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Mapping a Student’s Causal Conceptions
From a Problem-Solving Protocol

John Clement

INTRODUCTION

The problem of how to describe the structure of & student's current concep-
tions in a given area is 8 fundamental one for researchers who seek to develop a
theoretical foundation for cognitively oriented instruction, Recent develop-
ments in the physics teaching community, for example, have emphasized cogni-
tively oriented approaches to teaching and the need for understanding the
cognitive processes that underlie one’s ability to *“do” physics. Ideally, we would
like to have a picture of the kinds of knowledge structures and reasoning
processes that are present in beginning students and that are present in experts.
Detailed descriptions of experts’ knowledge structures, including those tacit
knowledge structures not represented explicitly in the curriculum, would pre-
sumably help to define more clearly what is to be learned by the student.
Detailed descriptions of beginning students’ preconceptions and misconceptions
would bhave value not only as a sophisticated evaluation tool, but would also

make it more possible to take ccmmon preconceptions and misconceptions into
account during instruction.

This paper attempts to show that it is possible to study systematically certain
types of beginning students’ conceptions in physics; epecifically, causal concep-
tions in mechanics. The paper examines the conceptions a freshman student
uses to understand a simple physical system involving the horizontal motion of
a cart launched across a table, The task given to the student does not ask him to
find a long series of actions which will solve a problem. Rather he is esked for a
prediction and explanation of the effects on the system resulting from a single
action. Protocols of such explanations are particularly interesting because they
tend not to be limited to formal, deductive arguments, but to include informal
arguments that reflect the structuring of the subject’s physica! intuitions.

The methodology used in this study involves two phases: obtaining problem-
solving protocols via taped interviews, and analyziog these protocols to produce
a model of the conceptions that underlie the student's responses in the in.
lerview. Several considerations are important to the success of this technique.
An important consideration during the interview process is the attempt to en-
Courage the student to express himself verbally as he thinks through & problem.
The \nterviewer must also search for questions which match the level of the
a;’udenl 8 conceptions. An important consideration during the analysis phase is
the attempt to model the student's conceptions at a level that is neither simpler
:{Or more complex than the level reflected in the student's comments. In addi-

lon, the analyst must be ready to encounter conceptions that are qualitatively
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different from ibe standard conceptions used by physicists. Even when the
gtudent uses 8 standard term Lke “friction,” only repeaied probes by f.he inter-
viewer con indicate whether Lhe student’s meaning for ihe lerm s equivalent 1o
the physicist's.

For & discussion of the methodology of protocel analysis, see Witz and Easley
(to eppear), Easley (this velume), and MNewell snd Simon {1972).

Figare !, Launching a Carl

TRANSCRIPT ANALYSIS

The example discussed in this paper concerns & ﬁrfi-sgmestcr freshman
engineering student named Msrk who tas had g course In hlgb scheol physics
but who bas not vet had a course in college physics. The verbatim transcnpt scc-
tions shown below are from a videotape of Mark working on the fellowing pro-
biem: he launches the cart from an elastic band attached to the table as ehown
in Figure [ and watches it roll to a stop. When asked, he saya that the carl won 4
go a6 far if the band it etretched es far, and that the car attams 1i6 aximum
speed pear the point where the band goes slack. Both of these predictions are in
agreement with physical theory. The interviewer then asks Mark o predfct the
¢ffect on Lthe metion of putting a metal weight in the cart. (Adding the we;ght to
the cart will in fact reduce the distance traveled; this can be shown theoretically

by energy considerations.)

TRANSCRIPT!
I = Interviewer (Clement) $ = Student
Section ]
(S rolls cart back end furth several inches with right band)

1 “What would happen if we put the weight in, {puts 500 g 1
weight in cart) do you think—end used the same stretf:h for
the rubber band? Do you think it would affect the maximum
speed?’” .

