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It has become a commonplace belief that learning is the resuit of the interaction be-
tween what the student is taught and his current ideas or concepts.' This is by no means
a new view of learning. Its roots can be traced back to early Gestalt psychologists.
However, Piaget's (1929, 1930) early studies of children’s explanations of natural phe-
nomena and his more recent studies of causality (Piaget, 1974) have perhaps had the
greatest impact on the study of the interpretive frameworks students bring to learning
situations.

This research has led to the widespread study of students’ scientific misconceptions.?
From these studies and, particularly, from recent work by researchers such as Vicnnot
(1979) and Driver (1973), we have developed a more detailed understanding ol some
of these misconceptions and, more importantly, why they are so “‘highly robust™ and
typically outlive teaching which contradicts them (Viennot, 1979, p. 205).

But identifying misconceptions or, more broadly speaking, “alternative frameworks™
(Driver & Easley, 1978), and understanding some reasons for their persistence, falls short
of developing a reasonable view of how a student’s current ideas interact with new, in-
compatible ideas. Although Piaget (1974) developed one such theory, there appears to
be a need for work which focuses “more on the actual content of the pupil’s ideas and
less on the supposed underlying logical structures™ (Driver & Easley, 1978, p. 76). Several
research studies have been performed (Nussbaum, 1979; Nussbaum & Novak, 1976;"
Driver, 1973; Erickson, 1979) which have investigated “the substance of the actual beliefs
and concepts held by children™ (Erickson, 1979, p. 221). However, there has been no
well-articulated theory explaining or describing the substantive dimensions of the process
by which people’s central, organizing concepts change from one set of concepts 10 another
set, incompatible with the first. We belicve that a major source of hypotheses concerning
this issue is contemporary philosophy of science, since a central question of recent phi-
losophy of science is how concepts change under the impact of new ideas or new infor-
mation. In this article we first sketch a general model of conceptual change which is
largely derived from current philosophy of science, but which we believe can illuminate

* This article is partly based on a paper entitled “Learning Specia! Relativity: A Study of Intellectual

Problems Faced by College Students,” presented at the International Conference Celebrating the 100th An-
niversary of Albert Einstein, November 8-10, 1979 at Hofstra University.

! See, for example, Ausubel (1968).
2See Driver and Easley (1978) for an Ilent review of h in this arca.
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learning as well. We then illustrate some features of this model from interviews with
students studying special relativity in physics. Finally, we derive somc pedagogical im-
plications.

f-  Our central commitment in this study is that lcarning is a rational activity. That is,

lcarning is fundamentaily coming to comprchend and accepl ideas because they are seen
as intelligible and rational. Learning is thus a kind of inquiry. The student must make
judgments on the basis of available cvidence. 1t does not. of course. follow that motiva-
tional or affective variables are unimportant {0 the learning process. The claim that
learning is a rational activity is meant to focus attention on what lcarning is, not what
learning depends on. Learning is concerned with ideas, their structure and the evidence
for them. It is not simply the acquisition of a set of correct responses, a verbal repertoire
or a set of behaviors. We believe it follows that learning, like inquiry, is best viewed as

- a process of conceptual change. The basic question concerns how students’ conceptions
change under the impact of new ideas and new evidence.

The Epistemological Base

Contemporary views in philosophy of science suggest that there are two distinguishable
phases of conceptual change in mﬁn:om Usually scientific work is donc against the

background of central commitments which organize research. These central commitments

define problems, indicate strategies for dealing with them, and specify criteria for what

counts as solutions. Thomas Kuhn {1970) calls these central commitments? “paradigms,”

and umaw&ma-aoa_:mﬁa research “normal science.” Irme Lakatos (1970) labels sci-
entists’ central commitments as their “theoretical hard core™ and suggests that these
commitments generate “research programs” designed to apply them to and defend them
from experience.

. The second phase of conceptual change occurs when these central commitments 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 sceing
the world. Kuhn terms this kind of conceptual change a “scientific revolution.” For
Lakatos it is a change of research programs.

We believe there are analogous patterns of conceptual change in learning. Sometimes
students use existing concepts o deal with new phenomena. This variant of the first phase
of conceptual change we call assimilation. Often, however, the students’ current concepts
are inadequate to allow him to grasp some new phenomenon successfully. Then thestu-

dent must replace or reorganize his central concepts. This more B&Q:,o_..:o».no:oo?:»_
4

change we call accommodation.

“This view of inquiry and learning involves one additional feature. We believe thatin-
quiry and learning occur against the background of the learner’s current cConcepls.
Whenever the learner encounters a new phenomenon, he must rely on his current concepts
ze his investigation. Without such concepts it is impossible for the learner t0

to organi
about the phenomenon, to know what would count as an answer to the

ask a question
ts.”” “concepts,” and “conceptions” are equivalent. Although these

3 In this article the terms “commitmen
differing levels of conceptualization, we do not distinguish among

terms {particularly the latter two) refer to

the levels in this article.
4 These are Piaget’s words, but in using them we do not intend any commitment to his theories.
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experience, images, or models which make them appear intuitively obvious and which
make competing concepts seem not just wrong but virtually unintclligible. Often,
therefore, the first hurdle a set of central concepts must face in gaining acceplance is to
appear to make sensc.

