have done science in college. But, except for some pressure from ROTC
during his senior year in high school, Fric was not recruited to science
cither in college or before. Nor, despite his high school background,
was he emboldened to try science as an clective. Eric had other options
and developed “other loves” in college. Since he never appeared in a
sclence course, no one in science ever got to know him {any more than
he got to know them). As a result, there was no one, neither awesome
professor nor friendly science teaching assistant nor science-trained
college counselor available to him when, in the middle of his under-
graduate career as an English major, he felt the need for more rigorous
study outside of English. Observing that it was the treatment of ideas in
literature and, especially in literary criticism, that attracted him to
English more than the sheer aesthetic pleasures of poetry and fiction,
Eric at one point considered a shift into philosophy. But he found
philosophy, as currently practiced, narrower still, and so he stayed in
English. Until recruited for this project, Eric never reconsidered sci-
ence as a course of study or as a career. Iis journal and his postcourse
reflections on the experience of taking cc Mlege physics last summer give
us insight into why. '

Professional scientists may be tempted to dismiss comments and
criticisms from second tier stand-ins as but further “proof” that they
are not “one ot us.” But that would be missing the point. If the sciences
are to attract any new group of students to science, either to meet the
projected shortfall or to solve the science illiteracy problem, the cffort
must begin by getting to know some of “them,” and well.

E0Z1 Tobwas, S. (1690) They're notdumb, theyire
diferent stelking The seeond tier. Resecuin
different, staisy
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Introductory Physics: The Eric “Experiment”

“The notion of a ‘calling’ is deeply ingrained
in the mythology and history ot science. If
we assume that all students are ‘called” in

the same way and by the same age, we
fix what is inherently variable—

the size and composition of the talent pool.”

—Daryl Chubin’

Ericfound it “strange” to be in class again, especially in a lecture class
where “everyone looks tired” and no one seemed particularly excited
by the prospect of the five-week introductory physics course that lay
ahead. His fellow classmates, as he perceived them, were either
“bored” or “scared,” he noted on the first page of the daily journal he
was keeping of his reactions as a literature student to introductory
physics. In even the most obscure literature class, he wrote, “there are
always people who are intensely interested, at Jeast at the outset. Is it
simply the naturc of the subject that makes clementary science classes
appear unexciting, or is it the teaching style?”- Part of his assignment,
as a participant-observer for a project supported by Research Corpora-
tion, was to find out.

Because it was a summer session, Eric would not experience the
anonymity of the larger classes that characterize introductory physics.
He shared his course with only 30 others, 20 men and ten women (not
the gender balance he was used to, as he recorded in his journal). But
the habit of teaching large classes and the demands of the fast-paced
summer-school schedule prevented his instructor from modifying the
lecture format. One look at the assignment shects and at the weight of
the text’ gave Eric some sense of the amount of material to be covered,
and some anxiety. To add to his travail, he discovered his calculator
wouldn’t handle exponents when he began to work the problems that
first evening (he borrowed an HP 15-C the next day). More serious was
his worry that, although he had taken college calculus (a condition of
his assignment as participant observer in this course), his brain

' Dary] Chubin of the Office of Technology Assessment, US. Congress, made these remarks
during a talk at the AAAS National Meeting, New Orleans, Feb. 17, 1990, Quoted with his
permission.

* Eric, of course, was not around after class when the few <tudents who were intensely
interested in the subject went up to speak to the instructor.

*Halliday and Resnuck, Frndamentals of Phsics, Third Edition, New York: John Wiley, 1988



wouldn’t handle the computations. And it was clear there would be no
respite either from the pace or the expectations. “The instructor gave
the class the impression,” Eric noted on the first day, “that since he had
had to make it through the ‘elementary grind,’ so must we.”* Literary
studies offer a different kind of challenge, Eric noted right away. “In
literature,” he wrote, “the cutting edge is accessible, even if it is
unlikely to be mastered by a beginner. In physics, a correct solution
may be harder to figure out, but once done it will be indistinguishable
from the professor’s own.” This insight soon became palpable for Eric
when he discovered the “one nice thing” about physics: “as I try and
endure, the understanding comes. And this does not necessarily hap-
pen in the humanities,”

On the second day Eric began to notice more profound differences
between the “values,” as he put it, of a person in the humanities and
those of a scientist.

In a discussion of one of the homework problems, we were
to judge the best clock for timekeeping, given a record of
five clocks’ readings at exactly noon. The professor chose
the clock that gained exactly 51 seconds every day. | picked
the ctock that was within seven scconds of noon, day after
day. A scientist wants predictability. 1 would rather have
convenience.”

But the first “real day” of lecture disappointed him.

The class consisted basically of problem solving and not of
any interesting or inspiring exchange of ideas. The profes-
sor spent the first 15 minutes defining terms and apparently
that was all the new information we were going to get on
kinematics. Then he spent 50 minutes doing problems from
chapter 1. He was not particularly good at explaining why
he did what he did to solve the problems, nor did he have
any real patience for people who wanted explanations.

Eric was learning that, for the most part, “why” questions are
neither asked nor answered. The preference is for “how” questions.
Perhaps because of this, his initial assessment of the teaching mode
(compared to what he was used to) was negative.

[ do not feel that what this professor is doing can be consid-
ered teaching in any complex or complete sense. My.under-
standing is that we are to learn primarily by reading the

* The instructor, reading these comments, did not recall ever using the term “elementary
grind,” but agreed that he brought to his teaching certain prejudices about who takes

summer school physics and why: he assumed his students were “preprofessionals who,

have already decided on a career in science and are in class to learn problem solving.” After
reading these comments, he conceded he needed to be “more guarded about what I say...”
and that “extreme care must be taken to set a good mood for the course, and to offset the
prejudices students bring with them.”

“Page I 1in the text, question 30P.

20

text, secondarily by doing problems on our own and com-
paring our solutions to those on sale in the physics office,
and thirdly by mimicking the professor’s problem-solving
examples. Simply by intuition, I know physics, and more
generally science, to involve creativity and finesse; but this
man makes it into a craft, like cooking, where if someone
follows the recipe, he or she will do well.

There was, indeed, a discrepancy between Eric’s expectations and
those of his professor (note 4).

By the end of the first week, classes seemed a little better or maybe,
as Eric wondered, he was just getting “used to the way [the course] is
being ‘taught.”” Still, he felt patronized by the teaching style.

[ still get the feeling that unlike a humanities course, here
the professor is the keeper of the information, the one who
knows all the answers. This does little to propagate discus-
sion or dissent. The professor does examples the “right
way” and we are to mimic this as accurately as possible.
Qur opinions ate not valued, especially since there is only
one right answer, and at this level, usually only one [right]
way to get it.

