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NIE Grant 83-059

ABSTRACT

The invegtigators developed a framework within which
many of the observations from recent research in beginning
physics students' conceptions of forces and motion can be
organized. The framework summarizes the mechanisms of force
invoked by students in particular situations. It describes
the features of physical situations that students believe
will modify the relative sizes of forces. Finally, the
framework suggests some of the ways students mediate between
various forces when predicting or explaining what will
happen in a given situation.

Using the framework of students' ideas, the authors
have been able to interpret some of the findings of earlier
conceptions research. Some problems/situations which seem
to involve few variables from the point of view of formal
physics involve a great number of salient features from the
naive physics student's perspective.

The framework is helping to guide development of
diagnostic exercises for both paper and pencil and interview
questioning., It is also guiding instruction to help
students differentiate and integrate their primative notions
into a more coherent mechanical theory that can be applied
consistently across a broad domain of contexts.
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FINAL REPORT OF NIE GRANT NO. 83-0859

‘A SUMMARY AND OVERVIEW

There is a growing body of knowledge about the
conceptions of beginning phy31cs students, particularly in
the area of mechanics, The primary goal of this research
project was to develop a framework for organizing students'
ideas about forces., Using data from individual interxviews,
classroom exercises, and diagnostic tests, we identified
ways in which significant numbers of beginning students view
the mechanism$ of force, modifiers of the magnitude of

force, and factors which mediate when more than one force is

considered. Using this information we have been able to
predict the percentage of students who will give alternative

responses to specific questions about mechanics. We can

describe the thinking that makes different answers seem
plausible to significant numbers of students. The framework °
is guiding us in further research.in students' alternative
understandings and in our teaching.. !Je are told that the
framework is proving to be useful to researchers at the
University of Massachusetts, Amherst and the National
Learning Center, Pittsburg.

We developed the framework by looking at the students'
notions of forces from two perspectives. The first was to
consider the descriptions of novice thinking as viewed from
the perspective of formal physics. We developed elaborate
concept maps from the perspective of each group. As we were
about this work, we did not discover any single theory of
mechanics invoked by all novice students. 1In other words,
the students varied in their understanding of the mechanisms
and modifiers of forces. When two forces were present,
there were- different sets of considerations in deteziining
which would be the stronger of the two. This led us to a
second way of organizing the framework. Setting formal
physics aside, we focussed on the responses and explanations
of our students and identified patterns in their thinking.

The present version of the framework captures the
salient features of problems/situations and suggests the
ways those features will influence students' answers and
explanations. For some students, we have been able to
predict answers to subsequent questions, but not all
students consistently choose the same features which they
consider as most critical. Because there are numerous
features which students identify as important in situations,
the framework helps explain that while the students' answers
seem random from the point of view of formal physics, there
can be a system to many of their choices.

We obtained feedback from paid consultants at numerous
points along the way. Don Finkle, Steve Monk, Dewey
Dykstra, and Geof Loftus critiqued the framework in its
various forms. Joan Heller interviewed students as part of
the evaluation of the va11d1ty of the framework.:- During
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consulting exchanges, we also obtained feedback regarding
the framework from the cognitive process psychology grcup
and the physics education group at the University of
Washington, the Cognitive Process Research Group at the
University of Massachusetts, Amherst, the critical and
creative thinking group at the University of Massachusetts,
Boston, and the National Learning Center, Pittsburg.

Although the framework and many of the diagnostic
questions have been used by others and their data shared
with us, for the most part the development and evaluatiup of
the framework was accomplished with data from our students
at Mercer Island High School. 1In the initial stages of
development, our introductory physics students and other
science students whol had not yet enrolled in physics,
answered questions on early versions of diagnostic tests.
Within the first two' weeks of classes for each of the last
two years, our diagnostic test and a diagnostic test
developed by Clement, et al from the University of
Massachusetts, Amherst were administered to all beginning
physics students in the classes taught by Minstrell and
Stimpson. Pre-instruction quizzes were taken by these
students prior to instruction in many of the mechanics
units.

The results of some of these tests are included. in this
report. The individual questions and students' answers are
individually consistent with earlier published results of
the conceptions research. Since the focus of our research
was to seek relationships between various answers, we were
more interested in collections of answers to various
questions rather than results of an individual item or a
single test score. Therefore, most of the analysis was by
the specific answer rather than right vs. wrong. The
individual responses were correlated with each other. It
was from the clusters of similar answers and explanations
that we inferred the salient features of the framework.

For five novice physics students, we have data from
interviews conducted the spring before they began their
physics course. During their year in the program, we
collected paper-and-pencil results from their work. It is
- interesting to note many consistencies between the salient
problem features one year and the next, prior to, during,
and, in some cases, even after instruction.

This report is organized in two major parts. The first
describes and validates the framework. This is a draft of
an invited address to the 1987 Winter Meeting of the
American Association aof Physics .Teachers. A subsequent
version will be submitted to AAPT as they have expressed an
interest in publishing the framework. The second part of
the report is a series of very short, loosely connected
papers describing various facets of either the research
effort or the results of specific activities. These papers
provide details of data and relationships referenced in the
first section of the report.



DESCRIPTION OF STUDENT THINKING REGARDING THElIDEA OF FORCE

What is their definition of force if they give one?

Virtually all our students have taken both the U Mass
Diagnostic and the Mercer Island Diagnostic. The sorts of
students' notions described here are inferred from students'
answers to questions on these diagnostic tests and from
observations reported in the research literature..

For those students for whom we have interviews, there
is a place in the interviews wherein we asked students which
of the factors they've identified they would classify as a

force, why, and how would you define a force/ what does
force mean to you?

THE FRAMEWORK

I. MECHANISMS

A. Push/Pull by an outside agent
l.Action by contact/touching (sometimes
called a pressure from contact)
2.Action by some causal agent through
an indirect connection
3.Action across space )
empty space or intermediate material?
gravity, what is it? differentiated
from air pressure
different from weight?
What are the effects?
differentiated from magnetic and electrical?
4.Actions by passive objects, characteristics or:
state of objects that can and can't exert forces

B. Force as a Property of an object
- l.Weight
makes things fall/ holds things down
like inertial mass, holds things back
2.Motion
-Force of motion conserves motion
constant straight line velocity
constant curvilinear motion
continued acceleration after active agent removed
3.Qualities
"May the 'force' be with you"
Material, like Helium
C. Resistance
Directional or nondirectional
Holds things down like weight
Holds things back like inertial mass
Mechanism
rubbing
ambient medium
a property of the system rather than resulting
from interaction between objects
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II. MODIFIERS OF MAGNITUDZ OF FORCE

A. Relative Size of objects involved
The "larger" exerts the greater force
l.Spacially large
2.Heavy/weight
3.Strength

B. Relative Activity of objects
The "more active" object exerts the larger force

l.Motion

2.Effort

3.Internal
material's natural tendency
actions like an englne
will or desire

C. Actions vs. Effects
The object that causes the greater change exerts the
greater force
Have .studerits made a distinction between
forces exerted and forces felt?
If so, are the magnitudes different?

D. Potential vs Actual Amount
Are students focussing on the amount of
force an object could exert or does exert?

III. MEDITATIONS AMONG FORCES

A. Whenr one or more forces are in the same direction, they
will explain the motion in that direction.

B. When one or more forces are in the opposite direction
Are the forces, properties of the system, and
resistance
resolved one for one?
yielding to which is the most salient factor?

C. When forces are orthoganal,
Does the initial force yield to the second
immediately?
gradually over time?
initially, but then come back?
completely, partially, or not at all?
D. When forces are other than parallel or perpendicular




SO WHAT ARE STUDENTS' INITIAL CONCEPTIONS REGARDING FORCE?

A FRAMEWORK FOR ORGANIZING THE PHENOMENA

At the beginning of a unit on dynamics, the teacher may
ask the students what they think of when they think of
force, Typically a majority of responses center around
"Force is a Push or Pull."™ Text treatment of dynamics from
elementary grades at least through high school begins with
the assumption that force is a push or pull., The teacher
and the students move on believing there is common
understanding about the nature of force. To operate under
this and similar assumptions may be contributing to the
invocation and persistance of conceptions that stand in the
way of students' development of their understanding of
dynamics.

This paper suggests that this and other beginning
notions of students demonstrate that students' conceptions
regarding force are very different from those of formal
physics. Students are not blank slates but come with
initial ideas, many of which will be useful in dynamics.
Their ideas, however, are not clearly differentiated from
each other, and they are no:t integrated into a clear
conception of force that is consistent with that of formal
physics.

