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Everyday life orovides people with countless'bpportunities for

1

observing and interacting with objects in moticn. For example, watching
a baseball game, driving a car and ev;n dropping & penc?l involve
encounters with moving objects. Thus, everyone presumably has scme sort
of knowledge about motion. However, it is by nro means clesr what form or
forms this knowledge may take. Everyday experience ﬁay Jead only to th;
jacquisition of concrete facts sbout the bSehavicr of sp;cific objects in
specific situations (e.g., when a mecving billiard ball strikes a station-
ary ball head on, the moving ball often stops). Alternatively, experience
may result in the induction of descriptive generalizations that summarize

a variety of cbservations (e.g., mcving objects eventually slow down and
stop). Finally, experience might aven lead to the development of implicit
theories of motion that provide explanations fer, as well as dgscriptions
of, the benavior of mqvinglobjec:s (e.g., changes in the speed or direction
of én object's motion are caused by ext;rnal forces).

In this paper we de?c;ibe re;ear:h aimed at determining what sorts

of knowledge are in fact acquirad through experience with moving objects.
We first present some basic findings from>ex§eriments in which subjects
solved simple problems concerning objects in motion. We then show that
these and cther findings imply that people develop on the basis of their
everyday expgerience remarkabfy well-articulated naive theories cf motion.
Further, we argue that the as;umptions of the naive theories are quite
consistent across individuals. In fact, the theories developed by different
individuals are best described as diffarent forms of the same basic theory.

A}

- Although this basic theory appears tc be a raasonable outcome of experience

J




wich real-world motion, it is strikingly inconsistent with the fundamental

principles of classical pnysics. In fact, the naive theory is .emarkably

7

similar to a pre-Newtonian physical theory popular in the fourteenth

through sixteenth centuries.
In addition to considering the nature of the knowledge acquired
through experience with moving objects, we briefly discuss the ways in

ENI

which the exoerience-based knowledge interacts with knowledge acquired

through classroom instruction in physics. Finally, we discuss the relation-

ship of our work to other research coricerning knowledge and reasoning

about physics, and mention several important issues for future research.

h3

-Misconceoticns about motion

We first attempted to probe people's knowledge about motion in a series
of experiments employing simple, non-quantitative problems ccncerning the
behavior of moving objects; Subjects were undergraduate students at
the Johns Hopkins University. In each experiment three grcups o% subjects
were employed: (1) students who‘had never tsken a high schaool or coliege
physics course; (2) students wno nad taken high school but not college
physics; or (3) students who had compietad at least cne ccllege physicé
course.

In one experiment we asked 48 s;bjec;s to solve thirteen simple prob-
lems. Each problem consisted of a diagram, with instructions that explained
the diagram asnd asked the subject to'make a qualitstive prediction about

the motion of an object. Two of the problems are snown in Figure 1.

For problem A the subjects were given tne folliowing instructions:



The diagram shows a thin curved mstal tube. In the diagram
you are looking down on the tube. In other words, the tube

is iying flat. A metal ball is put into the end of the tube
indicated by the arrow and is shot out of the other end of the
tube at high speed. )

Tﬁe subjects were then asked to draw the path the ball would folliow after
it emerged from the tube, ignoring air resistance and any spin the ball

might have.

~

For prcblem B, the subjects were tnld: _— ///
Imagltne that someore has a metal ball attached to a string
and is twirling it at high speed in a circle above his nead.
In the diagram you are looking dewn on the ball. The circle
shows the path followed by the ball and the arrows show the’
direction in which it is moving. The line from the center of
the circle to the -ball is the string. Assume that when ‘the
ball is at the point shewn in the diagram, the string breaks
where it is’attached to the ball. DOraw the path the ball will
follow after the szring br2aks. Ignore asir resistance. .

Newton's first law states thnat in the absence of a net applied force,

an object in motion will travel in a straight line. Thus, the correct
. answer to the spiral .tube prablem is that ‘after the ball leaves the tube
it will move in a straight line in the direction of its instantaneous
velocity at the moment it exits the tube (see Figure ;AX.
The correct answer to Ehe bsll and string problem is similar. As
shown in Figure 2C, the ball wilil fly off in a straight line along the tan-

gent to the circle at the point where the ball was located when the string

%

broka. 1In other words, the ball will travel in a straight line in the

direction of its instzntaneous velccity at the moment the string broke.

(The force of gravity acts in a direction perpendicular to the horizontal
plané, and so will not affect the speed or direction of the ball's horizontal

motion). ;




Somewhat surprisingly, a substantial proportion of the stigcts gave

v L.\

incorrect answers to the problems (McCloskey, Caramazza & dreeﬁ,\1980).
For-the spiral tube problem, 51% of the subjects thought that th;\géll
would follow a curved path after emerging from the tube (see Figure 28
Similarfy, for the ball and‘string prcblem 39% of the subjects believed
that the ball would continue in curviiinear é%tion after the string broke
(Figure 2D). One other interesting aspect of the results is that most
\ .
subjects who drew curved paths appareatly believed that the ball's tra-

jectory would gradually straighten out. This straightening of tr§jectories

t
can be seen in the representative responses shown in Figures 2B and 20.

Figure 3 shows another problem we have used, the airplane problem.

for this prcblem sudjects were told that .

In the diagram, an airplane is flying aleng at a
constant speed. Tha plane is also flying at 3 con-
stant altitude, so that its fiight path is parallel
to the ground. The arrow shows the direction in
which the plane is flying. When the plane is in

. the position shown in the diagram a large metal ball,
is dropped from the plane. The plane continues
flying at the same speed in the same direction and
at the same altitude. Oraw the path the ball will
follow from the time it is drooped until it hits
the ground. Ignore wind or air r2sistance. Aiso,
‘show as well as you can, the position of the plane”
at the mcment the bal! hits the ground.

