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Learning to think like a physicist: A review of research-based

instructional strategies
Alan Van Heuvelen

Physics Department, New Mexico State University, Las Cruces, New Mexico 88003

(Received 3 January 1991; accepted for publication 21 March 1991)

Many studies in physics education indicate that our conventional instruction fails to achieve
objectives we desire for our students. Students leave introductory courses unable to reason
qualitatively about physical processes. They use primitive formula-centered problem-solving
techniques. Their minds contain a small number of facts and equations that are accessible only by
random searches. In recent years, research by scientists interested in cognition and pedagogy has
shown that we can do much better. This paper reviews this research and the instructional
strategics that are suggested by it. The following paper reports the preliminary results of using
these strategies in introductory physics courses that emphasize problem solving,.

I. INTRODUCTION

Students enter introductory physics courses with strong-
ly held preconceptions that are often misconceptions. They
use primitive formula-centered problem-solving strategies.
Their knowledge consists of a small number of facts and
equations stored randomly in the mind. Many studies indi-
cate that students leave our courses in about the same sta-
tus as they entered. They have the same preconceptions
and misconceptions as when they started. "' They still use
formula-centered problem-solving methods.!*-?2 They see
physics problems as springs, inclined planes, ropes and pul-
leys, whereas experienced physicists see the problems in
terms of basic physics concepts.**>*

What changes in emphasis and in pedagogy can we make
to address these deficiencies in student achievement fol-
lowing conventional instruction? In this paper, several
strategies based on recent cognitive and physics-education
research are described. In the following paper, we report
the preliminary results of integrating these strategies into
instruction in introductory physics courses that emphasize
problem solving.

I1. LEARNING TO THINK LIKE A PHYSICIST

Problem solving in physics is viewed by students as an
attempt to determine the value of one or more unknown
quantities. Student solutions to these problems are almost
entirely formula centered—devoid of qualitative sketches
and diagrams that contribute to understanding. This
differs significantly from problem-solving techniques used
by experienced physicists.

A physicist depends on qualitative analysis and repre-
sentations to understand and help construct a mathemat-
ical representation of a physical process. For example, to
determine a scattering cross section, a quantum electrody-
namics (QED) theorist first constructs a Feynman dia-
gram for the process [Fig. 1(a)].”® The diagram serves
several purposes. (1) It summarizes the prominent fea-
tures of a process while removing noisy details that distract
from understanding—in short, the diagram contributes to
understanding and to physical intuition. (2) Diagrams can
be strung together to reason qualitatively about more com-
plex processes. (3) Using special rules and heuristics, the
diagram can be used to construct a detailed mathematical
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representation of the process [Fig. 1(b) ]. Even for the rel-
atively simple electron-proton scattering process depicted
in Fig. 1 (a), the math representation shown in Fig. 1(b) is
complicated. For more complex processes, the diagram-
matic representation becomes even more important for de-
veloping understanding and for constructing the math rep-
resentation.

The problems that play an important role in physics edu-
cation can be viewed in a similar manner.>'-*® Instead of
thinking of the problem as an effort to determine some
unknown quantity, we might instead encourage students to
think of the problem statement as describing a physical
process—a movie of a region of space during a short time
interval or of an event at one instant of time. The objective

(a)

Electron-proton scattering.

®)
_ —iet ™ \le
Sp = <7 (2n)44Py — P+ p; — i) VE/E: VEE

X ({180 mu(y)] Gy, 18P S)77u(P4 )]

Fig. 1. A quantum theorist usually starts a relativistic quantum scattering
problem with a qualitative representation, such as the electron-proton
scattering Feynman diagram shown in (a). To construct the mathemat-
ical representation shown in (b), the theorist uses a set of rules for chang-
ing each part of the diagram into the corresponding math representation.
The diagram is an essential part in helping to understand the process and
in comstructing the math representation [from J. D. Bjorken and S. D.
Drell, Relativistic Quantum Mechanics (McGraw-Hill, New York,
1964), pp. 110-111].
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is to have students represent that process or event in ways
that lead to qualitative and guantitative understanding.
Consider the example shown in Fig. 2, a relatively simple
end-of-chapter problem in dynamics.

