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I. Introduction

Many of us who have taught introductory physics for nany years recall wth
di smay a nunber of salient experiences: a reasonably successful student who
can produce a graph but can't say what it nmeans; a top student who can sol ve
all the problens but not give an overview or sinple derivation; many
students of varying abilities who nmenorize without understanding despite our
nost carefully crafted and el egant |ectures.

As physics teachers who care about physics, we have a tendency to
concentrate on the physics content we're teaching. W often are nost
concerned for those students who are |ike we were -- that small fraction of
our students who find physics interesting and exciting and who will be the
next generation of professional physicists. But the changes in our society
and in the role of technology for the general public nean that we nust
change the way we are teaching. It no |longer suffices to reproduce

oursel ves. Society has a great need not only for a few technically trained
people, but for a large group of individuals who understand science.

During the past decade, data has built up that denonstrates that as physics
teachers we fail to nmake an inpact on the way a majority of our students
think about the world.[1,2,3,4,5] W have readjusted our testing so that the
students can succeed and we have then either fool ed ourselves that we are
teaching them successfully or |owered our standards by elinmnating

under st andi ng fromour definition of successful |earning. A an van Heuvel en
[6] has remarked that in his study of a typical introductory |ecture class,
20% of the students entered the first senester of an introductory

cal cul us-based physics class as Newtonian thinkers. The inpact of the course
was to increase that number to 25% I|f we want to reach a substantial
fraction of our students, we nust pay nmuch nore attention to how students
learn and how they respond to our teaching. W nust treat the teaching of
physics as a scientific problem

A few physicists have begun to performdetail ed experinents to determ ne
what our students are thinking and what works in the teaching of physics.
Sonme of their articles are of tremendous inportance and | believe should be
read by every physics teacher (see refs. 4-5 and references therein). But
even anong these few articles, only a small fraction of the authors attenpt
to place their results in a general theoretical framework -- to give us a
way of thinking about and organizing the results.[7] Those of us in physics
know wel I that advancenent in science is a continual dance between the
partners of theory and experiment, first one leading, then the other. It is
not sufficient to collect data into a "w zard's book" of everything that
happens. That's not science. Neither is it science to spout high-blown
theories untainted by "reality checks". Science nust build a coherent and
clear picture of what is happening at the same tine as it continually
confirms and calibrates that picture against the real world.

The time has cone for us to begin the devel opnent of a framework for

under st andi ng and tal ki ng about student |earning. Sone of the results of the
past few decades in cognitive studies8 begin to provide such a

framewor k. Cogni tive studi es focuses on how peopl e understand and learn. It
is still an anorphous field, and it is not yet really a single discipline.
It overlaps many areas from anthropol ogy to neurophysiology. It nay not yet
be "a science" as we in physics use the term but devel opnents in the past
few decades have changed drastically what we know about how the m nd works.

The issue of how to teach physics is a difficult one: the attenpt of a naive
student to build a good understanding of physics involves many intricate
processes over a long period of tine. These processes tend to be nuch nore
conpl ex than those npbst cognitive schol ars have addressed.[9] Nonethel ess,
sone of the basic ideas of cognitive studies appear to be both firnmy
grounded and useful to the teacher of physics.

In this essay | briefly review sone of the lessons | have |l earned from
cognitive studies. This is not a review article, but a narrow selection from
a small slice of a large field. For those interested in a nore substantial
introduction to cognitive studies | recomend Howard Gardner's historical
overview [10], the collection of articles assenbled by Gentner and Stevens
[11], and sonme of the articles in the reprint volune collected by Collins
and Smith.[12] These will give an entry point into the npbdern cognitive
literature. The book by Inhel der and Piaget [13] has lots of discussion of
experinents on how adol escents | earn physics. Some articles by |eading
educational specialists also can help link to the existing literature.[14]
Just for fun, | have to add Donal d Norman's delightful book on how people
interact with objects in their world.[15] For an introduction to the physics
education research literature, Arnold Arons's book [1] and a few review
articles [16] provide an appropriate entry point.

| have grouped what | have |learned fromthe cognitivists into four broad
principles with el aborative corollaries. One of the things students of
cognitive processes have | earned about thinking is that it is fuzzy. The
sharp, crisp operations of formal |ogic or the digital conputer are not
appropriate nodels for the way nost people think. Therefore, it's not
correct to call these principles "theorens” or "laws of cognitive science".
Nor is it correct to use themas such. They can't provide us with hard and
fast rules for what to do. Using themincautiously w thout reference to
experinmental data can lead us to the wong conclusions. But | have found
that they help ne to organize ny thinking about nmy students and to refocus
ny attention. Instead of concentrating only on the organization of the
physics content, | now also pay attention to what ny students are doi ng when
they interact with a physics course. This is not to suggest that an enphasis
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on content is sonmehow uni nportant or shoul d be neglected. What we are
teaching is inportant, but it nust be viewed in the context of what our
students | earn.

