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Problem Solving in Introductory Physics:
Demons and Difficulties
by
Herbert S. Lin

Submitted to the Department of Physics in August, 1979, in partial fulfillment of
the requirements for the degree of the Sc.D

This thesis explores problem solving in the standard intrcductory physics course. It documents
many difficulties sfudents encounter with the logic of and approach to problem solving (as
opposed lo its content), produces abstracled descriplions of these difficulties, and identifies
some of the demons responsible for many of these difficulties. These difficulties are the result
of student inability to employ physicist-like reasoning approaches, and teacher inability to

recognize the subllety of many of their own assumptions.

My methodalogy is observational and descriplive. | observe and interview in detail small
numbers of students having difficulty in solving parlicular problems. In this way, I lose the
benefits of large camples, but | preserve the details of the important aspects of the data,
namely the cogmtive processes used to solve the problem,

Many of the difficulties | document seem closely related to a lack of acceplance of certain
values which physicists take for granted. These values include public objeclivity, prediction,
quantification, broad applicability, and the assumption that it is possible for a representation of
X to caplure the essential features of X, These values are not arbitrary or independent of
each other, but they can appear thal way to the student. In addition, physics uses certain
non-quantifative meta-principles which some students are also reluctant to accepl. These
include a distinct separation of system and environment and the notion of cause and effect.

The architecture of the human problem solver also imposes some restrictions on problem
solving performance. In particular, the limiled capacily of immediate-access memory and the
ase~umplion that the problem solver attempts to minimize the total mental effort employed at
any given moment help to explain many student difficulties.

This thesis describes two calegories of problem-solving difficulties. Understandine refers to
redescribing the problem in a useful manner, and interpreting the solution as it develops in
light of the specific problem and the theory underlying the solution. Generation refers to the
identification and formulation of relations useful in the problem’s solution employing the cues
given by the problem and the problem solver’s background knowledge.

Difficullies with understanding can be artifactual; these difficulties include use of poor notation
(e.g., use of the same symbol to denote similar but physically distinct quantities), inadequate



Abstract page 3

imagery (e.g., interpretation of static image on paper as indicative of time-independent physical
situation), and poor choices of coordinate systems. Alternatively, di'ficulties with
understanding can be of a more fundamental nature; these include confusion between functional
and numerica' equality, ambiguilies in the physicist’s use of calculus (e.g., dy/dx can mean the
derivative of y(x) with respect to x or the ratio of two infinitesmally small quantities dy and
dx), confusion hetween perceptual and representational spaces, and the literal interpretation of
idealized solutions. ) ’

Difficulties with generation can arise from student reluctance to accept the physicist’s criteria
for scientific argument, e.g., consistent, testable, deduclively based on general principles.
Instead, the student may employ correlational, redescriptive, or analogical argument.
Alternatively, difficulties with generation can arise from student inability to work within the
framework of scientific argument. The resulting problem-solving difficulties relate to the
selection of useful general relations, mathematical formulation of these relations, and
specification of the symbols in these relations in terms of the specific problem at hand (e.g.,
the inability to use coupled equations).

In addition, I discuss three other areas of difficulty which arise from the raw data themselves.
These include the risk which a student takes when he attempts to solve a problem, the use of
binary (rather than continuous) quantification, and the use of intuition.

The pedagogical implications of this thesis fall into two categories. One of my generai
suggestions is the orientation the introductory physics course more towards "socializing the
student into the community of physicists” by making explicit assumptions which teachers
usually take for granted, but which students do not. Some of my specific suggesiions include
-articulating explicitly a strategy for selecting useful equations and introducing the notion of
“state” much earlier in the introductory course.

" Suggestions for future work focus primarily on broad-brush explorations of learning and
problem-solving processes, rather than developing specific pedagogical strategies. These
might include examining the development of a beginning student as he becomes an expert
professicnal within some framework of radical conceplual or epistemological change, and
documenting the the views of lay people concerning scientific ways of knowing on the
assumption that beginning students are likely to be more similar to lay people than to experts.

Thesis Supervisor: Philip Morrison

Title: Institute Professor
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Graduate students are the adolescents of the academic world.

- H Lin
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In the beginning,.....

- Genesis

Preface

| first realized that there was something quite wrong with
university physics education in my sophomore year. | got stuck doing a problem,
and | went to my instructor for help. He said "Well, all you have to do is this!" and
all of a sudden, by magic, | was un-stuck, and | could do the problem. | then asked
hi;n "How did you know that that was what you were supposed to do?" His

response: "With experience, you learn these things.”

While this was of course hard to argue with, it was absolutely no
help for me the next time | got stuck. Further exploration revealed that most
professors couldn’t offer advice that was much better. When | decided that |
wanted to do research in physics education seriously, many people (including some
people whose opinion | value tremendously) tried to talk me out of it, saying that
the way to get taken seriously is to do first-rate research in standard areas,
thereby earning the respect of your peers for your views on educalion. However,
in talking to people who have followed this route, | have since found that people
will say "He made a name for himself doing real physics; now, he’s entitied to do

flaky things now.” People still don't listen, aénd don’t particularly care, even if you
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do make your name doing straight physics.

An unnamed professor told me the following story in order to
convince me that a certain physics department really did consider education an

importan! duty:

Once, this department denied tenure to a very, very good
researcher, but who couldn’t teach to save his life. Apparently, he was so bad
that no one ever wanted to take his courses, and students went out of their way

to avoid him.

This was the sense in which this department took teaching

seriously.

Several other factors make it hard to get respect for doing
education research. One is the fact that there is much education research that is
simply bad, and it gives the few good pieces or work a bad name by association.
The second is that education is a "soft” field, especially as viewed by physicists
who work wilhin the "hard” sciences. Consequently, everyone you meet is an
expert. Particularly dangerous are those people whose

mild-but-greater-than-average interest in education is enough to make them think
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they have genuine axpertise. Finally, the predominant attitude among many
(perhaps even the majority of) university physics teachers is that they care mostly

about the good students.

Still, P've paid my money, and I've made my choice. | am much
more concerned about the loser more than | am about the winner (who wil! learn
despite anything teachers can do to them), and | am resigned to encountering
skeplicism, lip-service, and even hostility to my work from many physicists. | can
only hope that the future will be as kind to me as the past has been, and continue

to put me in contact with the reagonable people who do exist.

Comments on this thesis are very welcome. If by some chance
someone is reading this thesis as a reference, | can be located through my parents

who live at 369 Edinboro Road, Staten Island, New York, New York, 10306.

The M.LT. thesis specifications guide says that | should include

some sort of biographical data, and so that follows below:
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S.B., Physics M.LT. received February 1973

Thesis title: "A Qualitative Look at the Physics of Water Waves”

Thesis Supervisor: Victor Weisskopf, Institute Professor
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One goal of an introductory physics course is to introduce a student‘to the analytic techniques
which characterize the formal structure of physics. Problem solving is one accepled domain in
which students come lo learn these techniques. This thesis focuses on the introductory level
because this level affects the largest number of students, and also because this level is
farthest removed from the professional’s level of expertise. This thesis documents student
difficulties in problem solving (concerning primarily logic rather than content), produces
abstracted descriptions of difficulties which seem to recur, and annotates these descriptions
from a nuinber of different perspectives (discussed in Chapter 4),

Chapter 2 - Previous Work . 40

Piagel 4]
Piagel <ets forth a view of intelligence and its development that is seminal for all of
developmental and cognitive psychology.

Karplus, McKinnon and Renner 47
Karplus has developed an analysis of current pedagogical materials in physics based on
Piagel’s theory of intellectual development. McKinnon and Renner have documented the fact
that large numbers of university students do not function at Piaget’s level of formal operations.

Kuhn 48
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Kuhn describes the process by which professional scientists adopt new paradigms.

Kahneman 51
Kahneman summarizes research which describes the human as an information processing
system limiled by memory capacity and/or channel capacity.

Perry 52

Perry documents the development of a college student’s epistemology from dualism to
multiplicity to relativism to commitment.

McDermott, Clement 53

McDermott and Clement study naive student preconceptions about the nature of the physical
universe.

Arons 855

Arons describes some of the reasoning skills expected of college students.

DiSessa 56

DiSrcaa has described a procedural epistemology of physics and its pedagogy.

Bloom and Broder 57
" Bloom and Broder study the cognitive processes of college students solving word problems.

Polya 58

Polya has described the heuristics employed by expert mathematicians.

Schoenfeld 59

Schoenfeld has con<lructed procedures (executable by advanced undergraduate students) for
expert-like application of Polya's heuristics.

Newell and Simon 61
Mewell and Simon have conducted extensive studies on human problem-solving, emphasizing
compuler models of behavior.

Wickelgren ' 62
Wickelgren atlempls to apply the heuristics of artificial intelligence and computer science to
teaching people lo solve problems more effectively.

Larkin ' 63
Larkin has extensively studied the problem-solving behavior of both beginning students and
experts (though she has emphasized the modeling of expert behavior), and the role of
algorithmic models in her work.
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Reif and Eylon - 65
~ Reif and Eylon study the relationship of the large-scale organization of knowledge to the
performance of various tasks of physics problem solving.

This thesis differs from the works discussed above in a number of significant ways. It is a
sludy in an area complex compared to pattern recogrition or memorization of nonsense
ayllable=. It studics problem solving behavior in a domain in which much background
knowledae is required. Ils goal is insight into (rather than prescription for) the
prohlem-zolving process of the weaker physics student.

Chapter 3 - Research Approach 69
Section 3.1 - Historical Perspective 69
3.1.1 - A Concern with Behavior 69

Beha iorism is an approach {o psychology which denies the utility of cognitive process
- it i concerned only with behavior. It was the dominant influence in American
pychology for many years, and still retains strong influence in such arenas as
unrrersity physics education: a student learns to solve physics problems by solving,
many physics problems.