The correct answer to the oroblem, which is shown in Figure‘ﬁA, is
that the ball will fall in a parabolic arc. The airplane will be directly
‘ N
above the ball when it hits the ground. This answer may be “understood by
noting that_the total veiocity of the ball maf be decomposed into independent
horizental and vertical components. Before the ball i's dropoed, it hagés

a horizontal velocity equal to that of the plane, and a vertical velocity

_of zero. After the ball is relezsed. it undergces a caonstant vertical
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acceleration due to gravity, and thus acquires 3 constantly increasing

vertical velocity. The ball's horizontal velocity, however, does not change.
in other words, the ball continues to move horizontally at a speed equal

3

to that of the plane. (The force of gravity acts in a directior perpen-

Y

dicular to that of the ball's horizontal motion, aéd conseéueﬁtly does

not influence the ball's horizontal velocity. Further, nc otner forces

are acting on the ball. Thus, according to the principle of inertia, the
ball's horizontal velocity will remain conséapt). The combination of the
constant horizontal velocity and the continually incressing vertical vel-
ocity produces 3 paravolic arc. Finally, because the horizontal velocity

5F the pall is always the same as that of thé plane, the plane will remain -

. . é
directly above the ball until the ball hits the ground.

When we prasanted the airplane problem to §8 subjects, we obtained a
\vgriety of responses (Green, McCloskey & Caramazza, in press). Nineteen
ghggects, or 40%, drew forward arcs that looked more or less parabolic
(see Figure B4A). Fifteen of these 19 subjects indicatad that the piane
would be diféectly over the ball when the ball hit the ground. However,
four stjects indicated that at the moment the ball hit the ground; the
airplane would oe yell ahe;d of ix horizontally. ‘

Thirteen percent of the subjects thought that the ball Qould fall in
a straight diagonal line (Figure hej, while another 1i% indicated that the
tall would move backwards when released (Figure 4C). However, the most
cammon incorrect\response, which‘was made by 36% of the subjects, was that
the ball would fall straight down (Figure D). These results suggest that
many people have little understanding of orojectile motion.

«

Consider Finally the very simole problem shown in Figure 5, which we

]ERJ(? recently presented to 135 students in an introductory psvchology class.

{

e .
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The subjects were given the following instructions:

The diagram shows a side view of 3 cliff. The top of the cliff
is frictionless {in other words, perfectly smooth). A metal
ball is sliding along the top of tine cliff at a constant speed
of 50 miles per hour. Draw the path the ball will follow after
it goes over the edge of the cliff. lonore air resistance.

The correct answer for the cliff problem is similar to that for the
airplane oroblem. After the ball goes over the edge of the cliff, it will
continue to <ravel horizontally at a constant speed of 50 mph. However,
the ball will acquire a constantly increasing vertical velocity, and conse-~
quently will fall in a parabolic arc.

Sevent;~fcur percant of the subjects drew trajectories that appeared
more or less p;(abolic (see Figure 6A). However, as shown in Figures 68
and 6 the drawings of 22% of the subjects clearly shew the ball ﬁoving in
an arc for some time and thereafter falling straight down. These sudbjects
apparently believed that the ball's horizontal veiocity, instead of remaining
constant, would gradually decreasa tc zero. Several of the subjects who
believed that the bgll would eventuzliy be falling straignt down drew par-
ticularly interesting trajectories. In these trajectcries, one of which is
reproduced in Figure 6C, the ball continues to travel in a straight hor-
tzontal line for some time after it goes over the edge cf the cliff, The
ball then turns rather abrupgfy and fails straigiit down.

Other problems nave prcduced results similar to those cbtained‘for the
four problems discussed here. Ir other words, while some sudjects ?ave the

i

correct answer, a large o2rcentage made errors of various sorts.

For most of the probiems wa have employed, classroom physics instruction

appears to affect the numbar tut not tne types of errors. In other words,

subjects who have never taken 2 physics course ncke the most errcors, subdbjects

who have ccmpleted a high-3chool course do somevhat better, and subjects who
%

have taken college physics make the fewest errors. However,
v ) '

e .8




\
the same sorts of errors are made by subjects in all three groups.

At first it appeared to us, as it must also appear to the reader,
that the errors obtained for the various problems reflected a wide variety
of separate and perhaps idiosyncratic misconceptions held by the subjects.

However, as we show in the next section, additional research revealed that

this was not the case.

A Naive Theory of Motion

In an attempt to uncover the bases tor the errors observed on our simple
problems, we conducted an experiment in which subjects were tested indi-

vidually. The subjects first solved several problems, and were then

e
I

interviewegdat length about theirlanswers. Duriﬁg the interviews, the subjects
were asked td explain their answers to the problems presented initially.

They were also asked to solve additional problems when there was need to
clarify a point. The subjects were encouraged to talk about Nhat ‘they

were thinking as they attempted to arrive at an answer to a question or
preblem.. The interviews, which lasted 1.5 to 2.5 hours per subject, were

tape Cpcordedland later transcribed verbatim.

Subjects wera 13 students at Johns Hopk}ns University: Four of the
subjects had never taken a physics course, three had taken high school phys-
ics, and the remaining six héd completed at lsast one year of college phys~
ics. The results for the oroblems presented pricr to the interviews suggasted

that these 13 subjects were comparable to those from the earlier experiments.

in particular, the sudbjects from the present experiment made the same sorts

1
.
of errors as the subjects tested previcusly.

The interviaws clearly indicated that at least 11 of the i3 subjects

relied heavily upon a well-developed naive theory of motion in arriving at




answers to the problems. Remarkably, all Il subjects held the same basic

theory. This theory, which we will refer to as a naive impetus theory,

makes two fundamental assertions about motion. First, the theory assarts
that the act of setting an object in motion imparts to the object an internal
force or "impetus' that srves to maintain the motion. Second, the theory o
assumes that a moving object's impetus gréduariy'dissipates (either spon-

~

taneously or as a result of external influences), and as a consequence

the object gradually slows down and comes to a stop. For example, according
to the impetus theory, a person who gives .a push to a toy car to set it
rolling across the floor imparts an impetu$ to the car, and it is this

impetus that keeps the car moving after it is no longer in contact with the

person's hand. Hoﬁever, the impecus is gradually expendad, and as a result

° i o

the toy car siows down and eventuaily stcos.

