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Abstract
Student learning of sound waves can be helped through the creation of group-learning classroom
materials whose development and design relies on explicit investigations into student
understanding. We describe student reasoning in terms of sets of resources, i.e. grouped building
blocks of thinking that are commonly used in many different settings. Students in our classes
often used sets of resources that were different from the ones we wish them to use. By designing
curriculum materials that ask students to think about the physics from a different view, we bring
about improvement in student understanding of sound waves. Our curriculum modifications are
specific to our own classes, but our description of student learning is more generally useful for
teachers. We describe how students can use multiple sets of resources in their thinking, and raise
questions that should be considered by both instructors and education researchers.

Introduction
Research-based curriculum development programs have been shown to be effective in

helping students gain a conceptual understanding of many specific topics in physics.1 In
describing the success of many of these materials, a special focus is rightly given to the specific
details of investigations of students at the developing school. Readers wishing to implement
research-based materials at other locations may not have identical or even closely related student
bodies, though, and may require additional information to help them improve their own teaching.
These readers may wish for a more general discussion of how specific methods of instruction are
chosen in relation to the specific issues raised in the research. For such an audience, the
theoretical approaches that guide curriculum development may be more important than the
specific tasks built into the classroom materials and the specific research data on which they are
based.

In this paper, we describe how two elements, a detailed picture of student understanding
of the physics of sound waves and a detailed model of learning, played a role in the development
of curriculum materials aimed at helping students learn the physics of sound more effectively. By
including both these elements in this paper, we hope to show how research into student learning
can provide more than specific classroom materials. We believe that a detailed description of the
theoretical basis of our work can help an instructor in ways that provide more than just specific
classroom materials, including how to approach students in the classroom and recognize student
reasoning not specifically described in this paper
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Though the physics of sound is frequently taught in the introductory sequence of
university physics, student understanding of this difficult topic has been studied only sparingly.
The results of Cedric Linder and collaborators2-4 show that students have interesting ways of
understanding both the physics of the system in which sound waves propagate and the
representations used to describe sound. In the larger context of wave physics, we have reported
previously on student reasoning about propagation and superposition5 and the mathematical
description of waves.6 In all contexts, we find7 that many students approach wave physics using
reasoning that is problematic and unproductive in its focus on object-like properties rather than
properties related to propagating events.

A specific model of student reasoning guides our discussion. In this model, we analyze
student thinking in terms of the often reasonable intuitive physics that they bring to the
classroom.8 The intuitive physics we describe consists of simple and basic resources that are
generally applicable, but often specifically inappropriate. In the context of wave physics, we find
that students often reason by focusing solely on object-like properties of the system they
consider.7 This focus guides student reasoning in unfamiliar settings when students associate
various visual and mathematical cues with object and not wave properties. Many students state
that wave propagation speed depends on the force used to create a wave, superposition occurs
only at a single point, and waves collide when meeting each other (or reflecting off surfaces).
They seem to be making implicit analogies, respectively, to objects and their motion, their center
of mass, and their interactions (e.g. collisions). In this paper, we discuss how the object-like
focus plays a role in student thinking about the physics of sound.

Our research was carried out at the University of Maryland with engineering students in
the second semester of a three-semester introductory physics sequence. Each week, students had
three hours of lecture, three hours of laboratory (some of which dealt with standing mechanical
waves on a string, but none of which dealt with sound waves), and one hour of discussion
section. These discussion sections were either traditional problem-solving sessions or University
of Washington-style Tutorials.9 In Tutorials, students work in groups on activities designed
through the process of physics education research to help them come to a better understanding of
difficult physics concepts.6,10,11

In this paper, we describe how research-based curriculum materials which occupy only an
hour of a student's weekly curriculum can have a measurable effect on their learning in the context
of sound waves. These curriculum materials have been developed based on a clear description of
the fine-grained view of student reasoning in which basic reasoning elements that are intuitively
appropriate in many situations are applied incorrectly in the context of waves. In the Tutorial
materials, we explicitly focus on productive reasoning resources8 that help describe the physics
correctly and show how this approach leads to improved student learning.

In carrying out this research, we were interested in three topics. These can be summarized
as:

** How do students make sense of sound waves in a context they are unaccustomed to
describing formally?
** How can we create an instructional context that best helps them choose an appropriate
model of sound waves, and how is this instructional context connected to the reasoning
skills they bring to the classroom?
** How can the description of student reasoning and the model of the physics help
instructors who observe inconsistent student reasoning in the classroom?
To describe how students think about sound waves requires two elements. We must
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describe the general way in which we understand student sense-making in our classroom. We
must also describe specifically how students make sense of sound waves.

Model Of Student Learning
In this section, we briefly describe one model of student thinking that helps us make

sense of our data.12 These ideas build on previously published descriptions5,7 and are strongly
influenced by Hammer.8 We give only a brief summary of the cognitive model and how it might
apply to sound waves.

Thinking based on resources

Consider a situation where you see, out of the corner of your eye, an object dropping
toward you from above. What do you do, jump sideways? catch it? How does your answer
change if you recognize a leaf? or a rock? Your choice might depend on a variety of skills you
have. For example, you can estimate its location and motion, as well as its size, or its weight,
even after a brief glance. These are all skills which are familiar when thinking about objects. An
object's weight is important when it is lifted or pushed. An object's size is important when we
estimate its location in the distance while driving. An object's location, in this case its path
through the air, is important when throwing balls or looking at the movement of cars on the
highway. We have skills for determining and reasoning about each of these qualities of an object
(e.g. catch the leaf but avoid the rock).