3.1.2 - Process is Relevant 74
I lake the view that process is relevant, since only by modifying process can we make
additional improvement. Focus on reasoning (rather than on specific content) imphes a
certain dearee of domain independence. Nevertheless, difficulties in reasoning do
interact wath difficulties in content.

3.1.3 - Two Concerns for Process 78
A concern for process can ake two forms: deterministic (in wnich o' e tries to construct
a model from which behavior can be rigorously deduced from certain assumplions) and
drecriptive (in which one tries to describe coherently a sel of observations in a useful
manner).

3.1.4 - My Choice 8l
[ take a descriptive approach, because | do.not believe thal difficulties are

rule-governed, nor do | believe that deterministic models capture influences of affect
and context,
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Section 3.2 - Research Appraach 82
I examine in detail small numbers of self-confessed "weak” students, rather than large numbers
of "average” students superficially, in un-controlled (i.e., actual) teaching and learning
situations with the problems with which students actually have difficulty. | attempt to map

unexplored territory with a broad brush, picking out some (but not all) of the interesting
features of the terrain.

Chapter 4 - Background 91

The difficulties of Part I are related o student inability to employ physicist-like reasoning
approaches, and leacher inability to recognize the subtiety of many of their own assumptions,

Section 4.1 - The Values of Science 93
The physics we teach is based on certain philosophical values - public objectivity, prediction,
quantification, broad applicability, and the assumption thal it is possible for a repre<entation of
X 1o caplure the essential features of X. These values contrast sharply with what is required
in the everyday thinking of the lay person (and the beginning student).

Section 4.2 - Analytic Thought: On the Meta-Principles of Physics 104
Analytic thought is the individual consideration of separate and distinct aspects of a situation,
The meta-principles below are elements of analytic thought as applied to physics. By contrast,
non-analytic thought is diffuse and considers situations as undifferentiated wholes.
Non-analylic thought is often characleristic of the beginning student.

4.2.1 - Separation of System and Environment 104
4.2.2 - Cause and Effect 105
423 - Cause and Effect vs Divine Intervention 107
A.2.4 - Discussion and Examples 108
Section 4.3 - The Relations of Physics: a Classification 112

The relations of physics divide usefully into four categories: fundamental relations (i.e., the
fundamental principles of physics such as Maxwell’s equations), phenomenological relations (c.g.,
F = -kx), space-lime relations (which involve geometric and kinematic considerations), and
definitions (which establish a common vocabulary).

Secuion 4.4 - On Physics Problenss: States and Time Evolution 114
The mo«t general physics problem involves an inilial state evolving through time to some final
stale. In lhis section, ] examine three forms of time evolution (time-independent,
time-dependent, and steady-state), and two ways of specifying state (by time, and by value).
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Section 4.5 - The Architecture of the Human Problem Solver 118
For cetlain purpo-es, the human problem-solver can be modeled in information processing
terme. In particular, the distinction between long-lerm memory (with essentially unlimited
capacity hut slow access ltimes) and working memory (with very limited capacity but very rapid
accees limes) is central to many of the difficullies described later. | also make an assumplion
of minimal mental effort: the human problem solver attempts to minimize the number of items
held in working memory al one lime.

Part Il - Substance 132
A< a prieon atlenpts to solve a problem, he reads it and tries to understand its requirnments.
He gencrales a <olution by drawing on cues given by the problem and his background
knowledne, A« hie solution proceeds, he must understand it in light of the problem and his
backeround knowledge, and these two phases (generation and understanding) alternate. They
evhauat (thoush with «ome overlap) the aclivilies possible in problem solving, and therefore
pros e sood orpamzers for the difficulties presented in Chaplers 5-8.

Chapter 5 - Understanding 140

Underetanding refers generally to the problem and the solution at any instant of time; these
form a data-baze which grows as the solution progresses. This dala-base must be .
continuously interpreted.

Section 5.1 - Notation 141
5.1.1 - Contusion of Personal Notation 142
5.1.2 - Lack of Mnemonic Notation i15
Seclion 5.2 - Imagery 147
5.2.1 - Literal Interpretation of Schematic Drawing 149
5.2.2 - Conversion of Dynamic Problem to Static Problem 155
Section 5.3 - Extraction of information from Problem Statement 162

The text of a problem contains the problem-specific information necessary for solving the
problem. A student who fails 1o extract all relevant information from the problem statement
may be blocked from laking further action, or may supply his own (and incorrect) default
information in place of the missing information.
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Section 5.4 - Coordinate Systems . 167
A coordinate system provides a definite way of anchoring a physical situation to the space in
which is embedded. Students may be quite vague in their choice of coordinate system
orienlation, reference frame, or origin.

Section 5.5 - Functional and Numerical Equality 176
An equation can denote functional and/or numerical equality. Equations which express
functional equahity have at least six distinct interpretations: idenlity, meaning, causality,
constraint, global definition of symbols (vs operalional definition), local specification of symbols.

-

Section 5.6 - Calculus as Used in Physics 189

5.6.1 - Derivalives as Rales of Change and Ratios of Infinitesimals 189
A differential Ax can indicate a change in x from some initial value to some final value,
or a small bit of x.

5.6.2 - Ax as Change in x and as Infinitesimal Amount of x 194
dy/dx can indicale a command lo differentiate the function y(x) (e.g., a = dv/dl), or the
ratio of two differentially small quantities dy and dx (e.g., i = dQ/dt).

Section 5.7 - Perceptual and Representational Spaces 198
Ferceptual spaces are mapping from real-space onlto real-space drawings (though perhaps
distorted as a schematic might be). Representational spaces are mappings of non-spatial
quantities (pressure, electric field, time) onto real-space drawings. Students can confuse these
snaces,

Section 5.8 - Interpretation of Idealized Solutions 205
The mamiputalion of an idealized model results in idealized answers. A studert who does not
rcalize 1he connection between the model itself and the physical situation it represents may
interprel his idealized answers without regard for the approximations which are a part of the
model.

Section 5.9 - Identification of System States 210
The use of a concervation law requires the clear identification of initial and final states of a
system, Students may not clearly separate initial or final state from the irrelevant intermediate
states which constitute the process related to the problem.

Chapter 6 - Generation: Problem Solutions as Arguments 218




Table of Contents page 20

Physiciste have a cerlain notion of what it means to "understand™ a problem or a solution. This
notion imposes on the student solving standard physics problems certain criteria. However, a
student may not fully accep! these criteria.

Section 6.1 - Criteria for Argument 220
6.1.1 - Arguments Must Use An Appropriate Approach 220

6.1.2 - Arguments Must Use Only Known Information 223

" 6.1.3 - Arpuments Must Be Self-Consistent ‘ 224
6.1.4 - Arguments Must Be Empirically Testable 227

6.15 - Arguments Must Be General 230
Section 6.2 - What Problem-Solving Argument Is Not 236
6.2.1 - Correlative Argument 237

6.2.2 - Fedeacrniplive Argument 237

6.2.3 - Analogical Argument 239

62.4 - The Place of Pseudo-Argument 24l
Chapter 7 - Generating Quantitative Solutions 243

Generating a quanhitalive solution requires a number of different types of aclivity: selection of
appropriate gencral reiations, formulation of these relations in mathematical form, and defining
the <y mhbols in these relations in terms of the specific problem at hand.

Section 7.1 - Selectlion 244

Studenta hae different difficullies depending on the type of relation which must be selecled.

7.].1 - Fundamenlal Relations 245
Students are usually capable of identifying fundamental relations which apply to a
problem. They have difficulty in identifying relations which are useful in the solution of
thgt problem,

7.1.2 - Pelations of Geometric and Dynamic Constraint 251
Relations of constraint are often quite difficult for students to apply, because they are
not found explicitly in mathematical form in the statement of the problem -
.consequently, they are easy to overlook.
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7.1.3 - Delinitions 253
Definitions are also easy o overlook, because their function is to provide meaning for
parlicular terms. If a student believes he understands the meaning of a particular term,
it mav he <o familiar to him that he will not attempt to unpack it any further.

7.1.4 - Special Case Equations 256
Direct recall of special cases of various general relations can be quite useful if these
special cases occur frequently. However, their successful application requires that the
<tudent check to see that the conditions under which these special cases apply are in
fact present.

7.1.5 - Arbitrary Parameter Problems 258
Independently of the type of relation, students have great difficulty in making progress
on problems in which it is helpful or necessary to introduce an arbitrary parameter
which ultimately drops out of the equation.

Section 7.2 - Formulation 262
The mere <election of a relation as being relevant to a problem is not a guarantee that the
student can formulate it in mathematical terms.

7.2.1 - Difiiculties in Translation from Erglish to Equations 263
7.2.2 - Imprecision in Vocabulary 263
Section 7.3 - Local Symbol Specification 273

Local «ymbol specification is the process by which the information given in the problem is
mapped onlo the general relations previously identified and formulated. This step is the most
difticult for students, both by their own admission, and by my cbservation.

7.3.1 - Physical Quantities 279
Students can confuse additive (consisting of physically distinguishable components) and
non-addilive (lacking separable components) quantities. Often this confusion is rooted
in the lack of a clear separation of system and environment.

7.3.2 - Application of Relations to Different Aspects of Problem 287
Students can be unwilling or unable to apply same general relation to different aspects
of a problem, e.g., to another system, or in a different direction.

7.3.3 - Special Cases vs General Relalions 290
Sludents can inappropriately use a frequently occurring special case instead of a
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general relation.

7.3.4 - Inability to Isolate Cause-efiect Chain 294
Students may not recognize the need for construction of a causal chain.

