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Over the past twenty-five years, educational research on introductory university physics classes has
demonstrated that student learning is often significantly less than we hope and expect. Specific con-
ceptual diffi culties have been identified in a wide variety of topics. Research-based curricula de-
signed to improve student conceptual learning can yield substantial gains over traditional instruction.
| review some of the results of this research and development and describe aproject at the University
of Maryland that explores the next step: understanding the deeper and less explicit elements of sci-
ence learning that | refer to as Qhe hidden curriculum.O The results of this project indicate that it is
possible to provide explicit instruction to change studentsOways of knowing even in a large lecture
environment.

1. Physics Education Research: Learning what students do and don® learn

Beginning in about 1980, extensive research has demonstrated that in most areas of phys-
ics, introductory students often have many more difficulties learning physics than their
instructors realize. This could be intractable if every student had different difficulties that
required special treatment. Few institutions have the resources to instruct students indi-
vidualy. Wewould have to be satisfied with reaching a small fraction of our students.

Fortunately, research shows that most student difficulties can be described in terms
of a small humber of common conceptual misunderstandings. These can be very robust
and students often retain them even after traditiona instruction. Research-based curricu-
lum development has been able to produce improvement on conceptual surveys and ex-
ams without increasing the time-on-task, but this is only one step in a long process of
improving our physics instruction.

We want our students to know more physics than just algorithmic problem solving
and more than just conceptual knowledge. We want them to be able to understand and
reason about complex physical situations. Many of the goals of our curriculum concern
the development of skills we rarely explicate or discuss Da thiddenOcurriculum.

In arecent project, the University of Maryland Physics Education Research Group
transformed a large-lecture algebra-based physics class so that much of the student learn-
ing took place in environments where they could be videotaped and studied. Observa-
tions throughout the year demonstrate that a coherently transformed instructional envi-
ronment can help students learn physics concepts and make gains on hidden curriculum
items such as building physical intuition, and developing their ability to reason scientifi-
cally.



1.1 PER: Goals and tools

Physics Education Research (PER) is an inter-disciplinary area of study. Many of uswho
do PER are physicists who have turned our attention to trying to improve the effective-
ness of physics teaching. Our goal is to use as scientific an approach as we possibly can
to help us do this. Asin any scientific endeavor, the first step is to better understand the
phenomenon. For this purpose, we have to figure out:
¥  What isreally going on in our classes?
¥  What are our real goalsfor our students?
¥  How we can accomplish those goals more effectively?
To answer these questions, we have to observe the process of teaching and learning in
detail. Some of the observational tools of PER include:
¥ detailed interviews with individual students
¥ videotaping student work in group environments (labs, tutorials, solving problems)
¥ collecting studentsOwritten answers to homework, exams, and ungraded quizzes
¥  having students complete pre- and post-testing with standardized tests.

One of the first and most important results revealed by this research is that even stu-
dents who can solve problems algorithmically may not have good conceptual knowledge.

1.2 Getting students to solve algorithmic problems is not enough

Physics education researchers have demonstrated that many students learn to do ago-
rithmic problem solving quite successfully without having a good understanding of the
phenomenon the algorithm describes. They can Qurn the crankObut not Anake sense.O

A nice example of this is provided in the research of Eric Mazur at Harvard [2].
Teaching some of the very best college students in the USA, Mazur assumed that his
students made the same sense of formal problem solving that he did. But when he pre-
sented the following two problems on one of his exams (see Figs. 1 and 2), he was star-
tled by theresults.

Thefirst problem is a complex quantitative problem and requires knowing Kirchoff
laws, setting up and solving two equations in two unknowns (currents), and then figuring
out the potential drop. Mazur@® students were quite comfortable with it and did reasona-
bly well. The average score on problem 1 was 75%.
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Fig. 1: A complex problem that requires the use of KirchoffOdaws and the setting up and solution of two simul-
taneous equations. Students in MazurOstlass at Harvard had little diffi culty with this, scoring an average of
~75% [2]




The second problem (Fig. 2) was a different story. Although this is a qualitative
problem with a simple short circuit that most physicists can solve more easily than they
can the first problem, Mazur® students found it exceedingly difficult and did poorly. The
average score on problem 2 was 40%.