The problem statement describes a physical process in
words—a parachutist being stopped while sinking into a
snow bank after his or her parachute did not open [Fig.
2(a)]. We ask the student to change the word description
into a pictorial representation—a sketch that depicts the
situation at the start and at the end of the process [Fig.
2(b)]. The variables used to describe the process are
placed in the appropriate parts of the sketch—y, and v, at
the initial location of the diver at the start of the process
and y and v at the final location at the end of the process.
The average acceleration during the time interval between
1, and ¢ is placed between the initial and final positions. The
student associates the meaning of the variables with some-
thing happening in the sketch. More complex processes
often need to be broken into more than one part. Such
sketches are described in greater detail in other papers. 3031

(a) Words

A parachutist whose parachute did not open landed
in a snow bank and stopped after sinking 1.0 m into
the snow. Just before hitting the snow, the person
was falling at a speed of 54 m/s. Determine the
average force of the snow on the 80-kg person
while sinking into the snow.

(b) Pictorial Representation

[A
&
P ..
yo’vo E 0

Final Situation

Initial Sitation

{c) Physical Representation 4

s,

y
.
Yo N (snow on
f_ trooper)
. a
v
v .
W (earth’s mass
) on trooper)
(d) Math Representation
25(y~y0)= f— vZ iFy =N- W= ma

Fig. 2. The physical processes described in probiems used in introductory
physics courses can be represented in qualitative sketches and diagrams
that contribute to understanding. The sketches and diagrams can then be
used to help construct with understanding the math representation.

Next, the student is asked to construct a physical repre-
sentation—diagrams and graphs that are more physical de-
pictions of the process. For example, kinematic quantities
are represented by arrows in motion diagrams [Fig.
2(c)].%%3? The forces acting on an object are represented
by arrows in a free-body diagram or in a force diagram.®
The pictorial representation helps in the construction of
these diagrams. For example, to construct a free-body dia-
gram, the student circles an object (or objects) in the
sketch. This object, the system, is the focus of attention
when solving the problem. The student then looks for
short-range forces due to objects outside the system that
touch the object inside and for a long-range action-at-a-
distance forces.*

After constructing the diagrams, we ask the student to
reason qualitatively about the process, just as a QED theo-
rist reasons qualitatively about scattering processes using
Feynman diagrams. For example, the student might be
asked how the magnitude of the average upward normal
force of the snow on the parachutist compares to the mag-
nitude of her downward weight as she sinks into the snow.
Many students think that the weight must be greater be-
cause the person is moving down. They are impetus think-
ers. They believe that the net force acting on an object is
proportional to its velocity. If questions such as this go
unasked, the student remains an impetus thinker—as do
about 60% or 70% of students who successfully complete
the first semester of the conventionally taught engineering
physics source. These same students who lack qualitative
understanding routinely use the mathematical form of
Newton’s second law to solve problems.

The student can now use the physical representation to
help construct a mathematical representation [Fig. 2(d)],
just as the theorist uses a Feynman diagram to help con-
struct the math representation of a scattering process. Fol-
lowing these representations, the equations are now used to
determine the unknown quantity. The solution to the prob-
lem is the whole series of representations with the value of
the unknown quantity being only a small part of the solu-
tion. Evidence provided in the following paper indicates
that students who “solve’” problems in this way significant-
ly outperform conventionally taught students in qualita-
tive understanding and in problem-solving expertise.

In summary, one objective of our instruction is to help
students learn to (1) construct qualitative representations
of physical processes and problems, (2) reason about the
processes using these qualitative representations, (3) con-~
struct mathematical representations with the help of the
qualitative representations, and (4) solve the problem
quantitatively. Students are learning to think like physi-
cists.

I[IL. WHY DO STUDENTS RESIST USING
QUALITATIVE REPRESENTATIONS IN THEIR
PROBLEM SOLVING?

Every physics professor and physics teacher in the
country uses diagrams, such as free-body diagrams, while
working examples for students. Every textbook has dia-
grams that accompany the examples in the text. Yet only
about 10% of students in conventionally taught precalcu-
lus introductory physics courses and 20% in engineering
physics courses use diagrams to help solve problems on
final exams. Why do they resist this aid that seems essential
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to the professor and the teacher? There are three reasons
that may account for the lack of qualitative reasoning in
student problem solving.