I'l. Building Patterns: The Construction Principle

The fundamental change that has | ed to the breakthroughs in cognitive
studies in the past few decades has been a new willingness to nodel what is
happening in the mind in terms of inferred structures. For the first half of
this centuryl0, studies of thinking were severely constrained by the
"behaviorist" philosophy that one should forrmulate all one's theories only
in terns of direct observables. This is like the S-matrix theory of

el ementary particles which insisted that we should only formul ate our
theories in terns of observable particles and their scattering anplitudes.
El enentary particle physicists only made their breakthrough when they were

willing to fornulate their ideas in terns of quarks and gluons -- particles
whi ch could only be inferred and not be seen directly. Cognitive scholars
started to nake real progress when they began to be willing to formul ate how

people were thinking in terns of nmental patterns or nodels that could not be
directly observed or neasured.

Principle 1: (Wak form People tend to formmental patterns.

This is the fundamental hypothesis about how the nmind works. On sone |evels,
there is direct observation of this nental processing by patterning. For
exanple, it has been denpnstrated in detail that we process visual
information on a variety of levels to formpatterns beginning with the first
| ayer of nerve cells attached to the retina, and the process continues
through many stages deep into the brain.[17] | once attended a physics

col | oqui um gi ven by Jerome Lettvin on the subject of blind spots in the
visual field. He passed out the standard blind-spot denpnstration pages[ 18]
that let us clearly find the blind spot in our eye. W then noved the end of
a pencil into our blind spots and saw the end of the pencil disappear as if
bitten off. Yet there was no "blank spot” in the visual field. The brain
fills in the background -- here the sinple white of a blank page. But it
will fill in even a quite conplex pattern. If the page had been covered with
plaid, my brain would still have filled in ny blind spot with the
appropriate pattern. But note that the patterning was not sufficiently

sophi sticated to produce the "right" answer! My automatic filling led to ny
seeing paper in the blind spot, not the rest of the pencil.

The tendency of the human mind to formpatterns is not just linmted to the
anal ysis of sensory data. This leads nme to state the principle in a stronger
(and nore relevant) form

Principle 1: (Strong form People tend to organize their experiences and
observations into patterns or nmental nodels.

| use the termnental nodel for the collection of nental patterns people

build to organi ze their experiences related to a particular topic. | use the
term schema (pl. schemas or schemata) to describe the basic el ements of
these mental nodels. | think of a schema as a "chunk" or "object" (in the

sense of object-oriented progranming). It is a collection of closely |inked
data together with some processes and rules for use. Be careful of the use

of the word "nodel". It tends to convey sonething clockwork -- a mechani sm
that has links and rules and operates in a well-defined way. These are not

the characteristics of many nental nodels.

The characteristics of nental nodels and schenmas are still vigorously
debated.[19] Despite attenpts to build a general representational systemfor
nmental nodels, none has yet been widely accepted. However, sone results are
clear.[20]

Properties of nental nodels
Mental nodel s have the follow ng properties:

1. They consist of propositions, inages, rules of procedure, and

statenments as to when and how they are to be used.

They may contain contradictory el ements.

They may be inconplete.

Peopl e may not know how to

nodel s.

5. Elenents of a mental nodel don't have firmboundaries. Simlar elenents
may get confused.

6. Mental nodels tend to mininize expenditure of nental energy. People
will often do extra physical activities -- sonetines very
time-consunming and difficult -- in order to avoid a little bit of
serious thinking.

hrwn

run" the procedures present in their nental

This inferred structuring of nmental nodels is distinctly different from what
we usual |y assune when teaching physics. W usually assune that our students
either know something or they don't. The view of nental nodels we |learn from
cognitive schol ars suggests otherwi se. It suggests that students may hol d
contradictory elements in their nminds wthout being aware that they
contradict.