This is just one example of what is now a very well documented result: students can
learn to solve complex quantitative problems agorithmically, but are largely unable to
interpret their results or understand what the algorithms they have learned mean or why
they hold. On one level, many teachers are familiar with this phenomenon. They see that
many of their students can produce answers that are quite bizarre but fail to see that there
isaproblem or consider the possibility that they might have made a mistake.
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closed to:

- Fn " the current through the battery
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" the voltage drop across the bulbs
" the total power dissipated

Fig. 2: A simple qualitative problem with a C‘mort~ circuitOthat requires a qualitative understanding of what
happens in an electrical circuit. Students in MazurO<lass at Harvard had great diffi culty with this, scoring an
average of ~40% [2].

1.3 Why concepts are important

Without a good understanding of the basic concepts, students may generate results in
physics without understanding what they are about. Memorizing equations and defini-
tions without having a conceptual understanding is like learning a language by memoriz-
ing text without knowing its meaning.

If we want to provide a more effective physics instruction for more of our students,
we have to get some idea of the nature of their difficulties and whether a lack of concep-
tual understanding is limited to a few students or is widespread.

1.4 Concepts don’t come from free

Teachers who know their physics well often assume that students will learn sense-making
in physics as anatural consequence of learning quantitative problem solving Beventually;
that the learning of conceptual physics is GautomaticOBthat it comes along Gor freeOas
our students do the quantitative problems we assign. The problem is that the qualitative
understanding we call sense-making sometimes does not develop until graduate school or
until the student teaches the subject themselves. But many of our students don® reach
this level and never intend to. Without that GeventualO sense-making, the algorithmic
problem solving skills learned by many of our students can turn out to be of little value.
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1.5 How we study student learning

In studying student understanding of physics, researchers listen carefully to students
in demonstration or problem-solving interviews and analyze their thinking in written
questions containing the phrase Gexplain your reasoning.O Through activities such as
these, they have learned a lot about student conceptual difficulties. Standardized concept
surveys based on this research began to appear about 1985 [3]. More than 20 such sur-
veys now exist and cover topics ranging from kinematics to electromagnetism.! These
surveys present apparently simple questions on fundamental conceptua issues with dis-
tractors chosen to match common student misconceptions discovered by researchers. The
result is a set of problems that look simple to the instructor (because they know the an-
swer well and are not tempted by the distractors) but that can be quite difficult for the
students (who may be unsure when to use their physics knowledge and when to call on
their everyday knowledge). These surveys indicate that there is widespread student con-
fusion about some of the most fundamental concepts even after traditional instruction.

Example: The Force Concept Inventory

One of the most widely used conceptual surveys is the Force Concept Inventory (FCI)
[4]. Thisis a30-item multiple-choice test to probe student's understanding of basic con-
cepts in mechanics. The choice of topics is based on careful thought about what are the
fundamental issues and concepts in Newtonian dynamics. It mostly uses common speech
rather than cueing specific physics principles, and the distracters (wrong answers) are
based on students' common misconceptions.

Imagine a head-on collision between a large truck and a small car. During the collision:
(A) the truck exerts a greater amount of force on the car than the car exerts on the truck.
(B) the car exerts a greater amount of force on the truck than the truck exerts on the car.

(C) neither exerts a force on the other, the car gets smashed simply because it gets in
the way of the truck.

(D) the truck exerts a force on the car but the car does not exert a force on the truck.

(E) the truck exerts the same amount of force on the car as the car exerts on the truck

Fig. 3: A problem from the FCI [4]. Note the presence of responses (such as (C)) that are commonly held
among high school students entering a physics course but that would be unlikely to be offered by most teachers
writing atest.

An example of an item is given in Fig. 3. My students and | gave the FCI to classes of
students taking first semester calculus-based physics at the University of Maryland. Some
of the classes received traditional instruction and some classes had one hour of instruc-
tion per week modified to use the research-based Tutorials described below instead of

' Seventeen of these surveys are included on the resource CD that comes with my book
Teaching Physics with the Physics Suite[1]. A list of these and contacts to their authors
are available online at http://www.physics.umd.edu/perg/restools.htm.



traditiona problem solving recitations. The students were mostly engineers and all had
successfully completed a high school physics course. As shown in Table 1, on the pre-
test, only 26% of the students chose the correct answer. A startling 70% chose a common
misconception: that the larger, more active truck exerts a greater force on the car than the
car does on the truck.