These kinds of considerations suggest that there are several important conditions which
must be fulfilled before an accommodation is likely to occur. The following four scem
to us Lo express conditions which are common to most cases of accommodation.

1) There must be dissatisfuction with existing conceptions. Scientists and students
are unlikely to make major changes in their concepts until they believe that less radical
changes will not work. Thus, before an accommodation will occur, it is reasonable to
supposc that an individual must have collected a store of unsolved puzzles or anomalies
and lost faith in the capacity of his current concepts to solve these problems.®

2) A new conception must be intelligible. The individual must be able to grasp how
experience can be structured by a new concept sufficiently to explore the possibilities
inherent in it. Writers often stress the importance of analogies and metaphiors in lending
initial meaning and intelligibility to new concepts (Ortony, 1975; Belth, 1977; Black,
1962).

\wv A new conception must appear initially plausibie. Any new concept adopted must
at least appear to have the capacity to solve the problems generated by its predecessors.
Otherwise it will not appear a plausibie choice. Plausibility is also a result of consistency
of the concepts with other knowledge. A new idea in, say, astronomy is less likely to be
accepted if it is inconsistent with current physical knowledge or if it simply has no clear
physical account. Physical scientists prior to the 20th century, for example, were reluctant
to accept what geologists were claiming about the age of the world since they had no
theory which would allow the sum to provide encrgy for that period of time.

(' 4) A new concept should suggest the possibility of a fruitful research program. It
should have the potential to be extended, to open up new areas of inquiry.

Features of a Conceptual Ecology

An individual's current concepts, his conceptual ecology, will influence the sclection
of a new central concept. The literature in philosophy of science and our own work (to
be discussed shortly) have suggested that the following kinds of concepts are particularly
important determinants of the direction of an accommodation.

1) Anomalies: The character of the specific failures of a given idea arc an important
part of the ecology which selects its successor.

( 2) ‘Analogies and metaphors: These can serve to suggest new ideas and to make them
intelligible.

& There is, of course, a sizeable body of literature in both psychology (Smedsiund, 1961; Kuhn, 1972; Berlyne,
1965) and scicnce education (Driver, 1973; Stavy & Berkowitz, 1980) on the use of conceptual or cognitive
conflict for the development of thought and conceptual change. But most of this literature has been conducted
within a strictly Piagetian framework {though Berlyne (1965) reviews the broader use of conflict situations
in education]. However, none of this work appears to be grounded in a theory of conceptual change of the sort
discussed in this article. That is, none is focused on fundamental changes in a person's central, organizing
concepts from one set of concepts (o another set incompatible with the first.
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3) Epistemological commitments:

a) Explanatory ideals: Most fields have some subject matter-specific views con-
cerning what counts as a successful explanation in the field.

b) General views about the character of knowledge: Some standards for successful
knowledge such as elegance, economy, parsimony. and not being ad hoe seem subject
matter neutral.

4) Metaphysical beliefs and concepts:

a) Metaphysicial beliefs about science: Beliefs concerning the extent of orderliness.
symmetry, or nonrandomness of the universe are often important in scientific work
and can resuit in epistemological views which in turn can sclect or reject particular
kinds of explanations. Such beliefs played a large role in Einstein’s thought. Beliefs
about the relations between science and commonplace experience are also important
here.

b) Metaphysical concepts of science: Specific scientific concepts often have a
metaphysical quality in that they are beliefs about the ultimate nature of the universe
and are immune from direct empirical refutation. A belicf in absolute space or time
is an example.

5) Other knowledge:

a) Knowledge in other fields.

b) Competing concepts: One condition for the selection of a new concept is that
it should appear to have more promise than its competitors.

We will see in this study how these five features of a conceptual ecology relate 1o the
four conditions of a conceptual change in accounting for the difficulties students face
in learning science. We thus turn to a study of the conceptual change required of physics
students in the context of a specific topic: Einstein’s special theory of relativity. This topic
was chosen because it has been commonly viewed as a prototype of a scientific revolu-
tion.

The Method

In order to study students’ attempts in coming to terms with the special theory, we
conducted interviews in a noncalculus, self-study, self-paced introductory college physics
course with students who had completed a unit on special relativity, and with several
physics instructors. In the interviews, two problems were presented to the interviewees
who were requested to solve the problems while thinking aloud. At each stage they were
asked to give reasons for their answers, but no attempts were made to teach them in those
cases where their answers were inconsistent with the special theory. The first problem
considered the workings of a light clock and the implications it has for the concept of time.
The second problem involved simultaneity and the synchronization of distant clocks and
was followed by the presentation of written explanations from two different points of
view which the interviewee was asked to read, and subsequently to repeat back. as a
comprehension exercise.’

7 See Posner et al. (1979) for a full description of the problems.

NABY 1A npremace
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The Theory with lliustrations from Interviews

We now explore in greater detail the conditions governing assimilation und accom-
modation by relating them to the different features of a conceptual ecology listed above.
The application to the special theory of relativity is iluminated by examples taken from
the interviews with physics students and instructors.

Intelligibility of a New Conception

In order for a student to consider an alternative conception, he must find it intclligible,
It should be clear that intelligibility is necessary for but not cquivalent to or sufficient
for accommodation. Intelligibility at a superficial level requircs an understanding of the
component terms and symbols used and the syntax of the mode of expression. For some
new conceptions, this aspect of intelligibility is easily met. The special theory is one such
case in which this aspect is not particularly problematic for college students with an
adequate background in algebra.