7.3.5 - Maznitude of Quantity vs Quantity 298
Studenls may substitute the magnitude of a quantity for the quantity itself (which
includes magmitude and sign or direction).

7.3.6 - Variahlec, Constants, Equalions, and Ignorance 302
Student« may be unwilling to defer the resolution of ignorance. This deferment is
nrceasary for the use of coupled equations and even the use of symbolic variables.

Chapter 8 - Other Ideas 316
The idra- in Lhie <eclion arise directly from the data themselves.

Sectlion 8.1 - Cognitive Risk: Fear and Courage 317
A <tudent o ho attempts to solve a problem faces some risk. The manner in which he copes
with tiky «ituations <hapes his actions or lack thereof. A good problem solver uses the
conlent of the problem to guide his aclions, but he actively engages in transforning the
problem and his solution into more transparent forms. A poor problem solver is controlled by
the form of the problem, resulting in a very conservative and passive approach to the problem,

Section 8.2 - Binary Logic 323
Phy«ics uses a conlinuum of real (and imaginary) numbers lo make ils prediclions. However,
come <ludents appear lo operale using a two-val ied notion of quantity. One special case of
thie hinary logic is the distinction belween quantities which are zero and quantilies which are
not. Studernts often behave very differently whien confronted with a zero quantity - they
abandon procedures which they use effectively in other situations involving non-zero
quantilies.

Section 8.3 - Intuition . . 337
An intuitie prediction is one which is generated without the benefit of detailed analysis.
However, beginners believe that intuition is unreliable; experts put their faith in it. Intuition
requires a model of a physical situalion which separates essence from detail, and an organized
evperiential background with the phenomena in question. Frame thecry (from the field of

* artificial intelligence) provides one way of describing this organization.
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- Part Il - Conclusions 344

This thesis raices more questions than it answers; not surprisingly, since it is an exploratory
study. Parl [l makes some tentative recommendations for pedagogical practice, but more
importantly, outlines several paths which future work can take.

Chapter 9 - Pedagogy 346

The pedazogical implications of this thesis fall into lwo categories: global and specific.

Section 9.1 - Global Suggestions 348

~

9.1.1 - Sacializing and Teaching Physics Students to be Community Members 349
Problem <olutions are to the student as published papers are to the professional; both
present a distorted though necessary view of physics. Socialization is an important

part of the lraining of each.

9.1.2 - Teaching Methods of Problem-Solving Analysis Explicitly 358
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Notation of This Thesis

Footnote references are set off in curly brackets like this: {1}. Fcotnotes are
found at the end of each chapter.

Book and pap>r quotes are single space_d, indented, and printed in this font.
Sections are numbered as follows:
Section 3.7.2 is Chapter 3 .
Section 7 in Chapter 3
Sub-Section 2 in Section 7

Examples are labeled as follows:

Example 3.7.2.a is the first example of Section 3.7.2, example 3.7.2.b is
the second example of Section 3.7.2, and so on.

An example is set off from the body of the text by a row of asterisks (+++%%)
before and after the text of the example.

1. The statement of the problem or topic under discussion will be written in this font.
2. The dialogue between student and teacher (usually me) will use two fonts:
S: S(tudent) comments will appear in this font.

H: H(erb's or more generally, teacher's) comments will appear in this
font.

3. Discussion or commentary concerning this (and only this) example will follow or be
interspersed with the dialogue.
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" The longest journey begins with a single step.

- Lao-Tze

Part | - Preliminaries

Part | presents a great deal of background material necessary for
understanding the substantive material presented in Part II. It (Part I) is fairly long
as thesis introductions go, but this is due to the unconventional nature of this

thesis: things which might normally be taken for granted must be raised explicitly.

For example, previous relevant work is scattered over a variety
of disciplines: developmental psychology, philosophy of science, cognitive
psychology, arlificial intelligence, mathematics education, science education,
cognitive science, as well as physics. Chapter 2 presents a more than indicative

but less than exhaustive look at some of this work.

In addition, the methodology of this thesis (described in Chapter
3) differs from classical education research, in that this work is observationally
based (rather than experimentally based). It also focuses on process rather than

behavior, but does not result in a predictive model; rather, it attempts to describe
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- the underlying processes.

Chapter 4 provides a framework from which it is easier to
understand the difficulties in Part l. It explicitly discusses many assumptions
concerning philosophy and value which teachers often take for granted. It also
discusses certain salient characteristics of the formal structure of physics and of
the problems typically assigned by teachers of introductory physics. Finally, it
discusses one possible model of the human as problem sclver which is useful for

interpreting many of the difficulties presented in Part |l.

It is important to emphasize that though Chapter 4 often appears
to be cast in the spirit of cognitive psychology and the philosophy of science, its
function is to provide a vocabulary useful for discussing the difficulties of Part Ii.

It is in no sense a fundamental theory of beginners solving physics problems.
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"In order to get from here to there, you better know where ’here’ is before you
start!

- unknown

Chapter 1 - Introduction

This thesis presents a study in physics education - its purpose is
not so much to contribute to the understanding of physics as to the understanding

of physicists, as teachers and as students.

Most contributions to the improvement of physics education
concern "getling the story straight”; these contributions include:
- elimination of unnecessary mathematical complexity
- alternative and/or simplified derivations of physical resulls

- relations between physics and other fields (biology, engineering) and areas
of current interest (energy, environment)

- increasing the readability of the material by using more words in a more
informal, colloquial manner

- introduction of new labs .

Examples of the preceding would include the majority of articles

in the American Journal of Physics {1}, the Berkeley Introductory Physics Series,
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- the M.LT. "Physics: a New Introductory Course” series, and the Feynman Lectures.

These innovations concern primarily the transmission of
knowledge, by the teacher, to the student; as such, these innovations are
teacher-centered. By contrast, this thesis focuses primarily on the reception of

knowledge, by the student; as such, it is student-centered.

More specifically, this thesis is primarily concerned with how
beginning students solve the problems typically assigned by teachers of
introductory physics. My ultimate objective is, of course, to make substantial

. improvements to the manner in which teachers approach university physics
education. A necessary first step is to analyze in detail the triad of students,
teachers, and educational contexts as it actually functions. Only after completing
this analysis might it be possible to suggest‘ better ways. It may be the case that
better ways do not exist; however, this is not necessarily true, and there will

surely be no better way if no one attempts the analysis.

This thesis documents a wide range of difficulties which students
encounter in solving introductory physics problems {2}. The demons responsible

for these difficulties constitute a pseudo-theoretical framework with which insight
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" into these difficulties can be gained.

To set the stage for this work, | will first discuss in general terms
the nature of the problem under consideration. This in turn requires a discussion
of goals, and the reasons behind my selection of problem-solving as an appropriate
domain of inquiry. | will end with a comment concerning the audiences to which

this work is directed.

What is the primary goal of introductory physics courses designed
for students who will continue to more advanced work? A quite general response
_ would be that an introductory physics course should teach the student two kinds
of things. It should teach students some specific content (e.g., Newtonian
mechanics or classical electricity and magnetism), and it should teach methods of
analysis and a feeling for the power of physics in a broad context. Indeed, it is
the latter that many physics teachers would consider the most important. For
exampie, Halliday and Resnick (1977) write that

"The ... examples [of the chapier on Newton’s laws] illustrate the method of analysis
used in applying Newton's laws of motion. Each body is trealed as if it were a [point]
parlicle... Strings ... have negligible mass. Although some of the situations picked for
analysis may seem simple and arlificial, they are the prototypes for many interesting
real situations; but, more importantly, the method of analysis - which is the chief thing

to understand - [emphasis mine] is applicable to all the modern and sophisticated
situations of classical mechanics.
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Thus, it is in the introductory course that the student must begin
to adopt new procedures and ways of thinking if he is to become a scientific
professional. Those whe fail to make the transition usually drop out by the end of

the introductory course.

The specific implementation of this goal is subject to far more
debate. My own position is that an introductory course should introduce the
student to the kind of logical argument and abstraction that characterizes the
formal structure of physics. This has the following consequences:

1. The right answer to a problem is not enough. The route to the answer
must be arliculated within the framework of a community-accepted
formalism such as Newtonian mechanics or classical electricity and
magnetism. An answer like "Current is similar to water flowing in pipes”
isn't enough. Such a statement is quite useful in understanding the
formalism, but | would insist on a reference to a conservation law, e.g,,
"What goes in must come out, or else it would accumulate.”

2. Simple reference to the words of physics is insufficient. The student
must be able to arliculate the formalism in his own words, giving precise
direclions for its use, as he might program a computer. Otherwise, the
formalism is incoherent and too vague to be of any concrete use.

3. Everyday intuition and common sense and gut feeling are also not
sufficient: these are generally vague, fuzzy and often misleading. By
contrast, students should develop a trained intuition, one that arises from
full acceptance of and belief in the accepted formalisms of, say, classical
physics. . “Common sense thinking” should be part of an introductory physics
course only to the extent that it can be formulated in terms of the formalism
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under study, or that it assists the development of the formalism. By itself, it
is too diffuse to provide a foundation on which to build a physics course.

4. Vague and fuzzy thinking is at the heart of most difficulties of beginning
students. Therefore, a physics course should seek to replace the vague and
fuzzy thinking with unambiguous arliculation as soon as possible. Indeed, the
esscnlial difference between the working professional and the lay person is
precisely the professional’s command of a general theory, a formalism which
can be applied to physical problems to draw conclusions and make
predictions in which the professional community can have some confidence.