Traditional instruction improved this result, increasing the number of students who
chose the correct result to 51%. On so fundamental atopic, h1% is stillnot very satisfy-
ing. By modifying one hour of instruction per week using research-based materials we
were able to improve the percentage of students selecting the correct choice to 83%.

Table 1: Engineering studentsOchoices on the FCI item shown in Fig. 3 before and after traditional instruction
and instruction modified to include one hour of UW-Style Tutorials. The correct answer is shown in bold.

With traditional instruction (N=178) | With modified instruction (N=280)
Pre Post Pre Post
(A) 70% 46% 62% 16%
(B) 3% 1% 2% 1%
(©) 1% 0% 1% 0%
(D) 1% 2% 0% 0%
(E) 26% 51% 35% 83%

1.5 Conceptual difficulties are widespread

This sort of problem has been demonstrated in introductory physics classes for almost all
populations of students in countries around the world [5]. In addition, similar kinds of
difficulties have been observed in essentially every topic that is commonly taught in
introductory physics ranging from simple kinematics to modern physics. Many research-
ers have made substantial contributions to this literature. There are now a number of
useful bibliographies that provide lists of or discussions of research papers on these top-

ics[6][7][8][9].
2 Curricular options: Research-based materials

The research that helps us understand studentsOdifficulties also provides guidance to
curriculum developers. A wide variety of research-based reform materials have been
created that help students learn physics concepts more effectively. These take into ac-
count common confusions and difficulties students have with the subject and help stu-
dents build their understanding through well-designed activities. A discussion of about a
dozen such methods is given in my little book, Teaching Physics[1].

" Most of these are available on the internet. For alist of links, go to
http://www.physics.umd.edu/perg/tool s/rl .htm.



2.1 It’s what the students do that counts!

By now it has been very well documented that for most students, most of the traditional
techniques we employ in university level physics teaching are only effective for helping
them memorize some vocabulary and learn to solve a limited class of agorithmic prob-
lems. Our traditional techniques do not work well for the development of conceptual
understanding and sense making [10]. For this purpose, for most students, in most envi-
ronments, teaching by telling does not work well, repeated simple exercises do not work
well, watching teacher-performed demonstrations do not work well, traditional labs do
not work well.

Throughout the 1990@, attempts to design more effective learning environments all
converged on a single consensus: to learn physics effectively students have to be Gnen-
tally engaged® For many of us who now teach physics, it was never a problem to be
mentally engaged with physics. We loved the subject, were interested, and could get our
brains turned on and active even in response to a weak or incoherent lecture. Many stu-
dents today, however, study physics not because they love it but because it is a require-
ment for something else they want to do or because they see it as a step to a secure future.
For these students, turning their brains on to physics is neither automatic nor easy.

What physics education researchers and curriculum developers have learned is that
many more students can be brought to mentally engage the physics if they can be in-
volved in appropriate tasks. Creating such tasks is more difficult than it sounds. The
appropriateness of the task for engaging the student liesin the mind of the student, not of
the instructor. Therefore, figuring out what engages the student can take considerable
effort Dextensive observation and deep probing of student thinking.

A number of research-based reform curricula have been created that provide envi-
ronments in which students are helped to Qurn on their minds to physicsOby engaging in
effective learning activities. The keys seem to be to get the students to
¥  make sense of the physicsfor themselves,
¥ learn to seek coherence, and
¥ reflect on what they are learning.

Activities that have the effect of getting students to do these things are often referred to
by the shorthand phrase active engagement.”

2.2 We can do better!

More than a dozen active engagement environments for introductory physics teaching
were developed and disseminated in the USA during the 19903. A dozen that have been
tested and proven to be effective in helping to promote concept learning and sense-
making are described in my little book [1]. 1@l briefly describe three examples here in

" One needs to be careful in using this term. It is easy to mistake an ineffective (hands
onQactivity from amore useful Gninds onOone. Activity is not the key here, mental
engagement is.



order to show how the active engagement focus changes a learning environment: Tutori-
als, Cooperative Group Problem Solving, and Workshop Physics.