However, as recent research on language comprehension demonstrates, finding dis-
course (or for that matter, theories) intelligible requires more than just knowing what
the words and symbols mean. Intelligibility also requires constructing or identifying a
coherent representation of what a passage or theory is saying (Bransford & Johnson,
1973). In fact, we would claim that no theory can function psychologically at all unless
it is internally represented by the individual.

In general, representations may be in the form of propositions or images, or networks
of interrelated propositions and/or images. Onc might, for example, represent travel
distances between New York State cities as a series: Ithaca-Albany, 165 miles; Al-
bany-Syracuse, 60 miles; Albany-New York City, 150 miles, etc. Or, the same infor-
mation could be represented by a matrix formed by writing cach city on both the hori-
zontal and vertical axes of the matrix, where each matrix cell contains the distance be-
tween the two cities intersecting at the cell. Or, the same information could be represented
even more cconomically by a New York State map with lines connecting pairs of cities
and distance written on each line. Similarly, a truth tableand a Venn diagram can rep-
resent the same information as propositions and as images, respectively.®

Representations function both passively and actively. They function passively as a
format into which information must be fit. In paragraph comprehension tasks, for ex-
ample, anomalous sentences are confusing (i.e., unintelligibic) becausc they cannot be
fit into the representations being built and, thus, are not easily entered into the reader’s
memory (Bransford & Johnson, 1973). Representations also function actively as a plan
for directing one’s attention and conducting purposeful searches (Neisser, 1976). The
inability of readers to remember an anomalous sentence in an otherwise coherent para-
graph may be attributed to the readers’ inattention to it.

The different functions of a representation showed up dramatically in thc comparison
between the responses of a student, ON facing relativity for the first time, and an in-
structor, ET, who had taught physics, but not relativity, for a number of years. Both read
the written explanation of the simultaneity problem, part of which follows:

When E passed A, they both set their clocks to zero and sent me a synchronization signal. Since
| was a distance dag/c from A when the signal arrived I set my clock toread 1 = dap/c.SOoE's

8 These examples were all adapted from Jerome Bruner (1966).
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clock and my clock were correctly synchronized when E was at A, but since moving clocks run slow,
when E reached me, his clock had fallen behind mine.

ON’s recollection of this section came without hesitation as follows:

(B said) :i— when E reached point A, they synchronized the clocks 1o read zero, and at that point
he sends a signal to B, and B synchronized his clock with 7 equal to the distance AB over the velocity
and that's how B stated that he did it—because moving clocks run slow E was behind )

There was no indication of any active functioning. She was intent on giving the written
explanation without comment. She had already attempted her own wo_ﬂ_:os to the
problem, but there is no comparison between the written explanation and her own previous
attempt. This, in contrast, is ET’s recollection of precisely the same section:

(E said) that he sent a synchronization signal to B, and that differs from approach which was to
have B look at them visually. And apparently here's B considering that (E) sent out a synchroni-
zation signal and that the distance that it travelled (pause) yes, see, that's where he's m.n::_m his
velacity, relative velocity. )

The nn.wnnmn:.m:o: which ET builds, functions actively to direct his atiention in
commenting on the written explanation and to conduct a search for any information which
could be used to clear up difficulties in his own solution to the problem. As he says
later: )

s . . . .

Look, | don’t remember what he said, | wasn’t really trying to recall it, but tosort out my own ideas

e Vouas cadan : - ‘ )
p )

Lo SUppOsSE | Was selective in my ...w&am_x.m. iryin
would clarify my own ideas.

R PR TN L oinlegaie a -
ily 10 1ake e Wwriltdin n>1"n 1d Cx_v what

How one represents knowledge and theories determines one’s ability to make sense
of and use the new ideas. Only if the student can psychologically construct a coherent,
meaningful representation of a theory can it become an object of assessment and a tool
of thought. Only an intelligible theory can be a candidate for a new conception in a
conceptual change.

How difficult is this task for special refativity? Einstein (1954) describes the two basic
postulates of special relativity as follows:

.. ..m<n_,« universal law of nature which is valid in relation to a coordinate system C. must also be
<s_5u as it stands, in relation to a coordinate system C’, which is in uniform translatory motion
relativelyto C ... )

The second principle, on which the special theory of relativity rests, is the “principle
of the constant velocity of light in vacuo.” This principle asserts that light in cacuo always
has a definite velocity of propagation (independent of the state of motion of the observer
or of the source of the light) (pp. 224-225).

Ow:.&d&:m a coherent representation of the theory’s two postulates individually is not
particularly problematic. One can imagine a state of affairs in which each in turn is true,
although the more one accepts Newtonian mechanics the harder it will be to imagine
2 ioq.E in which the postulate about constancy of the speed of light is true. But in balance
__.:o:_mmc::w of cach of Einstein's two postulates is not particularly problematic. .
) ,:_.o intelligibility of the theory as a whole, however, is a different matter. Finding it
intelligible entails imagining a world in which both of Einstein's postulates are true. to-
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gether with the logical implications of the postulates for notions of space and time. This
task is a demanding one. To make matters even more difficult, it is possible to apply the
postulates and formulas of special relativity in a superficial way without those necessary
revisions in one’s conceptions of space and time which arein accord with the theory; or
without even having understood the full implications of its principles. Thus, both learner
and instructor can mistake the intelligibility of the parts—the postulates of the special
theory—for the intelligibility of the whole.