Although many of their ideas are similar to ideas from
Aristotle, Impetus Theory, Newton or some other theory
existing in the history of the development of physics, we do
not find that student thinking in general about dynamics is
consistent with only one theory. The particular conceptions
‘we suggest in this paper are those it seems reasonable to us
to assume are dominant in a class of beginning students.
:The thinking of ‘an individual student in many cases is
consistent across tasks and may persist through tim: and
even through instruction. While several conceptions have
been identified as being used by large proportions of
introductory physics students, there does not ceem to be one
theoretical structure of novice thinking into which they
fit. '

This paper describes the results of our search for a
novice theory related to force and motion., Although no
single theory was identified, we infer aspects of a
framework within which most of the phenomena of students'
conceptions about force and motion can be organized. Rather
than a catalog of errors in student thinking from the
perspective of formal physics, in our framework we have
attempted to describe students' ideas in their own words to
contrast ‘their thinking with that of formal physics. The
inferences put forth in the paper are based on observations
- madé during our teaching and research and of observations
- made by other investigators. This paper is not an attempt
to review the literature of relevant research but an attempt
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to organize the phenomena in a rational and useful way.
(Note: For a listing of students' conceptions in mechanics,
see McDermott, 1984, and Halloun and Hestenes, 1985.)
Within our framework we will first attempt to describe
prominent attributes of the students' conceptions regarding
force., Then, we will suggest ways in which these
conceptions go together to give the results of conceptions
research reported by ourselves and others. Finally, (in
this or a subsequent article) we present our implications
for curriculum and instruction in dynamics toward the formal
conception of force. '

INITIAL CONCEPTIONS REGARDING FORCES
I. MECHANISMS OF FORCE

Push/Pull-

Initial descriptions of what force means to students
usually starts with "a push or pull." Furthur elaboration
includes "something that affects something else," and "it
causes an effect." So, push or pull, to students, includes
actions by touching external agents like hands,sprinas,
etc., but it also includes causal agents indirectly
connected to the object of interest. For example:, in the
situation of a cart on a table, attached to a string that
goes over a pulley and is attached to a weight hanging over
the end of the table, students will readily suggest that the
weight is exerting a force on the cart.(See figure 1.) "It
is causing it to move, so it makes a force on it." 1In a
situation with a horse harnessed to a sled towing another
sled with boxes stacked on each sled, many students suggest
"there is a force by the horse on box A", a box on the top
of the stack on the second sled.(Figure 2.) So, for these
students since the horse or the weight cause the effect,
they are forces, or they exert forces. The influence of
these causal agents is not wrong but their conception of
force 1s different from the formal conceptions of forces on
the cart or the box.

The push or pull can be an action at a distance, but
here again their conception is different from that of formal
physics. First, for at least fifteen percent of beginning
physics students, gravitational and electrical forces are
not well differentiated from magnetism. "The earth has a
magnetic pull on the moon. It attracts the moon through
electrical charges." "The pull of the earth on the moon is
magnetic." Secondly, like early theorists in the history of
science, students have trouble with there not being an
intervening medium like air to help "pass along the force"
in situations involving action at a distance. 1In fact, for
many students it is the pressure of the air that causes an
object to weigh something.(Minstrell, 1982)

" No Passive Actions-

The students' conception of push or pull does not
include the passive actions. (Driver, 1983, and Minstrell,
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1981) The table under a book at rest or moving supports the
book or resists its tendency to fall, but that passive
action is not considered a force. A string connecting -a
moving object to a causal agent is not considered to be
pulling on the object.(Figure 3.) The string is just a
passive intermediate. Anything which is not seen to
stretch, compress, or otherwise move and demonstrate effect
is Just there to resist or restrict the motion of something
but it doesn't exert force.

Properties-

In addition to considering force as an action by an
outside agent, beginning students often consider the
properties of the object as forces, perhaps because they are
factors that affect the situation. One of the most common
properties. of an object considered to be a force is the
mction of the object The faster the object is traveling,
tne more force it is considered to "have." This
preconception has been a research topic reported in the

-research literature. It is very persistent. The "force of

motion®™ may exist in different forms. It may be responslble
for keeplng the object moving with uniform motion in a
straight line.(Gunstone, 1985, Hewson, 1986, Minstrell,
1984, and Vienott, 1979) It may be the forward force that
conserves curvilinear motion.(McCloskey et. al., 1980) Or,
it may be the force that causes the vertical acceleration
(of a ball thrown upward, for example) to keep on
accelerating. For example, many students believe the
maximum velocity of the ball will be well after the ball
left the hand, perhaps when it is halfway to the top, "until
the downward force of gravity can wear it down." (Clement,
1982)

Other "jncernal" properties of the object are sometimes
considered t> we a force. Materials out of which objects
are made may be considered a force because they are relevant
factors in the situation. For example, the balloon may rise
because of the "force of the helium." An engine of a car is
exerting a force on the car from the novices point of view,
probably because it is such a salient feature and cause for
the car moving. Also, for some students the will of the
person or animal is a force on the person or animal, again
possibly because it is a cause for the person moving.

Resisgtance- :

Friction is a term that students use to represent
res1stance to moving objects. It is sometimes viewed as
coming about through a rubbing action, but usually it is
Just seen as a property of systems that tends to retard
motion. For some students it does so by holding the object
back, but for many friction resists motion by holding things
down. For .other students there is no implied directiorn to
friction. 1It's just there resisting motion. The following
is from a session at the end of the school year wherein
Minstrell was interviewing an entire class about their
changes in understanding from the beginning of the year:
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Student 1l: aAnother thing that I didn't know was
that the force of friction had a direction,
Minstrell: You mean initially?

S 1: You know.. that thers is a direction to that
force and it's opposite to the motion of that
object.

M: What convinced you that there was a
directionality to the force of fzriction?

5 1: Well it had to do with equal and opposite
forces znd the experiments we did. What would
happen and why?

M: Okay. How was your idea about friction
different when you came in? If it wasn't
directional, what was your idea?

S 2: I just thought it was thexe, I didn't know
but when you push the block this way, you see that
.o.then you have a frictional force that has to be
like that (opposite) ...

S 3: For lack of anything to say about friction I
thought it was something like the floor sucking on
whatever it was. .

S 4: what I was thinking is that it would have a
certain amount of friction to it. Like a 400
pound box would have a certain amount of friction
to it. It would take, like if a guy was pushing
on it, the force of friction would be greater. on
the box.

M: So for any given box or somethlng, there's a
certain amount of friction associated with that
box?

S 4: Yes. That's what I was thinking,

M: A potential amount of frlctlon?

S 4: Right,

-~

II. MODIFIERS OF MAGNITUDE OF FORCE

Another aspect of the meaning of force to beginning
students is the way they decide the magnitudes of forces
acting on an object or the relative magnitudes of the
"action-reaction" forces during the interaction between
objects. :

Size/Strength-

The size of the objects involved affect the magnitudes
of the forces. Larger objects:are responsible for larger
forces. This idea has'a sound basis, larger objects usually
can exert larger forces on an object than can smaller
objects. However, this evidence seems to be generallzed to
"larger must exert larger forces.™ -Although size can
sometimes mean spatially large, more often it is described
in terms of the weight of the object. When blocks are
stacked up with the heaviest block (A) on top, "since A has
the greatzr weight, it is exerting the greater force." and
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"because B has less weight and cannot exert as much force as
A..." are common explanations. 1In another question wherein
the larger object, the Waszhington Monument, is below the
smaller object, a mosquito, some students suggest the
monument exerts the greater force because "the monuma2nt's
mass is greater than the mosquito's."” 1In a situation
involving a bowling ball hitting a pin, many students say
"..the bowling ball has more weight, so it hits the pin with
more force than the pin hits the ball with..."

For many students relative "size" has to do with
strength. When two magnets interact with each other, the
stronger magnet exerts the greater force. This is so
compelling that even when the strong and weak magnets are
both attached to opposite ends of a cart, "the stronger
magnet has a greater force" is used by a large proportion of
the students to explain why they believe the cart will move.
When two different "strength" springs are attached to each
other and the opposite ends each held by one's two hands,
many students suggest one hand will feel more force because
"the spring is stiffer, thus c¢reating a greater outward
force when compressed." When two people lean against each
other, many students suggest that Sam, the stronger person,
will exert the greater force.(See Figure 4,)

Activity=- .

Another salient feature of problems/situations involves
the relative activity of the objects involved. The
principle invoked seems to be, the "more active" an ‘object
is, the more force it exerts. Activity is our word within
our framework, but it seems to be associated with situations
involving motion, muscular effort, or internal activity like
the engine of a car or sometimes possibly even the effects
of the will or desire of the persons involved. For example,
in a situation where a moving car hits an identical '
stationary car, "the stationary car has no force at that
time..", and "Since the one car is moving, it's exerting the
greatez force..." When two people of equal weight sit
opposite each other in office chairs with rollers and person
A extends her legs with her feet on B's chair, "A exerts a
bigger force because A actually does the motion." 1In a
similar situation with two skaters facing each other with.
hands touching each other's, whichever one extended her arms
(causing the backward motion) was the one exerting the
larger force, even if their masses were different.

The idea that passive objects cannot exert forces,
described earlier, relates to this activity continuum.
While some students only apply the principle that more
active objects exert greater forces, some carry the idea far
enough to claim that without activity there is no force.
For example, in the situation of the moving car ceolliding
with the identical stationary car, "The one car is at a
standstill, so it can't exert a force." When confronted
with a lamp at rest on ik« floor, some say "The floor does
hot move to exert a foxce.®
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Know Forces by Effe ts-

For many studeats the way to know about actions is to
monitor the eifecis. Generally this idea sounds good from
the standpoint of formal physics as well. But, beginning
students are more general in their use of the idea. 1If, as
in the case of the book on the table, one can't see the
table move, "then the table can't be exerting a force."