It was not the physics that bothered him. In later segments of his
journal he would praise the text, a book borrowed from the physics
undergraduate office that he begged to be able to keep when the course
was over. He found his old love of math coming back. In the quiet of
the university library where he spent afternoons trying to work the
problems, he was “really quite content,” he wrote. It was the class that
bothered him most at the beginning, but he was honest enough to
realize that as he “got more into the physics,” he liked it better.

As | am able to ask more knowledgeable questions, class
becomes more interesting. [ am finding that while the pro-
fessor is happy 1o do example probiems for the entire pe-
riod, he will discuss the real world ramifications of a theory
if asked.

His classmates didn’t appreciate his interruptions, however. They
seemed to “lose patience” with his “silly ‘why” questions.” These got in
the way of the mechanics of finding the right sotution to their assigned
problems. And this was what, as Eric perceived it, physics was all
about-—for them.

He was finding more differences between doing physics and doing
literary analysis. The professor’s suggestion that setting up the prob-
lem and understanding concepts is more important than doing the
arithmetic reduced Eric’s homework time from six hours per night to
three. He was happy to be relieved of some of the computation, but
bothered, too. “Imagine being asked to show only that you could write
a paper on the use of gender in Tom Sawyer without having actually to
do so,” he wrote in his journal that night.
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Two weeks into the course, Eric was becoming skeptical about some
of the models. His attention to language and his continuing need for

answers to “why” questions was decidedly getting in his way. His July
9 entry reads:

OK. I might as well admit it now. [ don't really believe
Newtonian mechanics. It works, vet somehow I think there
are various forces which are made up—not really under-
stood—just to make the calculations work out. Is there re-
allv a normal force? The force which pushes a book down
on a table is gravity. Yet the “normal” force which com-
prises the table pushing back on the book, seems a litle
strange. Why should a table push on a book? Maybe it
should be called the “abnormal” force? And action-reaction
seems to me to be a misnomer...“Action-reaction” presup-
poses a cause and effect relationship which implics dura-
tior, but in physics the “action-reaction” happens simulta-
neouslv.

By then he was starting to look around a bit more at the students in
the class. Evervene looked clean cut and serious, he noted. Yet, there
were a few people who caught his eye.

There is one man with a crew cut who always sits in the
front row and always wears a hat Lhat says, “Life is too
short to dance with ugly women.” Another extremely mus-
cular “frat boy type” catches my atlention only beCﬂJusc he
aliwavs mutters the right answer soveral seconds before
anvone else. | have decided he ts either a genius or he has
taken the course a few times before. There is a Hispanic
woman who sits next to me who is already having trouble
with the matertal. She tells me she spends seven hours o
night on homework and needs to gel an “A” to receive an
ROTC scholarship for next vear. A pretty blonde premed
sits behind me. She acts like she wants 1o be friends, but her
conversations alwavs eventually turn to, “..By the way,
what did vou get on problem 577

Yet, even though the class was small, there was “no sense of commu-
nity within the class,” Eric noted, a fact he would later comment on at
length. He attributed this to the lecture format and to the subject,
devoid, as he put it, of “personal expression.”

Fric knew tull well by then that the snormal foree in physics is the force perpendicular to
the contact surface. fle was plaving with language.

Sevarding o Arneld Arons, professor emeritus of physics, University of Washington,
! rl(_’k gueston concerning tme intervals elapsing in connection with force adjustments
having to dewith Newton's third law, “is one of the deepest questions arising in classical
phasice The question mustbe planted deliberately, and students must be Ted to think abeut

ared discnss b There are very very few Brics whe raise it spontaneously.” (Personal
Cormmntication ta the anthor)

Nobody seems particularly interested in making friends or
seeing cach other outside of class. This may be one reason
people dislike math and science classes, their lack of com-
munity.

The first exam gave Eric some tmportant insights both into how
physics is taught and why the sense of community was so lacking. He
personally found the exam “easy,” easier than the homework which, as
he expressed it, “involved the use of multiple concepts and numerical
manipulations.” In contrast, he wrote in his journal, “the exam prob-
lems asked only for a simple exhibition of skills acquired.” He was
“frustrated” to have spent so much time on problems which he would
not encounter on tests. Later he concluded that the homework prob-
lems were really too hard, “discouraging rather than encouraging,.
Sometimes you are asked to display a knowledge of so many concepts
at once, it is hard to get a hold of things.”

But the real impact of the exam was felt when the exams were
returned to the class.

When we got our exams back this week, evervone was
concerned about how other people scored. | understand
that natural curiosity and in my literature classes there was
always some comparing done between friends, However,
I've never experienced the intense questioning that has hap-
pened this week. Alimost everyone I talk to at some point or
another asks me about my grade, When | respond [ scored
an “A,* I get hostile and sometimes panicked looks. Tt is
not until [ explain that I'm only auditing and that mv score
certainly will not be figured into the curve, that these timid
interrogators relax.

There was, in fact, no “grading on a curve” in Eric’s course. The
course handout had specifically stated this. Primed by other courses in
science, students assumed they would be graded on a curve. The fact
that the professor posted a histogram after each exam with the break
points for the letter grades may have confused them. The professor
said later, “maybe the students think a histogram implics a curve.” His
classmates’ behavior, however, suggested to Eric that they fully be-
lieved grading was on a curve.

It wasn't unti] this afternoon that a classmate cxplained to
me that students in a science class try to identifv people who
score well and then constantly compare their scores (or time
studying or answers on homewaork) to their own. I have
never been in a class before where my grade had any effect,
real or perceived, on anyone clse.

* Fric did very well in the class. e never got the grade onhis fool exam but he averaged
92 during most of the course, See below for more of his comments about the examinations
and the grading system used in his course.
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Even more basic, for Eric, was the class’ fixation on grades.

Why is it so difficult to get a good grade? For one thing,
there are less of them. Due to |perceived| curving in physics,
the grades are based on the class average which kills any
spirit of enjoyment. The message (though surely not in-
tended) seems to be that no matter how hard you work—so
long as everyone else works as hard or has more talent or
expericnce—you cannof improve your grade.

Eric found the “sense of competition” in no way beneficial. “It auto-
matically precludes any desire to work with or to help other people,”
he wrote. “Suddenly your classmates are your enemies.” No wonder

the class was not “fun,” and there was so much hostility between
students,

My class is full of intellectual warriors who will some day
hold jobs in technologically-based companies where they
will be assigned to teams or groups in order to collectively
work on projects. [But] these people will have had no train-
ing in working collectively. In fact, their experience will
have taught them to fear cooperation, and that another
person’s intellectual achievement will be detrimental to
their own.”

Stll, he was impressed with his fellow students. Although the class
continued to look “tired and bored” to him, he noticed that they “stick
with it.” He found there to be a “much more practical attitude about
this class” than he had experienced in humanities. People think “yes,

this is cfull, but T have to complete this course to get my degree or to get
a good job.”