S {12 seconds pause) “Um, yes1do (lifls cart up with weight in 2
it)—'Cause it seems like an awfut, Jike & pretty heavy
weight.” (Begins te set up cart {or unother launch.}

1. “How would it affect it, before you try it out? . . .” 3

5: “It would affect it, it would stow il dowm, I would thi 2 4

1. Dasherf--} indicste peuses,
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1: “Hut why, why would that happen?”* b
S: “Well, vou got a large, a larger mess that you have to pull.— 6

(Rolla eart back and forth seversl inches with band
stretched). It's just not gonna have ss much zing to it, you
know, that, you don’t get—the strenpth of the elastic is
gonna not reatly be strong enough to pull it as fast as it did
before.”

We can represent the major conception bebind Mark's slatements here using
the diagram shown in Figure 2. This conception could be expressed verbally in
the statement: “Uf one increases the mass of the cert, pne expecis the mazimumn
speed of the cart to decrease.” (We assume that the zame conceplion emhbodies
the expeciation that decressing the mass would mesn an increase in spged.}
Thus the subject’s conception i3 thought of as an expectstion of the results of &
conteraplated action. The numbers on the arrow in the disgram indicate specific
lines in the transcript from shich the presence of the conception s inderred. We
catl this 8 semi-gquantilative conceplion becruse it enticipates the direction of
change in & dependent variable (cart speed) that »ill be caused by a change in
an independent variable {wase of the cart),

* ” I {2;4;6) :[Muximum
Moss
speed

Figure 2. Map of Conceptions for Section 1 of the Protoesl

This type of conception is more eleborate than the strictly gualitative concep-
tion that the weight wall affect the sperd in some unspecified wey, but it does
not go so far 83 ko provide a quantitative mapping from particular values of the
independent vanable 1o the dependent varable. Thus the disgram is an at-
tempt to represent the conceplion as it exisls in Mark at this time--without
making it more simple o1 wore complex than it really is. The system of notation
is adapted {rom & notation used by Driver [1971). She found that the eighth
graders interviewsd in her siudy used pemiguantitalive conceplions spon-
taneously to explain vardous physical phenomena. This type of conception is
also releted to the “gualitative operations” discussed by Inhelder and Fiaget
{1858} that precede the use of proportional lawe by children as p means of under-
standing simple physical systems. We have found thal engineering students

;mi.e}r college with many physical conceptions at this seme semiguantitative
BVl

Next, the interviewer asks whether putting the weight in the cart will also af-
fect the total distance traveled by the cart.

Sretfipn §
I: “'OK, Before you try it cut, how do you thick it would sifect 7
the, uh, distance that it goes?"’
S:

(Lets go of cart so thet band pulls it forward but eopsitwith 8
lefl hand after it travels only eight cm.) "It wouldn't go as
far,1don't think."
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“Why would you predict that—""

“(a) Wait a minute, wait a minute. (17 seconds pause) (b)
Hm—It'd probably go almost as far. (c) (R_olls cart back and
forth, letting it coast a little in each direction) Just the
weight bearing down on the surface [of the t.s_ablg] is probably
why 1 think it wouldn't go as far. (d) But it, it'd probably
make it almost quite as far, ] would think."”

“OK. What are the factors that make it go farther, or—as far
with the weight in it?"”

*‘(a) One is you have the added, the added mass, (moves cart
back and forth, letting it coast) so it's more weight on the la
ble. (b} But then again you bave the added mass—um, that's
already moving. Once you started moving it, it's gonna help
it move it, even, (holds hands 10" spart and moves them si-
multaneously several inches back and forth above the cart)
it's gonna help it keep going a little bit (moves cart back and
forth slightly)."”

“With more mass?"

“(a) Yeah, But 1 don't think that'll overcome all the friction
(brings side of right hand down on back edge of cart wheels
several times until it moves) that it'll give it. (Starts cart
rolling with hand, moving other hand slightly abead of cart
until it stops rolling on its own) (b) See, once it starts rolling,
it rolls pretty good.”

