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1 INTRODUCTION

Physics education research can be an effective guide for improving student
learning from the introductory to the graduate level. For more than 30 years, the
Physics Education Group has been conducting a coordinated program of research,
curriculum development, and instruction in the Physics Department at the
University of Washington (UW). Past and present members of the group include
UW faculty, visiting faculty, post-doctoral research associates, pre-university
teachers, and graduate students. Since 1979, more than 20 have earned Ph.D.s in
physics through their research with our group.

Our two published curricula are Physics by Inquiry (Pbl) and Tutorials in
Introductory Physics [1, 2]. Both are research-based and research-validated. The first
is a self-contained, laboratory-centred curriculum especially appropriate for the
preparation of elementary and secondary school teachers; the second is a
supplementary curriculum consisting of tutorials that are intended for use with
university students in conjunction with any standard introductory text. This paper,
which is based on a plenary lecture at the GIREP-EPEC Conference 2007 (Opatija),
discusses some of the research that underlies the development of the tutorials on
geometrical and physical optics. The role of research in the development of PbI is
described in the context of electric circuits in the Proceedings of the 2nd
International GIREP Seminar 2003 (Udine) and in earlier papers [3, 4].

2 PERSPECTIVE ON RESEARCH

The focus of research by the Physics Education Group is on the student as a
learner, rather than on the instructor as a teacher. We try to identify specific
difficulties that students encounter in the study of various topics. Several different
populations were included in the research discussed in this paper: university
students in introductory physics courses, elementary and secondary school
teachers of physics and physical science, and graduate students whose research
interests covered a wide range of subfields in experimental and theoretical physics.

The perspective that teaching is a science, as well as an art, motivates our
work. The type of discipline-based education research conducted by our group
differs from traditional education research in that the motivation is not provided
by educational theory or methodology but rather by our interest in student
understanding of physics content. Although the emphasis in this paper is on
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university students in introductory physics courses, we have found that
elementary and secondary school teachers, and even physics graduate students,
often have similar conceptual and reasoning difficulties. These can be identified,
analyzed, and effectively addressed through an iterative process of research,
curriculum development, and instruction. Both the difficulties and effective
instructional strategies are often generalizable beyond a particular course,
instructor, or institution. We work toward cumulative improvement in physics
instruction by conducting systematic investigations of student understanding. We
apply our findings to the development of curriculum, assess its effectiveness
through pre- and post-testing, document our methods so that they can be
replicated, and report the results at meetings and in peer-reviewed papers. These
procedures are characteristic of an empirical applied science.

We use two general research methods: individual demonstration interviews
(which allow deep probing into the nature of student difficulties) and written tests
(which provide information on prevalence). Observations and interactions with
students in the classroom provide additional insights into how students learn best.
The results inform the design of carefully sequenced questions that address
specific difficulties and guide students through the process of constructing a
coherent conceptual framework. Assessment of effectiveness through pre-testing
and post-testing occurs on a continuous basis and is an integral part of the iterative
process of curriculum development. To ensure applicability beyond our own
university, our materials are also tested at pilot sites (e.g., Colorado, Georgetown,
Harvard, Illinois, Maryland, and Purdue).

Although experienced instructors know that there is a gap between what is
said in lectures and what students learn, most do not recognize how large the gap
can be. We have examined student understanding of many topics. We have found
that on certain types of qualitative questions, student performance is essentially the
same: before and after instruction by lecture and textbook, irrespective of the level
of mathematics, whether or not there is a standard laboratory, whether or not
demonstrations are used, whether classes are large or small, and regardless of the
proficiency of the lecturer. There is ample evidence that teaching by telling is
ineffective for most students. Meaningful learning requires active mental
engagement. The challenge, especially in large courses, is achieving the necessary
degree of intellectual involvement. Much of our research has been directed toward
responding to that challenge.