In the following discussion we present evidence that our subjects do
indeed hold a naive impetus theory. Further, we show that many of the errors
observed for our problems Fo]loQ’FrOm this basic theory and the specific
elaborations of it developed by the subjects. However, before discussing
these points we digress briefly to consider the differencss betwaen the
impetus view and the orinciples of classical physics.

According to the impetus theory, an object set in motiqq acquires an
internal force, and this internal force keeps the object in ﬁotion. This
view, which draws a qualitative distinction between a state of rest (absence
QE;i;petus) and a state of motion (presence of impetus), is inconsistent
with the principles cf classical physics. Classicai physics argues that
in the sbsence of a net aoplied force, an object at rest remains at rest

and an object in moticn remains in motion in a straight line at a constant

speed. Just as no force is required to keep an object at rest, no force is




required to keep an object in motion. In fact, no qualitative distinction
is made berween a state of rest and a state of constant-velocity ractilinear
. motion. Any object that is pct accelerating (i.e., not undergoing a change in
: - »

speed and/or direction) can be described as at rest or as in constant-

velocity motion, depending upon the choice cf a frame of reference. For

g

example, a person riding in a car that .s moving in a straight line at a
constant speed may be described as at rest if the car is chosen as the frame
of raference, or in motion if the ground is taken as the reference frame.
According to ciassical physics, neither of these descrintions is any more

valid than the other. ‘Another way of saying this is that, within classical ¢

physics, states of absolute rest and absolute modéon do not exist. Thus,
it is not correct to say, as the impetus theory does, that moving objects
have an ‘internal force or impetus while objects at rest do not, because an

object may be simultaneously described as at rast or in motion depending upon

the choice of a frame of refa(gnce. .

s

With this discussion in mind, let us now consider the results of.the
experiment in which subjects were interviewed about their answers to probiems.
Several aspects of these results provide strong support for the claim that
many people espouse a naive impetus theory.

| In the first place, several subjects statad the impetus view rather
explicitly during the course ;f the }nterview. For example, one subject,
who had zompleted one year of college physics, used the term momentum
in explaining his answer to a proble5 involving the motion of a metal ball.
Wnen asked to exnlain what he mesnt by momeatum, the subject stated:
| mean the weight of the ball times the sceed of the ball....
Momentum is...a force that has besn exerted and put into tne

ball so this ball now that it's traveiling has a certain
amount of force....The moving object has the force of momentum




. ‘ 10 -

and since there's no force to oppose that force
it will continue on until it is opposed by something.
P)

-

In @ similar situation another subjecz, who had also taken college

—

physics, defined momentum as

a ccmbination of the velocity and the mass of an
object. It's somathing that carries it alcng after

a force on it has stopped....lLet's call it the forze
of motion....lt's something that keeps a body moving.

The belief that motion is maintained by an impetus impressed on

an object is auite clear in these statements.

2

The belief that moving objects slow down and stop due to the dissi-
pation of impetus can also be seen in subjects' statements. For example, °

one subject, who nad never taken 3 physics course, was asked to explain
v <

why a ball rolling along a floor would eventually come to a stop. The

“

subject stated that friction and air resistance slow the ball dewn, and

was then asked to explain how these factors affect the ball. He replied
as follows:

| understand that [friction and air resistance] adversely
affect the spasd of the ball, but not how. Whether they sort
of absorb scme of the force that's in the ball...l'm not
sure. In other words, for the 5all to plow through the air
resistance or the friction if it has to sort of expend

force and therefore lose it, I'm not sure....That seems

to be a logical explanzticn.

The subject's assumption that the ball slows down because friction

and air resistance sap.}ts impetus is clear, although the subject is
unsure whether this assumption is correc:.

The naive impetus theory was also used by subjects to explain the
behavior of objecis in more complex situations. One subject, who had

completed both nigh school and college pnysics courses, was asked to draw

the path followed by a ball thrown upward at a 45 degree angle. The
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subject drew a oarabolic arz, which-is corfect, and was then asked to ex-

plain why ‘the ball follows this “sort of path.-’ The subject responded by

drawing force vectors at various points along the path of the ball (see

Figure 7}, and:explaining that '

-

. The bail when it was first thrown waS'pFGQided with ]
a certain amount of force...What's thappening is that the .

force is basically being counterbalanced by gravity, and

. at this point [labelled 1 in Figure 7] the uvoward force is
still stronger than gravity, while here [point 2] they're both”
equal and bere [point 3] gravity Has become stronger.

N
In response to further questioning the subject/stated that the upward
- s ) : . .
force steadily decreased due to the constant force of gravity.
Two other subjects gave virrually identical. explanations for the behavior
. ) .
of a projectile shot from a cannon. For example, one subject explained that
- . /
the cannonball slows down as it moves from.the cannon to the peak of the
, arc, and speeds up thereafter ; . N .
. * . > .
S8ecause as it [the cannonball] comes up the force
from the canncn is dissipating and the force of gravity
is taking over. So it slows down...As it makes the arc
* and begins to' come down, gravity is overcoming the force
from the cannon. X
} .o . ) .
The subject further argued that the carncnball acceierates on the way
i <
down due to the continuing!dissipation of the force frcm the cannon. .0
v

Clement (note 1) has octtained similar resulzs with the same sort of

proolam. )

D
e

The view that many people espouse a ndive impetus theorv offers an

interpretation for many of the errors made by subjects on thé problems"’

1 »

described in the oreceding section. Censider, for example, the problem
in wnich a moving ball gees over the edge of fhe cli¥f. As discussed earlier,

many subjects indicated that the ball would move in an arc for some time and

thereafter fall straight dewn (se2 Figures 68 and 8C). This:responsa seems

o . . .
.Rdﬁj to refléct a beiief that the bali's impetus, which causes it to keep
Full Text Provided by ERIC | l J




12

moving horizontally for some time after it gces over the edge cf the cliff,
gradually dissipates. When the origins! impetus is entjrely gone, the ball has
no forward motion and thus falls straiaht down.’ This intespretation is sup—

1ad
ported by statements made'by several subjects in the interview experiment.
One subject, who indicated that a ball going over a c]iff would continue in a
straight horizontal line for a short time and would then turn and fall straight

\

down, said

-

. Fcxd

When it leaves tne cliff the inertia force.z~ the horizontal
force -- is greater than the downward motion force. VWhen
the horizontal force becomes less the ball would start
falling...eventually the horizorntal force would no longer have
an effect, and it would be a straight downward motion.
Another subject who believed that the ball wouid eventually be falling
straight down said that after the bail went over the cliff, its velocity
would gradually be expended, so that
It will come to a point....where there's no longer
any forward movement and the fall translates into a
90 degree fall, straight down.