In my literature classes it was much harder to rationalize
this way. People took courses mainly because of interest in
the topic or because they thought the professor would be
good. It is not that a science course cannot be ar isn't inter-
esting, only that it's not required or expected by the students
that it be so.

While some of the concepts were difficult for him and he continued
to be bothered by the “constant qualifiers” such as “assume a friction-

less surface,” it was the pace of the course that he found “excessive,
almost insane.”!"

I usually give myself three hours for homework and never
finish..[ feel, though, that 1 have sufficient control of the
subject matter [studying this way| to do well on the exams,

" lhe dssue of teamwork s a centerpiece of modern science. See Daryl Chubin et al,
Interdisciplinary Analysis and Research, T.omond, 1986,

" The protessor himself admitted that the pace was “preposterous.” Mindful that a sum-
mer schoal course is not typical, we continued the cxperiment with semester-long courses
m the tollewving fall. See infra,
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Most of the other students | have talked to take six or seven
hours a day to do the work... Aside from the pure misery of
devoting that much of your life to physics, | wonder how
much they, or rather we, will retain, 1 think that a slower
pace and more in-depth discussions of the contents would,
in the end, prove [more] beneficial.

He found the time demanded to be considerably more than he ever
spent in literature—three hours per course hour in physics versus two
hours per course hour in literature. Moreover, as he wrote during the
third week, “physics homework demands a more intense, highly active
type of thought.”

Reading, however critically done, is a more reflective activ-
ity. There isn't the demand for almost instantaneous appli-
cation of the information. The result of this difference is that
two hours of physics is much more demanding and tiring
than two hours even of [academic| reading.

The drawbacks of this amount of time spent may not be immediately
apparent, he wrote. However,

with my extra time [as an undergraduate majoring in litera-
ture], I was able to pursue many different and independent
types of educational experiences. Some of this included
designing and running my own course, and [when an up-
perclassman] writing a grant-supported rescarch paper.
The science student is more often than not limited to the
struggle of just completing required work.

When Eric asked himself, midway in the course, “what makes
science hard?” he came to a preliminary conclusion that students will
perceive a course to be “hard” when it is: 1) difficult to get a good
grade; 2) time consuming; or 3) boring, dull, or simply not fun. Physics
he found to be all of the above. But why introductory physics should be
thought of as “dull” intrigued him. He kept coming back to the lack of
community and the lecture format.

The lack of community, together with the lack of inter-
change between the professor and the students combines to
produce a totally passive classroom experience...The best
classes | had were classes in which I was constantly en-
gaged, constantly questioning and pushing the limits of the
subject and myself. The way this course is organized ac-
counts for the lack of student involvement.. The students
are given premasticated information simply to mimic and
apply to problems. Let them, rather, be exposed to concep-
tual problems, try to find solutions to them on their own,
and then help them to understand the mistakes they make
along the way.

But the concepts weren't easy and sometimes they didn't get cleared
up at ali.
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For some reason I am unable or secretly unwilling to com-
plete these statics problems. Nothing seems to make sense
and for the first time since my initial anxiety attack, 1 feel a
cloud of bewilderment around my head.. Tomorrow will
give me a good opportunity, however, to see what venues
are open to a student who is “lost.” T will try buying a
solution sheet and see if the problems make sense. 1f they
still don’t, T will go to office hours, an activity I've alwayvs
hated. Someone who is clever will always get by; but what

A consequence of the fact that students did their work “in private,”
Eric thought, was the absence of any opportunity tor them to fnfk about
the physics they were studying. They seemed inhibited, he observed,
even about asking questions. Eric continued to do well on the exams
and guizzes and was always surprised, even “shocked” at how low the
class average tended to be.

What this means is that there are a good many confused
people sitting quietly and not asking questions. This is al-

of someone who isn't? Is the measure of a course how much
a bright student Yearns or how much someone who is “lost”
can be made to comprehend?

wavs the case to some extent in college, but physics scems
harder on these people than the humanities. S0 much is
based on what yvou should have learned the day before, that

the course is a bit like a race where if yvou falter and don't
immediately recover, you are sure to go down and be
trampled.

Getting help was not easy for Eric or, he thought, for the others, despite
the small size of the summer school class.

If you find you do not understand something from the last
chapter, vou must wait until atter class to see either the
professor or the teaching assistant. The professor’s office
hour is busy and there is not much time for in-depth help.
The teaching assistant, while well-meaning, has problems
communicating in English, and i« only around on certain
davs of the week. Even if you start to feel that you under-
stand, vou are faced with the task of the next chapter’s
homework, so vou really can’t atford the luxury of spend-
ing vet another evening tackling the same problems.

The lack of “discussion” continued to fascinate and to bother Eric. He
found that when he asked his classmates about what thev were study-
ing, they weren't able to “articulate an answer.”

I wonder if this is because they lack communication skills or
because they haven't yet had the time to reflect on what
they have learned, or perhaps because theyv don’t reallv
know much about their subject—if knowledge is defined to
mean a deep, thoughtful understanding, rather than a
superficial ability to regurgitate formulas.

As he lost some of his footing, Eric noted that it was much harder to
“cram” for physics than for literature; hence it was not possible, as
undergraduates are wont to do, to lct the class “go” for a few days
while he concentrated on something clse.

The “best class” in Eric’s view was one where the professor brought
in five or six demonstrations, the results of which were counter-
mtuitive, and then asked the dass o speculate as to why specific
results occurred. In this class, there was substantial interchange. It led
Eric to wonder whether a class couid be designed that was “half lab,
halflecture.” But even more, he longed for study groups, arranged by
the instructor for the ¢lass. ' "

One possible explanation might have been that in a course where
answers are so critical, there is an inordinate fear of “making mis-
takes.”

One of the most frustrating things about the class is that the
material comes so quickly. Once you stop “making mis-
takes” and master one chapter, you must move on right
away to the next. Almost by definition, you wind up with
more wrong answers than right ones. Learning physics be-
comes a process of making fewer and fewer mistakes, and
moving on. There is no fime to enjoy the success, no time to
use those skills in order to discover more or diy, deeper.

The homework problems are hard and take an enormous
amount of energy and patience. | think working together
might engender an attitude that problems are enjoyable
exercises..rather than aggravating stumbling blocks.

: Still Eric was able to go deeper. He began to ponder the differences
between mathematics and physics.

Today | asked the professor why you figure work with a dot
preduct. I got a different answer than T expected, Instead of
talking about vectors and scalars, he talked about “what
works.” | realized that in physics, unlike math, vou are
much more concerned with getting real and usable figures
than in the mathematical integrity of the operation. This is
interesting because until this point, I did not really under-
stand the difference between pure math and math as ap-
plied to science.

Waorse yet, on any given day, the class worked on three scparate
chapters at once.