(ize) (8, 10¢)

"Weight -
bearing

{(140)

Figure 3. Map of Conceptions for Section 2 of the Protocol

Totaol
distance
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i1

12

13
14

{Compensotion # 1)

The diagram in Figure 3 gives a mode} of the conceptions that are active in

Mark as he generates his comments in lines 7-14.
the form of a network of causal expectations. Th 8
considers two competing factors that will affect the distance tr

Basically, his conceptions take
e disgram indicates that Mark
aveled by the

cart. First, the increased mass will increase the “weight bearing down on the

surface [of the table].” This will in tun decrease the tota
This type of relationship is indicated in the

1 distance tra vel_ed.
diggram by the potation

=3

ek ke e
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Al™|BI%IC, translated: “Increasing A causes an increase in B," and “Increas-
ing B causes a decrease in C."" Secondly, however, increasing the mass in the
cart according to Mark also “belps it keep going more,” which has an opposite
effect and causes an increase in the total distance. Thus Mark expresses his
understanding of a relationship of compensation between two competing inter-
mediate veriables affecting the total distance in opposite ways. These con-
ceptual structures appear to be intuitive in the sense of not being based simply
on verbal facts learned in achool. Since both of these variables are increased in
the experiment, Mark has some difficulty in predicting the result, as evidenced
by the way he changes his answer in line 10.

At this point Mark diverts his attention momentarily to observe that the cart
seems to roll somewhat more easily when he pushes it to the right than when he
pushes it to the left, and he conjectures that the table may not be perfectly
level. He then returns to the problem at hand, and in response to a question
from the interviewer integrates his conceptions from the first and second sec-
tions to produce another compensation relation,

Section 3

S: “(a) Um, I would say the added, the added weight probably 15
doesn't do all that much except to give it a little, not—you
know, a little bit of added friction, (b) and I'm sure it won't
go as fast off the start, just ‘cause the strength of the elastic
band isn’t—(stretches band between fingers)”

I: “Would that affect it?" 16

S: “What?" 17

I: “How far it goes?" 18

S: “The strength of the band?" 19

I “No, it won't go as fast at the start, you said.” 20

S: “(a) Yeah. Uh, oh—(scratches head) How far it goes?—VYeah, 21
it'll affect how far it goes, (b) but this added mass is gonna
tend to, (rolls cart back and forth several inches) I think,
keep it rolling maybe a little better even if it doesn't have
that mazimum speed.”

I: “Uh huh,—Why does it keep it rolling, just to have more 22
mass? Does that just seem that way, oris it like—?"

S: (Continues rolling cart back and forth, letting it coast.) "I 23
don't know, you know, like, when a car goes down & hill?"

I “Yeah." 24

S:

"'Or when you go down sledding? if you have two peopleona 25
sled, it goes better than if you have one person?”

— e

T
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I: “Hm." 26
S: *Just, uh—(moves cart back and forth) it seems the added 27

mass would just give it more of a, (moves left hansi yuith back
of hand leading in quick motion over the CBr‘l."? original path)
more momentum maybe, once it gets started.

i 4 shows bow the two preceding diagrams can be combined to account
forpmg:r:; of Mark’'s comments in this section. He expresses a secI::)nd relanonshlg
of compensation in line 21 between incmased. momentum" and (liegresse
maximum speed. These two factors have opposite effects on the tota distance
traveled. Thus he is able to coordinate his conception m_volvmg maximurm speed
from the first section with the conceptions he expresses in the second section.

Maximum
speed

(Compensation # 2)
(21b)

(2,4,6;15b) (21a;21b)
-
"Moss"l (12a;150) ]_"WEI";M ;?;:Jolnce

bearing  (8;10¢)
down on
toble"

("Friction") (10d;12b;21b)

(12b,27)

"He lps
keep i
qol ng "
("Momentum")
Figure 4. Map of Conceptions for Complete Protocol

This coordination, however, appears to be at least partially prqvoked by the in-
terviewer when he asks Mark specifically about whet.her maximum speed will
affect total distance. Had Mark made this connection in a spontaneous manner,
he would bave been linking two separate conceptual structures spontanem_:sly
via a variable common to both structures. We suspect that this ku}d_ol’coordma-
tion process is an important one and we are attempting to study it in other pro-
tocols. The process may underlie the ability to plan the l:nk.agea between theory
domains that are necessary in solving multi-step problems in mechanics. In the
previous section (lines 10-12) where Mark suddenly recognizes _the fu‘st com-
pensation relationship, he indicates that be can make such coordinations spon-
taneously under certain circumstances.