The curved trajectories drawn for the spiral tube and ball and string
problems (see Figure 2) also stem from the impetus theory. The subjects
who drew curved paths apparenfly believed that an object constrained
to move in a curved patﬂ (e.g., by being shot through a curved tud2)
acGuires a "curvilinear impetus' that causes the object to retain its
curved motion for some time after it is no longer constrained. However,
the curvilinear impetus gradually dissipates, causing tha cbject's path
to straighten out {see Figures 2B and 20). Sucport for this intarpretation
onze zgain comes from statements by subjects during interviews. Ore subject,
who had riever taken a physics course, explained a curved trajectory drawn

for a2 ball shot through a curved tube in the folicwing way:

14
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The momentum from the curve [of the tube] gives it
(the ball] the arc....The force that the bhall picks
up from the curve eventually dissipates and it will
follow a normal straignt line.
'Similarly, a subject explaining a curved trajectory for the ball N
and string problem stated that the ball would follow a curved path
because of the directional momentum. You've got a
force going around and [after the string breaks, the ball]

will follow the curve that you've set it in unti] the ball

runs out of the forcd within it that you've created by
swinging.

It is interesting that the subjects argue that when curvilinear
impetus dissipates, the ball will continue in rectilinear motion 2§ther
than stopping. This argument seems to imply that in addition to the rapid-
ly-dissipatad curvilinear impetus, the ball has a longer-lasting impetus
for straight-line motion.

Consider finally the problem shown in Figure 87, the .pendulum
probleép The diagraa represents a side view of a metal ball swinging back
and forth at the end of a string. Subjects are told that whea the ball
is in the position shown and moving from left to right, the string is
cut. They are then asked to draw the path the ball will follow as it falls
to the ground, ignoring air resistance. The correct answer (o the problem

is shown in Figure 88.

Several manifestations of the naive impetus theory were observed in
the context.of the pendulum problem (Caramazza, McCloskey & Green, in
press). First, a number of subjects used the impetus concent to explain

the back and forth motion of the ball before the string was cut. One subject,

for exampie, stated that "the gravity that pulls it (the ball) to the center

. gives it enough force to continue the swing tc the other side." Another

O

ERIC
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subject indicated that the ball sicps at the ends of the pendulum's arc

1o ‘ —4
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"

because ''the force has been expended."

The impetus view was also evident in many .subjects' ideas about how

the ball would behave after the string was cut. Several subjects indicated
that %9en the string was cut the ball would continue along the criginal arc
of the pendulum for a short time, and would then either fall straight

down, as in Figure 8C, or would describe a more or less parabolic tra-

N

-~

jectory, as in Figure 80,
The interpretation of these responses in terms of a naive impetus

theory is rather obvious. ﬂuiresponse shown in Figure 3C reflects a belief

/ -
that the motion of the pendulum before the string is cut imparts a curvilin-

ear impetus to the ball. When the string is cut, this impetus carries the

ball along the original path for a short time. However, tha impetus-avenry

1

H
tually dissipates, and the ball falls straight down. The response in Figure

80 can be interpreted in a similar fashion. One subject who made this

sort of response explainéd that when the string is cut, the ball has

.

the momentum that it has achieved from swinging through this
arc and should continue in a circular path for a little
while...then it no longer has the force helding it in the cir-
cular path, and it has the force of gravity downward .upon it
so it's going to start falling in that sort of arc motion
because otherwise it would be going straight.

This subject apparently beliaves that when the curvilinear impetus
has been expended, the batl will still have an impetus that in the absence
of gravity would cause the bsll to move in a straight line. Because
of this additional impetus, the ball falls in ;n arc racher ‘than straight
dewn,

le have argued in this section that rost of the sub)ects we have

questioned in dztail hold the same raive thzory of motion, an impetus

theory. However, several different forms of the impstus théory may be

.
- -«

1 . . . » . i3 - . .
El{l(j discinguished on the basis of the subjects' responses. in the next section

IToxt Provided by ERI
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we discuss these individual di fferences.

%

individual Differences

The individual differences.we have observed in the naive impgtus
theories represent differences among subjects in the posi tions tzken on
four important issues. Fir;t, subjects differ on the issue of the existence
of curvilinear impetus? As discussed above, many subjects believe that an
object constrained to move in a curved path acquires a curvilinear impetus
that causes it to follcw a curved trajectory for some time after the con—
straints on its motion are removed. However, other subjects{whé hold the
basic. impetus theory do not postulate the existence of a curvilinear impe-
tus.

The second important issue on which subjects differ ccncerns how impetus
is dissipated. Some subjects believe that impetus is se!f-expending
(i.e., dissipates spontaneously). These subjects argue that even in the
ab;ence of any external influences on a moving object, the object's impe-
tus steadily decreasas, causing it to slow dovin and ston (in the case of
rectilinear impetus), or (in the case of curvilinear impetus) causing its
path to become progressively straighter. A more common view, esﬁecialli among

students who have completed physics courses, is that impetus is sapped by

external influences like friction and air resistance. (We use the term

o B

influences rather than forces because students do not naturilly view the
external factors that decreaée an object's impetus as forces in the clas;fca]
physics sense). Subjects who hcld that impetus is decreased by external
influences believe that in the zbsence of such influences the impetus does
not dissipate. Thus, these subjects state that a ball moving on a friction-
less plane, in a vacuum, or a rocket moving through 'space, will continue

to move at a.constant spe=d indefinitely. Although this sort of statement
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is correct, the basis for it (i.e., the beiief that motion is maintained
by an impetus in the objact) is, of course, not.