Both Tutorials and Cooperative Group Problem Solving are transformations of a
small-group recitation environment that attempt to get the students actively engaged. Ina
traditiona recitation in the USA, an instructor (often a graduate student) answers stu-
dentsOquestions about the week@ homework and typically just solves problems for them.
This may model good problem solving technique and students who are aready mentally
engaged may be actively processing what they hear. But in the USA, indications are that
thisis often a small fraction of the studentsin the course.

The Tutorial method, developed by Lillian McDermott and her collaborators at the
University of Washington, replaces the traditional recitation by a small-group discussion
[11]. Students work in groups of three or four and discuss the contents of a 3-6 page
worksheet. These worksheets are based on careful research that identifies common stu-
dent confusions and misconceptions. The goa of the worksheets is to dlicit studentsO
misconceptions and, through discussion, help them reflect on how to refine their thinking.
Many students in introductory physics classes in the USA are unfamiliar with qualitative
physical reasoning and the UW Tutorials are designed to help them learn to do it.

The Cooperative Group Problem Solving (CGPS) approach, developed by Pat and
Ken Heller and their collaborators at the University of Minnesota, retains the problem-
solving character of the recitation, but instead of the students watching an instructor solve
problems, they solve them themselves, working in groups of three or four on problems.
The students are given genera instruction in problem solving methods and the problems
are not exercises. They are context rich problems B problems that require complex rea-
soning and evaluation [12].

Workshop Physics (WP) [13] is a more aggressive transformation of traditional in-
struction. The class is entirely lab-based with a detailed activity guide. Students are led
to discover the laws of physics for themselves. An environment rich in computer-based
data acquisition devices facilitates their exploration. The course becomes what might be
described as guided discovery learning.

2.3 Research-based instructional models produce better conceptual gains

In order to test whether these curricular reforms are effective in promoting conceptual
learning, we gave the FCI before and after instruction in first semester university physics
in 15 universities. These classes used four different instructional models: traditional
lecture with recitation, traditional lecture with tutorial, traditional lecture with group
problem solving, and workshop physics. We observed both primary and secondary im-

Note that this Qutorial Omethod is very different from the method of the same name
common in British universities. The University of Washington tutorials are heavily
guided, research-based, and can be delivered to large classes.
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plementations of the research-based CGSP and WP curricula and secondary implementa-
tions of Tutorials[14].

Our figure of merit is the fraction of the possible gain in concept learning as meas-
ured by the FCI, h, defined in Eq. (1). Our results are shown in Table 2.

posttestaverage' pretestaveragé 1)
(100" pretestaverage

h={

Table 2: Fraction of possible gains, h, obtained by pre-post testing with the FCI. Uncertainty shown as SEM.
Each group contained about 500 students except WP primary, which contained about 30 [14].

Traditional 0.20+0.03
Recitation modifications

(Tutorial & CGPS, primary and secondary) 0.34+0.01
WP (early secondary implementations) 0.41+0.02
WP (single mature primary implementation) 0.73

The research-based curricula showed significantly better gains. By paying attention
to what students know and how they learn, we can create educational environments that
produce more effective concept learning than produced by traditional methods and these
methods do not necessarily teke additional time. (We also observed that agorithmic
problem solving was not deteriorated N but it was also not improved [14].)

2.4 Concepts are not enough

Concepts are important, but they are only a part of the story. We want our students to
learn to think like scientists. Just as we thought that concept learning and sense making
happened automatically when students learn facts and algorithmic problem solving, there
isawhole set of skills that students need to learn that we usually don®talk about explic-
itly and which we assume Gcome for free.O | refer these as the hidden curriculum.

3 Rethinking our goals: Thehidden curriculum

When we design our courses, we tend to focus on content rather than on process or skills
and assume that skill development Gzomes for free.O This is often not the case. Some of
these skills are:

developing a strong physical intuition

learning to reason from principle

seeking consistency

reasoning with mathematics

learning to solve complex problems.

K K K K K

" PrimaryOindicates the site where the approach was developed. (SecondaryOimplies
an implementation of the technique at some other university.