When the two identical cars collide, the one that "feels"
the greater force will be the one that will be most changed,

- either in terms of movement or damage. In a pillow fight

the pillow will experience a greater force than- the persons
head, "because the pillow is soft and it will be stopped by
the head."

Potential vs. Actual Force-

Frequently students answer questions about relative
magnitudes of forces on the basis of the amount of force the
object conld exert rather than the force it does exert,

With the book on the table, some will say the table exerts
the larger force, justifying their response on the basis of
it being heavier or stronger. "It would t="~ a lot more
than one book to break the table.™ In c@¢ . where friction
could possibly have an effect it is often cvusidered to
exert the maximum force even in situations where the book is
at rest on the level table with no sideways forces,

f{II. MEDIATIONS AMONG FORCES

Forces in the same direction-

When all the forces involved in the situation are in
one direction, the object(s) will move, accelerating or with
constant velocity, in the direction of the force(s). For
example, when an object is falling, the major force on it is
in the down direction, so the object moves downward. When a
car moves along and collides with the stationary car, all

- the force appears to be in the direction of movement, so the

system moves in that direction.

Forces in opposite directions-

In situations where forces involved are in opposite
directions, if *they are perceived to be comparably salient,
forces in opposite directions will compensate for each other
one for one. For example, when two people lean against each
other, some students explain this by compensating forces,
"sam is stronger, - but Shirley exerts more effort;, so they
both stay there."(See Figure 4.) If one force is
determined to be particularly salient, it may overcome the
others and the object will do what it does because of that
overwhelming force. 1In the situation of the bowling ball
colliding with the bowling pin, the bowling ball exerts the
larger force because, "It is heavier, plus it is moving."

_ Forces orthogonal to each other<
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Results here depend on which of the forces is perceived
to be stronger and whether one or another force is believed
to be strong initially and gradually worn away or weak
initially and gradually getting stronger. An object
initially moving horizontally keeps on moving horizontally
until gravity gradually takes over and "overcomes the
sideways motion."” In some cases the initial force appears
so strong that the additional force is of no consequence and
therefore does not change the motion of the object. For
example, the object rolling along the path on the top of a
table requires a hit in the direction that one wants the
object to go if one wants it to change direction. (See Figure
5.) In other cases the second force appears so strong that
the object no longer has any vestiges of the original
force/motion. Often one is perceived as the stronger force
initially, but it gradually gives way to the more sustaining
force, like the force of motion gradually giving way to the
weight or friction or whatever it is that holds things down
to the surface.

Forces other than parallel or perpendicular to each other-
These tend to affect situations in much the same way
that the perpendicular forces do. (See Figure 6.)

PUTTING THEM ALL TOGETHER TO EXPLAIN OBSERVED MOTIONS

In this section we will consider a few examples which
will put together the Mechanisms, Modifiers, and Mediations.
to explain some of the more elaborate problems from the
conceptions research. One reason that it has appeared that
students do not reason consistently is that different
students see different features as salient in the problems.
Thus there are various answsrs/explanations given by novices
to the same problem -situation dependlnq upon the features to
which they attend.

Consider two people leaning on each other and staying
stationary. (See Figure 4.) Some students suggest that Sam
who is stronger and heavier exerts the greater force.

Others suggest that Shirley exerts the greater force because
she exerts the greater effort. Still others answer
suggesting they exert equal and opposite forces on each
other, some justifying that answer with rationale that says
Sam is stronger but Shirley exerts more effort to compensate
for Sam's strength. Thus they get the keyed answer but for
reasons that involve their novice principles of heavier
exerts more force and more active exerts more force.

Consider an automobile wherein the driver puts her foot
down to a certain position of the throttle pedal, . The car
tends to speed up at first, but then it tops out at some
velocity and stays at that velocity. So, a constant force
at first causes the cbject to speed up and then sustains its
motion., It would appear students are sometimes saying that
a constant force can explain both the accelerating case and
the constant velocity case. From the point of view of many
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students this is what happens and it does so because during
the first bit of time the force is an action that gets the
car going. Then the car "has" that force. During the next
bit of time the additional force adds more velocity to what
it had, so it is now moving faster. It will keep speéding
up until it reaches the speed that is just right for that
force on that car. Then, that is the force of motion that
will just sustain the constant velocity. If one turns off
the engine, the larger force of motion will gradually be
overcome by the weight (or the friction) of the car and it
will slow down to a stop.

Consider the ball thrown vertically. Explanations seem
to differ. Some say the ball was moving fastest when it
left the hand and after that the force of motion gets
"whittled away by gravity. Others suggest that the object
keeps on accelerating upward after it leaves the hand until
it gets about half way to the top. Then gravity begins
whittling away. In either case there is a conserved motion
in the upward direction that gradually gives way to gravity
and eventually the object comes down.

Consider a projectile thrown horizontally. The object
is believed to travel out horizontally at first with
vertical gravity, or the downward tending weight of the
projectile, gradually taking over until the object falls
vertically. Throwing the object with twice the horizontal
velocity will keep it up longer; it has twice as much force.
For many it will "hang" for twice the time before hitting
the floor, But, if an object of twice the weight had the
original velocity, it would hit in less time, usually in
half the time, because the double weight will pull it down
proportionately faster. Consistent with this is if the
students are pressed to consider the situation of the object
with twice the weight having twice the original velocity in
the horizontal direction, this object is predicted to hit
the floor in the same time as the original projectile by
those who gave the neatly proportional answers for the fast
case and for the heavy case. Other predictions depend on
how strongly invoked each of the principles were.

Consider the soccer players downfall. With the
motion of the ball crossways to the goal, there is the
tendency to kick or otherwise hit the ball with the hit in
the direction of the opening between the goalie and the
post. Novice pbysics students explain that this hit, if it
is hard enough, will completely overcome the force of motion
of the incoming ball.

Consider the object in circular motion. When the
inward force is cut off, students will frequently predict
that the object will continue in curvilinear motion. This
explanation is dominated by a conservation of motion,
whatever motion it had when it was released, Others will
predict the ball will gradually veer outward from the
tangential path. These students seem to be invoking a
conservation of the tangent1a1 motion gradually yielding to
the "outward force of motion."

In the past we have constructed test questions to learn
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whether students understand a specific concept of formal
physics. By varying pertinent information, we expected
appropriate variations in student responses. Often the
changes in their answers seemed random, not related to the
changes we had made. Exploring the explanations given in
support of their answers, we have learned that there are a
variety of features in the test questions which physicists
believe are irrelevant, but students describe as salient.
While it appeared that students were randomly answering the
questions we had posed, it was often the case that they were
influenced by features which had meaning to them. By
listing these features in our framework and recognizing ways
in which the students believe that they affect a given
situation, much of the students' reasoning can be seen to be
systematic and consistent. By grouping problems according
to features viewed relevent by beginning physics students,
rather than by features deemed significant by physicists, we
have come to see clearer patterns in student responses,
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INTERVIEWS BY JOAN HELLER

Analyzed by Jim Minstrell

In May of 1985, Joan Heller, then a psychologist at uC
‘Berkeley, came to Mercer Island High Schcol as a consultant
to our research project. Over a period of three days she
interviewed thirteen students to provide possible validation
data for our framework.

The focus of this aspect of our project was the testing
of a framework for beginning physics students' understanding
of the concept of force. Under the assumption that student
thinking should be quite different after a study of
mechanics compared with the thinking before class work, Dr.
Heller was.presented with students -from three groups. There
were five students who had indicated they would take physics
the following year (novices), four students who were
completing a year of study under Minstrell, and four who

- were completing a year of physics under another teacher at
Mercer Island High School. The students from the different
groups were interviewed by Heller in a scrambled order, and
she did not know from which group each had come.
Minstrell's instruction differed from the other teacher in
that Minstrell specifically had addressed students' initial
conceptions while the other teacher emphasized the formal
ideas in the traditional manner of a strong PSSC teacher.
Each of the students had been identified by their science
teachers as a very strong, articulate student.

It is interesting to note that Heller was able to
correctly place most of the students on the basis of her
interviews. She correctly identified three of Minstrell's
students. - The fourth she knew had had some experience but
wasn't sure in which class she belonged. Heller correctly
identified another three students plus the fourth student
from Minstrell's class as students who had developed some
formal notions of physics. The remaining six she identified
as probably naive students. One was a 4.6 GPA student from
the other physics classes. The other five were correctly
identified as "pre-physics"™ students. . '

In this section of the report we will first use the
 framework to.describe the thinking of one of the students
about the idea of force, as an example of the sort of data
accumulated during the interviews. Then, we will briefly
describe inferences about some stages of development in
students' thinking about the force idea as-a result of
encountering the formal ideas in the instructional setting.

Each student was asked more or less the same series of
questions about the same problem situation. The problem,
one used earlier by Heller at UC Berkeley, involved a horse
harnessed to a sled which was connected by rope to a second
sled which was connected to a third. On the middle sled
were two boxes, box A stacked on' top of box B (see figure
1). During the interview the students were first asked to




) . " '
DATE

Baxes in Sled .