1 T T vt T

Take June I3 for example. On this day, the professor an-
swered questions on the homewaork problems from chapter
6, did some sample problems from chapter 7, gave us a quiz
on the material from chapter 1, Jid some demonstrations
pertaining, to chapter 7, and began (o lecture on chapter 8,

prye®
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By the last week of class even the professor was “tired,” or so he
appeared to Eric. The class was but a shadow of what it had been. One-
third of the students enrolled had either dropped out or were just not
attending anymore. Eric noticed that the ratio of men to women,
however, had remained about the same. The professor made numer-
ous mistakes in explanation, and like everyone else, Eric thought, “just
wants this class to be over.” The “sudden shifts from particles to waves
and then from waves to heat and temperature, without a pause, had
everyone scrambling.”

There are no sad faces on this, the last day of class. No one
will miss this chore. No one will say to himself or herself, “I
really enjoyed that,” or “that was an interesting learning ex-
perience.” Instead, people will congratulate themselves on
having made it, will be happy with their “B” or their “C,”
and will very soon forget anything pertaining to physics."

For Eric, the final exam was a compressed version of everything that
the course had and had not been, absent the “big, picture.” Eric had
found all four exams in the class “biased toward computation and
away from conceptual understanding.” He understood that to be able
to complete the computations required “some level of conceptual
understanding.” But that level was “not particularly high,” he wrote.

The problems [on exams] seldom required the use of more
than one concept or physical principle. Only once were we
asked to explain or comment on something rather than
complete a calculation.

Eric thought the final, which was cumulative, would be the “... ideal
place to tie things up and ask comparative and conceptual questions.”
Instead, he found that the questions entailed some fill-in-the-blanks
definitions with terms found in a list. This caused him to reflect on the
course more generally.

We had marched through the chapters, doing the required
waork, but never digging deeper..1 was able to keep myself
on track by concentrating on one chapter at a time. But I
never really got the idea that the professor had any under-
standing of how the concepts were related, as he rarely tied
together information from more than one chapter. His lec-
tures did not seem to build upon each other, and he gave no
indication of a linear movement through a group of
concepts..The final then asked the most primary basic ques-
tions about only the most important laws of physics. We
were not required, at any time, to interrelate concepts or to
try and understand the “bigger picture.”

"' Research by Hestenes et al confirms the failure of conventional physics instruction to
overcome students’ naive misconceptions about motion. Ibrahim Abou Halloun and David
Hestenes, “The initial knowledge state of college physics students,” and “Common sense
concepts about motion,” Anr f. Phys. 53 (1D Nov. 1985, p. 1043, §f,

It was not that the connective tissue was unavailable to the instruc-
tor; it was simply not featured. From the beginning of the course, Eric
had liked the textbook and felt he had learned best from it. His ability
to read through it on his own contributed to his early success in
mastering the course. He noticed right away that the daily homework
included an approximately equal number of two very different kinds
of questions. One kind, for Eric, were only “exercises” and were
assigned as homework problems. At one point in his journal he de-
scribed these as “mathematical in nature and varying in difficulty from
easy to nearly impossible.” The second kind of questions were of a
more “complex, conceptual nature.” This latter kind interested Eric
very much, but

...[since| these questions were never even mentioned by the
instructor after the first day, nobody ever bothered to look
at them. I feel that the professor misjudged the value of
these questions and missed an opportunity to use them as
launching points for discussions of the concepts.

After the final exam, Eric wrote that for him “the greatest stumbling
block to understanding” was the lack of identifiable goals and the
absence of linkage between concepts. He noted these deficiencies in
answering a question we had posed: what makes science hard in
general and for students like Eric coming to these disciplines as outsid-
ers? He wrote:

To some extent science is hard because it simply is hard.
That is to say, the material to be learned involves a great
many concepts, some of which are very counterintuitive,
The process of mastering these concepts and being able to
demonstrate a computational understanding of actual or
theoretical situations requires a great deal of time and devo-
tion. In my experience, this fact is well understood by the
students, the professor and the general public. What is not
as well understood are the various ways in which this al-
ready hard subject matter is made even harder and more
frustrating by the pedagogy itself.

He feels that some “skeletal plan” would have helped him
enormously to see how each individual property and theory is related
to the “big picture.” Comparing his introductory physics experience
with that of the humanities, he wrote, “A professor who lectures on
American literature of the 19th century might oversimplify the various
social factors involved in each novel by referring to long-term histori-
cal events and trends, but at least his or her students would have some
foundation on which to build impressions and judgments of the
works."”

The other “most difficult aspect” of the course for Eric was the “lack
of student involvement” in lectures, and in discussion outside of class.
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Simply being “talked af” suited this particular literature student not at
all. He attributed his classmates’ inability to articulate their subject
matter directly to the fact that they got no practice “talking physics” in
class.

Finallv, he concluded, the “pressure involved in grade wars” goes
much too far. e leaves us with the following advice:

If one is truly interested in reforming physics education in
particular and science education more generally, de-empha-
sizing numeric scales of achievement and rethinking the
grading curve is certainly ane place to start.

Discussion

The course we chose for Eric was a summer session version of the
two-semester, calculus-based, introductory physics course which gen-
erally serves the “weeding out” role for chemistry, physics, engincer-
g, and at some institutions, premedicine and biology.

The course 1s standard in its scope and sequence, so standard in fact,
that four textbouks together dominate the postsecondary market. (One
of them, the one Eric was to use, has more than a 60 percent market
share ) Instructors justify their choice of one or another text based on
the “quality” of problems and minor variations in the sequence of
sub;v(t matter. Because it “serves” so many other fields, a course like
Eric’s will be taken by upwards of 100,000 American college and uni-
versity students each vear, of whom about 1,100 will go on to get the
Ph.1). degree in physu.s. (Another 150,000 study the less rigorous,
noncaleulus-hased introductory physics course.) One structural prob-
lemy exists at the outset: the professor is training physicists; the stu-
dents, tor a variety of reasons, are taking physics.

When we had Eric's professor read what Eric had written about the
course, this disparity was made very explicit. Eric’s professor wrote:

[assume that students in 113 are preprofessionals who have
already decided on a career in science and are in class to
learn problem-solving techniques that will be r required of
them in their careers..T lalsol assume, however less and
less, that the students have had some hands-on experience
with how things work: clocks, cars, radios...and some expe-
rience with, and curiosity about, the physical or natural
world. In other words, [ assume | can make analogies to pet
actoss phvsical concepts. Students not interested in the
physical world have a harder time, ~ince they don't know,
and usuallv don't care, how things, cars, bodies, weather,
the heavens, work.”