I had an interesting experience that illustrated for me vividly the
surprising fact that one's nental nodel may contain contradictory el ements.
Ron Thornton visited the University of Maryland a few years ago to give a
semi nar on his now fanmous work on using the Sonic Ranger to teach the
concept of velocity.[3] The Ranger detects the position of an object using
sonar and can display the position or the velocity of the detected object on
a conputer screen in live time. Thornton set up the Ranger to display

vel ocity and had the conputer show a pre-set pattern (a square wave). He
then called ne up to the front of the roomto serve as a guinea pig and try
to walk so ny velocity matched the pre-set pattern.
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I had no hesitation in doing this. | had been teaching physics for nearly
twenty years and felt perfectly confortable with the concept of velocity. |
did ny first trial without thinking; | walked backward until ny velocity
reached the height of the pre-set square wave. Then | stopped and ny

vel ocity dropped to zero i medi ately! | asked for another chance, and this
time, putting ny brain in "velocity nmode", | was able to reproduce the curve
without difficulty.

What this experience said to ne was that, for normal walking, | still

mai ntai ned a naive (but appropriate!) position-dom nated proposition in ny
mental nodel of motion. | also had a correct proposition for the concept of
vel ocity, but | had to consciously apply a rule telling me to use it. |'ve
al so had personal experiences illustrating characteristic 6. | once spent an
hour searching through ny hard drive and piles of floppy disks to find a
short paragraph (three sentences!) that | needed again. Wen | found it, |
realized it would have taken nme only five mnutes to have rewitten it from
scratch. A nice exanple of this characteristic is Donald Norman's study of
how peopl e use conplex calculators (ref. 19).

An inportant aspect of Principle 1 is that "people ... organize their
experiences into ... nental nodels" with the enphasis on the fact that
peopl e nust build their own nmental nodels. This is the cornerstone of the
educational phil osophy known as constructivism For this reason, | refer to
Principle 1 as "The Construction Principle."

An extrene[21] statenment of constructivismis: You can't teach anybody
anything. All you can do as a teacher is to nake it easier for your students
to learn. O course, facilitation can be critical to the |earning process.
Constructivismshouldn't be seen as disparagi ng teaching, but as denandi ng
that we get feedback and eval uations fromour students to see what works and
what doesn't. It asks us to focus | ess on what we are teaching, and nore on
what our students are |earning.

I nplications

A nunber of interesting corollaries, elaborations, and inplications that are
rel evant for understandi ng physics teaching come fromPrinciple 1. The first
is the realization that what we want our students to get is not sinply "the
content” but to build their understanding of that content into an accurate
and effective mental nodel.

Corollary 1.1:The goal of physics teaching is to have students build the
proper nental nodels for doing physics.

This helps us identify the point of teaching physics. | really want ny
students to do three things:

1. develop the ability to reason qualitatively about physical processes;
2. structure that content into coherent and appropriately organi zed --and

appropriately accessible -- nmental nodels;
3. learn how to apply that npbdel to "do" physics in an expert and creative
way .
These goal s suggest that we shoul d broaden our eval uati on procedures. W
traditionally test only the content and part of the student's skill in doing
physics, usually (at least at the introductory level), in pre-set linmted
cont exts.

Sonme of the characteristics of nmental nodels clarify what is happeni ng when
students make mistakes. Often in listening to ny students explain what they
think | used to beconme confused and sonetines irritated. How can they say x
when they know the contradictory principle y? How come they can't get
started on a probl em when they certainly know the rel evant principle? They
just told it to me two minutes ago! How cone they brought up that particular
principle now? It doesn't apply here! The well-docunented characteristics of
nmental nodels [22] |isted above hel ps me understand that these sorts of
errors are natural and to be expected.Corollary 1.2: It is not sufficient
for students to "know' the relevant correct statements of physics. They al so
have to be able to gain access to themat the appropriate tinmes; and they
have to have nethods of cross-checking and evaluating to be certain that the
result they have called up is truly relevant. W nust also test the
underlying mental nodels that the students are devel oping. Traditional
testing fails to do this, because many schenas can produce the correct
solution to a problem Even if the student goes through the same steps as we
do, there's no guarantee that their schema for choosing the steps is the
sane as ours.[23] | once asked a student (who had done a problemcorrectly)
to explain his solution. He replied: "Wll, we've used all of the other
formulas at the end of the chapter except this one, and the unknown starts
with the sane letter as is in that fornula, so that nust be the one to use."

Part of the way we have fooled ourselves with our current testing is that we
are interested "in what students know'. If they don't access to the right
"information" in an exam we give themclues and hints in the wording to
trigger access. But since an essential conponent of a nental nodel are the
processes for access to information, we are not testing the conplete nental
nodel . The student "has" the information, but it is inert and cannot be used
or recalled except in very narrow al nbst pre-programmed situations.