Similarly, we have skills for simplifying our reasoning about the world around us and
choosing how to interpret a situation. We often choose a point to represent the whole, both in
physics and in our daily lives.13 In television sports broadcasts of football or basketball,
commentators using screen pens to represent people with a dot, their motion with a line (coaches
might use X's and O's). The representation seems natural and is easily interpreted. Similarly, the
sentence, "a million faces were turned to the screen as the shuttle disaster occurred" indicates far
more than faces watching television. The face is used to represent the entire body and attention
of a person. Similarly, a nation’s president represents the whole country, the CEO represents the
much larger company, and so on. In each case, a single point or element of the larger system is
used to simplify thinking about a much larger and much more complicated body. Usually, this
body is thought of as an object (consider that even certain multinational corporations are referred
to as monolithic, like a mountain).

In physics, we also often describe extended objects using single points. In introductory
physics, we tacitly rely on this, discussing the motion of objects for the first few weeks of the
course before we even raise the more complex issue of center of mass. For the traditional cannon
ball problem, this might be easily interpretable and understandable, but for a human shot from a
circus cannon, the issue is more difficult. The person might have flailing arms, might be rotating,
and might seem anything but point-like. Still, we use the center of mass to describe the parabolic
path through the air. When solving problems in Newtonian dynamics, we often use free body
diagrams in which we abstract a large body to a single point and then discuss the forces acting on
this point. The details of the shape of the object are often considered irrelevant to the analysis
being done. When not considered irrelevant, these issues create serious difficulties for students
learning the physics. For more information, see 14

Using a single point to represent an entire body is one example of the many methods that
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we have to simplify the way we interpret and reason about the world around us. Furthermore,
this example shows how we often use basic abstractions in many different situations.

Many different types of elemental building blocks have been described in the literature.
These include phenomenological primitives12, facets of knowledge15, intuitive rules16, and
reasoning resources.8 Each of these is a theoretically distinct type of resource, either conceptual,
representational, or perceptual (or some combination thereof). It is not the purpose of this paper
to describe them in detail nor to discuss theoretical differences in the terminology. Instead, we
will use a general description of student learning based on (what we will generally call) resources
to describe the basic pieces of reasoning that students bring to the classroom. These fine-grain
elements of reasoning help us make sense of how student understanding changes due to
instruction.

Sets of resources

Reasoning in physics rarely involves only individual resources (i.e. "higher [on the graph]
means higher [in the world]"). Combining resources into connected sets helps us simplify our
reasoning about otherwise complicated phenomena. Consider the resources we use for thinking
about objects. These include perceptual tools that help us estimate size and weight when simply
observing an object (e.g. why react differently when we see a leaf or a rock dropping toward us?).
We are able to describe the motion of objects as they physically move from one location to the
next. We also have conceptual and phenomenological resources (such as bouncing or blocking12)
to help interpret interactions between objects (e.g. the truck hitting the car will most likely cause
far greater damage than it will receive).  We are able to combine these resources into sets that help
us quickly interpret a situation and react to it (e.g. while driving a car, do we run over a seemingly
empty plastic grocery bag or not, and how does that choice depend on the bag's motion?).

Another set of resources that we can describe involves events. By an event, we mean
something described by the sentence "something happened." For example, a person standing up
and sitting down is an event (or possibly two), while a person simply sitting still is not ("nothing
happened"). Note that we purposefully use the colloquial meaning of the term "event" rather
than the rigorous one from, for example, special relativity. The colloquial meaning applies more
generally to the wide variety of situations that we encounter in our daily lives.

With events, we also have a set of grouped resources to interpret the world around us.
These let us quickly and easily interpret events without necessarily conscious awareness.
Specifically, we have resources (perceptual, conceptual, phenomenological, and so on) for
thinking about a series of events like a wave in a football stadium,17 or playing the game
"telephone" as a child. We have reasoning resources to help us understand issues such as the
speed of the movement of the event, the effect of the event on its surroundings, and the types of
events we see. These resources are particularly useful when trying to explain identical things that
happen at different locations (e.g. assuming identical causes for identical events). Note that the
same resources may play a role in describing both objects and events. Collisions (things get in
each other's way when moving) obviously describe how objects interact, but a series of collisions
(imagine a car pile-up on the highway) can be thought of as a causally linked propagating event.

Another important consideration is that when thinking about a series of events, we are
often less likely to think of objects. For example, the sports stadium wave is more fascinating
(and dominates our perceptions) than the motion of an individual in the stadium (until we
ourselves stand up and sit down, with a loud cheer). This illustrates how thinking about a
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phenomenon from one point of view (the wave motion) may prevent us from thinking about it
from another point of view (the motion of an individual) except in specific circumstances. A clear
description of the process would require both views, though. Often, a complete understanding of
a situation requires that one think about the objects that play a role when describing events.
Similarly, we must often describe the events that objects are subject to.

What often distinguishes novices from experts in their use of resources is the level of
familiarity with the different sets of resources that are applicable in a specific setting. In addition,
experts have often "compiled" their knowledge into ideas and concepts that are easily called up
and employed in a way that novices are unable to do. (Consider a novice and an expert driver
when an object is lying in the road, and who makes quicker choices.) When observing students
reasoning about unfamiliar topics, we expect them to use not only inappropriate resources at
times, but to be guided by sets of resources that do not match the situation. In this paper, we
describe how students often use an incorrect set of resources to guide their reasoning about sound
waves, and how properly designed curriculum can help students come to a better understanding
of the physics.