The view that impetus is sapped by external influences can be seen
in the quotation presented on page 000.% Tnis view also manifests itself in
the contéxt of curvilinear impetus. Consider, for instance, the problem
shown in Figure 9, which involves a ball shot through a tube shaped like
a circle wiza a 30 degree ssgment removed. One subject argued that
in a vacuum, the ball would curve around gnd re~enter the“tube, whereas in
air the ball's path would be fé%é’curved and would eventually straighten
out. This response suggests a belief that the curvilinear impetus dis-
sipates in the presence of air resistance but not in a vacuum.

A third fssue on which different subjects aQopt di fferant positions
involves the interaction of impetus with gravity. Most subjects believe -
that gravity affects a moving object regardless of how much impetus it has.
Thus, for example, most subjects state that a moving bail going over the
edge of a cliff will immediately begin to fall. Some subjects, however,
believe that gravity does not affect an object untii its original impetus
falls below some critical level. These subjécts argue, for erampie, that
a ball that goes ove; the édge of a clif continues to travel in a straight
horizontal line .for come time before it begins to fall (see,e.q., Figure
6C). Cne subject, who gave this sort of respcnse for a problem in which
a ball launched by a spring-loaded piston goes cvaer a cliff, explained that

as it comes out at 3 certain fcrce and speed 1t's

going to eventually lose its horizontal momentum and

as the momentum decreases it will begin to fall

because gravity will begin to take over...your initial forca--
the spring--gushes it out, but it can't keep going at that
spesd indefinitely, sccner.or lzter it's going to slow down.

£Mota to editor: The refarence is to the guotation oeginning 'l understand

that [frizticn and air rgsis*an:e] adversely' on manuscript

page 10. o
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So as it slows down it begins to fall
and somehow this line [the part of the trajectory
where the ball ‘begins to fall] is the relationship
between the force of the spring and the force of

. gravity.

Subjects who believe that.a moving object is immune to the effects
of gravity until its impetus falls below a critical level differ in their
views about just what this critical level is. Some of thé subjects argue
that gravity begins to affect the object when the object's internal
force beccmes weaker than the force of gravity. Thus, as we mentioned s
earlier, one subject who claimed that a ball going over a cliff would
travel in a straight horizontal line for scme time before starting to

fall stated that

¢

when it leaves the cliff the intertia force--

the horizontal force--is greater than the downward motion

force [gravity]. Whan the horizontal force becomes iess,

the ball would start falling. )

A few subjects, however, believed that gravity would not affect
a moving object until its impetus had been entirely expended. Ffor example,

one SUbjéct, whose response to the cliff problem is shown in‘Figure'10,

-

stated that “gravity isn't going to affect it until it stops moving.'

The last major issue on which subjects differ is perhaps the most

interesting. This issue concerns how impetus 1Is imparted té 2an object.

Most subjects believe that any agent that sets an object in motion imparts

to the object an impetus that will keep the object moving after the agent

P

is no longer acting upon the object. However, some subjects believe that

an obj2ct must be directly pushed or puiied to acquire impetus. According

«

to these subjects, an object that is merely carriad by another moving

obiect does not acquire impetus.
I
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Consider, for exanple, the airplane protlem, in w@ich a metal ball

is dropped from a moving airplane. Many subjects indicate for this
problem that the ball will fall st}aight dﬁwn (see Figure 4D). One subject
explained this response by stating that the carrying of the ball by the
airplane

would give the ball no force in the x [horizontall

direction...the only force acting on the ball would be

in the y direction, which is downward.
Consequently, the subject said, the ball would fall straight dowd.

A

The belief that impetus is acquired by a pushed but not by a
carried object is revealed rather clearly by the probfems shown in
Figure 11. Ffor the probiem shown in Figure 11A, subjects are told that
a ball is given a push to set it in motion, and that the ball ;lides
along the top of the cliff at a censtant high rate of speed. ‘For the
problem in Figure 118 subjects are told that a ball is held by an
electromagnet at the end .of a metal rod, which is carried along by a
conveyor belt at the same speed as'the ball that wasvpushed. Subjéc:s
are fur;her told that when the ball ;éaches the position shown in the
diagram, the electromagnet is turned off, releasing the ball. The
conveyor belt continues to move. For beth problems subjects are asked
to draw the path the ball follows as it falls.:

These two problems wera presentéd to 7 of the 13 subjects in the
experiment in thch subjects were in:erv£ewed about their answers., Three
of the subjects indicatad that while the pushed ball would fall in some
sort of arc (as shown in Figure 11C), the carried ball would fall straight
down (Figure 11D), One of thesea sudjects explained that with the pushed

ball

qv
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x\
You've got a Jlot of force behind it, which
would give it some motion straight out.
However, she continued, the carried ball, although it is moving at the

came speed as the pushed ball, does not have any force behind it. She conciuded that

speed is not what controls the fall - it's the

force behind it...To me speed and force are two
different things, so it [the carried ball] is going to
fall straight down.

¥

Another subject wnc gave the same response explainad that the carried
ball would fall straight down "because the ball itself isn't moving,

it's just moving because it's attached to that [the consgyor].“ A

person with vhom we have discussed these problems informéﬁl?xexﬁressed

a similar view by saying that the pushed ball has its own motion and
A
~.9{
therefore will continue to move after it goes over the cliff. However, ’ ;

4 i \, 4
she said, the ball on the conveyor is being carvied and thergfore does not

7

»
H

have its own motion. Thus, it will fall straight dowa. N

Historical Parallels: The Madieval Imoetus Theory

The naive theory held by our subjects is strikingly similar to the

theory of impressed force or impetus discussed by Pniloponus in the sixth
century and daveloped in detail by John Buridan and others in the fourteenth
century. (For détai] dis¢yssion of this theory, see Butterfield,

1965; Clagett, 1959; Dijksterkuis, 1961: aad Franklin, 1376). Like

our subjects' naive theory, the medieval impetus theory assumes that the -
act of setting aé object in motion imgresses in the object a force, or

impetus, that serves to kesp the object in mction. Buridan, for example,

states that a mover

in moving a moving body impresses in it a certain
impetus or a certain force...[which impetus acts)

B

| 21 )
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in the direction toward which the mover was moving the
body, either up or down, or!laterally, or circulariy...
it is by that impetus that the stone is moved after

the projector (i.e.,movaer] ceases to move [it]. But
that impetus is continually decreased »y the resisting
air and by the gravity of the stone. (Clagett, 1961,
Pp.534-535).