To find out what our students really know we have to give themthe
opportunity to explain what they are thinking in words. W nust also only
give examcredit for reasoning, and not give partial credit when a student
tries to hit the target with a blast of shotgun pellets and accidentally has
a correct and rel evant equation anong a nass of irrelevancies. To know

whet her our students access the information in appropriate circunstances we
have to give themnore realistic problens -- ones that relate directly to
their real world experience and do not provide too many "physics clues" that
specify an access path for them

M/ next corollary relates to the problemthat students often seemto |isten
to us but not to hear what we think we are trying to say.

Corollary 1.3: The student is not a tabula rasa (blank slate). Each one
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conmes to us having had experiences with the physical world and having
organi zed these experiences into nental nodels.

As physics teachers, we nust realize that students conme to us with naive
mental nodels for how the physical world works. These are often referred to
inthe literature on physics education as preconceptions (or

m sconceptions).[24] Even experienced teachers can be surprised by this. A
few years ago, after reading the ground-breaking articles of Halloun and
Hestenes [2] in this journal on students' preconceptions in nechanics, |
excitedly related a brief description of the results to one of ny coll eagues
-- soneone whom | know to be a concerned teacher and a superb lecturer. He
was skeptical at the idea that students had trouble | earning Newton's first
| aw because they had pre-existing mental nodels that were friction

domi nated. He insisted: "Just don't tell themabout friction. They won't
know about it if you don't tell them™" This natural expectation of this
experienced teacher is now strongly contradicted by an inpressive body of
dat a.

The presence of "false" preconceptions really isn't so surprising if we
thi nk about our students' previous experience. Wy should we be surprised
that students think that any noving object will eventually cone to a stop?
In their direct personal experience that is always the case. It's even the
case in the denobnstrations we show in class to denonstrate the opposite!
Wien | slide a dry-ice levitated puck across the lecture table, | catch it
and stop it at the end of the table. If | didn't, it would slide off the
tabl e, bounce, roll a short distance, and stop. Every student knows that.

Yet | ask themto focus on a small piece of the denpnstration -- the stretch
of about four or five seconds when the puck is sliding along the table
smoothly -- and extend that observation in their nmnds to infinity. The

student and the teacher are focusing on different aspects of the sane
physi cal phenonena. [ 25]

Many teachers show surprise in response to the excellent educational physics
studi es that have graced the pages of this journal denonstrating that
students regularly generalize their naive schemas incorrectly. Wiy should it
be surprising that students think cutting off part of a lens will result in
their seeing only part of an inage?[26] Try it with a magnifying gl ass!
(Yes, | know that's not a real inmmge.) Wiere do students get the idea that
electricity is sonmething that flows out of the wall and is used up in the
obj ect ?[27] Way don't they think circuits? A though we don't always think
about it, nost of our students have had extensive experience with
electricity by the time they arrive in our classes. Wien | said the current
had to cone in one wire and go out the other, one of ny students conpl ai ned:
"If all the electricity goes back into the wall, what are we paying for?"

Corollary 1.4: Mental nodels nust be built. People |earn better by doing
than by wat ching sonething being done.

This is sonetines expressed in the phrase: active |learning works better than
passive learning.[28] In nost cases, this nmeans that reading textbooks and
listening to lectures is a poor way of |earning.[29] This shouldn't be taken
as universally true! As physics teachers, nost of us have had the experience
of having a few "good" students in our lectures -- students for whom
listening to a lecture is an active process -- a dialog between thensel ves
and the teacher. |ndeed, nmany of us have been that good student and renenber
lectures (at |east sone of them) as significant parts of our |earning

experience.[30] A simlar statenent can be made about texts. | renenber with
pl easure working through texts and | ecture notes, reorganizing the material,
filling in steps, and posing questions for nyself to answer. Yet few of ny

students seemto know how to do this or even to know that this is what |
expect themto do. This leads us to think about a fifth corollary.

Corollary 1.5: Many of our students do not have appropriate nental nodels
for what it neans to |earn physics.

This is a "neta" issue. People build nmental nodels not only for content, but
also for howto learn and what actions are appropriate under what
circunstances. Mst of our students don't know what you and | mnean by

"doi ng" science or what we expect themto do. Unfortunately, the npbst conmon
nental nodel for learning science in ny classes seens to be:

* Wite down every equation or |aw the teacher puts on the board that is
also in the book. Menorize these, together with the list of formulas at
the end of each chapter.