Application of model of learning to sound waves

Of particular interest to this paper is the issue of propagation.  Both object propagation
(e.g. a thrown ball) and wave propagation (e.g. a sound wave) describe movement from one point
to another. A propagating object physically moves from one location to the next. A propagating
(mechanical) wave is the motion of a disturbance (e.g. in a sound wave, a displacement from
density or pressure equilibrium) from one point to another. These two types of motion are of a
fundamentally different nature.

When describing the sports stadium wave, both the motion of an individual in the stadium
and the motion of the wave play a role in describing movement of something from one point to
another. One talks about "the wave" moving around the stadium as if it were an object physically
moving from one location to another. One describes its location and its size as one would describe
an object, not an event (what is the size of an event?). Not until one properly discerns the motion
of each person in the wave is it clear that this is a propagating event of people standing up (when
those next to them rise) and sitting down (when those next to them sit). With a sports stadium
wave, the switch from object-like wave to propagating event is relatively easy. The motions are
easily discernible due to their perpendicular directions. More importantly, one can easily imagine
oneself participating, allowing for the quick shift between the personal motion one can imagine
and the wave motion one can observe.

To think about the different types of motion in the context of sound waves requires
focusing on different levels of a system. A proper understanding of sound waves would include
applying the correct resources in the correct fashion. Sound waves differ from a sports stadium
wave in that the motion of the medium is co-linear with the direction of propagation. In addition,
the medium is not easily visible, making a discussion of the distinction between motion of the
medium and motion of the wave difficult. Knowing what is moving becomes difficult when there
are no perceptual tools to help.

When we observe students answering questions on the topic of sound wave propagation,
we expect that, for the reasons suggested above, they will have problems applying resources
appropriate for understanding propagating events rather than propagating objects. In the next
section of the paper, we describe such a study.
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Investigating Student Understanding
To investigate how students distinguish between the motion of a wave and the medium

through which it travels, we originally posed two different types of questions about sound waves
(see figure 1). Some students had to describe the motion of a dust particle sitting motionlessly in
front of a previously silent loudspeaker after the speaker had been turned on (figure 1(a)). Others
described the motion of a candle flame placed in front of a loudspeaker (figure 1(b)). These
questions were administered in both interview and written format at all times of instruction
(before any instruction on waves, during instruction, and after all instruction on waves). Students
answered these questions in a variety of settings. More than 25 were interviewed, where they
were asked the question in a one-on-one setting that allowed for extended discussion and follow-
up on the part of the interviewer. Over 200 answered the questions in a pretest, which is an
ungraded conceptual quiz that accompanies tutorials (these will be described below). Finally, 137
students answered these questions in a diagnostic test that was administered before all instruction
and 6 weeks after students had completed all instruction on waves. Some students answered both
questions, as will be described below.

The physics of the questions in figure 1 merits discussion. The dust particle, we told the
students in interviews, is floating motionlessly in a room with no wind (i.e. there are no outside
air currents). This is plausible, when considering that buoyancy can support a dust particle of the
right density at the desired height. The lack of air currents is not plausible when considering the
candle flame because the heat from the candle causes convection currents. In a simple model of
the situation, these currents only occur in the near vicinity of the candle, and add little to the
effective size (i.e. width) of the candle. For both
systems and at the appropriate size and time scale,
we can assume that the medium through which the
sound waves travel is motionless except for the
motion from equilibrium caused by the sound waves
themselves. In all our interviews, students viewed the
situations similarly, and relevant questions dealing
with the more detailed physics were not raised.18

We expected students to point out that the
dust particle and the candle flame would oscillate
longitudinally from side to side due to the motion of
the air. Rather than dealing with more nuanced and
detailed descriptions of the physics, related, for
example, to the effect of a flame on a propagating
pressure wave, students focused on other aspects of
the physics of sound which showed that they had a
different model of the physics. Students regularly
treated the waves as objects which are capable of
pushing things along in the direction of their motion.
This analysis is fundamentally different from one
related to the description of propagating events.

dust particle

Consider a dust particle sitting
motionlessly in front of a
loudspeaker. Also, consider a
candle flame where the dust
particle had been.

Question: Describe the
motion of the dust particle (or
candle flame) after the
loudspeaker is turned on and
plays a note at a constant pitch
and volume.  How would the
motion change if the
frequency or volume of the
sound were changed?

(a)

(b)

Figure 1

Two different situations in which the sound wave
question was asked, (a) the dust particle sound
wave question, (b) the candle flame sound wave
question.  In interviews, students were not given a
diagram, but had a loudspeaker and a candle and
were asked to imagine the dust particle or the
candle flame.  In pretests and examination
questions, students had a variety of diagrams, all
equivalent to the ones shown.
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Discussion Of Student Reasoning

We found that the basic types of student responses did not change during the course of
the semester, but the frequency with which they occurred did change depending primarily on the
type of instruction on waves that students had. The understanding of student reasoning that we
developed as a result of the interviews was therefore productive in describing what we observed
of student thinking at all times of instruction.