A-horse pulls three sleds behind it, as indicated in the diagran.
Two boxes. A ‘and B, are stacked on top of each othér in the aiddle sled.
There is friction between boxes A and B. and alsoc between bax B and the
$loor of the sled. There is alsc same frictiocn bhetween the bottoa of tha
sled and the surface beneath it,

Figure 1.
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give a general description of the situation. They were
asked how the situation would be different if the system
were accelerating vs. constant velocity. Next, they were
asked about the factors affecting the motion of box A under
the assumption of a constant velocity. As a next level of
detail, they were asked to distinguish the properties of A
from the outside influences on A. Usually by now the
student had used the term force, so the next level of
questioning about tHhe same situation asked specifically
which factors, properties, or outside influences the student
considered to be forces acting on A. These latter three
levels generated most of the information on the students'
conceptions of force. They were asked to draw force
diagrams for the constant velocity and constant acceleration
cases. Finally they were asked about various variables as
to their potential effects and explanations, e.g. constant
velocity vs. constant acceleration, fast vs. slow, what if
the harness broke, how would weight of A affect it, height
of A, compare rigidities of B, what if all the air were
removed, and other variables that happened to come up.

I. Beginning Students' Ideas about Forces

In this section we will use the framework to organize
the ideas of a student as exhibited through transcriptions
of her tape recorded interview. Although the extent to
which the framework was validated as a model of student
thinking is questionable, it did serve to help organize the
ideas exhibited by the students during the interviews. That
serves as some validation of the utility of the framework as
an organization of phenomena., .

Interview number l2--female, pre-physics

Definition of Force- .

This student's definition of force centers around
"something that had its own strength, like with the wind or
the horse..They have theit own strength. «.0r the weight or
..design. ..since they're all affecting the course of
things,.. I would call them all forces..the strength of the
horse, the strength of the pull, the weight of the boxes."

The student had some formal knowledge -about the nature
of weight or gravity but it was of questionable value. When
confronted with the idealizatioh of removing the air from
the situation, the student suggested that gravity would no
longer be a factor.

Interviewer: . .You put. the whole thing under a dome

and you give the horse an oxygen mask and then

pump out all the air. All right, so you make a

vacuum. :

Student: Okay.

I:. ..What would happen that would be different, if

anything if there's no air? :

S: Oh I've heard something about weight not making

any difference then, maybe less resistance, maybe.



I don't know. Maybe the frictiom wg yeou know, I

was talking about these little molecules of air,

maybe there wouldn®t be that friction, there'd

probably be some other kind of friction, but there

wouldn't be that friction. Oh gravity. I don't

think there'd be any gravity. '

I: Anything else? Okay. You said you heard

something about weight not making any difference.

S: Yeah in a vacuum.. This guy was standing on

top of this fortress and he dropped off a

cannonball and a feather or something like that.

And they were supposed to go down at the same

time.

I: This is in a vacuum? Oh weight doesn't make a

difference. ,They'll fall at the same speed?

S: Yeah... That never made sense to me though,

because I never understood it was in a vacuum

-until recently. - I think or maybe I still don't

understand it. Because it always seemed to me

like heavy things fell faster..so it must be in a

vacuum,
Thus, the formalisms didn't seem to make much sense to her.

Her conception of force doesn't include forces by
pasgive objects.

I: Another thing it (box A) could do is go down,

why isn't it going downward? '

S: Well B is in the way and the ground is in the

way and the sled's in the way.
We get additional confirmation of this when later she is
talking about the forces acting on box B. "B would have all
the same ones but A on top of it also." She then draws the :
downward force of A on B but neither A nor B has an upward
force drawn to represent a force by an object below. The
objects below are "just in the way."

She suggests that friction keeps the box A from falling
off, but draws friction acting in,a downward direction, and

.says "it would be scrunched down...I guess not knowing much

about it, but friction, there'd be a constant down movement-
and maybe up too.. just holding it there.™ When asked if
friction was vertical, somehow holding it down and together,
she responded, "I guess."

S: "Yeah I suppose so, because it doesn't seem to work
normally."

The student's conception of weight was mixed., On the
one hand weight brought things down, but there was a strong
conception of weight as inertial mass and weight as a force
that holds the object back, like "the drag of the weight,"
whereupon she draws it as a force in the backward direction.

S: The drag of the weight.

I: There's some sense of it being held back. By

its own tendency not to move or something?

S: Yeah I guess it's why the horse has to pull it

cause it's pulling some...resistance...

So in summary of the student's conception of the forces
acting on the box, "its got drag over here (the weight of
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the object holding it back) and the pull over here (the
horse as the causal agent indirectly through the sleds
connected to the box), and friction down here (holding the
object down)", and there is no passive upward force by the
box below A,

From these interviews we learned quite a bit about the
students' mechanisms of force. We did not learn much about
their modifiers of the magnitude or the mediations among
forces.

II. Development of the Conception of Force

The following are inferences about the development of
students' ideas about force derived as a resulk of Heller's

- series of interviews.

Themes in MIHS Interview .Data-

Direct vs. Indirect Interaction
. Force as any influence, including properties of the
system and surrounding systems.
(discrimination required to achieve next level)
2. Force as an active influence that causes motion
(properties influence forces),
(generalization required)
3. Foxce as active or passive influence that maintains
position or causes motion.
: (generalization required) -
4. Force as "direct" interaction (through contact or
action at a distance).

Relationship between Force and Motion .
l. There must exist an "active" influence to maintain
motion (no clear notion of force in scientific terms).
A constant pull for constant speed
A greater pull for greater speed
An increasing pull for increasing speed
No pull for no motion. t
(discrimination required)
2. Forces cause motion.
A constant force for constant gpeed
A greater force for a greater speed
An increasing force for increasing speed
No force for no motion.
(discrimination required)
3. A net unbalanced force gets related to acceleration.
A constant force produces a constant acceleration

.A greater force produces a greater acceleration

A decreasing force produces a constant speed
No force for no motion.
. (discrimination required) -

4. A net force is.related to acceleration and no net
force gets related to no acceleration (the object continues
with the motion it had when the net force became balanced.
A constant force produces a constant acceleration
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A greater net force for a greater acceleration

A balanced force for a continued state of motion
once the object is in motion

Balanced forces for no motion.

Relationship between WeightL,Friction, and Force in General
A greater weight requires a greater pull, regardless
of friction. Weight and friction are independent (they have
separate effects). Friction is a property of the system.
(discrimination required)

2. A greater weight requires a greater pulling force
regardless of friction. Weight is considered an inertial
force, holding the object back.,_Friction, like glue, holds .
things down. B

(discrimination required)
. 3. Transition state: Greater weight requires a greater
force only if there is friction (unless the weight is 3o
great it overrides friction). Weight increases friction.
Friction becomes a lateral action by something thzough
rubbing.

(discrimination required)

4., Friction force is a function of the normal force. A
greater normal force requires a greater pull to overcome
friction. If no friction, then nc effect of the weight.
Friction is a force parallel to the surface. The inertial
mass of the object is separated from the object's weight.
The greater the mass the less the acceleration for a given
pull.
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DYNAMICS DIAGNOSTIC
TESTS AND RESULTS

Mercer Island High School

4

To te:4; our hypothesized framework and as a source of
data for revision of the framewotk, we developed diagnostic
test questions to be administered to high school! students
prior to their taking physics. oOur diagnogtic ‘wsts were
attempts to sample students' undetstanding of scveral facets
of motion. Some questions focussed on their. knowlcdge 'of
phenomena in natural situations, while others were to draw
out the students' conceptions used to explain phenomena. 1In
1985 we administered a Dynamics Diagnostic to 89 beginning .
physics students while the 1986 version was taken by 132
physics students. Other groups of students from other
classes responded to the additional questions. Here we will
report only the results from the questions adminigtered to
the beginning physics students.

In this section we present the 1986 version of _the . --
Dynamics Diagnostic first with the results and ‘
interpretation. For two classes the test was administered
during the first week of school. Since the other three
classes did not take the test until approximately one month
into the school year, when results from the two groups
differ, we will describe the differences. 1In a few cases
the questions would be expected to be sensitive to early
instruction. Also, when there are intetesting differences
between the results on the 1985 version and the 1986
Dynamics Diagnostic, those are reported. .

It should be noted that many of these questions are not
so well polished that students can clearly answer the
question without some interpretation and clarification-of
the situation on the part of the test administzator.
Therefore, on the 1986 version we asked for students'
explantions for their choices. Also, the administrator
talked students through any of the question situations that
were in any way identified by the students as ambiguous.

THE TEST, RESULTS, AND BRIEF INTERPRETATIONS

1. Between 15% and 25% of our introductory students do not
dzstzngulsh between kinds of action at a distance, e.g.
gravity and magnetism. -

L]
.

1. A."You could talk about the pull of the ea:th oun the moon
25% as‘'s mssguetic, a qzav*caeional, or an electzical pull. They
all ooan the same; thay'ze just different words.”
B."%e, they aze all ditt.znue. A magnetic pull is
. 75% Qdifferent from 3 gravity pull.
nofycn*agzac uieh A oz B? zxplain wuz.
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2. The relative strengths of intezacting objects affect the
relative forces they exert on each other.