* Do enough honework and end-of -t he-chapter problens to recogni ze which
fornmula is to be applied to which problem

* Pass the exam by selecting the correct formulas for the problens on the
exam

* Erase all information fromyour brain after the examto nake room for
the next set of naterial.

| used to be flabbergasted to discover that when | stopped a | ecture and
said: "OK, here's areally inportant general principle for how to do things.
It's not in the book but it comes fromny years of experience as a
physicist," nmy students would not wite it down or consider it inportant,

even if | wote it on the board! (Well, after all, it wasn't going to be on
the exam)

| call the bulleted |ist above "the dead | eaves nodel". It's as if physics
were a collection of equations on fallen | eaves. One nmight hold s= ? gt**2,
another F = ma, and a third F = -kx. These are each considered as of

equi val ent wei ght, inportance, and structure. The only thing one needs to do
when solving a problemis to flip through one's collection of |eaves until
one finds the appropriate equation. | would rmuch prefer to have ny students
see physics as a living tree!

I like the termnental ecology to describe the nental nodel that tells
students what nental nodel to apply in what set of circunstances. It is a
nore inportant goal to reshape our students' nental ecol ogies so that they
expand their idea of learning to make it nore constructive, take it out of
the classroominto their everyday |ives, and understand what science is and
how to apply it, than it is to teach themto parrot back equations or
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solutions to turn-the-crank problenms. One final observation on the first
principle is the follow ng:

Constructing our own |lectures and teaching materials can prove very useful
in producing learning -- in the teacher!

Haven't we all remarked: | only really understood E&M (or cl assi cal

nmechani cs, or thernodynamics, or whatever) when | finally taught it? This is
real |y dangerous! For those of us who |ove |earning, the experience of
lecturing and teaching is such a powerful |earning experience that we don't
want to give it up, even when it proves less effective for our students than
ot her net hods.

I1'l. Building on a Mental Mdel: The Assimlation Principle

The second and third principles have to do with the dynam cs of nodifying
and extending one's mental nodels.

Principle 2: It is reasonably easy to | earn sonething that matches or
extends an existing nmental nodel.

This principle states that nental nodels are not only the way that we

organi ze our interactions with the world, but they also control how we
incorporate new i nfornation and experiences. 31 (The question of how they are
first established in young children is interesting -- and controversial --
but it doesn't really concern us here.) | use the term"assinmlate" to
enphasi ze addi ng sonething snmoothly to an existing set.32] pose three
restatenents and el aborations of this principle as corollaries to show what
it means for teaching.

Corollary 2.1: It's hard to | earn sonething we don't al nost already know.

Al students have things they know (sone of which nay be wong!), things
they are a bit famliar with, and things they have no know edge about at
all. In the last area ny daughter would say they're "cluel ess".

I like to look at this as an archery target. What they know is the
bul|'s-eye -- a conpact black area; what they know a little about is a gray
area surrounding the black; and the clueless region is a white "rest of the
worl d". To teach them sonething, | do best to hit in the gray. A class full
of students is a challenge because all of their gray areas are not the sane.
I want to hit as nmany of the grays as possible with each paint-tipped shaft
of infornmation to turn gray areas black. In communication studies, an
important inplication of this corollary is called the "given-new
principle".33 It states that new information should al ways be presented in a
context that is famliar to the reader and that the context should be
established first. The anal ogous statenent is very inportant in physics
teaching, especially at the introductory level. As physicists with years of
training and experience we have a great deal of "context" that our students
don't possess. Often we are as fish in water, unaware of this context and
that it is missing in our students.

There are a nunber of specifics that we can cite that are given-new
problens. W often use terns that students are not familiar with -- or use
in adifferent sense than we do. As a part of their study in the way
speakers of English build their meaning of the term"force", Lakoff and
Johnson [34] classified the characteristics of conmobn netaphors using the
term Anong their list of 11 characteristics, 8 involved the will or intent
of an individual! But npst of us are so famliar with the technical neaning
of "force" that we surprised to learn that a significant fraction of our
introductory students do not believe that a table exerts a force on a book
it is supporting.[2] Wiy doesn't the book fall through? The table is just
"in the way".

The probl em caused by the interpretation of common speech words for
technical ones is not a sinple one. | know that the terns "heat", and
"tenperature" are not really distinguished in coomon speech and are used
interchangeably for the technical terns "tenperature" (average energy per
degree of freedom, "internal energy", and "heat" (flow of internal energy
fromone object to another). In one class, | stated this problemup front
and warned ny students that | would use the ternms technically in the
lecture. Part way through |I stopped, realizing that | had used the word
"heat" twice in a sentence -- once in the technical sense, once in the
common speech sense.[35] It's like using the same synbol to stand for two
different neanings in a single equation. You can occasionally get away with
it,[36] but it isn't really a good idea!Putting new material in context is
only part of the story. Qur students al so have to see the new material as
having a plausible structure in terns of structures they are famliar with.
We can state this as another useful corollary.