Mark was one of a group of 15 freshmen who were given the cart problem, but
only his protocal will be discussed here. All of these students were able to g:;:
semiquantative predictions and Mark’s response was fairly typical although
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number of variables he relates semiquantitatively (five) is somewhat above the
average for the group. Many, but not all, of the other students detected com-
pensation relationships and generated analogous cases in a similar way.

It is difficult to score Mark’s performance on the question as correct or incor-
rect, because he never does make a strong prediction about the effect added
mass will have on the distance the cart travels. For the purpose of studying his
conceptions, however, labeling his answer as “correct” or “incorrect” is actually
an irrelevant concern, Indeed, the interesting part of his response is not whether
it is correct, but the picture his explanations give us of his highly structured con-
ceptual model of the situation,

However, some issues cannot be resolved on the basis of this short interview.
First, one can ask: “"Are Mark’s conceptions a result of his high school physics
training, or are they primarily self-constructed?” We suspect that the answer
bere is, “primarily self-constructed,"” but we really cannot be sure of this on the
basis of the written transcript. A second question is: “Since Mark physically
manipulates the cart to some extent, are some of his conceptions actually
constructed by him on an empirical basis during the interview, rather than be-
ing preconceptions?” It seems unlikely that Mark’s conceptions are constructed
“from scratch™ during the interview, but we cannot be certain about this issue
either, on the basis of the transcript, Given that we cannot firmly resolve these
issues concerning the origins of Mark’s conceplions, the transcript is neverthe-
less a rich source of information concerning the nature of his current concep-
tions.

A primary source of confidence in our model of Mark’s conceptions (as
represented in Figure 4) are the multiple entries of transcript line numbers at-
tached to each semiquantitative relationship. There are at least two points in
the transeript supporting each relationship shown in the diagram. This means
that the diagram is based on repeated patterns in the content of Mark's com-
ments, This gives us a measure of confidence in the validity of our micro-theory
of what his conceptual structures are like, because we bave exhibited & network
of ties between specific aspects of the theory and specific observations from
transcript data.

STRENGTHS AND LIMITATIONS OF MARK'S CONCEPTIONS

It is instructive to consider some of the strengths and limitations of Mark’s
conceptions. He seems to shift back and forth on the question of the effect of ad-
ding mass, first leaning toward predicting a decrease in the total distance
traveled and then toward an increase. This is understandable, since & con-
ceptual gystem at the semiquantitative level is powerful enough to 1. model
several of the causal relationships that are operating in the experiment, and 2.
predict the effect of a change in either mazimum speed or friction on distance
travgled; but his conceptual system is not quite powerful enough in this case to
predict a definite answer for the question of how adding mass will affect the
distance traveled. Thus his uncertainty in this case is an effect produced by the

limitations of the knowledge structures available to him, not an effect produced
¥ careless reasoning.

Severa_] other limitations of Mark's conceptions can be noted. He uses the
rms friction, mass, and momentum, but it is not at al) gafe to assume that
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thess terms carry the same precise meaning for him that they do for the physi-
cist. Thus, we must not meke {he mistake of assuming a ong-Lo-one cormespon-
dence between the external use of & standerd term and the internal use of o
etandard concept. For example, be uses the word ‘friction” in lines 14s and 15,
The physicist here would use this termo to refer to a foree pushing back on the
car. Mark, however, does not give evidence of having this concept. Instead, he
aays in line 10c: “Just the weight bearing down on the surface is probably why |
think it wouldn’t go as far.” This comment is similar to those of several other
freshmen we have interviewsd who appear to conceive of friction as puzely &
downward force which is seen to retard motion solely by reason of being in s dif-
ferent direction from the motion. So one should give Mark credit {or recognizing
that increasing the mass will cause more of a retarding influence, but one cannot
azsurus thai his conception of friction is identical Lo the physicist's conceplion,
even though Mark uses the same tzrm thet the physicist uses,