First, many studies indicate that students do not under-
stand the meaning of basic quantities and concepts that are
represented in the diagrams. (Refs. 1 and 2 summarize
these results.) For example, if given qualitative questions
concerning kinematics, students think that objects at the
same position have the same velocity. The confuse velocity
and acceleration—the faster object has a greater accelera-
tion. Students cannot correctly identify the forces acting on
objects in simple situations. They believe in impetus forces,
ma forces, the force of inertia, and the force of momentum.
Eighty percent of the beginning engineering students at
New Mexico State University, and probably at other col-
leges, believe that the net force acting on an object is pro-
portional to its velocity. This number is based on the results
of special test constructed to uncover students’ qualitative
understanding. Unfortunately, examination of questions
answered by conventionally taught engineers following
their first semester of introductory physics indicates that
about 60% of the students that successfully complete this
course still believe that the net force is proportional to the
velocity (Fig. 3). If students cannot understand the quanti-
ties and concepts represented in the diagrams, how can we
expect them to use the diagrams to help solve problems?
The understanding must come before students start using
math in problem solving. The equations become crutches
that short-circuit attempts at understanding.

A second reason why students may avoid qualitative
representations to help in their problem solving is that they
have little opportunity to develop special techniques need-
ed to construct these representations.>**¢3® In many other
activities, such as learning to play a musical instrument, to
paint, or to play golf or tennis, the student is carefully
taught individual skills. The student then practices these
skills immediately after they are introduced and in isola-
tion from other activities. A violin student with violin in
band is taught special techniques, such as playing vibrato.
The student practices vibrato with the instructor and in
isolation from other techniques. Basketball players while
on the court are taught strategies for three-on-two fast
breaks. They practice these breaks regularly in isolation
from other parts of the game. In physics education, stu-
dents are passive observers as their instructor demonstrates
the entire game. The student never gets on the playing floor
until a day or two after lecture when they try their first
problem. There is very little explicit instruction and prac-
tice with individual skills such as constructing pictorial
representations, free-body diagrams, motion diagrams,
and changing a free-body diagram to Newton’s second law
in component form. How can we expect students to inte-
grate these techniques routinely into their problem solving
if they have only cursory understanding and practice with
the techniques?

Third, the lecture method of instruction as practiced in
most physics courses assumes that the student can accept
clearly presented knowledge as given. Yet, the student
mind holds many preconceptions that have been stored nu-
merous times during 20 or more years of living.!'® These
preconceptions are often misconceptions that conflict with
the concepts being taught. A computer would become very
confused if given two conflicting sets of operating instruc-
tions, one stored many times over a period of years and the
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1. A ball rolls down an incline and off the Standard o]0
horizontal ramp. Ignoring air resistance, what instruction  instruction
force(s) act on the ball as it moves through the T“—T (percent) (percent)
air after leaving the horizontal surface? -
a)_The weight of the ball, vertically downward 38 94
(b) A horizontal force that maintains the motion. 1 Q
(c) A force whose direction changes as the direction 2 0
of motion changes.
(d) The weight of the ball and a horizontal force. 29 3
(e) The weight of the ball and a force in the 30 3
direction of motion.
2. A hollow, circular tube rests on a
frictionless, hotizontal table. A ball enters ﬂ\
one end at high speed and comes out the other |
end at the position shown. While moving on | i
the table afier leaving the tube, what force(s)
act on the ball? Ignore air resistance. \-/
(a) The weight of the ball, vertically downward, 4 3
(b) A force from the table vertically upward. 4 0
(¢} A horizontal force in the direction of motion. 4 0
(d) The first two forces above, 32 92
(e) All three forces above. 56 5
3. A ball swings at the end of string in a circular () 0 8
path in a vertical plane. Which free-body diagram (b) 21 13
shown below best represents the forees acting on (¢} 19 63
the ball when at the bottom of the circular path @ 43 5
and moving toward the right. The ball moves at () 17 11

constant speed.

P @ ® © @ @

g >
4;“‘.?

Fig. 3. Shown above are student responses for three qualitative questions
concerning the forces that act on objects in simple situations (the correct
answers are underlined ). These responses were provided by 152 engineer-
ing students all in the same lecture room during the first class of the second
semester of introductory physics. Of these students, 114 had completed
the first semester of standard instruction (most had finished the course 1
month earlier) and 38 had completed the first semester 8 months earlier
when taking overview, case study physics (described in the following
paper). Note that about 60% of the students that had completed the
standard instruction still believed that a force must push an object in the
direction of motion. The students are “impetus” thinkers.

other provided a few times during a 1- or 2-week period. If
we want the computer to assimilate a new operating sys-
tem, we must bring up the old system and dump it before
the new system can be saved. Having both operating sys-
tems present at the same time leads only to confusion. Stu-
dents must confront and dump their misconceptions if they
are to acquire a new set of operating rules for the universe.