Corollary 2.2: Much of our learning is done by anal ogy.

This strongly counters the inage of the student as a tabula rasa. This and
the previous corollary nmake what students know at each stage critical for
what we can teach them Students al ways construct their know edge, but what
they construct depends on how what we give theminteracts with what they

al ready have.

One inplication of these results is that we should focus on building
structures that are useful for our students' future learning. | state this
as a third corollary.

Corollary 2.3: "Touchstone" problens and exanples are very inportant.

By a touchstone problem | nean one that the student will cone back to over
and over again in later training. Touchstone problens becorme the anal ogs on
which they will build the nore sophisticated el ements of their nental

nodel s.

It becomes extrenely inportant for students to develop a collection of a few
critical things that they really understand well.[37] These becone the
"queen bees" for new swarns of understanding to be built around. | believe
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this is why some probl ens have i mense persistence in the conmunity.
Inclined plane problens really aren't very interesting, yet the occasional
suggestions that they be done away with are always resisted vigorously. |
think the resisters are expressing the (usually unarticul ated) feeling that
these are the critical touchstone problens for building students'

under st andi ng of vector analysis in the plane. Corollary 2.3 is one reason
why we spend so nuch tinme studying the mass on a spring. It's not really of
much interest in itself, but it serves as a touchstone problemfor all kinds
of harnonic oscillation fromelectrical circuits up to quantumfield theory.

Looking at a curriculumfromthe point of view of the mental nodels we want
students to develop, their pre-existing nental nodels, and touchstone

probl ens can hel p us analyze what is critical in the curriculum which
proposed nodifications could be severely detrimental, and which m ght be of
great benefit.

Conbining this with the discussion of access and |inking above |eads us to
focus on the presence of a framework or structure within a course. It
suggests that building a course around a |inked series of touchstone

probl ens coul d be of considerabl e assistance in hel ping students understand
the inportance and rel evance of each elenent. Such a structure is sonetines
referred to as a story line.

I'V. Changing an Existing Mental Mdel: The Accommopdati on Principle

Unfortunately, if students are not blank slates, sonetines what is witten

is -- if not wong -- inappropriate for future learning in physics. Then it
can seemas if we have run into a brick wall. This brings us to the next
principle. I call this the "acconmpdation principle" to enphasize that
changes have to be nade in an existing structure. (Again, the term goes back
to Piaget.)

Principle 3: It is very difficult to change an established nental nodel
substantially.

Traditionally, we've relied on an oversinplified view of Principle 1, the
patterning principle, to say: "Just let students do enough problens and
they' |l get the idea eventually." Unfortunately, the principle doesn't apply
inthis formif they already have a nental nodel about the subject. It has
been denonstrated over and over again that sinply telling sonebody sonething
doesn't easily change their deep ideas. Rather, what happens is that a
poorly linked el ement is added with a rule for using it only in physics
problens or for tests in one particular class. This and the fact that a
mental nodel can contain contradictory elements is the reason why "giving
nore probl enms” can be ineffective. Once students |earn how to do problenms of
a particular type, many will |earn nothing nore fromdoing nore of them new
probl ens are done autonatically w thout thinking. This also neans that
testing by varying homework problenms slightly may be inadequate to probe the
student's nental nodels of physics. Mre challenging tests involving a
variety of nodalities (problemsolving, witing, interpreting, organizing)
are required.

A few years ago | learned a lovely anecdote illustrating the barriers one
encounters in trying to change a well-established mental nodel. A college
physi cs teacher asked a class of beginning students whether heavy objects
fall faster than light ones or whether they fall at the sanme rate. One
student waved her hand saying "I know, | know'. Wen called on to explain
she said: "Heavy objects fall faster than |ight ones. W know this because
Galileo dropped a penny and a feather fromthe top of the |eaning tower of
Pisa and the penny hit first." This is a touchstone exanple for ne. It shows
clearly that the student had been told -- and had listened to -- both the
Galileo and the Newton stories. But she had transforned themboth to agree
with her existing nmental nodel.[38]

Principle 3 can cause problens, both in getting students to change their
mental nodels, and in getting ourselves to change the preconcepti ons we have
about how students think! Fortunately, "difficult" does not mean

"inmpossi bl e". W have nechanisnms that permit us to neasure our nental nodels
agai nst the world and change them when we are wong.[39] It appears as if
the mechanismcritically involves prediction and observation. The prediction
nmust be made by the individual and the observation nust be a clear and
conpel ling contradiction to the existing nental nodel. A sinple
contradiction isn't sufficient. Posner et al.40 suggest that changing an

exi sting nental nodel requires that the change have the foll ow ng
characteristics (which | state as a corollary).