2. A hnqa«ma@nee and a tinyfmaqnat arze brought acar aeach
othor'. Which of ths following statements makes the most
senga to yeu? )
a) Theo hrge magRoOt ex8rts ao foZcs on tie small one which
ezerts no forca on tha lazge oma.
85% b) The hkuge magned exerts mare f£orcp od the small Ragnet
. chas thke s=all one exezts on the lazge one. ,
*16% ) The Iuge Eaguet exercts the same force on the mall as the
smpll oxezts og the lazge. .
14 4) The huge magnot exerts less force on the small magnet
ehar ke s 1 does on the laxga,
1% @) The huge 2gRAt exezts ac force on the small nagnet wiich
exerts forcs oan the lazge ona. )
Bziefly explain yeux cheica.

3. The results for this item were likely affected by

instruction.  In the &wo classes which took the test the
first week of class 25%% of the students predicted the
heavier cbject would f£all faster, and that is consistent.
with results from other novice groups. For the other
seventy-five studsnts who took the test after some study of
kinematics there were only two students who predicted the
heavier would fall faster. A common belief is that weight
affects time of fall.

3. When a lead ball and a wood hall 9f cle sama S12% acw
dropped from the same height of about two matess...

13% a) the lead ball gots to the flocr way vBefore the wood ball
~ doeso - . M

87% b) the two balls get there akcut tha same time.

<) tie lead ball gas there way aftar the weoed ball.

4. The force of dravity is different from weight for many
students. Gravity is considered a kind of force. After
instruction students who see that things fall equally fast
suggest it is because the force of gravity is the same on
them.

4. Pzom the previous situation the fozce of gravity om the

" lead ball is...
17% a) way more than oan the wood ball.

824 ©b) the same a3 on the wood ball.
2% <) way less than on the wood ball.

*Parcentages may not tetal 100% due to some students giving multiple answers.




5. The weight of an object and/or the force of gravity an
that object may be affected by air proessure. For a
significant portion of our classes a Lazge change in the air
pressure greatly changes the weight of an object.

3, Supposa an object weighs 18 lb when weighed in our
elasszoom. Lf wa can Sreatas a goom whereia we can laczease
the air pressure to twice what it was in our classzoom, what
would be the waight of the object ia that spacial zoom?
Briefly explain. : .

51bs (10%),10™ (8%),10 (43%),1o+.(1o%)520 (29%)

6. Because there are twe main forces involved,from the
‘beginning students' thinking the force of motion will
dominate until the force of the hit takes over in the
direction of the target. This point of view is probably
even more prevalent than the results of this question
suggest. If the particular situation is in the realm of
experience of the student, they will answer on the basis of
recognized experience. I1f not experiential, they will
likely resort to their dominant. belief based on the salient
features of the problem. :

6. ' —
A\E1 7 ' Asaml you are looking

o) . down on a track on a
vable t=op. A ball is
gstarted fzom the START
posieion. If you want
the ball to end at PINIWH
in which dizection would
you hit the ball when ' it
gets, to the elbow?
3 le “P“"

kbart =0

Elvee
Top View

Looking dewn af afrack
oﬁp:\lfcé own the table Tep

~A (50%), B(46%), C (5%), D (2%)
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7. Relative activity of people (or inanimate objects)
involved in an interaction suggest the relative magnitnudes
of forces exerted on each other. For many, passive objects
cannot exert forces.

<1, Wheo ouczts a forco on whea in ecach situation belcw? and How
do you decidae? If both exezt forces, which is larzger?

S

P e e
-

4. The gizl is the one who extandy her
arms.

86% girl

who ezerts the force?
gé gg'&a‘n Reasoning: : _
10% g'iﬂ' Y b the woman is the one who extends her
74% woman Who ezects the force?
16% both Reasoning:
¢.Both extend their arms. -

: who exerts the force?
% Saman
80% boph

8a. Objects, or in Ehis case a person, peﬁéived to "cause"
the resulting change in a system exert forces on the system.
Thus, the person, even though not touching the object, is

‘'said by many students to be exerting a force on the book.

8b. For many students passive things like gtrings cannot
exert forces.

8c. Passive objects like tables don't exert forces. Only
about one third of the students suggested that the table
exerted an upward force.
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8d. Air tends to exert a downward force on objects. Air
pressure is responsible for weight or gravity.

8e. Gravity affects things in the downward direction.

8f. While many students can recognize situations wherein
friction is involved, only about a third of them suggest
that friction acts in a direction counter to the diregtion
of motion of the one surface tending to move over another.

8g. Only about half the students believe weight represents a
‘downward force on the object in this situation. To many
others weight just keeps the object from moving. It is a
factor affecting the state of motion of things, but is not a
force. For others it is a force in the backward direction.

8. A perscn pulls on a strirs; (as rer the nicture above) and the bock
moves toward har.
2) Which cne ormore of the followine would you 3& is (are ) exertings
a fereo on_the beck? : :
b) Hor each ona that is oxertinz a force ¢ the book, descridbe the direeticn(s)
dﬂfmgmu&mw.bﬁuﬁ“ "o
Yes or ng 18) up “dowm left puaht othev (daseribe) dirachion

¥ the nersen? 80% _ 20% 94%| 1% 3%
the strins? 80% 20% | . 3% | 88%| 3% 5% 1%
the table? 702 30% {aoz | ex| 22| 72| 16% 17%
the air? 682 32% {17% | 57% ] 21%| 28% 5% 17%
sTavity? 952 5% | 2% | 973 19| 12| 1%
fricuion? 94% 6% | 8% | 6%| 17%] 34% 23% 20%
ot the tok? |75%  25% | 3% | 70%| 54| o3 7% 7%

* Direction Percentages are percent of those who said, "Yes, there is a
force." :
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9. This tends to be a very complex problem from which to
predict responses. Heaviness and strength are stated
dominant features, but the perceived necessary activity of
the smaller person to keap the situation at rest also guides
the thinking of many stuients.

184 hgaviar
9 Szm is st=oagarjithan Shizley. TRey lean ou each other
: (23 poz the picttIe.) :
" Which soame 59 mRks the 303t sonse?
23) Sam exests a greatesr foxcs on Shizley .
' B) 3am and Shizley axext equal fozcaes on eachk otRer.
; @) 3hizley exerts a ¢gZwatar fLcrcw o Sam. :
“dyy  Jew.(l) Neither elezts a £9rce on the other.
' 8ziefly ezplain.

A (50%), B (29%), C (21%)

1. This problem was to help separate heaviness from
strength. Generally students assume heaviness and strength
are correlated with size. .The fact that these responses are
so different suggests that the weight was a very salient
feature of problem 9, o

10. Suwross Sar is stronger but net heavier then Shirley, Under these conditicns
which of those angwers ‘ould make the rmeost sense?
a, b, e, d, (cirele one) :
Sriefly exvlain.

A (16%),;3(70%), C (9%), D (2%)

11, Ferce, for many students -is associated with”anything that

" has its own strength.and can move. Our instruction in

kinematics apparently reduced the percentages of students
who held this belief. The classes that took the test at the
beginning of the year included about 2¢% suggesting this
belief, and that is consistent with our results during
previous years. In the three classes which had had .
instruction in kinematics for a month, there were only about
3% who limited the force idea on this problem. This is one
small piece of evidence in favor of the hypothesis that
knowledge is integrated between areas rather than isolated
individual strands. '

i{. ?ezces can osly 5¢ ezaztad Ly -
1% a) people or othez animuils.
114 B) anything that <an Zave. . o
88y <) amyshiag. o
e W g3




12. A large proportlon of beginning physxcs students explaxn
constant velocity motion with extra force in the forward
direction. Some believe the force must come from an outside
action while others think of force as a motion property of
the object.

12 Givea chae abjese A ; soviag tswasd ean zight with a
' . constagt veLccifz (constant spesd o a sgxaight Line).
' Wiich of the following mmikes thke most sanse?
.86% g) Objece 3 Bas more fozvaze fozea og it than backwvazd
' umo
9% B) obYect 3 has ogual fozwazd and bacikwazd forcaz om ik,
5% <) Ohjes:z ) hkas less farzwazd fazcn on it than backwazd
203%.
3zigfly explaia hkow yau decided.

13. The first year we asked this question we expected the
same results as with problem 12. This problem, however, has
the additional feature that the object is now moving twice
as fast as in the previous problem. For many students this
now elicits a need to also account for the aditional feature
of the change in velocity. Often their explanations include
a mix of force as a property of the object and force as an
action on the body. Thus, for some it has the same extra
force it had for the original motion plus somethzng to
account for the change,

. I3 Suppece tBe abject fzem the pravious problem had tvice

the valoeity.
Which of =he follswing would make the moss sarsae?

72% a) the extz3 force forward would be :wice as great.

8% b) the extza fazce forwazd wcu..l.d Be tha same as in the
previous pzoblem.

7% @) the forwazd nd backwazd forcss would be equal £9 each
ather.

4% 4) the extza backwazd fozen would be the same as in the

. pEevious pzoblem.

7% @) tha extra backwazd force would ba ewics what it was ia
the previous problem.
Bziefly explain.

. BEST COPY AVAILABLE
34

29




14. The results of this problem were affected by instruction
for three of the classes. Typically about 75% of our
beginning students predict that an object moving
horizontally will not fall as rapidly as the same object
dropped. In general their explanations involve a mediation
between the force of motion which the Jbject has in the
beginning and the weight or force of gravity which gradually
takes over.