As a result of these four items, | am concerned with what a
student does when he tries to function according to the rules that the world of the
physicist imposes on the student’s behavior. At the introductory course level, this
world requires proficiency in two general areas:

a. Problems of the form "Here is a physical situalion, presented with certain
knowns. Something happens. Calculate something of physical interest
associated with what happens or the beginning or the end states." Such a
problem typically gives exactly the data needed to solve it, and is rarely
solubie without the application of some (possibly quite simple) mathernatical
formulas. These problems are most easily and reliably solved through the
application of general physical principles.

b. Explanations and discussions of general principles or specific results. For
example, a student might be required to answer a question regarding the
restriclions on the use of a certain equation or principle, or one which asks
"Why might you have expected this result?” or "Explain this principle
qualitatively in words." or "Solve this problem by using limiting cases.”

These areas (characteristic of introductory physics courses)

involve the general theme of theory application. Of course, the scientific
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- professional requires more than a'pplication The creation of theories (and
experiments), the formulation of reasonable questions, and the reduction of
complex and ill-definad problems and situations to tractable forms are some of the
other requirements, and these are not usually addressed by the introductory

course.

Nevertheless, | have chosen to take the perspective that the
standard introductory physics course takes, namely that problem solving ability is
essentially the same as understanding physics. | am personally not convinced that
this is necessarily the case, but this assumption does allow at ieast some initial
. si_)aring of assun'wptions. [} will return to this point in Chapter 9 (Pedagogy) and
aréue that fewer examples of problem solving and more emphasis on
“understanding” will improve even problem solving ability.] Also, there is a
substantial body of work which concerns the detailed analysis of expert and novice
solutions to standard physics problems. By contrast, creativity analyses exist only
for seminal figures in the sciences (e.g, Holton (1973) on Einstein and others,
Gruber (1974) on Darwin), and these people are hardly typical of the average

struggling student.

| have directed my efforts at the difficulties encountered by
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“students at the introductory level for two reasons:
a. It is at the introductory level that physics teachers come in contact with
the largest number of students. This has the consequence that
improvements at the introductory level affect the largest number of
students. Furthermore, introductory level courses consume the greatest
fraction of departmental teaching resources of all courses. Consequently,
any pedagogical improvement at this level increases effectiveness more
substantially.
b. The introductory level is also the level farthest removed from the
professional’s level of expertise. Consequently, il is often difficull for the
professional to recall or identify with the diversity of naive and semi-naive
responses to various problems, problems which the professional, through
years of training, has learned to see transparently.
This thesis is primarily concerned with difficulties in the logic of
problem-solving (how students solve problems), rather than its contenl (what
" these problems are about). However, it is impossibie to consider problem-solving
in the abstract: the logic of probiem solving necessarily interacts with the content
of problem solving. Still, the difficulties with which | am concerned are somewhat

more subject-independent than those implied by a naive student’s preconceptions

and intuitions regarding nature and the physical world.

This thesis has three separate but related componénls. Part |
(especially Chapter 4) introduces concepts and vocabulary which make it easier to

discuss the difficuilies of Part Ul Part Il presents many examples of student
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~ difficulties, and comments on these from the perspectives outlined in Chapter 4.
However, these difficulties are not logical consequences of Chapter 4, but in light
of its contents, these difficulties are easier io understand. Part lll makes a variety
of pedagogical suggestions and raises some Jquestions for teachers to think about,
but once again, these suggestions and questions are not logical consequences of
Parts | and Ii; rather, they are ideas which have evolved rather. empirically in light

of the ideas and experiences discussed in Parts | and Il.

This particular study is motivated by the observation that
students of introductory physics encounter similar difficulties year after year.
Inexperienced teachers are often at somewhat of a disadvantage, compared to
experienced ones, because they have not encountered these difficulties since their
own days as beginning students. Thus, they are forced to formulate their own
insights about the teaching/learning procesc on the fly - while actually interacting

with students - usually without help from more experienced teachers.

The framework | develop should be useful to both students and
teachers. Mosl' importantly, | hopé it is useful as a consciousness-raising and
thought-provoking device which leads teachers to question the assumptions

inherent in their pedagogical aétivities. A teacher might also be able to identify
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- specific difficulties which individual students demonstrate, perhaps in their written
work bul more often in working problems in the teacher’s presence - forewarned
is forearmed. In addition, he might be able to build profiles of individual students
over many problems (identifying recurrent difficulties) or of classes over one
problem (identifying common difficulties). Students might benefit from an explicit
awareress of some of the kinds of errors their peers make. Also, a student might

be able to check his own work for some common errors.

This study is in no way exhaustive or logically rigorous. It is an
exploratory study in "educational engineering” rather than an experiment in
"cognitive science” - it covers a substantial but limited domain, rests fundamentally
on observation rather than theoretical constructs, and probes the underlying
processes only to the extent necessary to direct pedagogical praclices which are
aimed at enabling the student to ;olve specific problems. Furthermore, it focuses

on a student’s actual behavior under classroom circumstances, rather than what he

might be capable of doing in prinéiple.

More generally, the methodology of this study departs from
conventional practice in a number of ways, and Chapter 3 discusses methodological

issues in a much more detailed manner. Chapter 2, immediately following,
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" discusses previous work related to this study.

Notes

1. Taylor (1979) has pointed out that at least 95% of the articles in the American
Journal of Physics (an archival journal of physics education) fall into these
categories. Only 27 might be considered "education research.”-

2. The word "problem” might be used in two ways. It can mean either the
text-and-picture statement which appears at the end of each chapter of most
physics books, or it can mean the hardships that students encounter when they try
to process these text statements. In this thesis, "problem"” will be used with the
first meaning, while “difficulty” will imply the second meaning.
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“ No man is an island.

- J. Donne

Chapter 2 - Previous Work

This thesis differs in both style and content from most etforts in
physics education. More specifically, most research physicists are professionally
uninterested in pedagogical issues, and most philosophers, psychologists, and
teachers lack sufficient familiarity with and insight into physics to generate findings
of interest and utility to the teaching physicist. By bringing to bear an (I hope)
adequate though non-specialized background in all these areas, | hope to shed new
Iiéhl on one aspect of the pedagogy of physics: the behavior of beginning students

in solving physics problems.

in this specific area, not much has been done; this thesis
documents an exploratory study. However, some previcus work certainly bears a
strong relation to the ideas contained in this thesis; this chapter discusses a

substantial fraction of this work.
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The most significant figure in the history of recent cognitive and
developmental psychology is Piaget. Starting from a data-base of clinical
observation of his own children, he has developed a theory of intellectual
maturation which underlies the work of a great number of cognitive and

developmental psychologists {i}.

Piaget’s theory consists of a few principles which constrain
intellectual development, and a description of the qualitatively different stagejs of
thought through which children progress as they mature intellectually. He assumes
that two basic functions regulate the developmental process: organization and
adaptation. Organization refers to an individual’s (assumed) tendency to organize
mental structures or behavioral patterns (orv more generally, cognitive structures)
into coherent, consistent systems. One such example migh! be the realization that
a smiling face and a frowning face may in fact be two different aspects of the

same face.

Adaptation refers to two complementary processes: assimilation
and accommodation. Assimilation is the process by which the individual

understands the external environment in terms of already-existing psychological
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- structures. Accommodation is the process by which existing psychological
structures are modified in order to handle more efficiently (e.g. faster, more
consistently) inputs from the external environment. Accommodation is what we

normally call learning.

Piaget characterizes the increasing sophistication of cognitive
structure in terms of the range of application, stability, and spatial and temporal
mobility. Thus, a highly sophisticated structure would be quite broadly applicable,
quite adaptable to new domains of applicability through modification (not
destruction) of existing struclures, and able to deal with events quite

well-separated in space and time.

Intellectual development occurs when the child, at first using a
variely of cognitive structures inadequate for successful adaptation, resolves the
conflicts which arise from the use of different structures. The result is an
integration of these structures into a more sophisticated one, which allows him to

deal with a varjety of new and different situations.

In addition to these developmental principles, Piaget oullines a

sequence of four stages in the intellectual development of the child: sensori-motor,
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" pre-operational, concrete-operational, and formal-operational. He emphasizes that
these stages form an invariant sequence, but not that these stages emerge at any
fixed age. He further emphasizes that these stages describe the maximally

sophisticated behavior of which the individual is capable while in any given stage,

and not his usual or "average” level of cognitive functioning.
In the sensori-motor stage, the infant lays the groundwork for all
future intellectual development. More specifically, the infant develops the

following notions: (a) permanent object - the child gradually learns to separate

reality from immediate perception. Thus, he begins to realize that the object
remains the same even though many visual changes may have taken place. (b)
prediction - the child begins to deliberate and predict before performing an action,

rather than finding his way by trial and error. (c) purposive behavior - the child’s

actions are first governed entirely by chance. He slowly learns to create and
sequence new behavior with deliberate ends in mind. (d) relations - the child
acquires primitive relational notions: intensity (loud vs soft noises), quantity (more
vs fewer syllables in a spoken word), sequence (e.g., he must move the obstacle in
front of the block before he can reach the block), and spatial relation (objects

have definite locations even when invisible).
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In the pre-operational stage, the child begihs to use mental
symbols to represent real objects and events, but is unable to perform mental
operations on them. He does not ask why any particular method of solution to a
problem succeeds or fails; corrective action takes the form of trial and error
feedback, rather than planned, deliberate corrections. His reasoning is primitive in
that he cannot separaté his own desires and actions from the conclusions he draws.

Alternatively, it may be based entirely on memory.