Initial Plausibility of a New Conception

One source of difficulty in learning special relativity stems from its lack of initial
plausibility to physics students. Regardless of how intclligible onc finds the theory, it
may still appear counterintuitive. What makes a theory like special relativity counter-
intuitive?

Initial plausibility can be thought of as the anticipated degree of fit of a new conception
into an existing conceptual ecology. There appear to be at least five ways by whicha
conception can become initially plausible.

1) One finds it consistent with one’s current metaphysical beliefs and cpistemological
commitments, i.¢., one’s fundamental assumptions.

2) One finds the conception to be consistent with other theorics or knowledge.

3) One finds the conception to be consistent with past experience.

4) One finds or can create images for the conception, which match one’s sense of what
the world is or could be like.

5) One finds the new conception capabie of solving problems of which one is aware
(i.e., resolving anomalies).®

Of these five factors the first appears to offer the greatest explanatory power with
regard to the difficulties faced by students attempting to learn Einstein’s special theory.
Let us then look at fundamental assumptions as they bear on this learning task.

One set of fundamental assumptions is the individuals’ epistemological commitments.
Einstein (1949) was committed to two fundamental epistemological principles:

1) A theory must not contradict empirical facts; and

2) The premises of the theory must be characterized by “naturalness™ or “logical
simplicity,” a kind of “inner perfection” of the theory. He was committed so fully to these
two principles that he was able to apply them ruthlessly, even if that application meant
a rejection of our common sense notions of space and time.

Needless to say, students do not always share Einstein’s epistemological commitments,
but their own commitments are likely to be highly significant in determining what they
find initially plausible and, thus, in shaping their conceptual changes. Therefore, it is
important to find out just what epistemological commitments students have, if one wants
to understand what they are likely to find initially plausible or implausible and more
generally, to understand their processes of conceptual change. What is their theory of
theories? What is their theory of knowing? What is their view of the relation of disci-
plinary knowledge to everyday knowledge?

9 The present discussion will focus only on the first of thesc five ways, that is, on the individual's fundamental
assumptions. In the next section we elaborate on the last of these ways. There we discuss the dual function of

anomalics.
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mn_o”.::nﬁh_ﬁucginm_ .co:.om.? like epistemological commitments. are central 1o 2
B:Mnﬁ. _,oz. a.o central mn_n_:_:.n Bn:::_viou_ belief that contrasts special relativity
.i: its :W:,.n. 1ate vﬂoawnommo? is its rejection of an absolute space and absalute :B.n
in ?S:m ;.: interpretation which considers space and time relative to any given inertial
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find the special theory counterintuitive. o
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_mn_nq_uJ\_ vqmocw_mhﬁ:Eﬂmw_n_—_‘n_:v\ and repeatedly. In response to a portion of the simul-
a or which the special theory icts /0 ¢l i i
O Pads pe: ory predicts that two clocks read different times)

%033 | “_:owz, how no:_a. they change? Time only goes ut one rate, right?
After she has _..nma :.ﬁ written explanation showing the derivation of the relativistic
prediction, the interviewer (1) questions her further: .
(I} And so what about this idea of absolute time?

(CP) Ican'tsay that's not truc. . .
hv :owm:_w states her belief in absolute time but at a later stage shows how she defends
itina discussion o._. ~.:n troublcsome results of the simultaneity problem which she mmﬁ,.
milates into an existing conception: . ,

Oﬁv _<3 “._Z asking you what you feel about results like that.

(CP) _ﬁn_.ﬂm‘, _m“nhw._. mwg_c_ar:an. it just seems to go on at a certain rate everywhere
natural that it’s constant everyw : .
el i scems na ywhere. | mean. even though you

(I) ... it seems these are stran i
i ge results. What attitude do you take of these re-
(CP) _ mﬂv..:.ow ao:w really mean all that much; it just depends on what your frame
: %r t’s sort of like vono._:_m_ energy depends on the way you define zero to be?
n he amount of potential energy you've got? .
(CP) Right, all relative to what’s going on.
n:%vﬂnw ”_Mﬂnmm.__.mn poaﬂpn-_:_u_ energy is significant in pinpointing a conception which
gard the values given to a variable as arbit bei
on the observer’s point of view. She e e
: . attempts to resolve some counterintuiti
o obser ) . erintuitive results of
E_mamﬁoo“.ﬁ.% M_po—”e of time by .n_nwi_:m an analogy between time and potential energy. No
at the analogy might break down with further analysis—it serves her belief i
absolute time. e
B%M_mvugqo_u:nmn at this point to note the importance of the strength and depth of a
an VM_WW_ cn__n»” in determining whether assimilation or accommodation occurs
Beca s commitment (o absolute time is so stron, ton i .
. ommit : g, accommodation is a less attractive
mﬂ“ﬂ _Mw»“ assimilation, m.:g asa _.nmp.;, she needs to be able to make her belief in absolute
e er 1:%35:9:.@. of special relativity consistent. She succeeds. to her satis-
>.o=, g..cm_:m the potential energy analogy. . ,
ns&h__woﬂm_:r;n course, SL, v.qoiaom another example of an attempt to assimilate the
mourmmwnmg Mn wﬂnﬂm_ :__ooQ into an existing conception, in this case in a rather more
ed and detailed fashion. He shows a fir i i
cated . m Newtonian com
et ¢ § mitment to a
_nzmyhz_”w_o view of the world ir_nw.. requires that objects have fixed properties such as
» Mass, etc., and that explanations of phenomena should be given in terms of these
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objects and their interactions. In 1alking about the question of shrinking rods and slowing
clocks, he says:

(SL) 1see them as being—as changing their length, or changing their time. But I can’t

talk to the person who's moving at the same velocity as the stick and the clock,

He’s telling me that they don’t change . .. I feel they haven't changed, but the

way I'm looking at them has changed . . . I guess I'm allowing for the fact that

person who's seeing these things at rest, who has his clock at rest, his meter stick

at rest, has (pause) a little more right to say what is really happening 1o the

sticks.

A little later he continues:
(SL) But I'mnotatall uncomfortable with the idea of foreshortening. I dosay, I do

feel it is a perception. I willsay it is a shortening. I know in the back of my mind
that my friend who's riding along with that meter stick is telling me all the time
that as far as he can tell, it's the same length and I believe what he’s saying, which

isok.
(D) 1t’s not a conflict?

(SL) No, because the fact that it’s moving makes it appear (o me as if it were fore.’

shortened.
Here SL insists on treating length as constant, independent of frames of reference. He
is, thus, led to treat the special theory’s claims concerning the relativity of length as simply
a distortion of perception.

What is of interest to us at this point is that SL reveals this commitment by usingit
as the conception to which he assimilates the findings of special relativity. In order to
do this he has to make two auxiliary assumptions: that a shrinking rod constitutesa
perceptual problem, and doesn't actually shrink (I Teel they [rods and clocks] haven't
changed, but the way I’m looking at them has changed™). and that in principle a mech-
anistic interpretation in terms of objects and their motion is needed in order to explain
why clocks run slower {“I don’t see how in depth. .. butl believe it can be done™). Neither
of these assumptions is necessary or even consistent with an Einsteinian perspective based
on a reanalysis of space and time. They do, however, play an integral part in protecting
SL's metaphysical commitments.

Dissatisfaction with Existing Conceptions'°

Generally, a new conception is unlikely to displace an old one, unless the old one en-
counters difficulties,!! and a new intelligible and initially plausible conception is availabie
{hat resolves these difficulties. That is, the individual must first view an existing conceptios
with some dissatisfaction before he will seriously consider a new one.

One major source of dissatisfaction is the anomaly. Each time a'person unsucocessfully
attempts to assimilate an experience or a new conception into his existing network of
conceptions, that person experiences an anomaly. An anomaly exists when one is unable
to assimilate something that is presumed assimilable—or (in other words), one simply
cannot make sense of something.

points raised in the two previous sectiom.

10 The reader should note that this section builds on some of the
cod out of order in relation to the Tistof

Thercfore. for purposes of clarity and succinctness. this section is pla

conditions presented earlier.
11 {_akatos (1970) terms these difficulties “recaicitrant data.”
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e.<__n= faced with an anomaly, the individual (scientist or student) has several alter
natives. One may come to the conclusion that one’s existing conceptions require s
?:a.uaozg_ revisions (i.c.. an accommodation) in order to eliminate the o%::. ¢ c_w:r
this is the most difficult and, therefore, the most unlikely approach. especially ict. But
are other possibilities: Yy app h. especially when there

1) rejection of the observational theory'®;
2) a lack of concern with experiment findi
al findings on the grounds th; v dre :
current conception; g g s that they areirrelevant to one's
.uv. a omnﬂ_.vw«mﬁn—.:w_ﬁm:o: of knowledge to prevent the new information from con
existing beliel (*“Science doesn’t have anything to do with the ‘real” world™); and

4) an attempt to assimilate the new inf [ -
T ormation into existing ¢ i “ FURIPIPS
relativistic phenomena). g conceptions (¢.g.. “Newtonizing

icting with

This analysis suggests that the i i i
. aly: presentation of anomalies will prod issati i
with an existing conception only if: produce dissatisfaction

WW M”:Mo:““ ﬂo:w.nnm_w”a why the experimental finding represents an anomaly:

uden! icve that it is S i i i ir existi

- Is necessary to reconcile the findings with their existing concep-
3) Students are committed to th i i i i

o o the reduction of inconsistencies among the beliefs they hoid;

4) Attempts to assimilate the findings i i
s into th ! i i
- g e students’ existing conceptions are seen not to