3 DEVELOPMENT AND ASSESSMENT OF TUTORIALS

To engage students actively in the process of learning physics, our group has been
developing Tutorials in Introductory Physics. The motivation was provided by our
experience with Physics by Inquiry. Pbl is designed for use in courses in which
students learn collaboratively, guided by carefully structured questions. There are
no lectures. We began developing this curriculum more than 30 years ago
expressly for the preparation of elementary and secondary school teachers to teach
physics and physical science. We found that elementary school teachers who had
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worked through Pbl could perform better on certain kinds of questions than
physics and engineering students in introductory university physics courses. The
incentive for developing the tutorials was our desire to provide for introductory
physics students at least some of the intellectual experience that Pbl provides for
teachers.

The tutorials respond to the research questions: Is the standard presentation
in textbook and lecture adequate to develop a functional understanding? If not,
what can be done? The tutorials are intended to supplement, not replace,
instruction by lecture, laboratory, and textbook through which physics is
traditionally taught. They are designed to be used in small-group (22-24 students)
sessions. The emphasis in the tutorials is on constructing concepts, developing
reasoning skills, and relating the formalism of physics to the real world, not on
transmitting information and solving standard problems. Each tutorial sequence
consists of a pre-test, worksheet, homework assignment, and one or more post-test
questions. The sequence begins with a 10-minute pre-test (either written or on the
Internet) that serves to focus student attention on the topic to be addressed in the
tutorial. During the tutorial sessions, the students work collaboratively in groups
of three or four. The structure is provided by worksheets that consist of a series of
questions and exercises that guide students through the reasoning necessary to
develop a functional understanding of the material. Tutorial homework
assignments help students reinforce and extend what they have learned.
Questions based on the tutorials are included on every course examination and
serve as post-tests. We consider a tutorial successful when the performance of the
introductory students on post-tests matches (or surpasses) that of the graduate
Teaching Assistants (TAs) on the corresponding pre-tests.

Most of the instructors in the tutorial sessions are TAs. They learn how to
teach by questioning (rather than by telling) in a required weekly seminar, during
which they take the same pre-tests and work through the tutorials in the same way
as the introductory students. After this experience, the TAs examines and discusses
some of the pre-test responses from the introductory students.

4 IDENTIFYING AND ADDRESSING DIFFICULTIES WITH GEOMETRICAL
OPTICS

In teaching geometrical optics, most instructors begin with the premise that
students taking introductory physics at a wuniversity have a functional
understanding of the rectilinear propagation of light. Most of these students can
readily articulate that light travels in a straight line. They also seem to accept the
idea that light rays travel outward from every point on an object and are
converged by a convex lens to a corresponding point on an image. Moreover,
almost all can use the thin lens formula (1/s +1/s' =1/f) to find the distance of an
image from a lens, given the object distance and focal length. The two examples
below, however, illustrate what many university students could not do.
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4.1 Real image formed by a converging lens

During the 1980s, while Fred Goldberg was a visitor with our group, we examined
how introductory students interpret the real image formed by a converging lens
[5]. We conducted about 20 individual demonstration interviews with volunteers
from the top half of their respective classes. Each interview lasted from 45 to 60
minutes. The questions posed were based on the apparatus shown in Fig. 1, which
consists of a clear, brightly lit bulb, a converging lens, and the inverted real image
of the filament of the bulb on a screen. The students were asked if anything would
change on the screen if certain specified changes were made to the apparatus.

Lens Screen
Bulb
ffﬁ%) A /
= ° A
Investigator Student

Figure 1 Individual demonstration interview.

The students were first asked what change would occur on the screen if the lens
were removed. About half said that it would be right side up, apparently not
recognizing the necessity of the lens to form the image. They seemed to think that
the function of the lens was to invert the image. On the second task, the students
were asked what would happen if the top half of the lens were blocked. Only
about one-third seemed to recognize that even a very small part of a lens is
sufficient to produce an image. The most popular response was “half a lens, half an
image.” When asked to draw a ray diagram, many of the students did not seem to
understand that tracing the principal rays through a lens is an algorithm, or rule,
for locating the image. The special rays are sufficient, but not necessary. In a third
task, the students were asked if anything would change on the screen if it were
moved toward the lens. Fewer than half recognized that, if the screen were moved
very far in either direction, no image would appear. A multiple-choice version of
these questions administered to about 200 students produced a similar outcome.
The results were essentially the same whether or not students were enrolled in the
accompanying laboratory course.