Corollary 3.1: In order to change an existing mental nodel the proposed
repl acenent nust have the follow ng characteristics:

* It must be understandabl e.

* |t nmust be plausible.

* There nust be a strong conflict with predictions based on the existing
nodel .

* The new nodel nust be seen as useful.

The clearer the prediction and the stronger the conflict, the better the
effect. A nice exanple of how this process works concerns physics teachers
rather than their students. It explains why the response to the

Hal | oun- Hest enes test has been so great. Many teachers of introductory
physi cs have a nental nodel that says the teacher is successful in teaching
the concepts if the students can average 75%on a traditional exam These
teachers look at the HHtest and predict: "My students will be able to do
very well on those problens. They're easy." Then their predictions fail

m serably. On some critical questions, students average 20%or |ess and the
conflict with the teacher's existing mental nodel is very strong. Many of
the teachers who have gone through this process appear to be converted to a
new way of |ooking at their students and what they know. [41]

Attenpts are being made to conbine the assinilation and the accommodati on
principles to yield new, nore effective nethods of teaching. John

Clement [42] has proposed finding a series of bridges or interpolating steps
that would help a student transformhis or her nmental nodel to match the
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accepted scientific one.
V. The Individuality Principle

One nmight be tenpted to say: Fine. Let's figure out what the students know
and provide themw th a | earning environnent -- |ectures, denonstrations,

| abs, and problenms -- that takes them fromwhere they are to where we want
themto be. Since we all know that a few students get there from here using
our current procedures, how conme it doesn't work for all of then? We do in
fact now know that the right environment can produce substantially better
physics learning in nost of the students taking introductory university
physics.[43] But ny final principle is a word of warning that suggests we
shoul d not be |ooking for a "magic bullet".

Principle 4: Since each individual constructs his or her own nental ecol ogy,
di fferent students have different mental nodels for physical phenonena and
di fferent nental mpdels for |earning.

I like to call this the individuality or "line width" principle. This

rem nds us that many variables in human behavior have a large natural |ine
wi dth. The | arge standard devi ation obtained in many educational experinents
is not experinental error, it is part of the measured result! As scientists,
we should be accustoned to such data. We just aren't used to its being so
broad and having so many variables. An "average" approach will miss everyone
because no student is average in all ways.[44]

I nplications

One inplication of this is that different students can have different
reasons for giving the sane answer. |If we fornulate our questions too
narrowly we may mnisinterpret the feedback we are getting. This observation
has influenced the style of educational physics research in a way that at
first seems strange to a physical scientist.

When we try to take our "first |look" at what students are doing, it is very
important to consider themone at a tine and to interview themin depth,
giving them substantial opportunity for "thinking aloud" and not giving them
any gui dance at all.

This approach is characteristic of many inportant educational studies.
Instead of hoping to "average out" the variation by doing |arge statistical
experinents, one focuses on it and tries to learn the range of possible
approaches that students are taking. O course, at a later stage, one wants
to be able to interrogate | arge nunbers of students in order to obtain the
frequency with which various nodes of thinking are occurring in the

popul ation at |arge. But many val uabl e studies in educational physics (and
in cognitive studies in general) are done with a sanple that seens very
small to a physicist.

An excellent exanple is the work of McDernott and CGol dberg (ref. 25). They
start with extensive interviews of a fairly small nunmber of students, then
devel op short answer exanms based on those observations that can be applied
to large groups, and finally test that those exans are giving the sanme
results as the interviews. The various Hestenes tests were devel oped in a
simlar fashion.[45] In addition to the fact that students have different
experiences and have drawn different conclusions fromthem their nethods of
approach may differ significantly. | state this as a corollary.

Corollary 4.1: People have different styles of |earning.