‘—;-aa . . i . . '

[ . e
oL i e a sall fa £zom Bhuo end of a =afle and cakes L1/2

' ‘ s::::d ﬂzcngtgésodqa Qf =ag =able 59 tka 2looz. Aaathe:d
' ideneical sall £olls aczoss the table at a Bigh speed am

- ' ehea o e":ahlﬂ-. . T
. ' Prem =§§ ::qe of the tabla t2 the £flo9r it will take

20% |'a) more thas 1/2 see3td.
72% |*'B®) 1/2 secsnd, ne differzanca.
8% |* e less tkan l/2 sec3nd.
: Beiafly explaiz.
-,&n

ADDITIONAL QUESTIONS, RESULTS, AND BRIEF INTERPRETATIONS

.Pendulum- (n=89) .

The trouble with this problem is that all the answers
involve the same student explanation: First the object has
the force of ‘motion, then gravity or the weight takes over.
For answer C the weight takes over immediately upon cutting
the string. In A it takes over gradually. While in B, the
motion is conserved for a bit until the weight overcomes it.

The string breaks just as
the paendulum zeaches the
midepoint of the swing.
Which diagram shows the
path of the weight ag it

falls? -
Briefly explain how
., Jou decided. :
Q)
Q
Qc;c
A
79%




Tube- (n=89)

This problem involves conservation of motion with a
possible mediation later. In A the motion is conserved but
then the centrifugal force gradually takes over and the ball
curves outward. B involves conservation of linear motion,
and D involves conservation of curvilinear motion. C begins

. with congservation of the curvilinear motion, but then
gravity takes over as the object runs cut of curvilinear
motion,

Imagine you are looking down at a spiral tube lying flat on
the ground. A ball entezs the tub¢. Assuming thezre is no
air rzesistance, which path does the ball follow upon.
emerging from the tube?

Owo o
A N\o
Explain how rou dectided.

A (15%), B (61%), C (24%)

Floater- (n=89)

Nearly 7¢% of the beginning students hypothesized that
the object exerted a force on itSelf. Usually this was in
the form of a property of the object, e.g. the force of its
density or the force of the wood or the air. Their
conception of force involves factors that might cause the
object to do what it does., .

lZ A block of woed is held dowa near the bottom of a
container aof water at positiona A. It i3 released and rzises
to the surface to point C. On the way, while it is rzisiag
it passes through poiat B. Explain, what are the forzces
involved o cause it %o be rising as it passas poinc B?
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SCIENCE DIAGNOSTIC
TESTS AND RESULTS

University of Massachusetts

As a further test of the validity of our inferred
framework, we used the frameworxk to interpret the results of
data being generated by the John Clement and the Cognitive
Process Research Group at the Univexsity of Massachusetts,
Amherst. Among other products of their research grant is
the development of a Science Diagnostic to test students'
ideas about interactions between objects and about fricticu.
The test provides rich data about students' conceptions of
force. Since their project goals held a large intersection
with ours, we've been collaborating during the last three
years. 1In 1985 we administered their Diagnostic to nearly
one hundred students, and in 1986 a slightly modified
version of their Science Diagnostic was administered to one
hundred and frorty-five students at Mercer Island High
Sctaol. . '

In r:. section of our report we present the latter
version 7 - he test, the results with our students, and our
interpretavion of those results from the viewpoint of our
framework. Our version of their test has one more question,
Stock Cars Too, an extension of their Stock Cars. The
purpose of that extra question was to investigate the
students' distinction between forces experienced by and
forces exerted by objects. A second major difference is
that we did not include a confidence scale with each :
question as they did. Finally, we asked students briefly to
explain their choice of answer for each question. We felt
these variations better served our research purposes by
focussing on students' ideas and experience.or rationale .in
support of those ideas.

PLEASE NOTE: Their Science Diagnostic is not yet published.
Do not cite these results or use these test questions
without first consulting John Clement, Cognitive Process
Research Group, Physics Department, University of
Massachusetts, Amherst, Mass. @g1003.
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THE TEST, RESULTS, AND BRIEF INTERPRETATIONS

Lamp

A large proportion of introductory physics students do not
belleve passive objects like floors exert forces.

LT PROsLER
Jio buya 8.eew fosr lexp 20d Teovas 1t staading ia the cormar of Ris rocm.
ek ot tea following co you thirk is trug?

22% ._.1) Tas floer esorts aa upuard forca oa tna {loor lazp.

78% _2) Toe flcer does eat exert ea upnard force o6 the floor 12mp.

Brief ‘3 exgplain,

Stock Cars

Objects experiences. force differently, perhaps based én how
much damage the student believes the object will sustain.
~Stationary cars are passive, while moving cars are active,
so the stationary car will expereince more force (effect).

At & cemplitien dordy. ong-steck car woigning 2UuU 1P3. ruas hgadeca 3t 20 HPW.
into mms- feentical siost car waiu is stanaing still,
o kmen teey cevlices
21 __1 hcn car exgericaces o fores, Dyt the movimg car experiences a grester

force
59% __.2: Eaca car expariences a forca, but toe sutionary car espariences &
greater force - .

19% __3) Sotn cars experience gnc sazp size force
=) Ualy tre movieg car expariances B force
9 Laly the stationary car expariences 2 force
) Marthar car esporiencas 3 force

Br\e(lj esplain,

g  BEST COPY AVAILABLE
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Stock Cars Too

Active (moving) objects caun a2xert more force., Passive
objects can't exert forces. -

SZCCR_CARS TCO
-Conzider the sap situztin: 22 above.
59%. 1) Esch cz® exsrts & Sorve, but tho =oving car exsr:n a sreater foree
—2) Esch om® oxmxes a , but the stationaxy car coerts a greater.fores
? :2)anncns¢ur=ﬁwsmwfhma . ' .
30%.—3) Only tha movirg car axevts a force . P
_g)mlvtmseaumwMamm ‘Y
20) Hedther car exsrts a foree

Stationary Boxes

This is a complicated problem from the standpoint of the
framework of student thinking because it involves many
salient features which conflict with each other and make
prediction/explanation difficult. An active human is
pushing a heavy box which was moving but is now at rest
against a lighter box which has been passive all along, but
which is now somehow preventing any further movement of
anything in that direction. Answers are very scattered. a,
the larger of the two boxes, is dominant to 36% of the
students, while B, the one that is seen to prevent any
further movement si supported by 25%. 12% suggest that only
the "active"™ box could exert a force, while 14% suggest that
neither of the boxes which are seen as passive can exert

forces,
SIATIgNARY EOXES

A wBreRorse worker 18 3tPORg endueh
to 3l9¢2 a large bos A ip 2g9oInst 3
smallor Bon 8. ke thea tries %0 -
=3ve DOtA DOses 4t cace a3 shw in 1300 b
the picture, but he 13 ROT stFeag

casugn one gothing eves. - |=olb

it about whother A exerts 3 force
en b orad whathar B ezerts a force o» . .
& waile ke 13 pushing but uasdle to : A B
Sove thed. EDtCR ona of the

following is true?

36%__1) Eoch cnarts a foree on the otrar, but A exerts a larger force
25%__2) Cacti exarts a force, but B czerts 2 larger force
QLJ) Each enerts a forca, ind those forces are tne sace size
12% . 4) caly tex A u;m a force
3 2%__3) Oaly tox B axarts a force

14%__6) msttnar soz axerts a.force ca tha other
Eﬂ'e%’sz gpho'u. - :
P A 34 39 L




Office Chairs

41% of the students chose to say that A, the physically
active person, exerts the greater force. 31% suggest that
the passive person can't exert force.

SETICE QIR

T SUA0ETS R0 BOth waigh 12U 1Bs. 31t e identiza) rolling office cnsirs

fo2ing ceed oshor. Stuzsdt A plagss his bare feur on gtudcat B's k=oes, 85
shom Balem.

knen stugent & kicks cutxzard, B Boves to the rigat.
imat magpeas to A?

89% 1) A soves left (Ceeee)’
4% ol A w3903 PighL (=oeed)
8% _3) A remins coticaless

Bevekly anplatm. '

Think alzut uRotkor A exsrts a force 03 B and wiathor § exarts a forea ca
A utign A kicks cutward. INich ore of tha followiag 1s trus? )

41% __1) €sen czarts & fores ea the other, but A exarts a lorger forca
11% _._2) Cace exarts a forea, but B exarts a larger force
15% _..3) Gach ezarts a force, srd these forcos are tha sams size
31% __4) Caly A azarts s force
2% uS) Omly B amorts o force
—t) HEItRer ozorts &4 force oa the other

'Br'm(\& explata, '
Handsprings

A significant proportion (57% here) of the students believe
that stronger things will exert greater forces.

ERIpRINGS

As shoam ia tne diagres Dalow. you 2T holding tws springs, & strong, stift
023 36 & wadh, 50fL One, Delwden Yoo+ hamds. You @Ove your Nands 2 few
ingnes Closer together, compressing the springs a bit against cach other.
kxea yoe hola your nanas s2ill im this josition witn tne springs somewhat
CoEPPrO5 388, which oae is trus? . .