3.1 Teaching students to think like a scientist

Can we explicitly teach the hidden curriculum? Answering this question was a goal of a

recently completed project, Learning How to Learn Science (LHLS), to study student

learning in algebra-based college physics at the University of Maryland [15]. This pro-

ject had two primary goals:

¥  To seewhether students could be taught hidden curriculum goalsin alarge lecture
class with small (but coherent) changes to standard environments.

¥  To create environments in which much of a student® learning took place in class-
room environments where it could be observed and studied.

The class had a traditional format for large lecture introductory physics in the USA.
The class ran for two 14-week semesters. Each week had three 50 minute lectures (with
100-160 students, with the lecture given by a Professor), one 50 minute recitation (with
20-24 students, run by facilitators Busually graduate students), one 110 minute laboratory
(with 20-24 students run by a graduate student). Homework was assigned and collected
weekly (with ~ 5 significant problems).

The population consisted largely of majorsin the bio and health sciences (~85%) and
was mostly upper division college students (~80% juniors and seniors). In contrast to our
physics majors and engineering classes, the population was predominantly female
(~65%). There were an important fraction of pre-medical students (~35%) and a large
fraction of the class had research experience (~75%).

Every part of the course was modified. Lectures were made interactive with Interac-
tive Lecture Demonstrations [16] and student response systems (individual remote an-
swering devices) [17]. The traditional discussion was replaced by concept building and
process-learning U. of Washington-style tutorials (group learning with worksheets). The
traditiona protocol labs were replaced by ones in which the students had to design their
own experiments. Homework was a mix of qualitative, quantitative, and estimation: the
focus was on reasoning, both qualitative and quantitative.

| present two examples to illustrate how our concern for helping students focus on
elements of the hidden curriculum influences what it is we give students to do.

3.2 Example: Teaching coherence with representation translation problems

We want our students to learn to Gnake senseOof the physics. This means, in part, to see
the various descriptions we use in physics Bequations, graphs, figures Bas different ways
of looking at the same physical system. But in order to develop a coherent understanding
of a physical system, you have to have the idea that you®e looking both for coherence
and for understanding, and you have to have the idea that everything must be in the serv-
ice of describing a physical system. Many students do not understand these points. They
are used to treating scientific information as a collection of independent and unrelated
facts. If they are not encouraged (required) to seek consistency and to tie their knowl-
edge to particular physical systems, they tend to simply reach for the most obvious fact
and not notice that it may contradict something else they know. When we only give
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problems that can be solved with one equation or principle, students don® learn to look
for coherence. We need to demand more.

In order to get students to pay attention to coherence focused in a physical situation,
we created problems with many parts, each of which can be done in a number of ways.
One way is with representation translation problems, an example of which is shown in
Fig. 4. This problem ties together a picture of a physical system, multiple representations
(graphs of different physical quantities), and the use of fundamental principles (Newton®
laws) to give students practice in focusing on building coherence. We give credit for
consistency and give them credit if they can show that one of their answers follows by
correct reasoning from another (wrong) one.

4 During one swing, the string of a pendulum breaks at the
bottom-most point of the swing (B) as the ball is moving

X from A to B towards C. Sketch on the figure the path of the
ball after the string has broken and graph qualitatively the x
and y coordinates and velocity of the ball.

During a second trial, the string breaks at the top-most point
c of the swing (C). Sketch on the figure the path of the ball

A after the string has broken and graph qualitatively the x and
B y coordinates and velocity of the ball.

Fig. 4: A sample representation translation problem that gives students practice in building coherence.

3.3 Example: Refining intuitions with Elby pairs

Another technique we use to help students learn to think about coherence and to learn to
evaluate, refine, and strengthen their intuitions is the method of Elby pairs [19]. We
create paired questions, one which most students are likely to answer correctly, one
which they are likely to answer with a common misconception. We then help them see
thereis a contradiction in their thinking and resolve it. An exampleisgiven in Fig. 5.

3.4 Does it work?

To evauate our reforms, we collected a wide variety of data, both qualitative and quanti-
tative: interviews and observations of behavior, a pre-post conceptual knowledge survey,
videotapes of in-class behavior, and a pre-post attitude survey. Most of our observations
supported our claim that it is possible to teach elements of the hidden curriculum in a
large lecture class without substantial extra resources beyond the traditional structures
(for research universitiesin the USA). There is not space to review all this data here, but
one dramatic result is worth mentioning.