We give extended excerpts from two interviews to show the variety of student thinking.
In the interviews, we find that students think both in terms of objects and a series of events, yet
they tend to focus on the object-like behavior of the system. We found that most students had
great difficulty distinguishing between the propagation of the sound wave and the motion of the
medium through which it travels. When viewed from the point of view of an expert, it appears as
if the students focus on the compression phase of a sound wave's passage through a medium, but
ignore the rarefaction phase. However, we claim that student responses indicate that their
reasoning cannot easily be described from an expert physics point of view, since students did not
reason using the wave properties of the system.

After discussing two students in detail, we discuss student responses on written
questions and discuss the frequency of different types of responses.

Sound waves kicking the medium in their path
Our first set of interviews was with six students who had completed traditional

instruction on waves. One student, Alex19, presented reasoning representative of 4 of the 6
students in these interviews. In response to the question in Figure 1, he stated,20

Alex: [The dust particle] would move away from the speaker, pushed by the wave,
pushed by the sound wave . I mean, sound waves spread through the air, which means the
air is actually moving, so the dust particle should be moving with that air which is
spreading away from the speaker.
Interviewer: Okay, so the air moves away --
A: It should carry the dust particle with it.
I: How does [the air] move to carry the dust particle with it?
A: Should push it, I mean, how else is it going to move it? [here he drew a typical
sinusoidal curve and pointed to the leading edge.] If you look at it, if the particle is here,
and this first compression part of the wave hits it, it should move it through, and carry
[the dust particle] with it.
Alex describes the leading edge of the wave as exerting a (constant) force on the dust

particle. Note that he then changes his description, and explicitly states that the wave would
"hit" the dust particle (like one object might hit another).

When asked how his response would change if the original experiment were repeated with
the speaker playing a note of twice the frequency, Alex stated:

A: That would just change the rate at which the particle is moving. . . The wave speed
should be, it should double, too. . . Yeah, speed should increase.
I: How did you come to that answer?
A: I was thinking that the frequency of the wave, a normal wave, shows us how many
cycles per some period of time we have. . . You can have twice as many cycles here in the
same period of time. . .
I: And what effect does it have to go through one cycle versus to go through two cycles?
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A: If it goes through one cycle of the compression wave like this, then the first wave
should hit it . . . And the second wave which has frequency which is twice as big should
hit it twice by then, which should make it go faster.
Alex clearly describes the effect of the change in frequency of the particle: the particle is

hit more often by the sound wave. Note that Alex is thinking both in terms of objects (the hitting
of one solid object by something, seemingly another solid object) and a series of events (the
compression wave hitting the particle repeatedly, and specifically more often in the same amount
of time). The following questions were asked to clarify what he meant by the term "hit".

I: So each compression wave has the effect of kicking the particle forward?
A: Yeah.
I: So when you've been kicked twice, you're moving twice as fast?
A: Basically, yeah. Right, because the force -- If you have a box, and you apply a force
once, the acceleration is - force equals mass times acceleration, you can find the
acceleration. [see figure 2 for a recreation of the sketch Alex drew at this point] Then, if
you apply the same force a second time to the same object, - well, it just moves faster.
He subsequently sketched and described the (sinusoidal and essentially infinitely long)

wave as a series of pulses and described each pulse exerting a force like a kick or a hit on the dust
particle. As before, the collision itself is consistent with an object-like description of the sound
wave, while the description of repeated hits indicates that Alex is also able to think in event-like
terms.

A more detailed discussion of Alex's thinking shows how he used an inappropriate set of
resources to guide his reasoning about the physics. Alex stated, "the frequency of the wave, a
normal wave, shows us how many cycles per some period of time we have." This interpretation
of frequency focuses on the manner in which we describe events. But, as seen by his explicit use
of forces acting on objects, Alex instead focused on object-like reasoning as he focused on the
"hits" on the dust particle.

The description that the sound wave exerts a force only in the direction of wave
propagation shows that Alex thinks of the leading edge of the wave pushing everything in front
of it away from the sound source, much like a surfer riding on an ocean wave. At a later point in
the interview, he explained the surfer analogy by describing the motion of a ring on a string on
which a pulse is propagating. The effect of a pulse on a small ring placed on the string was to
push it along. (He gave a partially correct answer for a ring that is on a string; the wavepulse will
make the ring move in some longitudinal fashion that depends on the angle of the string as the
wavepulse passes by. Still, due to an incomplete description, he did not speak of rarefaction.) He
used the term "impulse" to describe the wavepulse and the effect of the wavepulse on its
surroundings.

Alex: This impulse will hit the ring here,
and ... [the impulse] should go and make
[the ring] move forward, the same way it
should be with a dust particle in the air.
When asked about the effect of changing

the volume of the sound produced, he stated the
following:

Alex: I guess I'm not thinking physics too
much. [I'm thinking of a] stereo system at
home, if you turn it up, you can feel the

Force Dust ptcl. is
like a block

Figure 2

Alex’s sketch of the sound wave exerting
a force on the dust particle.  Alex
described the wave exerting a force on the
dust particle (and later candle flame) only
in the direction of wave propagation.
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vibration from farther away from the speaker, so basically [the dust particle] should
move, once again, it should move faster.
I: What effect did changing the volume have on the compression wave?
A: Increased the amplitude...
I: And that has the effect of the compression wave moving faster?
A: Not quite, it just hits the particle with more force. ... If you kick the thing, instead of
kicking it faster, you're just kicking it harder. It's going to move faster.
Again, Alex described the effect of the wave exerting a force only in the direction of

propagation to make the dust particle move forward. Note also his opening comment, that he is
not "thinking of physics" and is instead thinking of examples from his daily life. In subsequent
conversation, Alex described that he was a sound studio engineer, and was thinking of the loud
music "hitting [his] chest." Here, we see a clear example of the way resources formed in daily life
may play a role in student reasoning in the classroom. Overall, we see how Alex can be thinking
in terms of both events and objects, but the object-like description of waves predominates in his
reasoning.

