to June, to discuss issues in learning
and instruction, focusing on the teachers’ ongoing classroom
experiences. Feldman®® has pursued a similar agenda with
high school physics teachers conducting more deliberate
““collaborative action research.”’

It would be productive to establish similar forums at all
levels, including colleges and universities. Of course, there
are obstacles that will be difficult to overcome; principal
among these are institutional and cultural attitudes toward
teaching as having little intellectual status. I hope with this
article to help motivate a view of teaching as, among other
things, an intellectually subtle and demanding enterprise.

(3) Develop a variety of conceptual resources, in addition
to technical resources. Discussions of the contributions of
physics education research have generally focused on mate-
rials and techniques, including textbooks, curricula, software
and equipment, standardized exams, and methodological
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prescriptions.>* There is no question that this work is valu-
able: Physics instructors at any level need such technical
resources, and physics education research has produced a
number of excellent resources of this kind.

Technical resources, however, are not sufficient for a
physics instructor, any more than they would be for a doctor.
A doctor who knows of only one or two diseases would have
only one or two options for diagnosing an ailment, regardless
of the technical resources available. When the diagnosis hap-
pens to be correct, the prescribed treatment may be effective;
when the diagnosis is not, the treatment may not only be
ineffective, it may be damaging. The same is true in instruc-
tion, and, unfortunately, it is not unusual for pedagogical
interventions to do more harm than good.>

While we do not yet have available an adequate, unified
framework, we can be quite confident that physics knowl-
edge and learning involves a range of cognitive, affective,
individual and social structures and processes in a complex
ecology.56 Instructors need to have, not only the technical
resources for gathering information, but also a range of con-
ceptual resources by which to interpret that information, pro-
viding a variety of options for diagnosis. The analysis above,
of three minutes from a classroom discussion, illustrates how
much there is potentially for an instructor to see and con-
sider.

I am suggesting that there needs to be a emphasis on in-
structors’ conceptual resources, in our conceptions of the
contributions of education research, comparable to the em-
phasis on technical resources. Instructors’ professional de-
velopment, at any level, should address not only on methods
and materials but also multiple perspectives on knowledge,
reasoning, and learning, to promote flexible awareness of
students’ strengths and needs. Similar ideas have motivated
programs57 that focus on developing teachers’ understand-
ing, of physics as well as of knowledge and pedagogy.

(4) Develop narrative accounts of authentic episodes of
learning and instruction. It should become standard, com-
mon practice among teachers and researchers to exchange
and discuss detailed, extended accounts of episodes of phys-
ics learning and instruction.”® These accounts, in written nar-
ratives or annotated videotapes, can bridge the gap between
research and instruction. They provide specific, authentic
cases to clarify and compare different perspectives, instance
their claims, and consider their adequacy and relevance.
They provide material to draw out instructors’ contextual,
atheoretical knowledge and experience, to facilitate explicit
comparison among teachers’ intuitions as well as between
those intuitions and the theories articulated in the literature.
They provide cases to expose the tensions for instructors
among different ways of thinking about students, to study
how they manage dilemmas, and to illustrate teaching as a
process of inquiry. The use of narrative cases has been pro-
moted for teacher education and generally as an epistemo-
logically sound means of representing and communicating
knowledge in education.>

(5) Study instructors’ use of perspectives. I have proposed
that perspectives from education research might contribute to
instructors’ conceptual resources, and I have illustrated what
various perspectives would have to say about a particular
moment of instruction. I have not, however, discussed
whether and how instructors actually make use of the differ-
ent perspectives.

In particular, it is important to contend with the difference
between public, articulate perspectives and personal concep-
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tual resources. I noted earlier that I would assume, for the
purposes of this article, that these are equivalent. But they
are not  generally equivalent: Instructors’—and
researchers’—understandings of research perspectives vary
considerably. Some, for example, understand the misconcep-
tions perspective as detailing ‘‘what’s wrong’’ with students’
thinking and as implying the importance of anticipating and
eliminating their mistaken concepts; others understand it as
highlighting the rationality and legitimacy of student think-
ing and as suggesting the importance of engaging students in
extensive exploration of their ideas. This range of interpre-
tation may reflect ambiguity inherent in the perspective it-
self. For this reason and others, we need to study how any
given perspective actually influences what instructors see in
students’ work, not simply to understand the instructors’
abilities to assimilate and apply ideas from research, but to
understand the adequacy and validity of those ideas in au-
thentic conditions.
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WRITING REVIEW ARTICLES

Unfortunately, that information explosion is in great part a misinformation explosion. All of us
are exposed to huge amounts of material, consisting of data, ideas, and conclusions—much of it
wrong or misunderstood or just plain confused. There is a crying need for more intelligent com-
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or she may reap a reward in the form of a professorship or a promotion, even if the result is later
shown to be entirely wrong. However, clarifying the meaning of what has already been done (or
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career. Humanity will be much better off when the reward structure is altered so that selection
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