In addition to developing further the notions of the sensori-motor
stage, other ideas begin to develop. These include: (a) classification - the child
learns lo group objects using consistent rules and defining properties for
classification. He also learns to construct hierarchical orderings. (b) imagery - the
child learns to handle static images, but he cannot properly represent movements
or physical transformations of an object. (c) language - the child begins to use
~ words to stand for physically absent events or things, but his use of these words
does not correspond to adult usage of the same words. He will use use pronouns
and demonstrative adjectives (it, he, she, this, that) without specifying their
referents. He will incorrectly sequence events in relating a story, or emit causal

relations.
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In the concrete-operational stage, the child is for the first time |
able to carry out operations on symbols. He begins to focus on transformations
and processes, rather than states. He is able to coordinate many aspects of a
situation with each other and relate them to each other; consequently, he can
identify inconsistencies. However, he is ablé to perform these operations only on

constructs which reflect tangible objects.

In general, the concrete-operational stage is characterized by the
psychological dominance of concrete objects, and increasing awareness of his own
thought processes. These general tendencies result in the refinement of notions
first acquired in the pre-operational stage. For example, he is quite capable of
describing an event accurately, but he ascribes primary importance to the given
facts, as opposed to any process that might be involved in the problem’s solution.
He learns to use conservation reasoning: if nothing is added or subtracted, the
total amount or number is unchanged. He can now correctly represent kinematic

processes. He learns to predict, but these predictions are restricted to simple

extensions of familiar procedures.

In the formal-operational stage, the child (now in fact a young

adult), is able to perform operations on mental constructs with no perceptual
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~counterpart. While the concrete-operational stage involves relations between
objects, formal operations include relations between relations; the individual
learns to handle propositions as he does objects. He learns to coordinate
operations in addition to the empirical aspects of a situation. Mental actions (logic)
begin to operale on verbal statements (propositions) in the way that concrete
operations operate on objects. He can create "new facts” as a resull of
applications of deductive logic, which serve him on equal footing as does given
information. He can systematically conceive of all possibilities before attempling a
solution to a problem. Consequently, he can design controlled experiments, holding
all but one variable constant. He can make idealizations. He can look at a problem
from many different points of view, and thereby find inconsistencies in his

reasoning.

The shift away from perceptual reality gives the individual a much
wider range of possibilifies for actions. This leads to a propositional logic which
arises from his ability to substitute propositions for concrete objects or events.
Where before he made statements about individual objects, he now makes them
about classes of objects. His use of propositional logic e.iables him to use

functional relationships and construct new facts which have a truth value equal to

that of the given information. As a result, he can perform thought experiments
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- now that the deductive necessity (arising from propositional logic) is available to

him.

Piaget’s work is seminal in the history of cognitive and
developmental psychology, but different people have different reasons for
believing this. Some argue that his theory is a good representation of the
inteliectual development of children as they mature. Others (myself included)
argue that the real significance of Piagel’s work is not his particular theory, but
that he is the first to introduce in a respectable manner notions of developmental
sequence and qualitative differences in thought. In addition, | believe that his
emphasis on action and maripulation as the precursor to opéralional thought is

quite significant.

Much recent literature explores the application of Piaget’s
concrete- and formal-operational stages to the learning of physics. For example,
Karplus (1977) describes an application of Piaget’s theory of intellectual
development to the design of an introductory college physics curriculum. In
particular, Karplus cites research (cf., McKinnon and Renner (1971)) which argues
that substantial numbers of coliege students do not function at the level of

Piaget’s formal operations; instead, they are concrete-operational. Karplus also
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* points out that many introductory texts are written assuming a reader who uses
formal operations. Finally, he argues that it is possible to encourage the
equilibration process (thereby promoting intellectual development), by asking

questions which involve the resolution of apparent paradoxes.

Karplus’ work is similar to that reported in this thesis in that both
attempt to deal with the general reasoning slralégies necessary for Iearniné |
physics. It is diffcrent in that my analysis is data-driven, and consequently is very
demain-specific. By contrast, Karplus' analysis is theory-driven, and is relatively
domain-independent, though the examples he offers do relate to physics.

‘-

The scierce educalion of students by teachers is comparable to
the manner in which professional scientists try to understand the world; one might
argue thal the history of science reflects the conceptual difiiculties encountered
by individual students as they make the transition from beginner to expert. Kuhn
(1970) focuses attention on the nature of scientific progress when he describes
the radical shifts which occur in scientific progress as the new displaces the oid. It
is important to recognize the magnitude of these shifts because they are quite
similar in magnitude to the shifts which beginning studenis must experience if they

are to become scientific professionals.
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Central to Kuhn’s description of scientific progress is the notion
of a paradigm which governs the scientific community’s practice. A paradigm
includes:

- symbolic generalizations, which the community uses without question.
These generalizations can be cast in forms like (x)(y)(2)f(x,y,2), and they
allow the community to employ the powerful techniques of logical and
mathematical manipulation.

- beliefs in particular models, which help to determine what will be accepted
as an explanation or a solution.

- values concerning prediction (e.g, accurate, quantitative) and theories
(e.g., simple, celf-consistent, plausible, compatible with other theories in
current use).

- exemplars, which are the concrete problem solutions that students
encounter from the start of their scientific education.

Radical shifts occur only when the scientific community must
choose between competing paradigms. Kuhn argues that the choice between
competing paradigms is a choice between incompatible modes of "scientific
thinking". Consequently, the proponents of competing paradigms will often

disagree aboul the list of problems that any'candidate for paradigm must resolve,

and what constitutes legitimate solution.

Kuhn further argues that the difficulty in making radical shifts is
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" thal debates over paradigm choice cannot be cast in an entirely logical form. In a
logical debate, both sides start from the same premises and rules of inference. i
disagreements arise, each side can retrace its steps one by one, checking each
against the original premises. At the end of this process, one side must concede
he has made a mistake having violated one of the premises. After this concession,
he has no recourse, and his opponent’s proof is compelling. 'However, if the two
discover that they differ about the meaning or épplication of the premises, then
there is no logical route to resolution. Reasons for theory choice (e.g., simplicity,
accuracy) function as values, and these can be applied differently by people who

espouse the same values.

Consequently, Kuhn érgues that often scientists do not make the
shift successfully. He quo'tes Planck’s comment to the effect that "a new scientific
truth does not triumph by convincing its opponents and making them see the light,
but rather because its opponents eventually die, and a new generation grows up

that is familiar with it."

The accuracy of this view is open to debate - there are indeed
historical precedents for paradigm choice on the basis of experimental data. Kuhn

himself quotes two examples (the correct prediction of the phases of Venus, and
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" the existence of Poisson’s spot {2}), but nevertheless argues that such examples

are neither individually nor collectively compelling.

I will not judge Kuhn’s view of scientific progress. However, it
appears to me that whatever its flaws or merits in a discussion concerning the
history of science, his scheme does describe quite well the conceptual and
epistemological shifts that beginning students must undergo in their first encounter
with physics. Many of the difficulties | will document can be traced back to a
sharp difference in values - an essential component of any paradigm. Indeed, |
hope to demonstrate that these difficulties are not remediated by data or logic

. alone, just as paradigm choices cannot be made only on the basis of logic or

experiment.

Kahneman (1973) reviews a variety of work in the area of
attention as related to performance. He focuses on aspects of attention which are
intensive (associated with mental effort) and those which are selective (associated
with the allocation of mental effort). He contrasts two models of attention: a
bottieneck model, in which total cognitive activity is restricted because parallel
processing is assumed to be impossible (i.e., a person can focus on only one thing

at a lime), and a capacity model, in which limited capacity of effort can be
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" allocated at will to vaiious activities.

He further suggests that the intensity of effort on any given task
is primarily determined by the intrinsic demands of that task. However, he points
out that empirically, allocation of effort is more flexible than expected according to
& bottleneck model, but more constrained than expected according to the

assumption of arbitrary allocation.

Kahneman's literature review is quite useful for gaining
perspective. but its specific application to the work of this thesis is limited by its
focus on low-level tasks (e.g., mental arithmetic, recall of nonsense syllables,
pattern recognition). Still, its focus on capacity as a limiting factor is a very

important part of my ad hoc description of the architecture of the human problem

solver in Chapter 4.

Perry (1970) documents a multi-year study which traces the
epistemological development of students as they attend college. He finds the
following general pattern of growth. The student begins with a dualistic
epistemology; he divides the world into right and wrong, black and white; his

knowledge derives from the word of Authority. As a result of social influences, he
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" discovers the existence of other points of view. He thus grows from dualism into
multiplicity, in which everyone has an equal right to his opinion, be it examined or
unexamined, because opinicn is completely arbitrary. The next stage is relativism,
in which the student begins to wonder if anything is worthy of belief. The final
stage is commitment to a particular point of view, with the full know!edge that
equally valid alternatives exist; the student’s knowledge now derives from a
reasoned but personal commitment, rather than external authority. Perry’s work
relates to this thesis in two ways: he outlines a sound methodology for verification
of a theory based inherently' on "soft"” data, and he provides evidence for

substantial intellectual growth and maturation even aiter adolescence.

McDermott (1979) examines in detail conceptual difficulties that
students have regarding various kinematic notions. For example, she confronts
students with a demonstration in which two balls roll along aluminum tracks. One
ball travels with uniform velocity from left to right along a horizontal track. A
second ball starts from the left with an initial velocity greater than that of the first
ball. The second ball travels up a gentle incline, slowing down and eventually
_coming to rest. A movie would show that the balls passed each other twice and
had the same instantaneous velocity at an intermediate time. Students observed

this demonstration several times, and they were asked "Do these balls ever have
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" the same speed”” A substantial number said "Yes, when the balls pass each
other.” On this and other tasks, she finds confusion between velocity and
acceleration, velocity and position, and acceleration as change in velocity per unit
time vs change in velacity per unit distance. Further, she finds these conceptions

remarkably resistant to formal instruction.