Example: Fractional Gains on the FCI / Splitting

We are certainly interested in improving our studentsOconceptual understanding of the
physics they are learning, but we hoped to go beyond that. For example, we wanted to




11

have our students not only CknowOthe right answers, but also feel that the physics they
were learning made sense Bthat it was intuitively reasonable.

1. A truck rams into a parked car.

(a) Intuitively, which is larger: the force exerted by the truck on the car or by the car on
the truck?

(b) Suppose the truck has mass 1000 kg and the car has mass 500 kg. During the colli-
sion, the truck slows by 5 m/s. How much speed does the car gain during the collision?

2.Simulate this scenario by making a “truck” (a cart with extra weight) crash into the “car”
(aregular cart). The truck and car both have force sensors attached. Do whatever ex-
periments you want, to see when N3 applies.

Car reacts
Raw twice as much
intuition as truck

during collision

Car has
twice as much
acceleration as

truck during
collision

Car feels
twice as much Refined
force as truck intuition
during collision

N3 fails N3 holds

Implications
a gy = (2F)/m
= F/(2m)

a = F/m
a = F/(2m)

@ truck = truck

so acceleration
of car is 2X
that of truck

so acceleration
of car is 4X
that of truck

Fig. 5. Analysis of an Elby pair [19].

We did not have to give up conceptua gains in order to emphasize hidden curricu-
lum learning. Our pre-post fractional gains on the FCI for this class was h = 0.47, higher
than we had ever measured in a large lecture class at the University of Maryland. But
this doesn® probe whether students were able to make their new knowledge a part of
their intuition.

McCaskey and Elby [20] came up with away of probing studentsOsense of whether
they saw aresult that they knew as intuitive. They had students make two passes through
the FCI. In the first, they were told to circle the answer that they felt made the most
intuitive sense. In the second, they were to put a square around the answer that they felt
Caphysicist would give.O Not giving the same answer for both Dsplitting D suggests that
the student might know the correct answer but not feel that it made sense, intuitively.
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We gave the split-task FCI to my algebra-based Physics Il class at start of second
term. The students (N~160) included ~1/3 who had received traditiona instruction in the
first term and 2/3 who had received our reformed instruction, including Tutorial lessons
with Elby pairs. We isolated clusters that corresponded to the learning of particular con-
cepts. One such is the Newton@ third law cluster Bfour items probing studentsOunder-
standing of when N3 holds.

The results were dramatic. Not only did students receiving reformed instruction do
much better (~85% correct compared to ~45% correct), they were much less likely to
split their answers (~10% of correct answers split as compared to ~50% of correct an-
swers split). This totals to ~75% correct unsplit answers (Qight and reconciled in the
reformed class, compared with ~25% correct unsplit answers in the traditional class.
These results are shown in Fig. 6.

Instructions:

“Please circle the answer that makes the most intuitive sense to you.

Please draw a square around the answer you think physicists would give.”

100%

S0%

H Wrong

80%
70%

60%

O Right

50% Unreconciled

40%
E Right &
Reconciled

30%

20%

10%

Reform Traditional

Fig. 6: Results on the 4 FCI N3 itemsin the LHLS reformed class and in a traditional class [20]. (Reconciled®
means that the students did not split their answers.

4 Some Things| Have Learned

| have been teaching now for almost 35 years and | have been doing physics education
research for nearly 15. Inthat time, | have learned afew things.
¥  1t@important to think about what it isyou really want to accomplish
in your teaching.
¥ [|t@essentia to understand where your students are and what they can do.
¥  What we are asking our students to do is considerable harder
than we sometimes appreciate.
¥  [t@what the students do that matters most for their learning,
not what the instructors do.
E. and most importantly



13

4.1 You don’t have to do it all by yourself!

Researchers and curriculum developers all over the world are creating a community of
scholars and specialists. As we improve our knowledge of what our students know and
don®know, of how they learn effectively, and of what they need to learn that we haven®
noticed, we can better understand both what we can do and what we need to do. We can
learn from each other@® careful research, and we can share materials, adapting them to the
needs of our local environment. Teaching physicsto all our students can be difficult, but
we can ease the burden and improve our effectiveness if we act and interact as a commu-
nity to learn about physics learning.
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