Similarly, it in not clear that Mark differentiates between the meanings of his
terme weight and mass. This limitation hecomes clearer later on when he is
asked to predict what wou'ld heppen if the same experiment were tried in outer
space. He predicts that sdding mass will have no effect on the mazimum
speed, contrary to the physicist's point of view. Also be uses the term mo-
menturn at the end of the protocol, but it is interesting to examine the way in
which he separates his comment that the added mass will reduce the maximum
epeed atteined during the firet part of the motion frow his comment that the
added mass "helps it keep golng” in the latier part of the motion. The physicist
conceives of the wertia of 8 quantity of mass as the resistance of that mass o
any change in velocity, whather it be acceletation from rest or deceleration from
& gtate of motion, However, the protocol does nol indicate that Mark has an in-
tegrated conception which essimilates these two situations, Rather, it indicates
that he hes separate conceptions for thinking about each of them.

Finslly, Mark generates two analogous situations to explain the way in which
edded maas ““helps it keep going.” He refers to the way s car goes down & hill”
and to the way & sled “goes better” with two people rather than one. This type of
spotianeous analogy constructien on the part of the student in order to make
sznse of relationships between more abslract cancepts like mowentum and force
is certainly to be encouraged. But it is clear from the transcript that ihe
enalogies are not evaluated with the Jevel of precision required in physics, and
this is an ability that Muark needs ta develop further. See Clement {1977b, 1378)
for furthez discussion of spentanecus analogles.

Given these imitations in Mark's performance, we were gtill irnpreased with
the complexity of his knowledge structures in this aren snd with the poteniial
power of his semiquantitative reasoning processes. First, he does pot simply
ke & prediction from his global impression of the cart’s behavior, He engages
in an analysts of the siluntion by successfully isolating severs! variables thot will
affect the cart’s motion and by considering compensation reliationships befween
Lbese variables.

Second, we can contrast Mark's apalysis of independent factors affecting the
cart witk the type of symbol manipulation respanse we would expect from other
students who bave had & course in mechanics but who have “gotten through”
largely by memonizing formules. Typically, these students heve nol developed
causal eonceptions at & deeper level of yunderstanding that provide a foundation
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for understanding the quantitative relationships in the formules. Such studentis
have difficulty answering a question atout e formula thet goes deeper than the
superficial level, such as: “Can you give an intuitive justification for the for.
mula, F = ms 7" An exemple of an answer that would indicate some intuitive
understanding of the principle is the following: *'I can think of pushing a certain
mass to accelerate it. If 1 want a larger scceleration Pl need o lamger push. IF 1
want the ssme seceleration with a larger mess, 1'H also need s larger push.
Thtercfore the fortmula makes sense.” Or consider the following excerpts from &
response given by Ron, 1 mare advaoced physies student:

i “I'm wendering if you cen explain a rationale for the formula 1
F = ma, thet makessensetoyou . . ."

S: “Alright . . lets choose two objects. i we exert the same 2
force to both these objects, which differ in maas, the result is
gonna be the lighter object will be displaced ot o gregter
rate ...

5 “And by tocreasing 'm,’ ‘8" will have to decrease. 3

These are se@i‘quantitalive argurments thst indicate that the formula is
g-m}mder:i intuitively at tl?is_leve] for the student and is a pringiple that he
believes in with some conviction. Mark's argumernts are of this same form, He is

engaging the problem at a deeper conceptual level than & student
merely juggle formulas sigebraicatly. b who con

. Third, Mark's conceptual system is very different from a memorizad set of
isolated facts. We can describe this system, represented in Figure 4, as a net-
gork of caussl expectstions. Eack Al = | B relation in this network represents a
yhamie, ection wresult expectation. These form an interconnected network of
action-oriented conceptions rether than & collection of isalated facia,

i 1\?’5?\
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Sinarom in Fro 501- ig:ﬁmﬁcant degres of Pmdlc_tts'elpower. For exnmple, the
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It is intriguing to note that such a conceptual system seems well-adapted for the
task of selectively assimilating those problem situations where the use of the
associated formula is appropriate and thus providing the subject with a se-
mentic basis for deciding when to use the formula. Simply memorizing the for-
mula provides po such knowledge.