IV. KNOWLEDGE ORGANIZATION AND ACCESS

Research suggests that experts in a field organize knowl-
edge in large-scale functional units built around basic phys-
ical principles.”>?*3* These units are systematically
broken into smaller units of increasing detail to locate ap-
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propriate concepts for solving problems. Within this
knowledge structure the expert sees relationships and simi-
larities between diverse pieces of information. (This is a
simplified model for a complex and only partly understood
expert knowledge structure.)

Students, at the end of their conventional study, have
little structure to their knowledge. Their understanding
consists of random facts and equations that have little con-
ceptual meaning. When given a problem, they identify
some structural feature described in the problem (an in-
clined plane, a rope, a spring, etc.). They then search ran-
domly for and inappropriately use an equation they associ-
ate with that feature.>*’ An objective for our instruction is
to help students construct a knowledge structure around
the basic concepts of physics and to learn cues and tech-
niques for accessing the appropriate knowledge needed to
analyze physical processes.

This lack of knowledge organization and access was very
apparent during a final exam in one of our conventionally
taught precalculus physics courses. The test included a
conservation of energy problem in which a spring launched
an object up into the air. For many of the students, this was
a spring problem. They searched their minds for spring
equations. Over 50% of the students used the most recent
“spring” equation that they had encountered—an equa-
tion for simple harmonic motion. These students had “cov-
ered” 16 chapters in 15 weeks. Each chapter seemed like a
separate world built around its own set of equations. For
them, the final test was an effort to find an equation to solve
spririg problems, inclined plane problems, cable problems,
and so forth.

Our instruction must provide opportunities for students
to see that a small number of concepts are the basis for
many diverse applications—to see the whole knowledge
structure. This very difficult task might be done in part by

NEWTONIAN.
MECHANICS

Forces cause
changing motion

providing hierarchical charts such as shown in Fig. 43
One fundamental idea at the top of this chart is the basis for
about 509% of the study in a typical first-semester physics
course. The idea is applied in diverse situations below. Stu-
dents should learn to access the knowledge from top down,
that is, from the general to the specific. They need cues to
help them decide when a particular concept is appropriate
for use.

Another idea that can contribute to seeing physical pro-
cesses in a unified way is called system physics (see Fig.
5).3 All of the conceptual knowledge for the first semester
of the standard introductory course and much of it for the
second semester fits into this system physics scheme. The
objects in a system interact in various ways (forces, im-
pulses, torques, work, heat transfer) with objects in the
environment outside the system. If the environmental in-
teractions with the system do not add to zero, then the
system change in some way. If the interactions with the
system add to zero, then some quantity in the system is
conserved. This one way of thinking of processes in nature
produces considerable efficiency in learning and reduces
the time needed to introduce new concepts. For example,
work and energy seem like natural extensions of Newtoni-
an physics. The interactions are now work and heat trans-
fer rather than forces or torques. The changes in the system
are now energy changes rather than momentum or angular
momentum changes. Students see physics as a discipline
with a small number of concepts that can be applied to a
diverse array of phenomena. In contrast, during conven-
tional instruction students have little chance to see any
conceptual unity while rushing through 15 or more chap-
ters in 15 weeks.

In summary, another objective of our instruction is to
help students learn to (1) form a knowledge hierarchy
about a small number of basic concepts at the top with

|

DYNAMICS
CONSERVED
Accelerated MOTION
motion
l O I = I Fig. 4. The diagram above is a hicrar-
TRANSLA- CIRCULAR OTATIONAL M OM‘EmNT‘ UM M'g;{GUNLﬁJR chical chart that represenis Newto-
TIONAL MOTION MOTION ENTUM STATICS nian physics. Students can see that
MOTION CONSERVED CONSERVED ‘P y. . - - 2
: Angal one idea is the basis for the diverse
Particles Particles and Momeritom Bat All g : -
1 Motion from one moving in extended bods consiant for a momentum acceleration applications in Newtonian physics.
place to another circles tuming system of constant for of a system
particles particlesand is zero
extended bodies
HYF=0, HYT =0,
Y F,=ma, LF, =0
LE g =ma| |ET=Ia then then g
LF=ma, i LF, = 0, and
Tpo=Lp | |EL,=LL ro
. YT -0
Kinematics Kinematics Kinematics where where
p=mv L= Jwomv
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Interactions (—¥) cause change in system

a
@ Environment
Impulse causes momentum change
(XF)dt = d(mv)
E
(b)
Environment
Angular Angular
impu]se cayses momentum
change
T (X)dt = d{I w)
(©) Environment
Work
plus causes Energy
heat transfer change
dw, 4Q Z(dw + dQ) = dU