45% ..1) The left rano fecls a greater outwary force

12% __2) Tha rignt nena feels a gréster outward force

STRONG  WEAK

35% __3) Eacn nanc feels » force of the same size :
1% i) Beither nand feely a force ' anm\méﬂ
' FT
) Utner (Explata) . L,Euwp HAND

Rrie ;‘3_ explain.
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Suitcase Problem

-FOoE many students friction is just a pr:perty of the system
and is not exerted in any particular direction. ?Por objects
to siide to a stop requires the weight of the objest to

Overcome the motion, suggested here by over a quactwsr of the
students,

A tuftease slicas from & r2ep cato e
steal flesr of the baggegs dres at &« )
airport, intle it i3 541l shiging can

the flcor, waich o2 of the followiag -
seateaces explaing way the suitcase
1sops?
4% __1) The fleor pulls oo om tha suitcase, causisng it to stop.

36% 2) Thare is a frictiomal rosistance to thRe eolico of ths suitcase, but it
" 13 act in cay particulss girectien.

60F €303 ROT azert & Orcs 0B tRe Suitcase waich affects it
276 n &12. but the :eigas ~{ tae suitcssa pushss dcum agaiast tha flgor.

7% 4) Tha flegr exarts 3 force oo the switcase 1A the directicnm cpposite to
= whe suitease's motica cousing it to stop.

30%  __85) i (esplain),

Brie(\j explain
Steel ﬁlocks

Things on top of other things can exert larger forces

because they have their weight actively working for them.

. To the extreme, 38% suggest only the active object on top
can exert force. The passive object below cannot exert .

force, |
- St moexs

A lorge steel block weigaing UV 10s. rests oa a s2all steel block wergning 40
1ds. a3 shown Below. ThiAk 00Ut waether A cxertis a force oa & ang whetner b
exarts a force ea A. Waich {s true? )

38%  _.)) Each eaarts a force oa tne
athar, but A exerts & larger
force

8%  2) Eaen sxsrts a2 force. but b
. exarts 2 larger torce

12%  _3) Eacn ezarts a force, and: these

forcas are the ssmy size ' A
38% -t} Galy block A @zerts a force i '
12 _.5) unly block 3 exerts 4 force, - )
2% __8) Neither block exarts a force on -
the othey

Ay

. i

367



Pulling Blocks Problem

This is another problem that involves so many salient
features in conflict that it is difficult to predict/explain
the outcome. 1In the first problem the larger and heavier
object is in the front and probably seen by some to be
actively pulling. Others see that neither of these blocks
is the active puller. It is something out of the picture in
each case. In either case there is also the last object
lagging behind and holding things back due to its weight,
This is particularly dominant in the second problem where
the heavier object is the one being towed by everything
else. In the second problem apparently 36% believe the
first block is the active one doing- the pulling.

Payins moces PhusyE

Tu2 dlceks arn Rockod togstfer
g polle:; Dy a TEp2 OO A
terizental swefaga, T vaps
peils t2g blogks 3o tf-  ikay
sscolerata, - . .
Taied shent :at39P ok LiGCh. A o A
er Be {8 czarting a larser forca e

St s pless v ot ey 280
%e:" a:“::u&u 1s tres?

at%‘

66%  emem 1) A ez37ts 0 larger force

184 - 2) 8 ezarts a larger forco

18% ___ 3) The forcas are equal
Bﬂkt% asplaia. .

In teo naat cuse belew two giffaercat Dlocks are beimg sccelerated to the

rigat, .
Emteh o telcw is trus? ) .
56% o)) Aezarts a larger force
30% _ 2) 8 exarts l laryer force ' :;k’m_: — @,
14% e 3) Tha forcas are equal =

E}m‘ﬁll %f‘ﬁn.

' | BEST COPY AVAILABLE
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Crates

Of those students who did not believe friction was a force
in the problem, 61% suggested the heavier object, the one
that seems to dissallow motion, exerts the larger force.
For those for whom friction was a force, the fricticn force
was larger than that of the person (presumably in either
case because the human could not overcome the crate.)

CRATE prRustEn
A a3 tries to push 3 crote weigning 400 1ds, dut ha casmot move ft. ihile

is pusming to the right:
13 frictica cus of tha forcas acting on tha crate in thig situstica?

163  amet® ‘ . 84% ___YES
17 m s01d ro Jbova, thinA atout if yoo said Yes abova, which i3
wiothar tha Diosk exorts 3 fores Jargar, the force of the man
ca tay £20 wiile he is pushiag. - pushing, or tha fores of frictie
ea the crate?

1% . The bleck ezarts & forca on the maa 68%._ The fricties force s largor

3% . Tha dlock doas oot oxert & foree oa  8Y% Tha forcs of the moa pushing
: tas m2a, §t's just in tha way. is largar

2% .oum 120 block c2arts & forca on the mua - 67%__ These forcas are the sme siyQ
taat i3 egzal to bis pushing ferca,

10% . Tha bleck exarts a forcs ca tho men
that is largor thea his puthiag forca.

1% __ oo block essrts 8 fores cn the mea that
i3 smaller thea M pushing ferea.

nriefel3 explain yoar choicas.

43
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Bowler

This problem is interesting because it is so easy to
predict/explain on the basis of the framework. All the
important factors (size, weight, motion, hardness) predict
the ball will exert the larger force. For those who are
strong in the belief that passive objects cant exert forces,
only the ball can exert a force. Because this problem is so
unidirectionally predictive, it or one like it.makes a

strong question for measuring the effectiveness of
instruction.

" xed o bowling ball weighing 16 1bs. hits & bowling pin waighing 4 1Ds.:

77% __1) Cacn exarts a forca ca the otrer, but the boll ezarts a larger force
1% __2) tacn oxarts a forca, but the pia exerts 3 larger force
1% __3) tecn exarts a forca, and thess forcas are the same size
—d) 020y 22 pio ezarts ¢ forcas
20% -5 taly tea ball ezarts a force
-] RBitRSr azerts a {orcs ca the other

Briet ly wxplain

Mosquito

This problem suggests mixed features. The heavy object is
below, but the active object is above. The heavy object is
passive and to many it can't exert force.

i » wingd, 2 RIIQVILO
16233 ¢ top of tha Basaimgies . /\ _ .
remmont. A

350 wRRLROr LhQ RIAUROAL exerty a h

te watle 1% 13
resting there. " Baich of the
tollewing 13 true?

15% 1) Each exarts & force on the Other, Dut the motquito exerts 2 larger force
18% __2) tach exarts a forca, but the ecaumest exerts a larger force
16% __3) tach exerts a force. 2ma the forces are the same size
4% __4) taly the moaumeat i3 exerting a force
41% __3) Oaly the mosquito is esarting a force
8% __6) Neither exarts 2 force on the other

Bn'e'&tl explain.



Magnets

55% of the gtudents suggest it will move, most because the
stronger object will exert the greater force.

BES
Tvo megrots are securely fasiened to opposite sicas of 3 cart, 2ns alignsd SO

as %9 repel ezch otkar, 33 &S {a Wy disgraa. Te2 cart 1S sturcy SO R2
.wlsim tataoen 20 EagRetls Chmzot Drask &3 cart siess.

1Y e23 £gROR 19 Buch STresger than R OtROP, 42C wo place tho magaets 08

shca ia the ¢iagren 50 thal thay push awdy froa €oCm Other, et will Reppen
to tha cart? ) . : .

.

28% __1) 1t will cove left (teee=) o
- 28% __2) 1t will cove right (eees))
45% ___3) 1t uwill remata esticnless

G\';C {"3 W‘j.:“.

Book Pile Problem

Again.in tl:lis problem friction is considered a property of
t.:he.51tuatlon or system. If friction does have a direction,
it is downward to keep the object from moving sideways.

£098 P1LE PROSLEW

Tezsty larga DOSks are stacksd 12 a - pils
1o Roger's garage, aad Roger wsats to
med the dlack one 10 the afcdle. e
tries t® pull it horizcatally out of the
pile witaout taking tha Books atove 1t
off, Sut cpa't eove it.

Tass 1s primarily Docduse:

38% 1) Inave 13 2 fricticmal forco exartad
18 a oxxmuarg direction oo tho book
fron RO o adeve it.

14% ;2) Trare-ars fricticasl forces actin'g
rorizoatally ¢a the boch.

2% _3) Ing book's imortis opposas Roger's

pulling forca.
7%  —mat) Gravity pulls dows on the dook _
16% - —b) Roger czerts the oaly force oa the .

bogk, DUt tha book is trapped
becausa of thy aumdar of books 08
twp of 1t.

22% ;6) Other (explain).

Beiekly explain. - -



Three'Boxes

The domlnant feature here is that A is on top and so has its
weight which can be actively used to push down. C is just

passxvely at - rest under B, and for many passive objects
can't exert force.