We can list some characteristics of the inferences that appear to be possible
using semiquantitative structures:

1. the predictions made are trangformational rather than static in the sense
that one predicts that a change in A will produce a change in B;

9. such A+B anticipations can be linked to inference chains of potentially un-
limited length;

3. such A+B anticipations can reflect empirically observed relationships as well
as causal theories (these two kinda of relationships may require different
cognitive explanations at 8 deeper level);

4, there is an imflicil logic for how such anticipetions can be combined; for
example Al ~ | B implies Al _, IBand (Al =~ {B, Bl =+ |C) implies
Al = | C. Significantly, the students we bave interviewed all seem 10 be a1
home with these implications—tbese appear to be natural inference patterns
that make sense to them intuitively;

6. several independent variables can be linked to a single dependent variable,
and this can be represented by tree-like structures such as .;;:. > \C

6. these tree-like structures can provide a besis for representing the control of
variables in an experiment and for compensation relationsbips between in-
dependent variables;

7. more complex causal conceptions c&n be represented by the analyst as lat-
tices or feedback networks using the same elements. Thus the potential
power of causal petworks of this type appears Lo be far from trivial.

We can now summarize our discussion of the several weaknesses and
strengths in Mark's conceptions concerning the cart experiment. His concepts of
mass, friction, and momentum do not seem to be as refined as those of the
physicist. His use of analogies is not as precise. He almost never refers to quanti-
{ative functions. On the other hand, he ;s able Lo isolate several of the most im-
portant relevant varisbles, including the effect of increasing weight on the mo-
menturm of the cart. He also identifies compensating variables. His conceptions
appear to form a network of causal chains which give him 2 first-order under-
standing of the system, and this integrated conceptual structure is quite dif-
ferent froro a set of memorized formulas. Finslly, certain types of natural and
potentially powerful reasoning processes seem to be associated with knowledge

structures of this type.

[MPLICATIONS FOR INSTRUCTION

Mark’s conceptions are not equivalent to those that a physicist would use, but
our analysis has shown that he is definitely not 8 “blank slate.” This raises the
possibility that certain of Mark's conceptions can serve as starting points for
learning—that Mark can build on what he already knows by modifying h_!ﬂ
existing knowledge structures rather than starting from scratch. The wey 1o
which students’ preconceptions are teken into account in a particular coursé
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will depend on the educational goals of the course. In the case of courses where
the student's primary goal 1s to gain an understanding of Newtonian physics
the student needs to become aware of the similarities and differences between
his m‘tunwe prgoonceptions and the Newtonian point of view. By analyzing
Mark's conceptions we have already identified three specific points where he
sh{?uld be able to build on his current ideas: discriminating between mass and
“_I'Elghf:; elaborating his concept of surface friction by establishing & causal rela-
t:onsh:p.betu_reen normal forces and retarding forces; and integrating two con-
cepts of inertia as resistance to acceleration and deceleration. It is unlikely that
these changes io h!s.beh'efs at a causal level will happen automatically simply as
a result of memorizing formulas. It is clear that he will need to construct new
conceptions at & semiquantitative level in addition to learning new quantitative
re_lahonsl:ups. 'I’hgse are the conceptions that will provide a semantic underpin-
ning for the equations he learns. Building on his existing conceptions as outlined
above would appear to be a more fruitful approach to this task than attempting
to build a new c_onceptuul system from the ground up. Thus, we suspect that
networks of semiguantitative conceptions of this type represent an important
level of knowledge in students that must be taken into account in standard

hvei : . S
Ev;i;g?j.ms if superficial formula memorization approaches are to be

However, the ability to identify students' conceptions

partl‘cular vaiue' in courses which take the developmen;;. of mest:gglsdofa:zci)e“hg;_;z
inquiry as theu. primary goal. Such courses may encourage students to:
J}..I articulate their preconceptions as hypotheses; 2 design experiments (o;
; ought experiments) to test them; 3. modify and refine their conceptions; and