Fig. 5. A system physics approach can be used throughout the entire first
semester of an introductory physics course. Interactions between a care-
fully identified system and its environment cause changes in the system. If
the interactions add to zero, some property of the system is conserved.
This unity of thought produces efficiency in student learning.

detailed applications below (to see the unity of the diverse
applications), and (2) to learn cues for accessing that
knowledge from top down, that is, from the general to the
specific.

V. PEDAGOGICAL TECHNIQUES FOR
LECTURES

We have described objectives for instruction that place
more emphasis on the development of qualitative under-
standing, on the use of multiple-representation problem-
solving techniques, and on the formation of a hierarchical
knowledge structure with cues for accessing the knowledge
when needed. What pedagogical techniques can help us
achieve these objectives?

Recent laboratory innovation combined with the use of
technology has shown considerable promise for improving
student achievement. Thornton’s microcomputer-based
laboratories*® and Hake’s Socratic Dialog Inducing (SDI)
laboratories® are notable examples. In this paper, we will
restrict our attention to paper and pencil activities that can
be easily integrated into lecture and recitation instruction
in large classes.

A. Active, cooperative learning in lectures

“Lectures in physics can be incredibly passive experi-
ences for students, particularly dangerous for those who
believe that if they can follow the professor, they’ve mas-
tered the material.”*!

895 Am. J. Phys., Vol. 59, No. 10, October 1991

The graduate student in creative writing who made this
observation was one of several advanced students who re-
corded their impressions of the introductory calculus-
based physics course for engineers while taking that
course.*! The student, according to her professor, “...could
easily have been a physics major, and a good one.” Her
comment summarizes a concern about the passive nature
of university instruction in science and math.

Historically, we have relied on expository lectures—tell-
ing students the physical rules that seem to guide the uni-
verse and demonstrating how to use the rules to solve prob-
lems. The conceptual presentations are often supported by
experimental evidence. This is a very efficient method to
transmit information in terms of the time interval needed.
We know the concepts and techniques, and students do
not. Why not just tell them? Study after study indicates
that this expository method is very ineffective—the trans-
mission is efficient but the reception is almost neglig-
ible. 3

There is growing interest in making instruction at all
levels more active, in having students work cooperatively
with other students, and in having them help construct
their own knowledge.****% An active method of lecture
instruction is very foreign to most of us who have seldom if
ever taken a math or science class involving active student
participation. It is difficult in moderately large lectures to
elicit general student discussion above the developement
and use of physics concepts. Most students are passive ob-
servers of the few who contribute to the discussion.

The author has recently tried a method of instruction
that easily allows every student in a large lecture to be an
active participant. The method relies on a set of sheets
called Active Learning Problem Sheets (The ALPS kit).¥
The students participate by interacting with neighboring
students while answering questions and solving problems
on the sheets. The student eventually gets feedback from
the professor.

The sheets can be used for several different purposes.
Some sheets help students construct concepts by systemati-
cally analyzing a series of thought experiments. Some
sheets help students develop special skills—for example,
constructing free body diagrams or determining the torque
caused by a force. Other sheets challenge misconceptions
while at the same time helping students develop qualitative
understanding of concepts. Finally, many sheets help de-
velop problem-solving techniques similar to those used by
experienced physicists. These sheets encourage students to
represent problem situations in terms of sketches, physics-
type diagrams, physical concepts in mathematical lan-
guage, and to evaluate solutions to see if they are reasona-
ble.

The sheets can be used during lectures in several differ-
ent ways. On some activities, students prefer to work alone.
After completing an activity or a part of an activity, they
compare their answer with that of a neighboring student.
They then try to reconcile differences in their results. Fin-
ally, the professor goes through the solution. If the profes-
sor can anticipate points of confusion, polling the students
and asking them to support their positions seems to be pre-
ferable to simply providing the correct answer. The objec-
tive is to make students active participants.