“Tersonal commimication from the professor to the author,
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Eric complained that the “goals” of the course were never clearly
articulated, and that the chapters were insufficiently “linked” or made
to cohere. This was in part because of the fast pace of the summer
session course, but also because the “unity of physics,” assumed by the
instructor was not explained often enough. Eric vearned for more

“conceptual” information (we think he meant ”mturpretatlve ), and
not just “facts” and the “mechanics” of problem solving. 1lis professor
was aiming his course at a different student. The teacher believed that,

had he asked for any greater in-depth reasoning in class or on exams,
there would have been “sheer panic.”"" In fact, he was adjusting his
course to the needs and the limitations of the students he assumed he
was teaching. Eric was asking for a different kind of adjustment, one
directed to his intellectual curiosity.

According to Sharon Traweek, an anthropologist who studies the
values, training and work styles of high energy physicists, Eric’s com-
plaints would not be perceived to be significant by professors whose
goal is to train future physicists. From her interviews, she concludes:'!

[Successful] undergraduate physics students must display a
high degree of inteflectual skill, particularly in analogical
[pattern finding] thinking. The students learn from text-
books whose interpretation of physics is not to be chal-
lenged; in fact it is not to be scen as interpretation. They
learn to devalue past science because it is thought to provide
no significant information about the current canon of phvs-
ics, but they also Iearn from stories in their textbooks that
there is a great gap between the heroes of science and their
own limited capacities...

{The emphasis on problem-solving is meant to] show stu-
dents how to recognize that a new problem is like. familiar
problems; in this introduction to the repertoire of soluble
problems...the student is taught not induction or deduction
but analogic thinking.

There are several ideas to be taken from the Eric experiment. Some-
thing besides the traditional problem-solving approach may be needed
to excite jew students to physics. But at least as important as content, if
Eric’s reactions are typical, will be changes in the “ciassroom culture”
of physical science: more attention to an intellectual overview, more
context (even history) in the presentation of physical models, less
condescending pedagogy, differently challenging examinations, and,
above all, more discussion, more “dissent” (even if artificially con-
structed), and more “community” in the classroom.

And what of the ten students who “disappeared” from Physics 103a

" hid.

" Shazon Traweek, Beamtimes and ifetimes, The World of Hiel Frerqw Disics, C ambridge:
Harvard University Press, 1988, pp. 74 and 75.
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last summer? Eric had no idea whether they had dropped the course or
had simply stopped coming to class. In the “old days,” a former
chairman of the department told me, the course instructor would sign
every course drop card, so there was opportunity for an “exit inter-
view" and for some conversation about the course, the student’s career
goals and his or her alternate plans. Although Eric’s professor did see a
number of “drops” because of his advertised appreachability, today
drop-cards are handled bureaucratically by staff. Hence, there is less
opportunity for retrieving the failing student or for soliciting students’
views about particular courses.

If the science shortfall is to be stemmed at college, many more
students should be made to feel welcome and valued, whatever their
capacities and degree of commitment to science. The truth is science
can be done by people who are not necessarily younger versions of
their professors. Despite the emphasis in science on the “heroes” who
contributed to what Thomas Kuhn calls “paradigm shifts” in the disci-
plines,”” the scientific method was originally promoted by Francis Ba-
con precisely because it enabled “conventional minds” to do science.
Surely there is room in Kuhn’s “normal science” for a larger portion of
the college population than is currently made to feel deserving and
comfortable in science. There is reason to believe many more under-
graduates would respond to a differently constructed introductory
COUTSe.

To an uncertain adolescent, flailing about for something he or she
might actually be able to do and do well, science offers not just a whole
array of interesting and important careers, but a training that, to
paraphrase Bacon, enables ordinary people to do extraordinary things.
If physicists learned to regard every ainc of those 250,000 introductory
physics students—most of them somewhat better than “ordinary”--as
having something valuable to contribute and much to gain from sci-
ence, there might be no science “crisis” at all.

" Thomas Kuhn, The Structure of Scientific Revolutions, Chicago: University of Chicago
Press, 1962

™ Francis Bacon, The New Organon and Related Writings, ed. Warhat, pp. 353-358, as quoted
in Sharan Traweek, op. cit., p. 80.
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Jacki and Michele

The themes that emerged out of Eric’s encounter with summer school
physics were to surface again and again as the project continued.
Mindful that summer school is extraordinarily fast-paced and that not
all students would be as intellectual or as self-reflective as Eric, we
developed a longer project in the fall of 1989 that would place six
nonscience students as participant observers in semester-long intro-
ductory chemistry and physics courses. While the experiment did not
consciously seek out the full range of potential second tier stand-ins, a
somewhat diverse group of students responded to our invitation,
among them Jacki Raphael and Michele Schoenfelt, graduate students
in creative writing and philosophy, respectively.

Like Eric, Jacki and Michele had enrolled in and enjoyed science in
high school but, for different reasons, had not pursued science at
college. Yet, they rapidly forged ahead in their introductory physics
course at the University of Arizona, demonstrating that above average
intelligence and motivation, when combined with the power to reflect
on what one is learning, contribute substantially to success in this field.
While physics itself delighted and fascinated them, they found that the
“logic of presentation” and the classroom culture still left much to be
desired. The course in which we placed Jacki and Michele, Physics
111a, is an introductory calculus-based physics course, the first of a
new four-semester sequence designed to capture potential physics
majors immediately upon their arrival as freshmen. Normally, stu-
dents interested in physics begin their freshman year with college
calculus and only start physics in the spring. Fearful of losing them and
of breaking the continuity of their high school-college sequence, the
department of physics has created Physics 111-112 as an alternate
physics sequence. In the first semester, the missing calculus concepts
are taught along with mechanics; then three semesters (instead of two
semesters) more are spent completing the introductory text.' Jacki’s
calculus skills were rusty but gquickly came back. Michele was weaker
in calculus and hence had more difficulty with the course.

Jacki

Her professor said of Jacki after she completed the first semester of
Newtonian physics, “She could easily have been a physics major, and a

" Halliday and Resnick, Funidmnentals of Physics, Third Edition, op. i,
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good one.” Indeed, Jacki has the temperament of a scientist. She likes
intellectual challenges and chose English over science as an under-
graduate at Yale because science, as she thought about it then, was not
sufficiently challenging. She brought to college a strong science back-
ground from a fine suburban high school in New Jersey. She had even,
as she put it, been “programmed” to some extent to do science at Yale.
Bul until we invited her to seriously audit Physics 111a at the univer-
sitv last fall, she had been a science avoider. She was enthusiastic about
what lav ahead:

I had good memories of high school chemistry and physics
and imagined that, six vears later, 1 would find college
physics challenging and interesting. As a 24-vear-old gradu-
ate student in creative writing, | was frec from the career
and grade concerns experienced by the average college
freshman. 1 had the luxury to concentrate on satisfying my
mtellectual curiosity and, as [ traveled, to reflect on my
Journey

" T

She used the term “journey” with its hint of magic because every-
thing about the first physics lectures foreshadowed an intellectual
adventure. She liked the fact that her professor was excited about
teaching and about his subject. But, perhaps because she is trying to
become a writer, she noted right away that her professor did not
“narrate” his subject. He rarely told the students what they were doing,
ur where they were headed. As a consequence, Jacki found herself
faced with two disparate tasks: first, to understand the material being
covered; second, to decide for herself how each part of the lesson fit in
with the others. To accomplish this, she began to “construct my own
narrative.” She enjoyed the process but worried whether her narrative
would correspond to the professor's. Like Eric, she was frustrated by a
“missing, overview,” what physicist John Rigden, in amazing reso-
nance with Jackt's own metaphor, calls the “story line.”