. select the most successful theories from those shared in class discussions
Stud?m.s who are successful in completing such cycles go through an importantl.
learning experience regardless of whether their working hypotheses are correct
from ll:ll?. physlc_:st's point of view. Conceptual mapping techniques should make
it possible to I. identify appropriate topics for such courses which tap rich sets of

preconceptions in students and 2. document i 3
Sreconcaptionis in suden changes in students’ knowledge

Clearly it is not possible for an instructor to anal
) ) ! vze each student’s -
gzr:s a}t‘_tlh:§ level of detail and respond accordingly to each student ing?:?(?:::]g.
mstc‘}"‘;e; eh;t :?uld be har'd to !'ind another student whose conceptual system
pin) tomlhs exactly, individual elements of his system do appear to be
Nav oiied e conceptions of many of the 15 other freshman students we
— udied using t_he cart prob_lem. Thus there sppears to be a small set of
on preconceptions concerning momentum, friction, force, velocity, etc.,

and thereisan i
aid to teachers_wd to compile a catalogue of these common preconceptions as an

m':ehde;nbzt :"hal;;Mark does not give a decisive and correct answer to the question
e quest!] whether the_c_ari will travel further means that his performance on
Mot doeswn would traditionally be interpreted as poor. Yet, as we have seen

sk A!;l.')l:ne impressive thinking about the probler in terms of his own con-
o o p!;“ \k}oqg_ans_wer in this case does not imply that no useful thinking has
: e. This indicates that a special kind of patience and sensitivity is go-

Nt to be required from i
teachers wh h inci
(o be required £ s e inlu::ioi .was Lo help students develop principles
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DIRECTIONS FOR FUTURE RESEARCH

Models of student knowledge in the form of semigquantitative structures like
{hose discussed here capture important aspects of intuitive conceptions of force
and motion. As with all models, however, we can hope to eventually expand and
refine them ns we become more sensitive to the fine structure of the phenomena
being observed. I will comment on several limitations of the analysis given here
as an indication of directions for future research: first, the question of how the
conceplions are accessed or activated: second, the need to give &8 more delailgd
description of what the “units of representation'’ or “unils of meaning’' are in
Mark's knowledge structures; and third, the need to somehow account for
Mark's band movements which seem to parallel his explanations in such an im-
portant way.

The question of how Mark activates or accesses his conceptions is & difficult
one to answer on the basis of the short transcript analyzed here. Since it seems
that subjects are often not conscious of the access process, we will need cese
studies involving the same subject working on several related problems to make
inferences about which aspects of & situation are involved in triggering a
particular conception.

With regard to the second question, the static collections of symbols used in
these diagrammed cognitive models are necessary for purposes of notation, but,
like equations in physics, they can be used to represent elements that are either
static or dynamic. Although the semiquantitative diagrams that we have used
as & frst-order model of the student's conceptions are discrete relational struc-
tures, this does not commit us to a position on the issue of whether the internal
cognitive structures they represent are best thought of as static symbols in the
form of propositions or dynamic (time-varying) patterns of functioning in the
form of action-oriented schemes. Cognitive models involving continuous, dy-
namic structures have been proposed recently by Witz and Easley (1971, and
forthcoming), and Shepard (1978).

Consider the case where Mark says:

12(b) “But then again you bave the added mass-—um, that’s already moving.
Once you started moving it, it’s gonna help it move it, even (holds hands
10" spart and moves them simultaneously several inches back and forth
above the cart) it's gonna help it keep going a little bit (moves cart back
and forth slightly).”