4.2 Geometric image formed by an aperture

An investigation conducted several years later confirmed that the difficulties the
introductory students had with this material were much more fundamental than a
lack of understanding of the function of a lens [6]. To determine whether they
could apply a correct ray model in a situation not involving a lens, we asked
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students to sketch the images produced on a screen when light from a single point
source, two point sources, and a line source passes through a small triangular hole
(~1 cm) in a mask. As in the tasks described above, memorized formulas do not
help. A correct response depends on the ability to apply a correct ray model for
light.

This question was given as a pre-test to thousands of introductory physics
students and to more than 100 TAs in our physics department’s Ph.D. program.
The correct responses are shown in Fig. 2. To draw an appropriate diagram in the
third case, students could treat the line source as a series of point sources, each of
which produces a triangular image on the screen. Since the points are closely
spaced, the images overlap and produce a vertical rectangle terminated at the top
by a triangle.

Although the amount of prior instruction varied, the results did not. The
percentages of correct responses for the three light sources by the introductory
students were 90%, 60%, and 20%, respectively. The performance of the elementary
and secondary school teachers who were asked the same question was similar.
Although the TAs did better on the first two questions, only about 65% gave a
correct (or nearly correct) answer for the line source. The most common incorrect
response in all three groups was that the image would be an enlarged triangle.

Figure 2 Pre-test (with correct responses) on geometrical optics.

4.3 Tutorial on the ray model for light: Light and shadow

As the results from the pre-test indicate, many students do not develop a
functional understanding of the ray model for light. We developed a tutorial (Light
and shadow) to help students predict and explain the geometric image formed on a
screen when light from a point, line, or extended source passes through apertures
of various shapes [7]. Fig. 3 shows correct responses to several post-tests that were
administered after the tutorial. The light sources and apertures have a variety of
shapes. About 80% of the introductory students gave correct (or nearly correct)
answers on the post-test, as did about 85% of the prospective secondary school
teachers who had worked through similar material in Pbl [6,8]. These results
surpass the 65% success rate of the graduate TAs on the pre-test, thus meeting our
criterion for an effective tutorial.
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s

Figure 3 Post-tests (with correct responses) on geometrical optics.

5 IDENTIFICATION OF DIFFICULTIES WITH PHYSICAL OPTICS

Results from our investigation in the context of physical optics indicate that
introductory students who have studied this topic often cannot account for the
pattern produced on a distant screen when light is incident on a single or double
slit [9, 10]. Some serious conceptual difficulties with the wave model were
identified.

5.1 Single-slit diffraction

In one question designed to probe understanding of single-slit diffraction, students
were presented with essentially the same question on single-slit diffraction in both
quantitative and qualitative versions. (See Fig. 4.) In the quantitative version, the
students were told that light of wavelength A is incident on a slit of width a = 4.
(N =130.) They were asked if minima would appear on the screen and, if so, to
find the angle to the first minimum. The qualitative version contained a
photograph of the diffraction pattern formed when a mask with a narrow slit is
placed between a laser and a screen [10]. (N = 510.) The students were asked
whether the slit width was greater than, less than, or equal to the wavelength. For
both versions, it is necessary to recognize that minima can appear on a screen of
finite width only for a > A.

Quantitative question Qualitative question
Light of wavelength 4 is incident on a slit The pattern below results when a mask
of width a = 44. with a narrow slit is placed between a
mask laser and a screen.
screen
light

_—

_—

—_—

Would minima appear on a distant screen? Is the slit width greater than, less than,
If so, find the angle to the first minimum. or equal to the wavelength? Explain.