On some qualitative questions, one student can serve as
the solver while the other student is the listener.*® The
solver says everything that passes through his or her head

Alan Van Heuvelen 895
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while answering the question. The listener can ask for clari-
fication, but does not ask leading questions. After the solv-
er completes the solution, she or he summarizes the main
steps that led to the solution. This active struggle with a
problem or question seems to engrave the process and the
concepts in the student mind, whereas passively taking lec-
ture notes has little effect on long-term acquisition and re-
tention of the concepts and skills.

In summary, our classroom instruction must provide
opportunities for students to (1) beactive participants dur-
ing lectures in constructing concepts, reasoning qualita-
tively using the concepts, and in solving problems, (2)
evaluate their own thinking and that of their classmates,
and (3) make unpenalized mistakes while getting immedi-
ate feedback from the professor.

B. Repeated exposure over an extended time interval in a
variety of contexts

Conventional instruction allows students to see the ma-
terial in each chapter for about 1 week. Unfortunately, stu-
dents seldom learn a technique or concept after a brief ex-
posure. If the skill or concept is abandoned after 1 week in
order to develop new skills and conceplts, then permanent
acquisition is unlikely. Skills and concepts require multiple
exposures over extended time intervals to become a perma-
nent part of the student knowledge bank.*

VI. SUMMARY

The educational system can be thought of as a trans-
former that helps students acquire conceptual knowledge
and analytical skills. When physicists build transformers,
considerable care is taken to match impedances at the
source and at the load. For the instructional transformer,
the load is the minds of students. To make an effective
system of instruction, the output of an educational trans-
former must be attuned to the characteristics of student
minds at all times [see Fig. 6(a)].

Many studies indicate that our present form of instruc-
tion is mismatched to the characteristics of student minds.
Students leave our courses in about the same status as they
entered. They have the same preconceptions and miscon-
ceptions as when they started. They still use formula-cen-
tered problem-solving methods. Their knowledge consists
of a small number of facts and equations stored randomly
in the mind. They see physics problems as springs, inclined
planes, ropes, and pulleys whereas experienced physicists
see them as dynamics, work-energy, and momentum con-
servation problems. This poor acquisition of knowledge
and of analytical skills by student minds is expected from
an educational transformer that has a significant imped-
ance mismaich at the interface between its output and the
student mind [Fig. 6(b)].

To provide a better impedance match, we suggest that
our instructional transformer must meet goals such as fol-
lows.

(1) To understand basic physical quantities and con-
cepts, students must learn to represent these quantities and
concepts using qualitative representations and to use these
representations to reason qualitatively about physical pro-
cesses.

(2) To help students develop quantitative understand-
ing and problem-solving expertise, their problem solutions
should involve multiple representations of the process or

(a)

Student

Physics
knowledge

Procedural
knowledge

Impedance
match

(b)

Physics Student

knowledge

Procedural
knowledge

Impedance
mismatch

Fig. 6. The educational system can be thought of as a transformer that
helps students acquire conceptual and procedural knowledge. (a) If the
transformer output is matched to the characteristics of the student mind,
then knowledge acquisition is efficient. (b) However, if the transformer
output is not matched to the characteristics of the student mind, the
knowledge acquisitions is minimal.

event described in the problem. Students must receive ex-
plicit instruction and practice with individual skills needed
to represent and solve these problems.

(3) Students are more likely to see the world in terms of
physical concepts if they have an opportunity to form a
knowledge hierarchy, and if they learn cues for accessing
that knowledge from general ideas at the top to specific
detailed applications at the bottom.

(4) Expository lectures have been very unsuccessful in
helping students acquire conceptual and procedural
knowledge. Instead, students should become active partici-
pants during lectures (and in other parts of the course) in
constructing concepts, in confronting preconceptions that
are misconceptions, in reasoning qualitatively about phys-
ical processes, and in learning to use concepts to solve prob-
lems.

(5) To become a permanent part of their knowledge,
students need to use concepts and skills repeatedly in a
variety of contexts over an extended time interval.

Following guidelines such as these, students have a bet-
ter chance of learning to think like physicists.
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Frederick Reif, David Hestenes, and Jill Larkin. Malcolm
Wells’ concern for active student involvement in construct-
ing concepts is appreciated. Bruce Sherwood’s suggestions
concerning systems and their interactions with the envi-
ronment are also appreciated.
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