Why, 1 wanted to know, did we begin by studying only the
idealized motion of particles in straight lines? What about
the other kinds of motion? It he could tell us what's coming
next, why we moved from projectile to circular motion, for
oxamplo; I would find it easier to concentrate; I'd know
what te tocus on. In college, Talways wanted to know how
to connect the small parts of a large subject. [n humanities
ctasses, 1 searched for themes in novels, connections in his-
{ory, and organizing principles in poetry.

Flow was she going to find connections in physics?
In time, she defined more precisely what she meant by “narrative:”

In science in particular, teachers need to narrate with com-
ments such as “what we didu't resolve last time” to let the
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class know when it is plunging deeper into the material. [He
needs tol show us how the subject is put together, its
grammar..Not that you could not speak a foreign tongue
without knowing the definition of a predicate. But in order
to follow in lecture, I like to be told what I'm learning in
terms of the language of the whole.

Apart from the missing story line, Jacki found the lectures extremely
interesting and, at the beginning, the homewaork relatively easy to do if
she put in the time. The course demands in general, she wrote in her
journal, were “realistic and attainable with honest effort.”

It you work the problems, you will most likely be able to
solve them.. That's what makes physics easy.

But, like Eric, Jacki was bothered by what she felt was an “exclusive”
problem-solving focus. She noted that students put down their pencils
when the professor discoursed on Aristotle, Galileo, and the history of
science. They appeared to enjoy these excursions, but treated them as a
kind of relief from having to concentrate so hard. Indeed, when she
worked with the students in her study group, she realized that, as a
rule, they did not want to talk about the problems conceptually.

Their concerns focused on the kinds of problems they
would encounter on the exams, and not at all on a general
understanding of the concepts...They ignored all the fun
parts, seeing the whole picture, laying out the cquations and
solving these. Instead, they wanted to know what equalled
what and solve for an answer. The elegance of problem
solving was jost...

Jacki clearly had another agenda. After the second quiz, she wrote:

T wonder if 1 am different from the others..1 don't care if 1
can solve standard physics problems easily. [ want to cet
better at the tricky ones, the ones that ask me to use the
concepts of physics.

Like the other second tier stand-ins Jacki was distracted by ques-
tions that were left unanswered, gleeful when she grasped, just before
Thanksgiving, that “all along we were leaving things out in order to
establish the basics and then move toward a fuller understanding of
phenomena.” And she was ecstatic when, toward the end of the semes-
ter, her professor paused and let her discover for herself why they had
spent so much time “looking for laws of conservation.” “Physicists,”
she finally figured out for herself, “want to locate permanence in
change, the better to describe change.” She guessed that most students
in the class weren’t “thinking much about such issues, but rather just
writing notes, hoping they would absorb the material later.” By mid-
semester, she thought the students around her had bocome resigned to
merely “taking dictation.”
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They have given up and don’t even attempt any longer to
follow the lecture. Not because the material is too
complicated...] think theirs is a crisis of confidence and
effort.

One day waiting in the professor’s office while he “walked” a
student through a particularly difficult homework problem, Jacki saw
such a “crisis of confidence” on display. After struggling with a prob-
lem for a while, the student panicked and blurted out: “You can’t put
that on the exam. I'd never think of that!”

Jacki was not altogether free of anxiety herself. She was getting “A”s
on her quizzes but described herself as quick to panic when insight
didn’t immediately come as she tackled new material. “Learning to
solve physics problems,” she would tell herself, “is a process, not a
matter of insight.” In her journal she attempted a definition of “under-
standing” as applied to physics. “Understanding the free-body dia-
grams means knowing how to do then!” But watching the professor do
them was not enough. On a particular day, she noted:

When he goes through these problems the work seems so
obvious, the equations so inevitable, that I tend not to ques-
tion what he’s doing...Lectures in physics can be incredibly
passive experiences for students, particularly dangerous for
those who believe [as Jacki sometimes did herself] that if
they can foliow the professor, they've mastered the material.

When she worked on her own, Jacki felt the “thrill” of understand-
ing concepts and solving complicated problems. Yet, she found herself
still resisting the practice required of her in physics. She speculated that
it was not laziness, but rather

.the remnant of a prejudice of mine, Especially in the hu-
manities, [ value intelligence over technical mastery...I have
come to see here that intelligence s part craft.

By the time the midsemester exam came around, Jacki was ready for
much more than was forthcoming. Like Fric, she found the exam to be
“nothing like the homework problems.”

It was simple. It didn’t really test understanding. There
weren't elegant problems to solve. There were so many
things I thought [ was going to have to know that weren’t on
the exam: that normal forces are what a scale reads, the
direction and nature of frictional force, that friction occurs
toward the center of a circle against the bottom surface of
the tires of a car rounding an unbanked curb, the difference
between kinetic and static friction, what an inclined plane
does to a free-fall, which angle is the bank angle, etc. [ don’t
completely get all of this. But these are the questions [ was
thinking about when | prepared for the test,

These questions grew out of Jacki’s “metathinking” about the prob-
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lems she was trying to solve. It fascinated her that the two masses
(inertial and gravitational} were independent of one another Gwithin
the scope of Newtonian mechanics); and that forces have regular, pre-
dictable components. “"How organized the universe is!” she sighed one
night into her journal. But she sensed that her fellow students were not
able (or willing) to pursue such ideas,

[ think the students around me are having the same sort of
thought-provoking questions about the material that I put
into my journal, but under time pressure they don't pursue
them, land] eventually they learn to disregard “extraneous”
thoutghts and to stick only to the details of what they'll need
to know for the exam. Since the only feedback we get is on
the homework assignments, the students cannot help but
conclude that their ability to solve problems is the only
important goal of this class.

What would have served Jacki better was a more question-driven
sequence.

If a phenomenon acts on or affects two things, will the two
be affected in the same way? This is the sort of question I
like. I wish physics lessons could be presented as answers to
such kinds of questions.

Also she wanted more time and space to speculate about the funda-
mental paradigms themselves. Once in a period of frustration trying to
come to grips with the law of conservation of energy, she decided that
it was so "artificial” as to be “bogus.” “When energy is lost to friction,
you have to include heat as energy to make the balance come out
right,” she wrote, and this bothered her. Later, she got her professor to
explain to her privately that

-.mechanical energy is really just part of the physicist’s way
of explaining conservation, a way of freezing a svstem at a
moment of time, a descriptive tool, but not a tangible
amount of energy per se..l really liked this. I felt | was
learning something very important about physics. T don't
mind if formulas are used to describe strange, unknowable
quantities, or relations that are necessary merely for consis-
tency. Language is such a system, philosophy for sure. [ like
that aspect of physics. I just want to be certain I can see why
and how physicists describe the world.