The parallels between the medieval impetus theory and our subiects'

conception of motion extend far beyond the basic claim that motion is

‘maintained by an impressed force. First, as the quotation from Buridan

suggests, many impetus theorists postulated a circular impetus that
served such purposes as maintaining the motion of a wheei or sustaining
the rotagfon of the celestial spheres. This circular impetus is clearly
very similar to our subjects' curvilinear impetus.

Further, just as our subjects differed cn thewquestion of whether
impetus dissicates spontaneously or as the result of external forces,
so did {he‘earlier prop;nents of the impetus thecry (Clagett, 1959;
Dijksterhuis; 1961).. B8uridan, for instance, argued that impetus is not
self-expending. However, others, including Franciscus de Marchia, Cresme
gnd, much earlier, Avicenna, assarted that while an object's impetus
could bé depleted by air and cther factors, the impetus would dissipate
even in the absence of these factors. '

The impetus theorists also resemble our subjects in their views on

the interaction of impetus and gravity. Some thecrists, like some of our

subjects, believed that gravity would affect an object’'s mot ion regard]es§

’

of how much impetus the object had. Other proponents of the impatus
theory, however, held different views. Avicenna,for example,argued that

only a single g;pétus could reside in an object.,at any one time. Ac-

cording to this view, a stone thrown ugward at a 45 degres angle would

2&.
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acquire,an impetus which would cause it to travel glong a straight line

at a bs degrgg elevation until the imoetus was exhausted and the stone came
momentarily to rest. The stone's natural gravity would then impart a
natural impetus to the stone, causing it to fall straight down (Clagett,
1959). This view is similar to that of the subjects who believed that
gravity would not affect an cbject until its impetus had been entirely
expended. As we have seen, for example, one subject, in discussing a ball
going over the edge of a cliff, said that 'gravity isn't going to af fect

it until it stops maving."

several of cur subjects held she less extreme view that gravity will
not affect an objéct until its impetus Fails be low some critical (nonzero)
‘level, but will thereafter ca%se the object to begin to fall. This view-
point echoes the argument made centuries earlier by K{bert of Saxoay,
who asserted that a projectile's impetus intitially overpowers igs natural
gravity (Crombie, 1952). Thus, for example, 3 projectile fired horizon-
tally will for scme time follow 's straight horizontal trajectory. However,
the proje;tile‘s impetus gradually waakens and at.scme point the projectile,
while still moving forward, will begin to fall.

One can also find some hint in the writings of Buridan and athers of
the belief held by several of our subjects that an object carried by
another moving object will not acquire impetus. Buridan, for exanple, offers
several arguments in favor of ~he view that the earth, rather than the heavens,
rotates (Clagett, 1959; Franklin, 1576) » However, he ultimately rejects this

viewpoinz on grounds that if the earth turned ,7an arrow shot straight -

upyard shquld hit the grcund some distance away from“the point at

ERIC 0
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which it was launched, rather than returning directly to the

launch point (which is, to a close approximation, what it actually does).

The implicit assumption is that the arrow would not acquire any impetus

by %%rtue of being carried along by the moving earth. Thus, when shot

up%ﬁrd it would not coptinue moving lazerally in the direction of the earth's
_rotation. Racher it would travel straight up and down, while the original

launch point moved out from under it%.

The close correspondence between the medieval impetus theory and the
naive theory held by our subjects can also be seen in the remarkable
similarity between mediaval explanations for certain phenorena, and the
explanations given by our subjects. Galileo, who in his early writings
endorsed the impetus theory, provides one simple examoie:

»

| have put forth the observatica cf the pendulum so
that you would understand chat the impetus acquired
in the descending arc...is able by itself to drive the
same ball upward by a forced motion...in the ascanding
arc. (Galilei, 1632/1967, p. 227).

\

This explanation is virtually idéntical to that given by the subject
who stated that ''the gravity that\pulis it [the ball ]to the center gives
it enough force to continue the s&jng to the other side' .

The correspondence between thé explanation for projectile motiaon

1

given by some of our subjects and t?at given by several impetus theorists
4
s even clearer. Recall that two of our subjects explained the behavicr

of a projectile fired from a cannon‘by saying that the impetus from the .
cannon is initially stronger than tgg force of gravity, and consequentiy
the cannonball moves upward. Howeve}, the impetus progressively weakens

|
and the cannonball slows down. At tbe peak ¢f the trajectory the impetus

I

and the force of gravity are equal. ;Thereafter; the impetus from the

{
Q « %
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cannon continues to weaken, so that gravity is now the stronger farce.

\
Consequently, the projectile begins to fall, accelerating as it does so

because the original impetus is still being dissipatad.

s Compare this explanation with that given in Simplicius's description

.

’ \\of:a theory oroposed by Hipparchus: B
\
N Hipparchus...declares that in the case of earth

[i.e., an objé@t} thrown upward it is the projecting

force that is the cause of the upward motion...then as this

forza is diminished, 1) the upward motion proceeds but

no longer at the same rate, 2) the body moves downward

under the influence cf its own internal impulse [i.e., gravity],

even though the original projectory force lingers in some measure,

and 3) as this force continues to diminish the otject moves

downward more swiftly. (Clagett, 1959, p. 543)

Galileo, in De Moty (ca. 1590/1960) offers s similar explanation:
— .
the body moves upward, provided the impressed motive
force is greater than the resisting weight. But since
that force....is continually weakened, iz will finaliy
becorre so diminished that it wili no longer overcome
the weight of the body and will not impel the body beyond
that point...as the Impressed force characteristicatly
continuas toidecrease, the weight of the body begins to
be predominaniz, and consequently the body begins to tall...
there still r2mains...3 considerable faorce that impels the
bedy upward...[that] force continues to be weakened...
and the body moves faster and faster. (Galilei, ca.1590/1960,p.83)
|
Clement (note 1) has al$o pointed out the resembiance betwesn students’

axplanations of projectile motion and thah\PF Galilec.
Pe
These strong paral?e!s between our subjects and the earlier impetus
| ' S
theories suggest that the impetus theory is a very natural outcome of :

