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Resources theory assumes that resource activation is context sensitive, and that an important dimension
of context is the question students are answering. The context sensitivity of resource activation has been
demonstrated empirically by case studies that show students using different resources to answer questions
that are similar in focus. In this paper, we further substantiate and add specificity to the field’s
understanding of the context sensitivity of resource use by demonstrating a pattern in resource activation
for questions about mechanical pulse propagation, superposition, and reflection. In particular, our analysis
shows a pattern in the kinds of resources students use to answer different styles of questions about the same
physics topic. Questions that ask for a prediction tend to elicit rules or procedures, while questions that ask
students to explain an observation elicit these plus ideas about force, energy, and motion. Our results call
both researchers’ and instructors’ attention to the style of question that they ask and the impact it has on the
resources commonly cued for students.
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I. INTRODUCTION

The resources theoretical framework models cognition in
terms of pieces of knowledge—i.e., resources—that
are activated in the moment, in a context sensitive way,
to construct arguments, models, and concepts [1–5].
However, few studies have explicitly investigated whether
there are patterns in context sensitivity that bear out across
many students, or whether certain features of the context
reliably elicit particular kinds of resources. Resources
research has validated theoretical claims of context-sensi-
tivity primarily through vignettes and case studies that
showcase a single student using different lines of reasoning
in different situations [2,6–8]. For example, Wagner [8]
illustrates context sensitivity with the story of Kristin, an
undergraduate student who uses two different lines of
reasoning to answer two conceptually isomorphic proba-
bility questions, one about flipping a coin and another
about dropping a ball through a vertical pinball machine.
Our study demonstrates a pattern of context sensitivity
across many students’ responses to conceptual wave
mechanics questions.

In this paper, we show that different styles of questions
about the same wave mechanics phenomenon elicit
responses that tend to draw on different types of conceptual
resources at different frequencies—in particular, resources
about forces, motion, and energy vs resources for problem-
solving rules and procedures. Our data include students’
written responses to several conceptual physics questions
asked as part of a larger study (e.g., Ref. [9]) about
students’ conceptual resources for understanding mechani-
cal waves. In that study, we asked conceptual questions that
can be broadly characterized as two types: (a) questions
that ask students to make a prediction about the outcome of
an experiment or changes to an experiment, and then
explain their reasoning for the prediction (predict-style
questions), and (b) questions that describe the outcome of
an experiment and ask students to explain why the outcome
makes sense (explain-style questions). Here, we examine
data from pairs of questions about three wave mechanics
ideas: pulse propagation, superposition of pulses, and
reflection of a pulse at a boundary.
In our initial examination of these data for another study

[9] we noticed a pattern of strikingly different kinds of
answers to predict-style and explain-style questions, which
led us to more closely examine—and then seek to char-
acterize—these differences. For example, one question
about pulse propagation asked students to describe a
change to a string that would result in a faster-moving
pulse and to explain their answer (a predict-style question),
while another question asked students to explain why it
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makes sense that increasing the tension in a spring results in
a faster-moving pulse (an explain-style question). The
responses shown in Figs. 1 and 2 illustrate the different
kinds of responses to each type of question that stood out to
us. The example in Fig. 1, which is a response to the
predict-style question, states that increasing the tension in
the spring will increase the speed of the pulse, and justifies
this prediction using an equation for the speed of a pulse on
a string. In contrast, the example in Fig. 2—a response to
the explain-style question—describes the forces acting on a
small part of a string as a pulse reaches it and constructs a
mechanistic description of how increased tension affects
the speed of the pulse. While both responses assert that
pulse speed depends on tension, the reasoning used to
justify this dependence is quite different. The first response
invokes an equation and says how it applies to the particular
situation, while the second causally explains how tension
causes an increase in the speed of the pulse.
Our initial examination of the data left us with the

sense that contrasts like these were common, and this led
us to form the preliminary hypothesis that predict-style
questions tend to elicit ideas that are rule-based (i.e.,
involving statements of fact, principle, or problem-solving
procedure), while explain-style questions elicit more

mechanistic ideas (i.e., involving chaining ideas in a
semi-causal manner [10]). In this paper, we describe the
process by which we sought to test this hypothesis: we
developed a coding scheme that articulates the difference
between these two types of responses, and applied it to a
large number of responses to predict-style and explain-style
questions in order to quantify our initial observations. Our
results both affirm and add nuance to our initial hypothesis.

II. RESOURCES THEORETICAL FRAMEWORK

Resources theory highlights the complex, dynamic, and
emergent nature of student thinking [11] and emphasizes
the continuity of that thinking with formal physics concepts
[1,4,5,12–14]. Our work draws on the resources theoretical
framework to identify patterns in student thinking about
mechanical waves, particularly by emphasizing the context
sensitivity of student thinking.
The written responses we analyze in this study are

evidence of a collection of resources activated for each
student as they answered our questions. Individually, these
resources may vary in their grain size and level of
sophistication, and they may be activated in clusters to
construct arguments or concepts [6,15]. However, the focus
of this study is on the kinds of resources evidenced by
students’ written responses, rather than on individual
resources themselves. Consistent with resources theory—
where learning physics involves activating and building
from the resources that already exist in the student’s mind,
and can involve resources that are canonically incorrect or
incomplete [1,2,4,5,16]—we assume that both kinds of
resources characterized by our coding scheme are valuable
for physics learning [2,4,6,12,13,16–18].
This study is most prominently informed by resource

theory’s prediction of context sensitivity in student think-
ing. Resources are activated when they “make sense” or are
deemed applicable by the student; activation of a particular

FIG. 1. Example student response to a predict-style question.
“[to make a pulse that takes less time to reach the pole, she
should] pull the string further to increase the tension [because]
v ¼ pðT=μÞ and ↑FT → ↑v.”