There is by now a vast literature on how peopl e approach |earning
differently. Many variabl es have been identified on which distributions have
been neasured. These include authoritarian/independent, abstract/concrete,
and al gebraic/geonetric to name a few. [46] The first neans that sone
students want to be told, others to figure things out for thenselves. The
second neans that sone students like to work fromthe general to the
specific, sone the other way round. The third nmeans that sone students
prefer to nmanipul ate al gebraic expressions while others prefer to see
pictures. Many of us who have introduced the conputer in physics teaching
have noted that sone students want to be guided step by step, others try
everything. These are only a few of the variables.

Once we begin to observe and use these differences in our students, we have
to be exceedingly careful about how we use them A preference does not nean
a total lack of capability. Students who prefer exanples with concrete
nunbers to abstract mathematical expressions may be responding to a | ack of
famliarity with algebra rather than a lack of innate ability. Many of our
students preferences cone fromyears of being rewarded for sone activities
(such as being good nenorizers) and chastised for others (such as asking
questions the teacher couldn't answer). Expanding our students' horizons and
teaching them how to think sonetimes requires us to overcone years of
negative training and what they thensel ves have come to believe are their
own preferences and |initations!

An interesting observation that has been nade by a nunber of observers,[47]
is that physics as a discipline requires learners to enploy a variety of
nmodal ities (methods of understanding) and to translate fromone to the other
-- words, tables of nunbers, graphs, equations, diagrams, maps. Physics
requires the ability to use al gebra and geonetry and to go fromthe specific
to the general and back. This makes | earning physics particularly difficult
for many students. One of our goals should be to have our students
understand this, be able to identify their own strengths and weaknesses, and
while building on the forner, strengthen the latter.

An inportant inplication is the follow ng:

Corollary 4.2: There is no unique answer to the question: Wat is the best
way to teach a particul ar subject?

Different students will respond positively to different approaches. If we
want to adopt the view that we want to teach all our students (or at |east
as many as possible), then we nust use a mix of approaches and be prepared

file://lepidote/Desktop%20Folder/Good%20Stuff/research_on_learning/workshop02/essays/The%20Implications%200f%20Cognitive%20S

Page: 7



Tuesday, June 11, 2002

that sone of themw |l not work for sone students. An inportant set of
studies that are just beginning to be done ask the question: What is the
distribution function of |earning characteristics that our students have in
particul ar cl asses?

Another inplication that is very difficult to keep in mnd is:

Corollary 4.3: Qur own personal experiences nmay be a very poor guide for
telling us what to do for our students.

Physics teachers are an atypical group. We selected ourselves at an early
stage in our careers because we |iked physics for one reason or another.
This already selects a fairly small subclass of |learning styles fromthe
overal | panoply of possibilities. We are then trained for approxinately a
dozen years before we start teaching our own classes. This training
stretches us even further fromthe style of approach of the "typical"
student. Is it any wonder why we don't understand nost of our begi nning

students and they don't understand us? | will never forget one day a few
years ago when a student in ny al gebra-based introductory physics class canme
in to ask about sone notion problens. | said: "All right, let's get down to
absol ute basics. Let's draw a graph." The student's face fell, and |
realized suddenly that a graph was not going to help himat all. | also
realized that it was going to be hard for me to think without a graph and to
under st and what was goi ng through the student's mnd. | never mnded doing
wi t hout derivatives -- nmotion after all is the study of experinental

cal culus and you have to explain the concept (maybe without using the word)

even in a non-cal cul us based class; but | have found it difficult to

enpat hi ze with students who cone to physics and can't read a graph or reason
proportionately.[5] It takes a special effort for me to figure out the right
approach.

This is very natural given the earlier principles. Qur own personal nental
nodel s for how to |earn conme fromour own experiences. However, to reach

nore of our students than the ones who resenble ourselves, we will have to
do our best to get beyond this. It nakes the follow ng principle essential.

Corollary 4.4: The infornmation about the state of our students know edge is
contained within them If we want to know what they know, we not only have
to ask them we have to listen to thenl

VI. Concl usion

The typical university course is a conplex structure. It involves physics
content, a teacher, perhaps graders or teaching assistants, a classroom a

| aboratory, and, for each class, a particular set of students. Above all, it
invol ves expectations and contexts for both the teacher and the students. If
we are to nake serious progress in reaching a larger fraction of our
students, we will have to shift our enphasis fromthe physics content we
enjoy and |ove so well to the students thenselves and their learning. W
must ask not only what do we want themto |earn, but what do they know when
they cone in and how do they interact with and respond to the |earning
environment and content we provide.

The principles we are learning fromcognitive studies can provide a
framework for how we think about the conplex issues of teaching and

| earning. The four principles that | have presented can help us begin to
construct such a framework.
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