2 %] ca 129 of each othar with tea lightest o tha botien
tez Bsaviest 8 29 tC3. Thinh about whathar tha 0P 289 pOtisd blegks A
en 3 oié3la bleck B. dich 13 tres?

as3 C enprt a tegen ca B,
223 tWa.force A euseis 1S greater

16% __2) o A 208 C cusrt 3 foree oa 8. :
233 tha foree ¢ exarts is gruoster
10% __3) sty A ama C exsrt & force of
the ss=2 size on B° A
39% __4) A exarts a2 force oa b, but C
écag oot
1% __5) C.ozerts a force ca B, but A 3
éeeg BOL. . v
1% _e)gnimrtim_c.unafomea .
v

Bﬁe“s explain.

Speeding Up and Slowing Down

A dominant feature is that once the object is actively
moving, a larger force will need to be exerted to overcome
the force of motion.

SPLADIBG uP waD SLpuING Donas

0 w=e> b o3h S ees)> 0 =N

f .- F
-’: ) | ‘ ‘
- S A azcelerste , dacelarate

Coasiger the force F, necdes to accelerate (speed up) a cart from 0 mpa
to §a3h 13 2 10 mm period. Compare it with the force Fy needed to
cecelerate (ilow dowm) the samp cart from 5 =ph to rest in w saze 10
second peried. Naglectiasg frictica, cozpare the sizes of the twxo
forces. WRich 13 true? .

16% 1) The size F, t1s grester than Fy Decause it must overcome inertia.

43% 2 Thas size of F, equals the size of Fgy

32% ) Tne size of Fq 1s greatar because 1t must avercone mozentium.

2% 4) vther (olease egiatin)

Bﬂ'eﬁ\ﬁ explain ..




CORRELATIONS

So far the majority of the descrilied data has been
answers for individual test questions. We know quite a bit
about the specific answers students give for specific
questions, problems, or situations. Is there any
relationship between the specific angwers, or are they
random responses to questions as they occur? We believe
students conceptual reasoning is not random. While we do
not belive we have identified a thuory of student reasoning,
we have data to suggest that students' alternative
conceptions are persistent, and thefr use of their
conceptions is more systematic thar i:han they've been given
credit for in the past.

We began our search for relationships between facets of
students' reasoning by correlating all the items within each
diagnostic test, pre-instruction quiz, The Lawson Classroom
Test of Formal Operations, and some items on the semester
final exam with each other. 1In many cases, we had combined
several questions that were related from our formal point of
view, e.g. situations dealing with action reaction (Mewton's
Third Law). These yielded interesting results, but not the
number ox types of relationships we expected. We now
believe that was largely because we were analyzing their
thinking from a formal physics viewpoint. .

Later we gradually changed to- a more fine grained
analysis.  We correlated each possible answer to each item
of the diagnostic tests with every other possible answer on
the other questions. At this level we bagan to see more
consistency in the sorts of answers/explanations they were
giving. This allowed us to redevelop our framework to more
closely reflect students' wording and, we belieéve, students'
thinking. The data gathered during the last year was
analyzed at this level of analysis. With our framework
applied at this 'level of detail we could better predict how
students collectively and sometimes individually would
respond to questions.,

The persistance of students'ideas

Consider student number 7 (S7), who was interviewed by
Heller in the spring prior to S7 taking physics. During the
interview while relating the forces acting on box A she
said, ".. probably air pressure, just pushing down on A and
B and everything else... air pressure, it's a force from
above instead of a force pulling on it." Later in the
interview when she was asked what would happen if all the
air were removed, she responded with ".. there would be a
greater tendency for A or any of it to just start.floating."
Thus, during the interview at least, she exhibited a strong
"belief that air pressure perhaps along with gravity caused
things to weigh something.

On the Dynamics Diagnostic given the first week of



physics class, S7 responded to a question regarding an
object which weighed 1¢ 1b under normal atmospheric
conditions. When placed in a special room wherein the air
pressure could be doubled, she suggested the object would
now weigh 26 1lb. "It would weigh two times as much because
the air pressure on it is twice as great, causing it to push
down harder on the scale."

At the beginning of a unit on the nature of gravity and

. its effects, the students were asked what would happen to

the weight of a 16 1lb object which was placed under a glass
dome, and the air was evacuated from under the dome. She
suggested it would weigh less than 1¢ 1b, ‘and explained
"probably a little of the weight is due to air presure, so
by removing the air pressure, probably a little bit of
weight will be removed."™ Then, during this brief.
instructional unit, an object was weighed in air and then
under a Bell Jar with the air removed, allowing students to
see that there wasn't a detectable change in the weight.

Finally, at the end of the school year the same
diagnostic question was used with the special room wherein
the air pressure was doubled. 87 said, -"28 1lb., because the
object will be pressed twice as hard down on the scale.

This student's idea associating weight with air
pressure apparently had not changed over the course of the
year. Lest the reader believe this must be a very dull
student, let me hasten to interject, she is a National Merit.
Scholar, and will graduate in the top of her class. That
the instruction failed is clear, even when teachers knew the
difficulties that some students would have, and specifically
designed class demonstrations, problems, etc. to address
those difficulties. We view this as one of the many
examples we have of students' ideas persisting reasonably
consistently across time and even through instruction. ‘Just
on the air pressure/ weight difficulty alone, it is
interesting to note that the set of all students who
exhibited that confusion at the end of the year was a proper
subset of the people who had the confusion at the beginning
of the year. : '

Consistent systematic reasoning across tasks

Consider the idea that passive objects do not exert
forces. Consider the Bowler Problem ¢n the U Mass
Diagnostic Test. One of the answers suggests, "Only the
ball exerts a force." Bowler (5) was chosen because the
problem had many features to which students might attend.
Those who picked (5) were most likely inclined toward

. "passive objects don't exert forces." We identified all the

students who gave that answer and then looked at other
problems that clearly have a "passive objects don't exert
forces" answer. For the two classes analyzed 1080% of those
students also answered the Lamp Problem with answer -2, "The
floor does not exert an upward force on the floor lamp."
83% answered Stock Cars Too with 4, "Only the moving car
exerts a force." 100% of those students answer Office

Hag




Chairs with "Only A exerts a force." 82% answer Steel
Blocks with 4, "Only block A exerts a force."™ 91% answer
Mosquito with either "Only the mosquito is exerting a
force." or "Neither exerts a force on the other." 73%
answer Three Boxes with "A exerts a force on B, but C does
not." In each of these cases, the majority of these
students answer the problems with an answer that suggests
the passive object does not exert a force. Only the active
object exerts a force, It would appear that these students
are quite consistent in their conceptual reasoning across
tasks. N
So much for predictions within a particular group that
had responded to one item in a particular way. What happens
if we run correlations between Bowler (5) and these
predicted answers across our entire group of one hundred and
forty- five students? Bowler is correlated with each of
these predicted answers at statistically significant levels
(p<.91). R values for Bowler (5) with Lamp(2) was .26, with
Stock Cars Too(4) was .19, with Chairs(4) was .63, with
Steel Blocks(4) was .25, with Mosquito (5) was .36, and with
Three Boxes(4) was .34. Bowler (5) was not positively
correlated at a statistically significant level with any
other items on the test.

These predicted observations and statistical analyses
suggest that the conceptual notion that passive objects
don't exert forces is consistently invoked by beginning
students as they try to explain physical situations. While
we still may not be able to predict what a given student
will do, we are now better able to predict how groups of
students will behave on a particular question .or set of
questions, Students are fairly consistent in their
.conceptual reasoning across tasks, if we are able to
identify their conceptual thread of relationship.
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DISSEMINATION ACTIVITIES

During the course of this progect we've taken advantage
of opportunltles to influence science and mathematics
teaching, curriculum development, teacher training, and
learning research at the local, state and national levels.
In each of these situations, we shared the perspectives of
this research project in one form or another.

Publications resulting from the project include the
following:

Teaching for the Development of Understanding of Ideas:
Forces on Moving Objects, in 1984 AETS Yearbook

Constructing New Ideas About the World: Toward Establishing
a Newtonian Point of View, submitted with Dewey Dykstra to
The Journal of College: Science Teaching

Constructing New Conceptual Understanding in the Classroom,
prepared for the Festschrift for The International :
Commission on Phy31cs Education

_ Students Beliefs in Mechanics: Cognitive Process Frameworks,
in-the Proceedings for the Fifth Conference on Reasoning and

- Bigher Education, Boise State Univewrsity.

‘A Position Paper on Instructional Needs Regarding
Understanding and Problem Solving in Physics, prepared for
the Conference on The Psychology of Physics Problem Solving:
Theory and Practice, Bank Street College, NY.

Presentations and workshops specifically disseminating
the results of the frameworks research were conducted at the
follow1ng.

The Project for Critical and Creative Thinking, Unlver51ty
of Massachusetts, Boston.

The National Learning Center, The University of Pittsburg,
Pittsburg.

The Cognitive Process Research Group, The University of
Massachusetts, Amherst.

The Conference on Reasoning and ngher Educatlon, Boise
State Unlver51ty.

The Summer Institute for Mathematlcs Teachers, The
University of Washington,

The Spokane School District Physics Teachers, Spokane,
Washington.

The Puget Sound Area Physics Teachers, at the University of
Washington.

The research will be presented in an 1nv1ted address to The
American Association of Physics Teachers, San Francisco in
January of 1987 and to the Northwest Washington Physics
Teachers in March of 1987.

Other publications .and presentations relating to the
frameworks research are being negotiated.
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