Clement (1977a) examines naive conceplions of force and its
relation to motion, and documents the following phenomena:
- constant velocity implies the presence of a force
- the direction of motion is always the direction of the force
- force comes from motion
- momenium is proportional to force
- forces come only from active sources of power
McDermott (1979) and Clement (1977a) probe the student’s
qualitative and intuitive knowledge of the physical world. As such, they are
concerned with the content of physics, rather than its problem-solving structure.

By contrast, | examine my subjects as they grapple with highly quantitative

problems involving many steps of analysis.

Clement (1977b) also discusses what it means to "understand

physics”. He argues that "understanding” requires the existence of links between
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" four different types of knowledge: practical knowledge (observation, experience,
actions), qualitative physical knowledge (models which include only causal relations
and function), concrete mathematical models (quantitative representations such as
counting, graphing), and symbolic manipulations (written calculations, equations).
However, this analysis of understanding involves the expert’s perspective, and it

does not document student difficulties with these various types of knowledge.

Arons (1979) describes some of the reasoning skills expected of
the college student. He includes the follc;wing: arithmetic reasoning, identification
and control of variables, command of propositional logic, paraphrasing of text in
one’s own words, awareness of gaps in knowledge, discriminating between
observation and inference, use of operational definitions, and translating between
words and symbols. Arons (1976) also describes an introductory physical science
course which attempts to promote these reasoning skills by giving students

manipulative- activities in which these skills can develop.

Arons’ description of these skills seems accurate. However, they
are not prescriptive; they provide labels to which we as teachers can provide
meaning, but they leave much in tacit form. Still, they might have provided

reasonable organizers for the difficulties described in Part |l if they had been
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~ specifically oriented towards physics.

DiSessa (1979a) stresses the importance of the non-formal,
non-deductive kinds of knowledge that experts employ in their professional lives.
He argues that the process of science is not deductive, but rather heuristic,
analogical, model-based, and open-ended. He stresses the importance of matches
between curriculum content and the student’s intuition, arguing that the standard
deductive treatment is not simple from a sludent’;s point of view. Instead, he
offers a view of education in which we teach not "science” but rather "what
scienlists do", emphasizing procedure more and facts less, and teaching facts with
connectives to procedure; in short, we should be able to answer the student who
asks "Now that | know that, what do I do next?" Finally, he argues that multiple
representalions of the "same" knowledge are an essential component of these
conneclives. DiSessa approaches the general question of pedagogy with a very
different set of assumptions regarding the goals of an introductory physics course.
In particular, he would not consider the solution of standard physics problems a
worthwhile goal (personal communication, 1979). Thus, while | believe that he
addresses some very important matters which have relevance even for

problem-solving, we do not focus on the same ones.
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Bloom and Broder (1950) study college students solving problems
similar to those on Scholastic Aptitude and Achievement Tests, and document many
cf their difficulties. They generate a checklist which includes the following items
(somewhat paraphrased):

- does nol read directions to problem

- forgets directions .

- does not translate abstract forms into more familiar terms
- does not use criteria which the solution must match

- ignores unfamiliar terms

- answers on the basis of "feelings” about the answer

- does not break a problem up into parts

- does no! plan a solution

- tries to remember the answer to a similar problem

- does not follow an inferential chain to its end

To my knowledge, this is the first work on problem-solving which
looks in detail at the performance of unskilled problem solvers. The checklist
items are not sufficiently detailed to offer remedies for a student who exhibits
such behavior; nevertheless, they do provide labels for central points of reference
which can be further elaborated to provide such remedies. This thesis contains
similar items, and it suffers from the same weakness. However, the main
difference between these two pieces of work is that the problems with which

Bloom and Broder are concerned are not primarily science-oriented. Even when

they are, they are not usually problems which involve both mathematical analysis
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“and extensive background knowledge.

Polya (1945) describes the heuristics which expert
mathemalicians employ when they solve problems. He groups these heuristics into
four general areas:

Understanding the Problem: What is the unknown? What is the given data?
What is the condition? Is it possible to satisfy the condition? Is the
condilion enough to determine the unknown? Or is it redundant or
contradictory? Can lhe condition be separated into parts?

Devising a Plan: Can you reformulate the problem? Have you solved similar
problems before? How are they similar? Can you introduce an auxiliary
element which facilitates the solution? Did you use all the data? Can you
derive something useful from the data? Have you used all essential notions
in the problem?

Carrying out the Plan: Doing what planning said you should do.

Looking Back: Checking the result, checking each step. Can you see clearly
that each step is correct? Can you prove it is correct? Can you derive the
result differently? Can you see it at a glance?

This work is the work that launched the modern study of
heuristics. It is carried further in Polya (1954a, 1954b). However, his work

sulfers from the fact that it is not prescriptive; hence, as a guide to students, it is

not very useful.
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Schoenfeld (1979) has attempted te carry Polya’s work one step
further, by constructing procedures which will allow a student to choose an
appropriate heuristic. He notices that few people responsible for training students
in mathematical problem-solving at the college level actually use Polya’s work as a
foundation for their instruction in problem-solving. People apparently enjoy
reading Polya’s work, but they do not solve problems more efficiently as a result,

nor do they feel they have a greater number of useful problem solving techniques.

Schoenfeld observes that for the inexperienced problem-solver,
generating actual methods of approaching a problem from the heuristic is not
trivial. Usually, the statement of a heuristic is quite broad and contains few clues
as to how one actually goes about using it. It is not, in itself, nearly precise
enough to allow for unambiguous interpretation. However, for the expert, it does

serve as a label attached to a closely related family of specific strategies.

Within this framework, Schoenfeld outlines three necessary
conditions for the successful application of heuristics to problems:
a. 8 general understanding of what it means to apply a heuristic

b. sufficient grasp of the subject matter to understand the problem.
c. realization that the heuristic does in fact apply.
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Schoenfeld points out that condition (c) is the most neglected
aspact of teaching heuristic-based problem-solving. He therefore outlines a
"managerial strategy"” for the selection of heuristics which includes the followir.g
phases:
a. Analysis, which begins with reading the problem and ends with a good
representation of the problem and an identification of the problem’s
mathematical context. Heuristics for analysis include drawing diagrams,

examining special cases, and simplifying the problem.

b. Design, which keeps track of alternatives, and allocates problem-solving
resources.

c. Exploration, which actually selects the heuristics to be used in the

problem. This inciudes the consideration of essentially equivalent problems,

slightly modified problems, or extensively modified problems.

d. Implementation, which actually dces the calculations.

e. Verification, which checks in a variety of ways to see that the solution

rakes sense.

| find Schoenfeld’s work quite compelling, because | believe that

he does in fact touch the heart of the problem. | also believe that some of his
work has definile pedagogical application in the introductory physics class.
However, in general, he assumes subject material competence, and this is not

something | can assume with the students with whom | am concerned. Furthermore,

our i(nowledge bases are different.
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Newell and Simon (1972) take a different approach to the study
of human problem solving. They model the human problem solver as an information
processor, and they identify certain invariants in this structure across all people.
These invariants include the characteristics of long-term and short-term memory,
the characteristics of its elementary information manipulating protedures, and the
production-like and goal-seeking character of the executive program which
sequences the execution of the elementary procedures {3}. In addition, they
describe a computer system called GPS (General Problem Sclver) which they set
forth as an embodiment of their information processing model of the human problem

soiver.

in my view, this work is important in that it is the first to
establish the utility of protocoi analysis (analysis of subjects solving problems out
loud) as a viable tool for investigating cognitive processes. GPS (and the theory
underlying it) also provides a powerful language in which it is reasonably easy to
represent certain problem solving processes. However, GPS is quite limited in the
amount of domain-specific knowledge it can represent; hence it can handle only
.problems which do not requiré an extensive store of background knowledge {4}.

In addition, their approach assumes that the simulation of a cognitive process (in
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- terms of the output generated) implies an understanding of that process; this is not

necessarily the case (cf, Lin (1979)).

Wickelgren (1974) reviews problem-solving heuristics derived
from the fields of artificial intelligence and computer science. He discusses the
following heuristics:

- drawing inferences from information (either explicit or implicit) that
salisfies either or both of the following criteria: (a) successful inferences
have been made in the past from the same type of information, and (b) the
inferences concern the givens, the desired result, or other inferences made
earlier.

- classifying transformation sequences into sets of equivalent sequences. A
problem solution is a sequenced set of transformations, which act initially on
the given information and result in a problem state which includes the
answer. For some problems, many sets of transformations are equivalent. A
delermination of these equivalence classes cuts down drastically the number
of transformation sequences one must examine to solve the problem.

- state evaluation and hill climbing. At any point in solving a problem, one
must make decisions concerning which of the many possible "next steps” will
be most fruitful. For some problems, it is possible to define a function
which evaluates the fruitfulness of possible next steps; the solution then
proceeds incrementally by following the path dictated by maximizing this
function. '

- subgoals. Many problems are too complex to be solved as they stand.
Solving a simpler or less abstract or less general (but related) problem may
offer insight into the appropriate method of solution. Alternatively, solving a
problem in pieces may prove possible.

- conlradictions. Sometimes, it is easier to disprove the contraposilive, or
negate a part of the problem and show that this negation leads to a




Chapter 2: Previous Work page 63

contradiction.

- working backward. Many problems ask for something specific as the
answer; this may constrain the solution in such a way that it is possible to
construct an inferential chain which will lead to the answer. '

Wickelgren’s presentation is lucid. However, it suffers from
several inadequacies: the problems to which his examples apply these heuristics
are, as a rule, problems which do not require much background knowledge; by
contrast, the solution of physics problems requires much background knowledge. In
addition, it does not address the question of how one selects the appropriate
heuristic. Finally, these heuristics are themselves highly general, sometimes so
general as to be useless in actual practice. Consequently, his work does not have

much utility for the purposes of this thesis.