Of the six students who participated in our preliminary set of interviews, four gave
similar descriptions of the effects of the sound wave on the dust particle. To document the
richness of possible responses that students can give when answering questions on sound waves
with which they are not familiar, we discuss the responses of the other two students. One
student gave responses which were inconsistent, stating the correct answer (horizontal
oscillation) while also stating that the dust particle would not move. Even with continued
questioning, the student was unable to provide a clear response, showing that a profound
confusion lay behind the student's correct responses. It is possible that this student would
perform very well on examinations where the student is aware of the correct answers that the
instructor is seeking, but still not have an actual understanding of the physics of sound waves.
More specifically, without the ability to choose between conflicting models, the student is unable
to know (outside the artificial constraints of an exam) when to apply the correct physics.

The other student interpreted the common sinusoidal graph used to describe sound waves
(either pressure or displacement from equilibrium as a function of time or position) as a picture
rather than a graph21-23 and seemed to use this misinterpretation to guide his reasoning. He
described the motion of the dust particle as transverse and predicted that the candle flame would
not move since it was unable, due to its attachment to the wick. This student misinterpreted the
common sinusoidal graph of sound waves (where the vertical axis describes horizontal
displacement from equilibrium as a function of position or of time), and used this
misinterpretation to guide his understanding of the motion of the medium. He stated that the
longitudinal compression of the sound wave would squeeze the dust particle to push it up or
suck it back down (due to the "vacuum" caused by a sort of rarefaction between longitudinal
waves). The longitudinal wave would cause transverse motion in the dust particle. Note that this
response contains many elements of correct physics (e.g. the rarefaction phase). The detailed
physical explanation this student gave indicates the extent to which students will go to reconcile
the physics with their interpretations (in this case, reading a graph as a picture) to make sense of
the physics they learn.

In addition to the dust particle version of the question, these six students also answered
the candle flame question shown in figure 1(b). Of the four students who gave responses like
Alex's, above, three described the candle flame consistently: the sound wave hits the candle and
knocks it sideways. The sound wave would either hold the candle there permanently or come at
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discrete moments in such a way that the candle would oscillate between the upright and pushed
over (away from the speaker) state. The student who answered this question differently in the
dust particle and candle case described the candlelight as energy which should not be affected by
a sound wave. Of the other two students, one did not answer the question due to time
limitations, and the other's response has already been described.

Sound waves guiding the medium along a sinusoidal path
In a second set of interviews, more than twenty students were given the dust particle in

multiple-choice format approximately two months after students had completed all instruction in
waves. Some of these students had participated in early versions of the Tutorial materials
described in more detail below, while others had completed traditional instruction on waves. Due
to the interview format, it was possible to follow up on student responses and ask for
clarification even on multiple choice questions.

One student, Kyle, described sound waves pushing dust particles in a sinusoidal path
away from a loudspeaker. As he stated,

Kyle: The dust particle will move up and down and the dust particle will be pushed away
from the speaker.
Interviewer: So the dust particle is going to move in a path away from the speaker
(indicates a sinusoidal path with a hand motion in front of Kyle)
K: Yeah.
I: Why is that? If you could explain...
K: ... it will push the dust particle sideways. Since the dust particle is affected by the
frequency, as long as the frequency is constant, it will move in a constant path.
Kyle was describing the dust particle moving along the path of the sinusoidal sine

wave.For similar responses, see 4,24 By "constant path," he was indicating movement along an
unchanging sinusoid. Later, when asked the effect of a change in the frequency, Kyle explained
that

K: [The dust particle] will move faster because the frequency is higher which means that,
since frequency is the one that affects the dust particle, if the frequency increases, the
speed of the particle should increase, also.
Though on the surface this might indicate a correct response (a higher frequency will

cause a faster average speed, since the particle is oscillating more rapidly), Kyle seemed to refer
to the motion of the particle away from the speaker. Kyle often used the phrase "the frequency
affects the dust particle," and when asked what he meant by the phrase, he stated

K: Frequency produces a sound wave, and the sound wave, somehow it will... (He did not
finish the statement, even with prodding from the interviewer).
In this description, Kyle is not using the term frequency to describe a property of the

sound wave, rather, he states that the frequency causes the sound wave. Thus, the sound wave
pushes the dust particle because "the dust particle is affected by the frequency" and "if the
frequency increases, the speed of the dust particle should increase, also." Kyle's explanation
seems consistent with the explanation given by Alex above. Kyle is describing a wave whose
motion and speed away from the speaker is determined by the properties of the wave that is
pushing it forward.

In Kyle's explanation, the sound wave seems to guide the particle along the sinusoidal
path. In his description of the particle's sinusoidal motion, he states that the dust particle must
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move along the path determined by the sinusoidal sound waves. This is an example of the
reasoning resource, Guiding, described in other situations by diSessa.12 Also, Kyle uses the idea
of Working Harder12, stating that the greater the frequency, the greater the speed of the dust
particle.

Like Alex, Kyle uses a mixture of reasoning resources that can be helpful in interpreting
both events and objects. The "up and down" motion of the dust particle, is indicative of his
thinking about the former, while Working Harder is indicative of the latter.