) m-o_«.m_ .m_uM _ﬂ%qogc::w. that m_._ these conditions will be met, it is no wonder that few
: ul 7_~_ ind their current 8:8@:2.5 weakened by anomalies. Why consider alternatives
A.._ a oiaonn_w._ view (or i:.m:%nq view they hold) when they are unconvinced of the in-
a B:»_..uw o “.ro_q oo:o.ov:o:m... .21 search for instructionally viable and effective
M.oﬂ—oﬁ:”” m_w_..w Hu_,._E”_J~ .BJV_A»:nn if accommodation is to be taken seriously as a goal
istorical anomalies (su i i ’ .
pe (such as the Michelson-Morley experiment) won’t always
) Wmm_:.::_m this ..o_.BE»E.n instructional problem is solved, the process of accommo-
»”:_m“ MM-._: M_.rooona. If ﬂ_n dissatisfaction with the existing conception created by its in-
¢ sense of experience is followed by learning of an i igi i
which resolves or promises to resolv ol altermathe
. e some of the anomalies of i
new conception may be plausible. s predecessor,then the
n_..H,__oh‘M _M little evidence in §n.m=~2<wn£m that students were aware of anomalies, even
e, Mmi_m Mh”wmﬂwgoh. nnioa_. nxvn._._:_os.w_ formed part of the study material in the course
earest example of a student’s awareness of anol ior
! mple malous be
Sohm M_oﬁm 4_:_ a statement of his epistemological commitment navier
as i is vi :
hat Eo::.&nﬁ_m,ﬂn_ »GEBE—S: result ?c:._. his view of the relativity principle which implies
en by two cameras moving past one another at the same instant and of

12 Re s H
aﬁnosgﬂoﬁ Sﬂnﬂrwn?d:o: are not theory neutral. Rather, observations are described and interpreted by means
pebiin dndpril __..Mn__._.‘._w_m.e.._“ao theory, or .3=Hn theory is assumed in treating the observations as data. ﬁ.nmazw
ift asa cof x a wave theory of light and, in some cases. relativity

Even the use of a telescoy assumes 2a theo tics. T whic N to descri T
pe t
Ty of o
P! heories which function to describe or inter pret data
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the same two clocks will show different things. The interviewer looks for confirmation
of this view:
(1) So what you're saying is that they wouldn't agree, they couldn’t agree, that
they'd actually see different things.
(HU) Right.
(1) That doesn’t bother you?
(HU) It did at first, but when you think about it and hash it out, there really is no

reason why we should limit ourselves to one frame of mind. I like to think ab.
stractly and [ can see that. | had trouble realizing that tengths would change,
t00, but you know, I'm game! No, it doesn’t bother me. 1t’s just that we don’y
realize it due to our slow speeds. I tend to agree with scientific data that’s
brought up and when they say that an clectron—what was that—a meson,
actually goes with the predictions, what can you do? And once you see the facts,
you can stretch your imagination.
HU's stated epistemology is simple and empinicist: Theories are derived from experi-
mental evidence. It also appears to exhibit a degree of tolerance for theoretical incon-
sistencies, which tolerance precludes him from seeing that he has made a mistake.
However, HU has pinpointed one anomaly: Newtonian mechanics calculates the lifetime
of 2 meson to be much'shorter than that which is observed experimentally. He has,
however, seen that special relativity’s prediction agrees with experiment. Thus, HU sees
an anomaly, he sees the alternative conception, and his epistemological commitment

allows for its plausibility.

Fruitfulness of a New Conception

Once aware of an intelligible, plausible alternative to an existing conception that re-
solves apparent anomalics, students may actively attempt to map their new conceptions
onto the world: that is, they may attempt to interpret experience with it. If the new con-
ception not only resolves its predecessor’s anomalies but also leads to new insights and
discoveries, then the new conception will appear fruitful and the accommodation of it
will seem persuasive.

A brief examination of the fruitfulness of the special theory for professional scientists
may suggest some of the theory’s potential. It is this potential of which students should
be made aware, if they are to share in the view that the theory is indeed fruitful, and, thus,
worth accommodating:

1) As an engincering tool in the design of accelerators (relativistic mechanics);

2) As a technological tool in the development of nuclear weapons and nuclear reac-

tors;
3) As a theoretical and technological tool in nuclear chemistry for predicting the

products of nuclear reactions;
4) As a theoretical and mathematical tool in astronomy for calculating life expec-

tancies of stars, for explaining astronomical phenomena (e.g. supernovae), and for making
calculations of astronomical distances;

5) As a theoretical basis (along with quantum physics) for the development of modern.

physics.
To the extent that the student can understand these contributions and trace them back

10 the basic postulates of the special theory, they may begin to appreciate the fruitfulness
of the theory.
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The Characier of Accommodation

QOur description .cﬂ the four conditions of a successful accommodation may hs
mnm-mm a fairly straightforward lincar process: students” dissatisfaction E::mwz_ “Mn mmm.
w_._xm_wm @M_ci_ca 3v~_:n students’ finding special relativity intelligiblc: lcading 8om= _ﬁ”““_,,“
WM._“M?__z its plausibility: and concluding with the belief that the theory is ultimatel
:.oia<w\? it 1.5:3 be clear that this account is oversimplified, since many basi
ceptions, including .8::?:3 are so complex that at a vm_.:nc_m,ﬂ time o::v.,,w”ﬁ__ﬁn_nw:
mno.oBBoam_o certain aspects but not others. We have, of course aomo:cam ww oo,
dation as a radical change in a person’s conceptual system. ,:._m—,m: accom ,M%OB::M
a radical change does not, however, entail that it is abrupt. Indeed. therc arc -Hca e J
to suppose that .3_‘ students accommodation will be a m..ma:m_.m_a ie " __..owMo.:y
Students are :::.ro:, to have at the outset a clear or well-developed wmmoonmnm " iven
:_ooQ and i—z: itentails about the world. For them, wnooBBoam:omEmc M .
of taking an 5..:»._ step toward a new conception by accepting some of its n_wm :M a umoﬂnmw
gradually Bon_@:_.m other ideas, as they more fully realize the meaning and i -w_ m_J then
QM Hum _M“M %on_zsmq:n_:m. Accommodation, particularly for the novice, is g%:...ﬂn:“ﬁ.“
0 radual adjustment in one’s concepti i . ;
m-o.:aio_.r for further adjustments but i:nnﬂﬁuﬂm‘o“on—_am”._ﬂmMaw_“w_m“:gm “»u::m :_w
zation or change in one’s central concepts. antial reorgan-
Our interviews also indicate that what mav in