Larkin is the first to undertake detailed studies of problem
solving in physics; much of this thesis is based heavily (in perspective if not in

fact) on her earlier work.

For example, Larkin (1976) describes an information-processing
model for expert problem-solving in physics. This model consists of a knowledge

base and a strategist. The knowledge base contains procedures applicable to
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- specific content areas; these procedures act on information given in the problem or
created as a result of previous calculations, and generate new information related
to the problem’s solution. These procedures are organized in a net; therefore,
execution of any particular procedure may lead naturally to the retrieval and
execution of a number of associated procedures. The net is hierarchically
organiéed. with a few top-level and broadly applicable "fundamental” procedures
which serve as initial entry points for the strategist. Thus, the strategist need not
consider the large number of individual procedures, but only the much smaller

number of fundamental ones.

The strategist controls the execution of the knowledge base
procedures, working at a low level of detail to select promising applications of
fundamental procedures to particular aspects of the problem before becoming

involved in implementing these segments.

The strategist works in three phases:

a. Analysis, during which fundamental procedures are used to redescribe
the problem visually and verbally in terms of "key" quantities generally
useful in the subject area. From various possibilities, the strategist selects
for further consideration those fundamental procedures and aspects of the
problem which seem to provide a simple and complete description of the
problem.
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b. Design, during which the strategist applies fundamental procedures to
predict the unknown quantities which will appear during the implementation
of a segment. The strategist then selects a set of segments which it
predicts will produce equations which can be solved for the desired
information.

c. Implementation, during which the selected segments are actually executed
to produce equations, and these equations are combined to solve the
problem.”

In other work, this model is extended (cf., Larkin (1379a)), and
some of its pedagogical implications are described (cf., Larkin (1979b)). However,
as a general rule, Larkin’s work concerns the analysis of expert behavior. Her
analyses describe sharp contrasts to the behavior of good beginning students, who
appear to work in a strictly linear fashion oriented towards direct calculation.

However, the students with which this thesis is concerned cannot even be

described as good beginning students.

Reif and Eylon (1979) study the relationship of the large-scale
organization of knowledge to the performance of various tasks of unders!ahding.
For example, a thorough understanding of an argument would clearly involve the
ability to reproduce the argument in detail; however, other abilities are
encompassed as well. For example, a person should have the ability to:

- summarize the essentials of the argument
- correct mistakes in the argument
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- adapt the argument to a similar but not identicai problem
- state a piece of the argument given the immediately preceding piece
Reif and Eylon find that the hierarchical structuring of knowledge
in net form (ralher than as a simple tree or some linear structure) greatly ‘
facilitates performance on tasks which require a global or overall picture.

Examples of these tasks are the first three items above.

They also find that optimal performance requires an organization
of knowledge which is adapted to the specific domain from which that knowledge is
drawn, and ihe purposes for which that knowledge is used. It turns out that top
levels of the hierarchy are more easily retrieved, and lherefofe, it is also
necessary to determine what specific knowledge belongs in which levels of the

hierarchy.

it is interesting to note the direction in which a large amount of
research seems lo be headed {5}. The works of Polya and Wickelgren are

examples of a power-based approach. Such an approach involves the application

of very powerful, general procedural techniques for exploring problems too
complex to be explored by trying all possible approaches. These techniques are

domain-independent, and operate on many different types of large data bases. In
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" addition, these data-bases are typically passive; information is represented in a

propositional (rather than procedural) manner.

The works of Schoenfeld, Larkin, and Reif and Eylon are examples
of an alternative approach. This alternative approach is knowledge-based, and it .
focuses on the representation of knowledge in a manner that permits and even
facilitates its effective use. The problem solver must know explicitly how to use
his knowledge; thus, general techniques complement domain-specific knowledge.
By contrast to the power-based approach, a knowledge-based approach formulates
the organizational problem as epistemological rather than as a matter of
mathematical generality. It supposes, for example, that when a scientist solves a
new problem, he engages a highly organized structure of especially appropriate
facts, models, analogies, and planning mechanisms, as well as general

problem-solving schemata.

The history of artificial intelligence illustrates a shift from the
power-based approach stressing generality io the knowledge based approach
stressing domain specificity. An important part of the reason for this shift has
been the realization that power-based techniques are inhérently slow, and

knowledge-based techniques potentially much faster. Thus, since observation
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" suggests that experts do in fact solve standard problems fairly quickly, it seems
plausible that experts do in fact use knowledge based approaches. Indeed, all
current work involving expert behavior of which | have knowledge does take a

knowledge-based approach.

Notes

1. The discussion on Piaget which follows is taken largely from Ginsburg and Opper
(1969).

2. Poisson’s spot is the point of light which appears at the center of a back-lighted
disk due to the constructive interference of light diffracted around its edges.

3. A production refers to a condition-action pair: when some parlicular condition is
realized, some corresponding action is taken. Goal-seeking refers to the process
of finding operators which will reduce the difference between the current problem
state and lhe desired goal state.

4. This is not to say that no information processing model can represent
domain-specific knowledge; Bhaskar and Simon (1977) describe a GPS-like system
for solving problems in engineering thermodynamics.

5. The following discussion is adapted largely from Goldstein and Papert (1976).
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"The overall multivariate Chi-square test of the multiple regression of the 17
learning criteria on the 7 independent variables is highly significant.

- H. Walberg and A. Rothman

Chapter 3 - Research Approach

Chapter 1 (Introduction) discussed the domain which this thesis
will concern: problem-solving in introductory physics courses. In addition, it gave a
brief sketch of the research procedures used in this thesis. This chapter discusses
these rescarch procedures in the context of the larger picture of psychological
research in general. | will discuss two approaches to psychological research (one
recent, one not-so-recent), and then set forth my preferred approach against this

historical perspective.

Section 3.1 - Historical Perspective

3.1.1 - A Concern with Behavior

The study of problem-solving in physics courses is fairly recent.
The majority of problem-solving work in psychology over the years has concerned

relatively simple problems, or problems which require creative thinking for their
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" solution.

(By my definition, a simple problem is a puzzle-like problem which
is soluble without the use of specialized factual knowledge, e.g., physics. Such
problems typically specify the constraints to which the solution must conform, and
provide explicitly most (if not all) of the background knowledge required for the
solution. A problem which requires creative thinking is simply a problem whose
solulion is not straight-forward. In addition, the generation of a correct solution to
such a problem requires (by definition) the use of specialized strategies not easily

adaptable to other problems.)

Problem solving in general is itself a subset of cognitive
psychology, which studies the entire range of human cognitive phenomena:
perception, language, thinking, memory. Besides problem solving, lypical tasks
include paired-associate learning (memorizing unrelated pairs of words), recall of

nonsense syllables, and perception of optical illusions.

A quick scan of any cognitive psychology journal will illustrate
that the majority of articles concern these relatively primitive tasks {1}. Indeed,

from a historical point of view, the primitive nature of these tasks lent itself to the
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‘development of an.approach to psychology that mirrored the approach to the
physical sciences; thus, behaviorism was born. Briefly, behaviorism asserts that
only phenomena which can be directly observed have relevance to a theory of

human cognition; process, as a "hidden variable”, is irrelevant.

Therefore, from the behaviorist point of view, the appropriate
melhod of psychological investigation is to search for correlations between various
stimuli and responses. As such, behaviorism mzkes extensive use of the classical
paradigm of the physical sciences: quantitative, general, abstract, detached,

objective.

Behaviorism has very strong roots in the psychological community,
and only within the last thirty or so years has it been seriously challenged in the
United States. Its basic premises often retain strong influence, especially in fields
far removed from psychology. For example, consider the following distilled,
over-simplified version of what seems to be the most widely accepted theory of

.learning physics among physics teachers:

A student learns physics through reinforcement received when he

exhibits expert behavior, e.g, has calculated the same answer to a problem that
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~ the book gives. Textbooks give answers at the back of the book, generally
without mention of the problem-solving process involved. Textbook solutions of
example problems are polkished, with little explicit discussion of possible pitfalls, or

how the student might approach a problem.

Teachers spend a large part of their time in "getting the story
straight” and "showing the students the right way" to do a problem. Generally,
they do not anticipate (or try to anticipate) what questions or difficulties student;s
might have with the material. When a student asks “But how did you know to do
that?", the teacher often responds that "With experience, you get to know these

things.” or "Practice makes perfect.”

The situation is in many ways similar to the manner in which
chicken farmers learn to differentiate between male and female chicks. A student
chicken farmer goes to a school, where he is paired with a teacher. With the
student watching, the teacher examines each chick silently, and then identifies the
chick as male of female. At the end of this process, the student is able to
differentiate betweeﬁ male and female chicks with 997% accuracy, but is completely
unable to articulate the difference between male and female chicks (cf., Lunn

(1948)).



Section 3.1: Historical Perspective page 73

Many physicists claim that it is only possible to teach the formal
content of physics, and that the student must acquire the "tacit" components
independently. For example:

"An introduction to classical mechanics. Space and time: straight line kinematics; motion
in a plane; forces and equilibrium; experimental basis of Newton's laws; particle
dynamics; universal gravitation; coilisions and conservation laws; work and potential

encrgy; vibrational motion; censervative forces; inertial forces and non-inertial frames;

central force motions; rigid bodies and rotational dynamics.”
]

This quote from the 1978 M.L.T. catalog description of Physics |
characterizes the substance of this introductory course as the formal subject
matter - physics. It does NOT mention what might be called “thinking like a
physicist”; arguments from general principies, the reduction of a complex physical
situation to a tractable mathematical form, and the formulation of reasonable

questions, just to name a few items.