Other students gave similar explanations to Kyle’s. In this second set of interviews, more
than half the students spoke of a sound wave "hitting" or "pushing" objects out of its way.
Rather than focus on what students were not doing (recognizing the rarefaction cycle of sound
wave oscillations), we focus on what specifically was leading them to produce these answers.
The students seem to think about sound waves using a common-sense interpretation based on
sound waves exerting a one-directional force on the medium through which they travel. In
summary, the students

• map object-like properties onto sound waves,
• treat them as solid and pushing through a medium, and
• do not correctly interpret the event-like properties that are more appropriate in this

setting.

Discussion of student performance, traditional instruction

Based on interviews and student responses to written examination questions, we have
found that lecture instruction alone (with the associated homework problems being discussed in a
traditional recitation setting) had little effect on student understanding. Table I shows
(unmatched) student responses from the beginning of spring, 1996, and end of fall, 1995,
engineering university physics classes when answering a question like the one in figure 1. This
early version of the question showed the loudspeaker enclosed in walls to form a tube. A non-
trivial number of students (roughly 10% in both cases, listed within the "other oscillation"
category) sketched standing wave patterns (e.g. sinusoidal standing waves with nodes or
antinodes at the end of the tube) to describe the motion of the dust particle. The tube walls were
removed in later questions to remove this source of student confusion, but the result is an
important one. Students seem to pick the familiar details or surface features of a problem to guide

Time during
semester:

MM used:

Before all
instruction

S96 (%)

Post
lecture F95

(%)
Longitudinal oscillation 14 24

Other oscillation 17 22
Pushed away linearly or

sinusoidally 45 40

Other and blank 24 14

Table I
Comparison of student responses describing the motion of a dust particle due to a loudspeaker.
Data are from F95 post instruction and S96 pre-instruction and are not matched (S96, N=104.
F95, N=96).
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their reasoning in their responses. The tubes seemed to a activate a response based on common
diagrams with which they were familiar, but this response showed the manner in which students
can give responses which build on totally different reasoning resources than the ones relevant in a
given situation.

Table II shows student explanations from the fall, 1997 semester to the dust particle
question before instruction, after traditional instruction, and after additional modified instruction
(described in more detail in the next section of this paper). We see that very few of the students
enter our courses using the accepted physics description of sound wave propagation. Instead,
they focus on the pushing or hitting description given above. Before instruction, half the students
state that the sound wave pushes the dust particle away from the speaker. Some, like Alex did
above, describe the dust particle moving in a straight-line path. Others, like Kyle, describe the
dust particle moving along a sinusoidal path away from the speaker. The latter students seem to
misinterpret the sinusoidal graph of displacement from equilibrium as a picture of the path of the
particle. Their response only makes sense if the sinusoidally guided path is reasonable, which it
is in the case of a particle being pushed by the sound wave. After traditional instruction, their
responses to the sound wave questions are not notably improved. Though some change is seen in
the number of students giving the correct response, the performance is still consistent with the
performance shown in Table I. The improvement in scores due to the Tutorial instruction will be
discussed after the Tutorial itself has been discussed in more detail.

Curriculum Development To Address Student Reasoning
In this section, we describe how the curriculum we developed was designed to help

students build on their previous appropriate knowledge. We then give evaluation results to
describe the strengths and weaknesses of the material. We explicitly describe how the model of
student learning played a role in the development in order to help those instructors who wish to
understand and apply our more general theoretical approach rather than simply use the specific
materials we created. By making our goals and research-basis explicit, we hope to help instructors
who might modify these materials to better match their own setting and also those who interact
with students in their classroom and encounter responses not specifically described in this paper.

Time during
semester:

Explanation:

Before all
instruction

(%)

Post
lecture

(%)

Post lecture,
post tutorial

(%)
Longitudinal oscillation 9 26 45

Other oscillation 23 22 18
Pushed away linearly

or sinusoidally 50 39 11

Other 7 12 6
Blank 11 2 21

Table II
Student performance on sound wave questions before, after traditional lecture, and after
additional modified tutorial instruction.  Data are matched (N=137 students).  The large number
of blank responses in the post-all instruction category is due to the number of students who did
not complete the pretest on which the question was asked.
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Description of Tutorial materials

The sound Tutorial builds on our research results, outlined above, which are consistent
with how students approach other areas of wave physics.5,7 The focus on object-like wave
properties (that exert unidirectional forces on things in their way, for example) is obviously
problematic, and we attempt to provide students with a new description of the physics that is
based on skills and appropriate knowledge that they already bring to the classroom, but do not
apply to this situation. Rather than describe sound waves that exert forces  as if they were able
to kick or hit things in their way, we focus on the movement of similar events from one point to
another. For a recommendation for this instruction in the case of waves on a string, see 25 In the
interviews, we found that students were able to use event-oriented reasoning in some contexts. In
the Tutorial, we try to strengthen their skills in this area. The materials described below
encompassed one hour of instruction in addition to the traditional instruction students had
already received on the basic physics of sound. During the period of lecture instruction for the
fall 1997 class described in the remainder of this paper, students heard lectures on advanced
topics such as the Doppler effect.

Though the majority of the research was carried out in the context of the dust particle
question, the Tutorial begins with the motion of a candle flame placed in front of a loudspeaker.
Data from a pretest from fall 1997 (see Table III) show that students have generally the same
difficulties describing the motion of a candle flame that they have describing the motion of a dust
particle. Only matched data are presented in the table.26 These results are consistent with the
interview results, showing that the candle flame context provides a fair opportunity for students
to develop their reasoning about sound waves.