tially appear 2s an accommodalic
) : ras abion me
~H“ o~=m.8 co m.oan:::m less than that. As the interview with SL indicates people swnw
mO o ” E instein’s two postulates may understand them in a rather non-FEinsteinian fashion
0 en | mvpvaw_.” ~.=m= as students, who have accepted the two postulates begin to 3»:%.
cir counterintuitive implications or their confli i ian 1
. \ cts with Newtonian noti f
and time, the commitment to the tw ots will attemot
3 0 postulates weakens. Typically, stude i
. . « . . ts will attempt
various strategies to escape the full implicatio; s ; ;
. n of the two postulates i
with Newtonian assumptions. A i el el somee
- Accommodation may, thus, h i i
fruitful attempts at assimilati , vl sooms charastorimet o
tion are worked through. It rarel i
cither a flash of insight, in which old i o be replaced by nen onzed by
, old ideas fall away to be replaced isi
asteady logical progression from on i e Rathen e aapons: o s
d ¢ commitment to another. Rather, it i
- 1 . Rather, it involves much
bling about, many false starts and mistakes, and requent reversals of direction.

Educational implications

a_“om»%”_ﬂm»wﬁo“___.”m__ﬂwﬂuhwovMMMMM_”:m w _.M:o:m_ basis for a conceptual change. We have
. ! ual changes, termed accommodations, may i
M”MUWH M.nM:M _.M M“HMMBME& assumptions about the world, about knowledge, mw.m:mﬁ%m
wher the i ok M m:__mﬂ can cn m:g:o.:m and potentially threatening, particularly
it making s i _w_:: v 8_33_:2_ to prior m%::ﬁ:o:m. We have seen that people
find an il oo m_nw. ¢n~nmw they are dissatisfied with their current concepts and
Two foatne plausible 9_832._3 ﬁ_m.ﬁ appears fruitful for further inquiry.
©s of a conceptual ecology, in particular, were shown to guide the change

process :.OE one concepti
U: n to an »Tﬂ o1 n ﬂ_ i
on to O T v anomalies, N:Q Nv T.:—QNSW::Z Nmm:—jﬂ:ODw
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If taken seriously by students, anomalies provide the sort of cognitive conflict (like
a Kuhnian state of “crisis™) that prepares the student’s conceptual ecology for an ac-
commodation. The more students consider the anomaly to be serious, the mare dissatisfied
they will be with current concepts, and the more likely they may be ready ultimately to
accommodate new oncs.

Metaphysical beliefs and epistemological commitments form the basis on which
judgments are made about new knowledge. Thus, a conceptual change will be rational
to the extent that students have at their disposal the requisite standards of judgment
necessary for the change. If a change to special relativity requires a commitment t0 the
parsimony and symmetry of physical theories (as it did for Einstein), then students
without these commitments will have no rational basis for such a change. Faced with
such a situation students, if they are to accept the theory, will be forced to do so on non-
rational bases, for example, because the book or the instructors says it is “true.”

Our study of the history of science reveals that many conceptual changes in science
have been driven by the scientists’ fundamental assumptions rather than by the awareness
of empirical anomalies.'3 Einstein's special relativity can be seen as such a caseM
However, since it is unlikely that students in an introductory physics course can be suc-
cessfully taught the requisite standards of judgment for an accommodation of special
relativity, physics teachers must rely on “anomalies™ to preparce the student for the ac-
commodation.

Our problem remains unsolved, however. Most of the anomalics will not be readily
seen as anomalies by students without a thorough understanding of the observational
theory in which the experiment was cmbedded. That is, most of the experiments are far
from being “transparent.” Does this problem mean that the special theory can realistically
be made at best only intelligible and partially plausible, but never fully persuasive to
students who arc firmly committed to a set of conflicting metaphysical beliefs and epis-
temological commitments? 1t is one thing to educate physicists over a course of four to

six years into a given set of standards of judgment. It is quite another thing to accomplish
this goal in an introductory physics course, along with covering a great deal of content.
And further, how is onc to demonstrate the theory’s fruitfulness in the limited time

available?
Accepting, then, that accommodation of the special theory runs the risk of being dif-

ficult if not impossible, is there anything we as educators can do to enable physics students t

1o accommodate new conceptions on a rational basis? Let us examine the implications
of our research for science education. We shall frame these implications in the formal
questions and suggestions raised by our research thus far.