In the first order theory of Mark's knowledge structure already given, we
represented the conception behind this statement with a structure in the form
A|™ |B where A is a conception of “mass” and Bisa conception of “tendency to
keep going.” However, when conceptions like these are eventually modeled at e
deeper and more detailed level, it may be in terms of either dynamic action
schemes and kinesthetic imagery with characteristic time constants governiog
their coordination, or it may be in terms of static relational structures with
“slots” to be instantiated and inference rules for replacing one symbol with
another,

These choices reflect a current area of controversy over the nature of internal
representation and the nature of the units of meaning in cognitive psychology:
The resolution of this issue will come only after much more empirical ap
theoretical work has been done, but the transcript analyzed here does sugg®

N
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that while nondynamic models mey account for eome features of the behavior,
dynamic, action scheme models will be needed to account for other features.
Thz_yt is, we must consider the possibility that going through an action vi-
cnrfogsly over a period of time and vicariously experiencing its effect, are
gctivities intrinsic to this kind of causal knowledge.

Several factors lead us Lo consider this possibility. The semiquantitative rela-
tions used to mode) Mark's conceptions are of the form Al-+IB, where this means
that a change‘in A leads to a change in B. It is very natural to propose that this
A.". .-IIES notation represents an action-based scheme for doing action A and an-
ticipating the direction of change in B. The vicarious operation of such a scheme
without external actions could involve internalized actions and kinesthetic and
v_wua! imagery. The fact that Mark's staternents are accompanied by hand mo-
tions and hefting-like manipulations of the equipment also suggests that action-
!Jasegi structures involving kinesthetic feedback are central to Mark's thinking
in this interview. This is especially true whenever he talks ebout the way the ad-
ded t.vetghl. will affect the cart's motion by being “‘a large mass that you have to
pull” at the start, and by "helping it keep going'' once it gets started. During al-
most all of the time he gives his explanations he is looking directly at the cart,
The hand movements take place over periods of seconds and are often repeated

s!_-ueral times. He also tends to redescribe and rephrase seversl of his explana-
tions as he stares at the cart.

. All of }hese observations suggest the presence of intuitive nonverbal concep-
tions which become active in Mark over periods of two to 10 seconds and which
are respo_nsible for his awareness over these time periods of the visual and
kinesthetic effects of some imagined action involving the cart. This suggests
that the ‘knowledge structures responsible for Mark’s physical intuitions, like
overt actions, must function continuously over a period of time and involve the
motor—kmgst_hetic and visual systems at some level in order to be meaningful. If
these pre!upmsry indications are confirmed, it will be necessary for theorists to
be ag creative and open-minded as possible in order to develop more detailed
models of physical intuition that account for these aspects of the behavior.

BUMMARY

cewtie hs.v'e tried to show t}?at itis qossib]e to study systematically students’ con-

anrx;l ons t:\}]l)h_ysms. spe_cxﬂcally in the area of mechanics, by using protocol

stud%lts chniques. This can be done even when the basic concepts that the

uscde; uses are phy_rsu:el intuitions that are not equivalent to standard concepts

b y the physicist. Such an analysis provides & much richer source of in-
rmation about students’ knowledge structures than do writien tests.

Ftt‘:‘g;-tit Tecgard I"“ methodology I believe that we are at a stage in the science of
Megue L putive pracsies where the primary need is to develop via-
tocoks ot va“:e mt;dels of cognitive structures. The analysis of many more pro-
phenomena rnlous evels of detail should provide & needed background of rich
sion of verbats'a fertile ground for the development of such models. The inclu-
COnEtrLa u'tl:_ll sections of transcript in such studies provides an important
P e e sl s, s e e L
i Z ent wi as . )

It a demanding one in the case ofextenrg:;zraostgi?li_d tetoenacoiptaapoutiile
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In the analysis given here, the student's conceptions were modeled as & net-
work of ceusal expectations. It was suggested that cavsal conceptions of this
type represent an important level of knowledge in students that can provide an
intuitive foundation for understanding many quantitative laws and that
students’ preconceptions are natural starting points for building such a founda-
tion,

The fact that this type of conceptual mapping is possible opens up the
potential for describing differences in the knowledge structures of an individual
at two different points in time. This in turn holds potential for the development
of more sophisticated evaluation tools; and the development of new instruc-
tional strategies which take typical preconceptions into account and which
foster a deeper level of understanding in students.
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