In the Tutorial, students begin by predicting and then viewing a digitized video of the
motion of a single candle due to a sound wave coming from a large loudspeaker (see figure 327).
As in the interviews, many students predict that the candle will be "hit" and pushed over, but
never pulled back to the loudspeaker. These students are confronted with video of motion to
both sides of the equilibrium position of the candle (i.e. including motion toward the
loudspeaker). They must account for the entire motion of the candle and resolve discrepancies
between their prediction and the observation. In addition, we ask that they explicitly apply their
predictions to the context of the dust particle that was part of the pretest. This activity provides
an excellent context in which students can interpret waves from a non-object-like point of view.

Object Whose Motion
is Being Described

explanation:

Dust
Particle

(%)

Candle
Flame
(%)

Longitudinal oscillation 22 39
Other oscillation 26 3

Pushed away linearly or
sinusoidally 38 21

Other 11 17
Blank 3 20

Table III
Performance on student pretest, comparing descriptions of dust particle and candle flame motion.
Students answered the two questions at the same time (F97, data are matched, N=215).  The high
number of blank responses on the candle flame question is due to lack of time during the pretest,
which was followed by an mid-term examination.
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Rather than focusing on waves "hitting" the
candle, students must make connections
between the loudspeaker which creates the
wave and the candle which moves due to the
wave. Thus, the wave is interpreted as a
propagating event or occurrence, rather than
a moving unidirectional force on the system.

In the next section of the Tutorial,
students are given data that shows the
position of the left edge of the candle flame
at different times. The data points have been
taken beforehand using the program
VideoPoint28 and are presented to the
students in a data in the Tutorial. Due to
time limitations during the Tutorial, students
are not asked to take the data themselves. In
the Tutorial, students must observe the
connection between the data points and the
cross-mark on the screen. Students are asked
to graph the data points on a provided graph. From the graph, they then find the period of the
sound wave. In the activity, students go from a description of a single candle (which represents
the motion of the medium) and its period to describing the frequency of the sound wave. Thus,
they are given the opportunity to connect observations, mathematical descriptions, and physical
properties that they have discussed in class and used in their homework.

Students are then presented with a photograph of two candles sitting in front of a
loudspeaker. They are asked to describe the motion of both candles and to sketch separate
displacement vs. time graphs for each candle. To answer the question, students must generalize
from their previous description of a single candle's motion to think about any possible changes
between the motion of the first and the second candle. Students must use the idea of a
propagating wave with a finite speed to develop the idea of a phase difference between the
motion of the two candles. The two candles then experience identical events due to identical
causes, but at different times due to the wave propagation speed.

This idea is developed through a Gedankenexperiment where students are asked to think
of more and more candles placed at different locations along a path away from the speaker. They
are asked to sketch the displacement from equilibrium of each candle at a specific instant in time.
From this activity, they can find the wavelength of the sound wave. Again, students are given the
opportunity to connect their mathematical knowledge from class with reasoning based on simple
ideas of wave physics. Furthermore, these activities help reinforce the idea that a propagating
wave causes identical events to happen (at different times, due to finite wave speed) throughout
the system. The idea of a wave as a propagating event or occurrence, rather than some object-like
thing that exerts only unidirectional forces on the medium, is thereby emphasized.

The sound Tutorial provides an opportunity for students to develop basic concepts of
wave physics in an understandable and familiar setting. In a previous Tutorial, students had
discussed wave propagation and the motion of waves through a medium. This Tutorial was
designed based on research into student reasoning described in 29 In that Tutorial, they discussed
visible waves traveling along taut strings. In this Tutorial they discuss the propagation of unseen

Figure 3

Candle flame and loudspeaker in a digitised video
frame. Students must compare the candle's side-to-
side oscillation with their predictions of its
movement.
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waves. This provides an opportunity for
students to make connections between the
visible and invisible, a topic of great importance
as they continue their studies with such topics
as fields, light waves, and temperature flow. In
another Tutorial6, students are introduced to
the mathematical description of wave
propagation for wavepulses (see figure 4 for a
description of wavepulses and wavetrains25). In
the sound Tutorial, they apply this idea to
sinusoidal wavetrains. Students have an
opportunity to bring the familiar mathematics
into an otherwise unseen, abstract realm of
everyday experience. They integrate the many
representations to give a picture of the physics
consistent with their observations.

More importantly, students are
encouraged to use a more appropriate set of
reasoning tools than the ones with which they
entered the course. We have observed that they can think in event-oriented terms, but often think
about sound waves in object-like terms instead. The sound Tutorial gives them a chance to think
of waves causing events at two different locations with a phase lag in between. This focus on
occurrences at two different locations forces students to use a different set of tools with which to
think about waves. The use of appropriate observations and representations that they must
interpret brings the students to question different elements of the their system and build an
event-oriented description that best fits the tasks.

Once students have completed the Tutorial, they have an additional brief homework
assignment designed to incorporate and revisit many questions from the Tutorial in a new
context. Students again build connections between the mathematical, graphical, and physical
interpretations of the situation.

Student understanding of sound waves

Results from previous semesters' courses and student performance before and after
traditional instruction are shown in Tables I and II. The third column in Table II indicates student
performance after Tutorial instruction. Students were given the post-test question without
announcement two months after all instruction on waves. Note that the large number of students
who left the question blank is most likely due to a lack of class time in which to answer all the
questions on the (ungraded) post-test.