Because Jacki’'s math confidence was high and her calculus skills
rusty but still in place, she was able to stand back from the computa-
tions and contemplate the relation between physics and mathematics.
When one day, working two simultaneous equations, her professor
advised the class to try squaring both equations to eliminate one
variable, Jacki was fascinated that an algebraic manipulation would
“work” in physics. She knew that “vou ean’t nmderct snd this nhaeieal



world not knowing math,” but wondered more profoundly, “how
math is intrinsically related to the physical world.”

Her appetite for the overview was finally being satisfied, if only by
the questions that “distracted” her and by the narrative she was
constrocting, Toward the end of the course, she could chronicle her
OWIl Progress,

When we first did physics problems we ipnored certain
variables: friction, heat, and the pulleys over which cords
ran with masses on the ends. Problems with parts such as f
inclined planes were idealized to be smooth, frictionless, :
simple. As the semester progressed, woe gained the technical
means b quantify friction, how to take the rotation of a
pulley into account. Now we can study the effects of forces
in more detail. We can describe the decelerations of a bil-
liard Dall, for example, after it has been set in motion and
until it comes to rest. Things that used to be simple in our
problems are complex.

But why didn’t her professor “tell us this was how we would
progress? Why did he wait to the end?” One answer might be that, in
science, students cannot understand where they are headed until they
vet there, But the frustration for Jacki was real and made her, like Eric,
feel much like a child.

Inever really knew where we were heading or how much,
m the real scheme of things, we had alveady covered. Each
topic the protessor discusses feels like it's being pulled out
of a hat. So the general feeling | was left with was that
physics was endless, that there would always be one more
complex way of describing motion...[ was made to feel too
much like a najve child, whose parent tells me one small
thing at o time, making evervihing, scem cqually mysteri-
OIS,

I"art of this was the "ownership” issue that Eric had felt, too. Jacki liked
and admired her professor but felt she could not share in the “inti-
macy” of his relationship with physics.

He knows the whole picture, how to solve complicated
problems, even to talk philosophically about the problems
andd the tssues of physics. We have but a fraction of that
mtimacy. There are whole areas we know nothing about.
Wedon't even know these subtopics exist. That's how igno-
rant we are. His goal mav be to get us to understand physics
the way he does fbut] his method, inevitably, is that of a
gmdo-s;chnol teacher because we are like grade-school kids.

In contrast to her humanities classes, where

~vou're encouraged to think on your own. Sure, the profes-
sor gives vou background material and provides the details
vou will nieed Lo know to analyze the subject. But the ap-
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proach is what is being studied. You can disagree with vour
professor’s approach. And the moment you begin thinking
abott what the professor is saying, you're on vour way to
developing your own unique relationship to the material.
The way we think about physics is not an issue in class, We
don’t know enough. The best we can hope for i« learning
something about how the professor thinks about physics.

In the end, Jacki was not enthusiastic enough about physics to let it
change her life. She did agree to take the second haif of physics 111,
hoping it might rekindle that initial “spirit of adventure” she had
looked forward to in early fall. She felt, on balance, that physics was
presented as a “race to get control of a specialized knowledge,” and
that “this striving for mastery” made physics not the intellectual experi-
ence she had hoped it would be.

Michele

Michele Schoenfelt was a first-year graduate student in philosophy
when she agreed to audit 'hysics 111a. She had begun college with a
strong interest in science, but except for introductory astronomy, she
had taken none—this, despite the fact that in high school she had been
primarily a science student in the advanced math and science track at a
good, large public school. “Back then | took virtuallv no humanities
classes and all the science { could get my hands on,” she wrote in her
journal. This included one year of physics, two years of chemistry, and
two-and-a-half years of biology. She had mathematics through trigo-
nometry and was, beginning in her sophomore year, a lab assistant for
biology and chemistry. As she remembers, she did very well in her
science classes, enjoyed them immensely and even participated in the
Physics Olympics. Leaving high school, she fully expected to eam an
advanced degrec in “something like organic chemistry.”

What dissuaded Michele was a combination of events: a freshman's
reluctance to take classes that, as she remembers, “all started at 8 am,”
and a number of “discouraging experiences.”

One of my counselors had started out in biochemistry and
warned me that a lab was a very lonely place to work. The
introductory astronomy class which I had expected to Tove
turned out to be quite bad. It was a lab only in name. The
professor used the weekly hour of lab time to make us do
nothing but computations on paper. He had promised we
would be allowed to use the observatory; he never fived up
to that promise.

Instead, d uring her freshman year, she began a lifetime “love affair”
with philosaphy.



Like Jacki and the others, Michele was enthusiastic about the oppor-
tunity to take physical science for the first time. She brought to the
subject a true curiosity about the physical world and an expertise in
those branches of philosophy that would be particularly relevant to her
work as an observer: logic and epistemology. Like the others, she
attended classes, did homework assignments and took two of the four
hour exams that preceded the final. Then, instead of preparing for the
final, she polished up her journal and wrote for us a reflective essay on
her experience.

Unlike Jacki, Michele found the mathematics very difficult (she was
not as well prepared), and that it “intruded” on her search for mastery
of “concepts.” But the content was not as difficult for Michele as it was
"demanding:”

I spent more time doing physics than | did working on any
one of my graduate-level classes in philosophy. There was
alwavs homework, even on the day an exam was sched-
uled. Homework problems were supposed to take about 15
muinutes, but they usually required much more time. Re-
view sessions and exams were piled on top of class hours,
i.e. scheduled out of class time. You really have to be com-
mitted to a subject to be willing to devote that much time to
it, semester after semester.

She also experienced “discouragement” caused by failure to master the
next level of problems quickly and easily. But, as a philosopher, she
was able to reflect on the experience. Science, she noted, demands that
one not be discouraged by failure:

In solving problems you are expected to make many mis-
takes. By the time you climinate your mistakes you're off to
a different type of problem..This causes enthusiasm to
wane.

Like Eric, she was bothered by the lack of “creativity” demanded of her
and by what she thought was a requirement for excessive conformity.

Science demands that you do your work the way the in-
structor does. [t allows [at this stage] for precious little inter-
pretation. This is as it must be, but if you don’t like this, it
can be difficult to force yourself to conform.

But most of all, Michele fretted over the dominance of the quantitative.