Figure 4 Quantitative and qualitative versions of a question on single-slit diffraction.
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Performance on the qualitative question was considerably worse than on the
quantitative question. Only 10% were able to give a correct response with a correct
explanation as compared with 70% who gave a correct angle on the quantitative
question. Included in the group of introductory students who had been asked the
qualitative question were some students who had previously responded to the
quantitative question. Success on the qualitative question did not depend on
whether or not students had responded correctly to the quantitative question.
Among the graduate students who were TAs in the introductory course, only 55%
gave a correct answer and a correct explanation on the qualitative question, thus
demonstrating that advanced study does not necessarily ensure that ideas from
introductory physics have been mastered.

5.2 Double-slit interference

On another pre-test, students were shown the pattern produced when light from a
laser passes through two very narrow slits. (See Fig.5.) The students were asked
to sketch what would appear on the screen when the left slit is covered [10]. (N >
600) The correct response is that the interference minima would disappear and that
the screen would become (essentially) uniformly illuminated. Only about 40% of
the students gave this answer. The most common incorrect response was that the
pattern remains the same but becomes dimmer. Other answers were that the
maxima on one side would vanish or that every other maximum would vanish.

Figure 5 Double-slit interference pattern.

It should be noted that this question, like the one based on the photograph of a
diffraction pattern, cannot be solved through formula manipulation. A correct
answer requires that students understand that a double-slit interference pattern
can not be produced by light that passes through just one slit.

5.3 Confusion with the photon model for light

During our investigation of student understanding of physical optics, we
conducted a set of individual demonstration interviews with 46 volunteers who
had studied physical optics in the introductory course: 16 had just completed the
course and 30 were enrolled in a more advanced modern physics course [9]. All
received grades in the top half of their respective classes.

The interviews were based on a demonstration that consisted of a small unlit
bulb, a small rectangular slit (1 cm x 3 cm) in a mask, and a screen. Three questions
were asked: (1) What would be seen on the screen if the bulb were lit? (2) How
would the prediction change if the bulb were moved farther and farther away from
the mask? (3) What would happen if the bulb was very far away and the slit
became narrower and narrower? Predictions for the first two questions could be
made on the basis of geometrical optics. As the slit is made narrower, the
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illuminated region on the screen initially becomes narrower. As the slit is made
even narrower, eventually a single-slit diffraction pattern appears and a wave
model for light applies.

The questions above set a context for conversations about the behaviour of
light. Many students failed to consider when geometrical or physical optics was
valid. In trying to account for diffraction, they often revealed misinterpretations of
the mathematical representation of light as a wave. They inappropriately
compared the width of the slit and the wavelength (or amplitude) of the light.
(Students usually mentioned the wavelength although their sketches referred to
the amplitude.) Some predicted that for a4 < A no light would pass through the slit.
Others said that diffraction occurs only if the slit width is less than the wavelength
(or amplitude).

As they attempted to justify their predictions, 16 of the 30 modern physics
students spontaneously referred to photons, with 12 making incorrect statements.
Some tried to account for wave phenomena by representing photons as point
particles travelling along sinusoidal curves. While trying to explain diffraction, one
student drew a sine wave with amplitude greater than the width of the slit. He
seemed to think that each point on the wave represented a photon and drew
several, noting that some would crash into the wall. (See Fig. 6.) Later in the
investigation, we also conducted a set of 14 interviews with physics majors from a
third-year quantum mechanics course. Six of these students articulated mistaken
ideas about photons. Apparently, exposure to more abstract topics does not
necessarily contribute to, and may even detract from, an understanding of basic
concepts.

“Part of the amplitude
is cut off”

/
/\/\f\/

Figure 6 Student response.