After the Tutorial, a much larger number of them are able to describe the correct motion of
the oscillating dust particle. Note that student responses were categorized as "other oscillations"
when they did not specify the oscillation direction or stated the movement was in the vertical
direction. Though students describing vertical oscillation might have difficulties with the common
representations used to describe sinusoidal sine waves, their reasoning is of a different (and less
problematic) nature than that given by students describing a unidirectional force acting on the
dust particle.

Wavetrain: endlessly repeating

Wavepulse: finite length

Figure 4

The difference between a wavepulse and a
wavetrain, illustrated with a finite length
sawtooth shape and a repeating sawtooth
pattern.  Both shapes represent propagating
disturbances to the equilibrium state of the
system, but, for example, the propagation of the
wave is more easily visible with a wavepulse
than a wavetrain.
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Though the improvement in student performance is encouraging, the gain is not as large as
is desired. Nearly 2/3 of those students answering the question describe longitudinal oscillation,
but over 10% still describe the sound wave exerting a unidirectional pushing force.30 Still, the
results are encouraging when viewed from the point of view that students were not expecting the
post-test, had not studied the material recently, and knew they were not being graded on the
material. In the next section, we describe related questions that probed students' thinking on the
issues in a context very different from the candle flame or dust particle questions. These also
showed that students' abilities to reason about sound waves had improved.

Discussion of inconsistent student reasoning in the classroom

As is clear from the discussion of research results above, students are able to think in
multiple ways about a single situation. This result can have a serious effect when an instructor is
working in a classroom, and is consistent with other previously reported results.5 The story of
curriculum development based on insight into the resources that students use can help instructors
in their teaching outside of the specific context of the curriculum discussed in this paper.

Recognizing that students bring multiple tools to the classroom in terms of the resources
and sets of resources they use can help us make sense of their behavior in a variety of settings.
When students do not answer consistently on what seem (to experts) to be identical questions,
the reason may depend on how their reasoning is activated. One type of question may elicit more
object-like reasoning than is appropriate for the situation, and another example might lead to a
more appropriate event-like focus in the physics.

This context dependence plays a central role in how an instructor approaches students in
the classroom. An instructor listening to students cannot assume that their correct model of the
physics in one setting implies that they are consistent in their reasoning. Their additional models
must be investigated (e.g. through an appropriate question that might activate a different
viewpoint and explanation of the physics).

For researchers, such situations provide an interesting context in which to study the
development of student sense-making and consistency-checking mechanisms. Possible paths of
inquiry involve an analysis of the epistemologies students have, and how these play a role in
their sense-making of the material. Do students believe that physics is a coherent body of
knowledge? Do they see the inconsistency in their thinking when giving contradictory answers to
nearly identical situations? Work by Hammer8 and Elby31 explores these issues in more detail.

Another path of inquiry would be to model a class’s performance on a test (or question)
designed to distinguish between possible different approaches to the physics. Work by Bao and
Redish32 illustrates how to analyze group performance on such questions. Though this approach
washes away indications of which contexts specifically cause problems for the students and also
which students are most mixed in their reasoning, it does indicate to an instructor the likelihood
of encountering mixed models among the students in the classroom. Few well-designed tests and
well-formulated analysis mechanisms exist at the moment for instructors to use to get a quick
view of their class at the beginning of an instructional unit.

Conclusion
In this paper, we describe how we have developed curriculum materials by focusing on

the fine-grained reasoning elements that students often apply to inappropriate settings. We
explicitly describe a set of productive reasoning elements that students use in analyzing how
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sound waves act on light objects. By illustrating this process, we hope to inform not just the
teachers who might use these materials in the classroom, but also the researchers who are engaged
in similar projects.

For teachers, we hope to have presented an approach that will allow them to act flexibly
in their classroom to meet the needs of their specific students. Instructors responding to students
in the classroom might recognize the nature of student difficulties and adapt flexibly by
emphasizing the productive resources that help students learn the physics. In our setting, the
Tutorial has been successful. In other settings, additional questions focusing on stadium waves,
dominoes falling over, or similar intermediate systems might be helpful. Further research is
required to evaluate the effectiveness of these curricula, and to discern which examples are best at
building up the appropriate productive resources for understanding wave propagation.

The instructional materials we developed focus on helping students apply a set of
reasoning resources they were not using to full potential when describing sound wave physics.
Rather than focusing on object-like reasoning which focuses on sound waves exerting
unidirectional forces on the medium through which they travel, students are given the
opportunity to develop ideas based on similar events occurring at different locations and different
times due to a propagating wave. By promoting this language in a situation where we have found
that students are able to use event-like reasoning but focus primarily on object-like reasoning, we
help students evaluate when to use which set of resources appropriately. In addition, students
also discuss and describe a variety of representational and conceptual elements and how they are
related. All of these can lead to the observed improvement in student performance on a variety of
sound wave questions in pre- and post-instruction tests.

The instructional materials have met with measurable but qualified success. More
students are able to answer a variety of sound wave questions successfully after completing
Tutorial instruction, but a large percentage of the class still uses object-like reasoning after
instruction. In addition, students do not think about the physics consistently after the additional
Tutorial instruction. These results raise issues both for instruction, in terms of which teaching
methods can best help students move toward consistent use of the appropriate physics, and for
research, in terms of questions about the role of epistemology, probabilistic models of student
reasoning, and appropriate models of learning.
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