My curiosity simply did not extend to the quantitative solu-
tion. T just didn’t care to figare out how much. | was more
interested in the “why” and the “how.” 1 wanted verbal
explanations with formulae and computations only as a
secondary aid. Becoming capable at problem solving was
not a major goal of mine. But it was the major goal of the
course,
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As a student and sometime teacher of philosophy, Michele was very
able to grasp what bothered Eric about the lack of “explanations.” She
found herself “obsessed,” as she put it, with gaining a “discursive
understanding” of a concept before using it. But she was more willing
than Eric to acknowledge that “sometimes you have to accept proce-
dures just because they work.” She began to appreciate that “under-
standing comes with practice,” but still found herself spending a lot of
time “banging her head against the wall.” Her phvsics course de-
manded more patience than she was very often able to deliver. More-
over, as Vicki was to conclude (see infra), the way the course was
taught did not play to her strengths.

Science demands that you work in an orderly fashion. If
you're accustomed {(as [ am) to solving problems by using
shorteuts and doing as much as possible on the calculator
without writing things down, you get into trouble..

Besides the demands made on students, Michele found a number of
things which “in combination” were alienating. She listed these as:

Too little time allotted to simply reading the text. This rein-
forces the message that doing problems is all that is called
for.

A course design that assumes that everyone in the class has
already decided to be a physicist and wants to be trained, not
educated, in the subject.

The absence of a “road map,” and the feeling that “curiosity
questions” have no place in class discussions.

Too easy exams in contrast to t0o hard homework. On
philosophy exams, Michelle noted, instructors expect their
students to do more than what they’ve done before, not less.

Contributing to her sense of frustration was the homework sched-
ule. Homework assigned at the beginning of one class was due at the
beginning of the next. As a result, she noted, there was no chance to ask
questions in class about the homework before turning it in. And after it
was turned in, little motive to ask questions about difficult problems or
to strive to understand them even if they were explained. Michele
thought a larger set of problems, given at the beginning of one class
and due two classes later, could have promoted greater class interac-
tion, and more effort expended on difficult problems.

Michele was acutely aware that physics required her to reverse her
usual method of learning. “Performance,” she wrote, “comes before
competence.” She understood that many concepts in science are best
grasped via manipulation and experimentation. But she found this
“performance first, competence later” sequence capable of paralyzing,
or at least considerably frustrating, certain students who would say, if
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they could articulate their problem, “1 can't use it unless [ understand
it, and you tell me I have to use it in order to understand it.”

Beyond her desire to learn concepts more “discursively,” Michele
did not find physics concepts particularly difficult to master compared
to abstract ideas in other fields. But she did offer some insights into
why some intelligent students may decide to leave science:

[f creative, innevative students are to be retained in greater
numbers, instructors are going to have to..give them more
of a sense that they are not just walking down the same
trodden path of problem after problem to solve. Students
need to know the goals, the structure, and the way science
and mathematics relate [so that thev can exercisel their
curiositv and critical thinking, powers.

Discussion

As the preceding amply demonstrates, [acki and Michele were quite
capable of grasping the scope and purpose of their physics course. But
this in no way reduced their impatience with the emphasis on problem
solving. As Michele put it, there were too many “how much” ques-
tions, not eneugh discussion of “how” or “why.” Individual problems
mtrigued and, on oceasion, even delighted all of our second tier stand-
ms, but only when they led to understanding and did not merely test
skills, For several ot our auditors, and as Tom Worthen would write in
his journal (see infra), the problems were of limited interest because
thev had “all been selved before.”? Only occasionally did these exer-
cises provide intellectual satisfaction; rarely were they a source of new
insight. Our auditors mastered physics problem solving as well as
most of their peers (with the exception of Vicki; see nifrn). But they
looked upon the effort, almost without exception, to be fraining at the
expense ot education in science; too many scales, not enough music.

For their professors on the other hand, proficiency at problem solving
s more thap a disembodied skill. [tis the essence of their subject and of
their pedagogy, the very core of the introductory course. Instructors in
physical science who teach beginners believe that problem solving con-
tributes to at least three of their teaching goals: 1) imparting the basics
of the subject (Newton’s laws, atomic and molecular theory, the peri-
odic table); 2) explaining how physicists or chemists make sense of
natural phenomena—-how they think and what they do; and, 3) pre-
paring students who continue in science for what lies ahead. To do all
of this most efficiently, they focus on the quantitative nature of the
concepts. So the concepts of foree, field, valence and oxidation states,

I"hysicist John Rigden of the American Institute of Phyvsics, quoted before, says that many
of the brightest phyvsics majors are bothered by this as well
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molarity and chemical equilibria are presented nol as “words” or
“ideas” not even as “explanations,” but rather as embedded in tech-
nigues.

This goes far to explain why our auditors perceived their courses to
be low on “concepts,” even on “theory,” and why they felt mired in
“facts.” (Jacki at one point called these “dry formulas” and “dull
reality.”} Michele came closest to speaking for all when she character-
ized herself as “not impressed” by the fact that something works (a
formula or a model) unless she was given, in addition, a “discursive
understanding of the idea.” Perhaps what we have herc is not so much
a disagreement about content as a problem of communication. The sec-
ond tier stand-ins felt that the “formulas came too fast.” They wanted
more time to wrap their own intelligence and intuition (their “creativ-
ity”) around exploratory questions; to be given the formula or the
explanation only later when they had exhausted their own tmagina-
tion; and to learn the appropriate technique as a meaiis toward solving
problems, not as an end in itself. As Tom noted, to take but one
example from chemistry (see infra), more attention was given to
Avogadro’s number (merely a conversion factor from atomic mass
units to grams) than to Avogadro’s insight! A typical complaint.

A difference between our stand-ins and many of their fellow stu-
dents was their skepticism about models. Eric had problems accepting
the idea that constrained motion has to be understood in terms of
forces. For a while Jacki regarded the law of conservation of energy as
“bogus.” Michele marveled that the physicist's model of reality could
be so “unreal.” That something works (a formula or a model) was not
sufficiently persuasive. Had their professors time for some history of
physics, they might have better understood why these models work.
Eric eventually became comfortable with the notion that any environ-
ment, including any constraint on an object in motion, has to be de-
scribed in terms of a set of forces. Jacki fina![y understood, profoundly,
that the law of conservation of energy is defined so as never fo fail.

Professors encourage these insights. Indeed, they reveal them to
students all the time. But they teach as if these ms]qhtq will emerge
naturally from the experience of setting up quantitative problems and
solving them, perhaps because this is the way thev were taught or
because this works for them. While for many students this is the way
understanding comes, for Eric, Jacki, and Michele it was patronizing
not to be told in advance where they were headed, or what they needed
to know to understand. That's why the experience conjured up for
Jacki the image of herself as a naive child whose parents tell her one
small thing at a time and keep the whole mysterious.

The challenge for the teacher of beginning physical science is to
teach techniques, along with the sophisticated concepts that underlie
the techniques, without either patronizing students or cheating them of
the creative and critical thinking that science also entails.
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