; .
experience with moving :objects in the real world.
In this context it is worthwhile to commznt briefly on the ciaim

made recently by several researchers that students® beliafs about motion

are Aristotelian (e.g., Champagn2, Klopfer £ Anderssn, note 2). These

researchers have pointad out that many students, like Aristotle, believe

‘)
Q . 3q)




24

that a force is reaquired to keep an object in motion. There is, however,

an important difference between the Aristotelian v}ew and that of modern
students. S5pecifically, Aristotle held that an object remains in motion only
so long as it is in direct contact with an external mover. Thus, for
example, in the Aristoteiian view a projectile is keot in motion by air
pushing on it from behind. In contrast, modern students, as we have shown
in this paper, believe that motion is maintained by a force impressed in the
object itself. In other words, students bealieve that objects are kept in
motion by internal and not external forces. Thus, the students' naive
conceotiog\of motion is most similar not to the Aristotelian theory, but

ro the later impetus theory, which was developed in reaction to the Aris-
totelian view.

Naive Theories and Physics Instruction

I

It is beyond the scope of this paper to consider in detzil the inter-
action of ;tudent‘s naive theories with information presenzed in a physics
coursa. However, we should note briafly that the naive theories seem to
create a number of difficulties for students taking physics. In particular,
information prasented {n the classroom may frequently be misinterpretad or
distorted to fit the naive impetus viaw, with the result that maﬂy students

emerge from physics courses with their irpetus tneories largely intact.

indeed, we found in the experiment in which subjects were questionaed in datail

-

- -

that most of the subjects who had takan ochysics courses still held some
form of impetus theory.

An exampie of the distortion of information to make it fit the naive

impetus theory is provided by the definitions of momentum given by two sub-

Y

jects wQQ\had taken college physics (see p. CNG) ¥ Both subjects knew thst




_ However, _the subjects_also believed that ''momentum is...a force that has been
exerted and put into the ball' and "it's something that keeps a body moving."
The concepts of energv and inertia seem also to” lend themselves to

misinterpretation. For example, one subject, who had completed a college
_ ‘ ,

physics course, defined inerzia in the following way:

. when you throw something that's what keeps .t going...
you put a little force behind it and it'll just keeo
going...inertia is:..just the force that's on it when
you let it go--sort of a residual force on it.

Distortion may occur even for very explicit information about -
the behavior.of a mov}ng object. For example, a subject presented with
the ball and,st(iég problem (see Figure 18) stated that he knew the ball would
fly off in a straignt line tangent’to the circle at the'pqint where the

string broke, because this situation had been discussed in his college physics

course. However, he further stated that when the string broke, the bail

0

would curve along its original path for a very short time, and would then
turn rather abruptly and follow a path parallel to the tangenﬁ to the circle
atithe point where the string broke.

These examples make it very clear that the naive impetus\:Qeory is

»

very strongly held and is not easily changed by classroom physics instructicn.

A

\
Thus, it may be useful, as several researchers have sucgested (2.g9., Cham-

pagne et ™al., note 2; Clement, note 1; Minstrell, note 3), for physics
instructors to discuss with students their naive~ belief§, carefully pointing

. out what is wrong with these beliafs, and how they differ from the views of
classical physics. !n this way students may be irduced to give up the impe-

tus theory and accept the Newtorian purspéktive.

LAY
[
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1 A Briaf Review of Related Researcn

The studies we have described .in this peper contribute to a growing

L4



body of recent research concerning knowledge and reasoning in physics and

related domains. In this section we mention briefly a few of the studies

* that are .relevant to the issues we have discussed.

-

Several research groups have investigatad the difficulties that students

have with basic principles of mechanics (e.g. Champagne et al., note 2;,

Champagne, Klopfer, Solomon & Cahn, note 4; Clement, "19739, note 1; di Sessa,

~ 1979; Minstrell,'note 3). Champagne et al. (note 2) have reported that cn
.problems involving free fall, many college students indicate that objects

fall at a constant speed. Clement (note 1) has noted impetus-like belliefs

. in.students attempting to describe the forces acting on objects in simple
g g

v

situations (e.g. a coin thrown straight up). Minstrell (note 3) has also

discussad difficulties that students have in understanding forces. Further,

Be has descrited an intensive demonstration-discussicn method which appears

to be successful in overcoming these difficulties.,

Other researchers have attempted to characterize people's knowledge

of mechanics concepts (e.g., mass, acceleration). Piaget (1970) studied

vie

children's understanding of movement and speed, reporting that these

Y

= sesmingly simple concepts are actualiy qGuite complex, and are pcorly
understood by young children. Mcre receatly, Trowbridge and MdDermott

( in press - a,b) have argued that the concepts of velogity and acceleration
»

pose some difficulty even for adult&. Finally, several studies have used
-

proximity analysis metheds (e.g., multidimensional scaiing) to reveal the

subiective organizaticn of mechanics concepts (see Preece, 1978, for a
J 9 ’

. review).-

]
A number of interesting results have bezn odtainad in studies of
g

ohysics problem-solving by experts and novices‘(e.g. Cri, Faltovich &

Q

Glaser, note 5; Bhaskar & Simon,34977; Larkin & Reif, 1S73; La(kin, He-

S : 29
Simon & Simon, 1580; Mcvak & Ardya, 1930). For example, Larkin

o R
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- et al. have reported that beginning physics students solving textbook

problems use a strategy quite different from that employed by experts.