The approach implied by this catalog excerpt shares with
behaviorism the notion that teaching is done by example - the student learns
essentially by imitation. While it is difficult to argue with this notion, it begs the
question from a pedagogical standpoint. What does "practice makes perfect” mean

operationally? How does it help? An expert knows "more facts”, but he can also
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4

" "use them more effectively” as a result of his "better understanding”. What does
"more effective understanding” mean? How is this ability different from a

beginner’s?

3.1.2 - Process is Relevant

From time to time, an occasional physicist has suggested the
importance of process as well as product (cf., Strandberg (1958)). However, it has
been only in the last several years that a substantial concern with process has
become discernible. In particular, a number of physicists (cf., Karplus (1977)) have
recently atternpted to apply Piaget’s theory of intellectual development to the

forms of reasoning required to understand physics in a real and meaningful way.

| take the point of view that process is relevant, and in fact is
the only way to understand what a student can and cannot do. Cognitive
processes can be inferred from directly observable data, just as atoms could be

inferred many centuries before instruments could detect them directly.

Piaget’s theory is based on his discovery that the "wrong"

answers of children to certain questions exhibit remarkable regularities. From this,
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~ he infers that the manner in which children think is qualitatively different from the

manner in which adults think.

Similarly, in the course of substantia! involvement with students
of introductory physics, | have found that they e‘ncounter the same difficulties year
after year. These difficulties cluster, and they do not result from a simple deficit

of equations.

This thesis is not an application of Piaget’s theory to problem
solving in physics. However, it is similar in that | pay close attention to process -
what students are thinking as they encounter difficulties. | hope to document a
claim that the manner in which beginning students think - their reasoning styles,
approaches to probl.ems, notions of what constitute explanations - differ

qualitatively from the manner in which expert professionals think.

it is important to note that the difficulties | will discuss are both
content-free and content-dependent. 'fhey are content-free in that these |
difficulties indicate failures of rather general reasoning strategies. However, they
are content-dependent in that the student may well have mastered a reasoning

strategy with respect to other types of knowledge, but may be unable to emplioy
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* this strategy in a particular context.

The presentation contained in this thesis would be more
parsimonious if these difficulties were in fact either content-free or
content-dependent. However, | find it impossible to make such a claim. Indeed, |

find that a student’s proficiency in the use of a particular reasoning strategy may

vary. [l will return to this point in Section 4.5 (The Architecture of the Human

Problem Solver).]

If this statement is true, then the obvious question is “"On what
does the level of performance depend”” 1 suggest that it depends (at least to
some extent) on the individual’s familiarity v(:ith the subject material under
consideration - somehow,‘the unfamiliarity with the subject material interferes
with the proper functioning of the general reasonipg.strategy as applied to the

given domain.

Here is an example.
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Students were given the following problems.

The graph at the left gives the acceleration of a particle

as a function of time. Write an equation describing the

relationship between the position of the particle and the

time t. Assume that whent =0,x=0andv = 0.
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The graph at the left gives the angular acceleration of a

particle as a function of time. Write an equation
f describing the reiationship between the angular position 0

of the particle and the time t. Assume that when t =0,
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The first problem, given quite early in the term, asks the sludent to write a general
relationship involving the variables x, a, and t. The second problem, given several weeks later
(i.e., after the weakest students dropped out, and after much more expos‘ure to physics
material), substituted the variables 8, @, and t. The average score on the second problem was

lalf the average score on the first problem.
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In both problems, the required reasoning strategy is the same, but
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" the results are substantially different. The only difierences between these two
problems are the different symbols (Greek vs Roman letters) and the different
content implied by the difference between rotational and rectilinear quantities. In
either case, it is clear that something connected to the specific problem (and
independent of the required reasoning strategy) affected the reasoning process

students used.

3.1.3 - Two Concerns for Process

Within the concern for precess, there are at least two different
perspectives: | call them "deterministic” and "descriptive” {2}. Both are
observationally based, but a deterministic approach requires a strongly falsifiable
operating model {3} of some cognitive phenomena, whereas a descriptive approach
depends on expert consensus to validate its models. In addition, deterministic
models seek to explain cognitive functions; descriptive models seek to describe

them.

By tradition, researchers (especially in the hard sciences) have
strong preferences for deterministic models of phenomena. A deterministic model

is one in which the model’s behavior follows deductively with no uncertainty (or at
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" least rigorously calculable probabilities) from the starting assumptions and initial
parameter settings. As such, these models have overtones of predicting (and

hence explaining) behavior.

By varying the initial parameters, one hopes that the model’s
behavior will change in a way that corresponds to the subject’s' behavior; in this
way, deterministic models achieve some type of generality. They are also strongly
falsifiable; they can be proved wrong or incomplete by virtue of an incorrect

prediction - a mismatch between subject and model behavior.

Description ofiers an alternative to determinism. However, it is
important to distiﬁguish between a descriptive model (which refers to a specific
set of data) and the model-building framework from which the model emerges.

This framework is essentiaily a perspective which provides some basic vocabulary,
.concepts, relations, mechanisms and principles from which individual descriptive

models may be constructed.

Frameworks apply to classes of problems, in the sense that a
framework can be used to generate a model to deal with each class of problem,

each model being structurally different. A framework makes predictions in the
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‘sense that it claims that its basic building blocks are sufficient to account for the
most essential features of a subject’s behavior. However, it does not make
predictions concerning the specific organization of and relationships between these
items. Descriptive frameworks also assist in the coherent organization of data,
facilitating the discovery of principles with explanatory power. -

Descriptive models apply to spec;fic sets of data such as
interviews, protocols, and exam papers, and do not necessarily make specific
predictions concerning subsequent interviews, protocols, etc. From his
model-building framework, an investigator selects and arranges the appropriate

building blocks as he constructs a model of any interesting behavior.

On the other hand, descriptive models may be general in that they
" may make probabilistic predictions through the generation of profiles of one
individual over a set of tasks or many individuals over a few tasks. For example,
a profile may say that a student did X in 7 out of 10 protocols; hence we might

guess (or “predict”) that he tends to do X in most such situations.
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- 3.1.4 - My Choice

| have chosen to take the descriptive route, for the primary
reason that deterministic modeis cannot in general capture the influences of
context, environment, and affect on the substance of learning. | am also not

convinced that student difficulties are rule-governed. In short, deterministic

models arbitrarily separate process from context, and | believe this separation is

fundamentally incorrect.

Furthermore, the reality of psychological research is that of the

existence of competing psychological paradigms. This implies that agreement on

the interpretation of a given set of data is difficult if not impossible. White (1977)

offers the following account:

We are interested in what is [really] factual for children. So we subject the manifest
fact to analysis to try to detect the latent fact. To picture the analytic process most

clearly, imagine that you do not like.. [a particular] journal report, do not want to

believe il, are commilted lo a very different belief... So you seek to cast doubt on the

report. You might want o see if there were decent controls, if the situation was a
plausible one for children, if there was anything funny about the recording of
responses...

Very few journal articles could survive so merciless an attack. Most
psychologicat research is simply not that airtight... [The research report] has told you
something, but you do not knoy whether that something is.. about children or about the

game that the experimenter played with the children or.... about the... game that
investigators play [when they publish].
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[More generally,] one cannot directly observe the behaviors of
children but rather must observe the properlies of games reflecting a mixture of
children’s behavior and one's own behavior.

In short, the investigator’s perspective influences significantly
what he considers important. Furthermore, his own behavior is interwoven into his
account of his observations. Therefore, verification becomes quite problematical.
If the model makes no predictions that can be‘confirmed or denied, and it is likely
that large groups of people may disagree substantially, then how can a given

descriptive cognitive-process model be said to mirror reality in any reasonable

manner?

Section 3.2 - Research Approach

| personally find this question unanswerable. Because of all the
compeling claims and counter-claims, it is hard to make a genuine commitment to
any particular psychological paradigm. | therefore propose a different question:
"What must we know about the student in order to have pedagogically useful

insights into his way of thinking?”
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This is an engineering approach which makes use of empirical
descriptions of specific situations to guide teaching activities related to these
situations. Abstractions of process can and do arise to help organize these
descriptions, but these abstractions are working tools and rules of thumb and not

the fundamental cornerstones of a rigorous theory.

Finally, this engineering approach (as contrasted to the approach
of developing a deep theory of cognitive process) is far closer to the day-to-day
concern of practicing teachers. Therefore, | have chosen to explore difficulties
which actually arise in the course of real-life teaching and learning situations. As a
result, this work is non-rigorous, anecdotal, and improperly controlled. However,
as an exploratory work, it is quite rich in illustrating the range of difficuities that

students actually encounter.

| have abandoned the classical paradigm of education research:
controlied experiments, pre- and post-tests, objective, statistical analysis from a
distance, and most of all, emphasis on the general and abstract. My primary reason
is that emphasis on the abstract almost necessarily implies an insensitivity to locai
settings and individual differences; however, we as teachers are concerned

precisely with our programs and specific individuals.
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My approach assumes that education research should be directed
primarily towards teachers who will use the findings in practice, and only
secondarily to other education researchers. (After all, if education research
doesn’t ultimately improve education, who cares?) Any audience to which research
is directed evaluates that research in the light of its own experience. | assume
open-minded listeners and readers. If this assumption is warranted, then these
people are concerned with the implications of my research for their own work, and
will listen thoughtfully. if this assumption is not warranted, then as White (1977)
points out above, very few nsychological studies could survive an assault by
someone determined to find fault with them; | have no hope of winning over such

critics anyway.

| find that only case analyses (either of specific programs or
specific individu.als') result in insight, because then you learn something about those
cases. Some people say that recent work in education and cognition is really
getling 1o the fundamentals of human thought. People have been saying that since
Plato, and | don’t see any