5.4 Tutorial sequence on the wave model for light
The specific difficulties that students had with interference and diffraction
indicated that they lacked a basic wave model for light. They did not relate
interference and diffraction effects to differences in path length (or phase). We
therefore decided to develop a series of tutorials to help students construct and
apply a wave model for predicting and explaining the behaviour of light [10, 11].
The tutorial sequence begins with qualitative questions that help students
develop a model that they can use to account for the interference and diffraction of
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waves. They begin by considering the pattern produced on the surface of water by
circular waves generated by two periodic point sources. The students identify
nodal lines and anti-nodal lines. They observe that the difference in path length
from the two sources is the same for all points on a given nodal or anti-nodal line.
The students are guided in making appropriate analogies between the pattern on
the water surface and the pattern produced on a distant screen by light from two
slits. For a point on a distant screen, the light rays from two slits are nearly
parallel. The difference in path length between these two rays is given by
AD =d sin 6. (See Fig.7.) The students then extend their model for the interference
of light from two slits to multiple slits. By considering a finite-sized slit to be
composed of a large number of tiny slits, the students treat diffraction as a limiting
case of multiple-slit interference. In the process of developing this wave model,
the tutorials address specific conceptual and reasoning difficulties.

\-

——d—|

Figure 7 Difference in path length between two parallel rays.

Some of the pre-tests and post-tests that we used to assess this sequence of tutorials
are in the context of multiple-slit interference. (See Fig. 8.) In both questions,
students are shown the pattern that appears on a distant screen when coherent red
light passes through two very narrow slits separated by a distance d. A third slit is
added under different conditions on the pre-test and post-test. The students are
asked to predict what would happen to the intensity at point B, which is initially
centred within a bright fringe. On the pre-test, the third slit is added at the same
slit separation and, on the post-test, at half the slit separation.

Center B

i
i
i
i X
i
i

1
Original two-slit pattern

> > >

{/1 A {/‘L 2

e d——A——d—— ] — R
Arrangement of slits for pretest Arrangement of slits for post-test

Figure 8 Pre-test and post-test on multiple-slit interference. Relevant rays and
path length differences have been added to the diagrams.
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Memorized formulas are not helpful for answering these questions. Students need
to understand the role of path difference (or phase difference) in interference
phenomena. The correct response on the pre-test is that the intensity at point B
increases, whereas on the post-test, the intensity at point B decreases. The pre-test
performance of the introductory students was very poor, with only 30% giving a
correct answer and almost no one giving a correct explanation. About 60% of the
TAs responded correctly, with only 25% giving correct explanations. On the post-
test, 80% of the introductory students gave a correct answer, with 40% giving a
correct explanation. Thus, this sequence of tutorials meets the criterion that the
performance of the introductory students on the post-test matches (or surpasses)
that of the TAs on the pre-test.

6 REQUIREMENTS FOR SUCCESSFUL IMPLEMENTATION OF THE
TUTORIALS

Our experience indicates that there are two very important conditions that must be
met for successful implementation of the tutorials in an introductory physics
course. Students must recognize the importance of the type of reasoning that they
are expected to learn in the tutorials and tutorial instructors must recognize that
teaching by questioning demands more careful preparation than teaching by
telling.

If students are to be expected to do the reasoning required for the
development and application of concepts, they must be held accountable for
developing the required skills. The most effective (and probably the only) way is
to insist that they explain their reasoning on course examinations. The tutorials
would not have been nearly as successful in improving student learning if post-
tests had not been part of the examinations and, hence, a component of the course
grade. Moreover, requiring students to explain their reasoning challenges a
common tendency to think of physics as a collection of facts and formulas.

Results from research have demonstrated that graduate students, including
TAs, often have the same conceptual and reasoning difficulties as undergraduates.
Even knowing the answers to the questions on the tutorial worksheets, however, is
not adequate. It is much easier to give answers and to explain why they are correct
than it is to formulate questions that guide students through the reasoning
involved. As research has shown, teaching by telling is usually not effective.
Instructors in the tutorials need to recognize how students are thinking and to
learn how to ask the types of questions that can help students find the answers
themselves. To be able to teach in this way requires careful systematic preparation
before every tutorial.