Specifically, experts work forward from the quantities given in the problems

to the desired unknown quanti:y, while novices work backward from the

| unknown to the givens.
The research on problem-solving has stimulated a number' of 3ttempts to
develop 2explicit models of knowledge representation and processing lp mechan-

ics (e.g., Larkin, Mclermott, Simon & Simon, in press; Novak, 1977,,noce
6; de Kleer, 1577, note 7). Novak for exaﬁple, has developed a program
that diagrams and solves statics problems stated in English. ~
Other research has examingd knowledge and reasoning in areas of physics
cther than mechanics, as well as in cther branches of science. Fredette
and Lockhead (1380), for example, have ¢iscussed students' misconceptions
about electric circuits, and Nuss?aum and Novak (i975) have described children's
conceptions of the earth.  In addi{ion; Collins, Stevens and Goldin (1979
Stevens & Collins, 1380) have examined students® misconceptions about the
complex physical systems involved in climate and rainfall.

More general aspects of scientific thinking have also baen examined
(e.g., Inhelder & Piaget, 1958; Gentner, in press: note 8; Kuhn, 19773
Siegler, 1978). Géntner_(in press, note 8) for example, has discussed the

role of analogies (e.g., atoms are like miniature solar systems) in
scientific thinking, and Kuhn (1977) has considered the function df thought
experiments in sciantific development. In addition, Carey (this volume)

and her colleagues are examining the processes by which scientific concepts

such as heat and -temperature come to be differentiatad.

ERIC <




The recent research on scientific knowledge and reasoning has produced
many important insights, and should provide a firm foundation for the
development ' of more complete and detailed descriptions of the scientifically

naive individual, the expert, and the process by which the former is trans-

.

formed into the latter.

Concluding Remarks .

¢

We have argued in this paper that people develop cn the basis of their
everyday experience remarkably welli-articulatad naive theories of motion.
}hesp theories provide not only descripg{ons of, but glsohcausal explan=
ations for, the behavior of moving objects. In particular, many people
believe 'that the act of setting an object in‘;otion‘impresses in the
objéct an internal force or impetus. T;iE impetus is assumed to keep the
object in moéion after it is ﬁoﬂlgnger in contact with the original mov;f.
According to this view, movi%b objects eventually slow down aqd'stop‘because
their impetus graduaily dissipates. Thiéwnaiva theory is, as we pointed out,

strikingly similar to the medieval theory of impetus.

Although we have focused in this paper on naive thacries of motion, we
9 )

should note that people reasoning sbout the tehavicr of moving objects use,
in addition to naive “heoriazs, several other sorts of knowledge. For example,
some subjects in sclving our simple probiems made use of analogies, memories

for specific experiences (e.g., *throwing a rock with a sling), isclated facts

about mechanics (e.g., Galileo found that heavy and light objects fall at

the same rate) and knowledge acquired through formal instruction in physics

(e.g., a projectile's motion can be araiyzed into indesendent horizontal

and vertical components). However, for most subjects a naive impetus theory




played a prominent role in attempts to solve problems.

The findings of the present study suggest a number of interesting
dire;tions for subsequent research. First, there is need to characterize
in greater detail people's naive theories in mechanics and in other scientific
domeins. Second, future research should seek to determine how the naive
theories Hevelop. Addressing this issue may. involve explering in children
as well as in adults, what sorts of information people glean from observing
and interacting with moving objects, and heow they generate from this information
a theoretical framework for explaining the behavior of moving objects. For
example, the assumpticn that carried objects do rot acquire impetus may stem
from a frame of raference confusion in the observatiog of moving objects.
Consider, for instance, a person who has sesn a film taken from an airplane

.

of bombs dropped rron the "plane.From the frame of reference of the plane,
the bombs will drop nea;ly straight down. The person observing this may
confuse frames of refere\g? and consequent)y may believe that the bombs
hit the ground at the point that was directly baneath the airplane when the
bombs were released. From this faulty datum the person may, conclude that
a carried object doés not acquire impetus. Other assumptions of the naive
impetus theory may perhaps represent deductions made from obsarvations that
focused on salient aspects of an event (e.g., a push given to an object)
and ignored less salient factors (e.g., air resistance). Additional ;esearch
will be reéuired to determine whether these speculations are reasonatle.
. Finally, future research should seek to determine whatviole, if any,

naive theories of motion pla9 in evegryday life. An acquaintance of ours
s .

was recently stepping onio a ladder from a roof 20 feet above the ground.-
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anortunately,’the laddeé slipped out from under him. As he began to
fall ne pushed himself out from the edge of the roof in an attempt to

land in a bush abour three feet out from the base of the house (in the

~

hope that the bush would break his fall). However, he overshot the bush,

{

landing about 12 feet from the base of the hcuse and breaking his arm.
Was this just a random miscalculztion, or did our acquaintance push

.

off too hard because of a naive belief that he would move outward for a

a
—

short time and then fall straight down (rather than ;ontinuing to move
outward thrcughoqt the fall)? Rese;rch in.which people interact with
actual moving objects may shed some light on tﬁe question.

| In research currently in progress, we aré attempting to addres§
these other issues. It is to be hoped that thi§ research will enable us

to acheijve a becter understanding of naive conceptualizaeticns of motion.
7 g {

!
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Figure Captions
Figure 1. Diagrams for the spiral tube problem (A) and the .

pall and string problem (B).

Figure 2. Correct response and most common incorrect responses
for the spiral tube oroblem and the bal} and string problem. The correct
responses appear in (A) and (C).

L

Figure 3. Diagram for the airplane problem. -

¥

»
Figure 4. Correct-response {A) and incorrect responses (B-D)
for the airplane proolem.
Figure 5. Diagram for the cliff problem.
Figure 6. .Correct responses (A) and most common incorrect rasponses
(B and C) for.the cliff problem. » .
{ Figure 7. Subject's drawing of the trajectory of a thrown ball,
' with vectors drawn by the subject to represent the "upward torce' and |
\ ¥
the force of gravity‘at thrée points on the trajectory. ©
. /o
g ' S .
Figure 8. Diagram for the pendulum problem (A) with the correct

response {B) and two incofrect respoases (C and D).
A .
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__ Figure 9. Respcnses by one subject for a problem in which a §§lli

s shot through a circular tube that' is lying flat. The subject indicated

that in a vacuum the ball would follow the trajectory labelled 1, while

o

in air the ball would follow path 2.
Figure 10. One subject's response to the cliff problem.

Figure i1. Diagrams for the cliff problem (A) and the conveyor

problem (B), with one common pattern of responses (C and D).
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