Curricular Objectives

Our discussion of the critical role played by the student’s fundamental assumptioss
about the world and about their knowledge of the world raises serious questions aboul
the objectives of science courses. If the conceptual change process is to be rationally based,
then students will need to be immunized against the kind of inevitable indoctrination

13 See Burtt’s (1962, pp. 36-62) account of Copernicus, whose theory was not a response to anomalies, bot

was only presented as a simpler and more harmonious interpretation.
14 Empirical findings anomalous with respect 1o Newtonian physics but consisteat with Einsteinian theoy

developed many years after the special theory of relativity was proposed.
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that occurs when neither the teacher nor the student is aware of his own fundamental
:.,A,,,:__,:v:w:m; much _a.mm :_om.o implied by the science he is tcaching and lcarning ,
T n%zaw.J a_.cn,n%o: s&_nm must be raised about curriculum objectives as uA result
of our discussion in this article is the following: Is it realistic to expect science instructio
. h 5 § : n
to nqoa:%n mwoﬂa\»ama.:_c: in students, rather than merely to help students make sens
of new theorics? An mooosam:_z, should this be an expectation for all students. or ons
for certain groups, such as science majors? . B
Inthe n<.nE that an affirmative answer is given to the primary question. the content
of »”oMRSo:m woo:ow_m suggest we aim at developing in students: . f
1) Anawareness of their fundamental ass i "
al assum : s¢ ici i
o ptions and of those implicit in scie
WW »aoiwza for ooqmm_mﬁosow among their beliefs about the world;
n awareness of the cpistemological istori .
and i
science; & historical foundations of modern
4) Some sense of the fruitfulness of new conceptions

The extent to which any of the abov : .
vestigation. e should be considered is a matter for future in-

Content

» u.rfumw_n.ﬂ to Ec.ﬂcnn rationally based conceptual change in students, then accordin
° at we ave sai :Em far, the content of science courses should be such that it _.Qan_.m
scientifi noQ intelligible, plausible, and fruitful. In order to give expression to t} J
mo:nz_,_m requirement, the following conditions appear to be necessary: P oo
1) More emphasis should be given to assimilation and »ono_.:_doaw:o: b; dents
of that content than to content “coverage.” y siudents
N —-wn M = " . -
. ) _mﬂm.nﬂm.ﬂ“ﬂw“ﬁ_ﬂwﬁ mﬂEE be included, particularly if historically valid
nomali rchend, or, as with the special theo i
?_.uw_:%ww the conceptual change in the first place _uvon i were not responsible
ufficient observational theory sho . .
snomalies emlovet y should be taught for students to understand the

4) Any available metaph .
. phors, models, and analogies
conception more intelligible and plausible. analogies should be used to make a new

Teaching Strategies

Teaching i . o

S___:ozwzwm _m_.wﬂw_om_; thought o...wm nF.:@_:w content presented in texts, explainin

rting for _.o_mw__ onm_ﬂ,.wmﬂnm_oﬁmq_m%w::m principles, providing laboratory exercises m:m

. and ability to apply knowledge t. 5 i chi

s o e ! O facts and ( : ge to problems. That is, teaching
all an . For teaching aimed at accommodati i i

n__”w_m,mo in _:.__m approach are implied by our research: auon the ollowing possibl

Smm_E<n<M¢ M_w._ _.oonfom, demonstrations, problems, and labs which can be used to create

ey o WMG in students. >:6=mAc~roq things, one might consider what types of

problems would create the kind of cognitive conflict necessary as v:%mamo:

fer an accommodati
‘ on, and whether lab:
anomalies (Stavy & Berkowitz, Gwov.m s could be used to help students experience

' See Anthon
i y P. French (1968, pp. 6- .
special relativity, ( pp. 6-29), for an example of the use of retrospective anomalies in teaching

“
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2) Organize instruction so that teachers can spend a substantial portion of their time
in diagnosing errors in student thinking and identifying defcnsive moves used by students
to resist accommodation.

3) Develop the kinds of strategies which teachers could include in their repertoire to
deal with student errors and moves that interfere with accommodation.

4) Help students make sense of science content by representing content in multiple
modes (e.g., verbal, mathematical, concrete-practical, pictorial), and by helping studentg
translate from one mode of representation to another (Clement, 1977).

5) Develop evaluation techniques to help the teacher track the process of conceptual
change in students (e.g., the Piagetian clinical interview) (Posner & Gertzog, 1982).

Teacher Role

The teacher as clarifier of ideas and presenter of information is clearly not adequate
for helping students accommodate new conceptions. Our research suggests that the
teacher might have to assume two further roles in order to facilitate student accomme-
dation. In these roles the teacher would become:

1) An adversary in the sense of a Socratic tutor. In this role, the teacher confront
the students with the problem arising from their attempts to assimilate new conceptions,
(A point of concern is the need to avoid cstablishing an adversarial role with regard o
students as persons while developing and maintaining it with regard to conceptions.)

2) A model of scientific thinking. Aspects of such a model might include a ruthless
demand for consistency among beliefs and between theory and empirical evidence, a
pursuit of parsimony among beliefs, a skepticism for excessive “ad hoc-ness” in theories
and a critical appreciation of whether discrepancies between results may be in “‘reasonable
agreement” with theory.' ;

Whether any of the above changes could be implemented, and the extent to which they
would prove effective in facilitating accommeodation in students, are questions which
we have not as yet addressed.
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