7 PREPARATION OF ELEMENTARY AND SECONDARY SCHOOL
TEACHERS

Our group has conducted many studies that have included elementary and
secondary school teachers. We have identified the same intellectual problems in
this population as in others [8]. These findings indicate that teachers need intensive
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preparation in order to be able to help their own students begin to develop a
functional understanding of physics and physical science. In addition to having a
sound command of the material, teachers must learn to recognize and be able to
address the conceptual and reasoning difficulties their students are likely to
encounter. Moreover, if they are to be expected to teach science as a process of
inquiry, rather than as a compendium of facts to be memorized, teachers should
have some direct experience in this way of learning. They should be given the
opportunity to learn (or relearn) the physics that they are expected to teach in a
manner that is consistent with how they are expected to teach. The time usually
allotted for tutorials (~ one hour/week) is insufficient for this purpose. Special
courses in physics are needed in which the development of a deep functional
understanding of basic concepts is emphasized and instructional methods are
taught by example [12]. Physics by Inquiry, which is more thorough and demanding
than the tutorials, has been developed for use in such courses. This curriculum,
which emphasizes the development of concepts and reasoning skills, has also been
used successfully with other student populations.

8 GENERALIZATIONS ABOUT LEARNING AND TEACHING

Several generalizations about learning and teaching that we have inferred from our
research have proved to be a useful guide for curriculum development [13]. Those
about learning have been paired with italicized generalizations about teaching.
e Facility in solving standard quantitative problems is not an adequate
criterion for functional understanding. Questions that require qualitative
reasoning and verbal explanations are essential to assess student learning.

The use of such questions is also an effective strategy to help students learn.

e A coherent conceptual framework is not typically an outcome of
traditional instruction.

Students need to go through the process of constructing models and applying them
to predict and explain real-world phenomena.

e  Certain conceptual difficulties are not overcome by traditional instruction.
(Advanced study may not increase student understanding of basic
concepts.

Persistent conceptual difficulties must be explicitly addressed.

e Connections among concepts, formal representations (diagrams, graphs,
etc.) and the real world are often lacking after traditional instruction.

Students need repeated practice in interpreting physics formalism and relating it
to the real world.

e Growth in reasoning ability does not usually result from traditional
instruction.

Scientific reasoning skills must be expressly cultivated.
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e Teaching by telling is an ineffective mode for most students.

Students must be intellectually active to develop a functional understanding.

9 CONCLUSIONS

The tutorials are designed to help make physics meaningful for students, to help
them develop scientific reasoning skills, and to help them recognize that how we
know is as important as what we know. As would be expected, practice in
qualitative reasoning improves student performance on conceptual problems.
Although the implementation of tutorials means that less time is devoted to
solving standard textbook problems, we and others have found that success in
solving quantitative problems is not diminished. Thus, the net effect of an
increased emphasis on qualitative reasoning is to raise standards in a physics
course.

The tutorial system in the introductory physics course has proved to be
practical, flexible, and sustainable in our research-oriented physics department.
We have been developing tutorials on more difficult material (e.g., special relativity
and quantum mechanics) and have observed that students in more advanced
courses welcome the opportunity provided by tutorials to deepen their conceptual
understanding. The experience of others has also shown that the same instructional
approach can also work well in courses that treat more difficult topics [14].

There is a need in physics and other sciences for research on the intellectual
development of students as they progress through a body of material. We
attribute the effectiveness of the tutorials in optics and other topics to the detailed
knowledge of student difficulties that informed the development of the
curriculum. Investigations of the type described require a depth of understanding
that, ordinarily, is found only among specialists in a field. Therefore, for both
practical and intellectual reasons, such research must be conducted by physics
faculty in courses offered in physics departments. When reported at professional
meetings and in journal articles, the results provide a rich resource for all who
teach. Thus, cumulative improvement in the effectiveness of instruction becomes
possible.
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