FIG. 2. Example student response to an explain-style question. “It would make sense for a pulse to move faster on a higher-tension
string because the tension of a string is what transfers upward acceleration from one particle on a string to another. When one particle of
the leading edge of a wave is moving up it exerts a tension force on the next particle that is at an angle to the horizontal, giving it an
upward acceleration. The amount of time required for each particle on the string to achieve a certain upward velocity is reduced as this
tension force is increased. An increase in the tension thus has the effect of reducing the amount of time between successive upward
motions of particles on the spring.”

LISA M. GOODHEW et al. PHYS. REV. PHYS. EDUC. RES. 17, 010137 (2021)

010137-2



resource is influenced by the lived experience of the
learner, the social setting in which the question is asked,
and the question at hand [2,6,17]. Thus, resources theory
does not view student thinking as stable, coherent, and
consistently applied; instead it assumes that specifics of the
context in which a question is asked will influence the
resources activated in a student’s mind [1,2,6,16,19]. At the
same time, resources theory leaves open the possibility of
predictable patterns of resource use, because patterns in the
context may lead to patterns in the resources activated. In
this study, we specifically attend to the question type as a
dimension of context.

III. QUESTION ADMINISTRATION

In this study, we analyzed students’ responses to con-
ceptual questions about three mechanical wave phenom-
ena: propagation, superposition, and reflection. For each of
these topics, we analyzed one predict-style question and
one explain-style question (as shown in Figs 3–8). These
questions were asked as part of a broader study investigat-
ing students’ conceptual resources for wave mechanics,
where we began with predict-style questions that had been
used in previous research and instruction and then modified
these questions as explain-style questions to probe stu-
dents’ ideas more deeply.1

The propagation predict-style question was modified
from Wittmann’s Waves Diagnostic Test [21]. This ques-
tion asked students to determine a change, either to the
same string or by using a different string, that would make
the pulse reach the end of the string faster (the original
pulse-flick question, Fig. 3). The propagation explain-style
question asked students why it would make sense that a
pulse moves faster on a higher-tension spring (the tension
pulse-flick question, Fig. 4). For both of these questions, a
correct answer would indicate that pulse speed is deter-
mined by the tension and mass density of the string or
spring. That is, pulse speed increases with increased tension
and decreases with increased mass density. Answers to
these questions can be justified in a variety of ways that are
consistent with canonical physics thinking. For example: a
statement that the speed of pulses and waves is determined
by the properties of the medium they move through, an

equation that quantifies the relationship between speed and
properties of the medium, or a mechanistic description of
how changing tension or mass density affects the motion of
small parts of the medium and thus affects the speed of
propagation. Section V includes student responses that
illustrate these various types of explanations.
The superposition predict-style question (the pulse sub-

traction question, Fig. 5) presented students with a figure
showing both (i) the shape of a spring at an instant when
two pulses overlap and (ii) the shape of one of the pulses at
that instant. This question asked students to draw the shape

FIG. 3. The predict-style question on pulse propagation (the
original pulse-flick question). This question is modified from
Wittmann [20].

FIG. 4. The explain-style question on pulse propagation (the
tension pulse-flick question).

1The text directing students to explain their thinking varied—
e.g., “explain your reasoning” or “say why your answer makes
sense to you” or “why is this the case?”. In particular, the tension
pulse-flick question included the text: “we’re trying to understand
your intuition, not whether you can remember particular equa-
tions. In other words, we want to know how you make sense of
this phenomenon.” We designed the tension pulse-flick question
for another study, and we included this text because we wanted to
know more about how students thought about the relationship
between tension and pulse speed. Because the patterns we report
here are repeated for questions that did not include this particular
language, we think that they are cued by more than just this
statement.
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of the second pulse at that instant, and to explain why their
answer makes sense. We modified this question from
Kryjevskaia, Stetzer, and Heron’s previous study of student
ideas on mechanical pulse superposition and reflection
[20]. The superposition explain-style question asked stu-
dents to explain why pulses add when they meet (the why
superposition question, Fig. 6). For the pulse subtraction
question, the correct shape of pulse 2 can be obtained by
subtracting the displacement of pulse 1 from the displace-
ment of the spring at each location along the spring.
Analogously, the shape of the spring shown in the right
diagram for the why superposition question is the sum of
the displacements of the two pulses at each location along
the spring. For both of these questions, there are a variety of
ways to explain the shape of the spring that are consistent
with canonical physics. These include a description of the
procedure used to apply the principle of superposition to
two pulses on a spring, a statement that pulses or waves do
not behave like objects but instead are superposed when
they coincide, or a mechanistic description of the additive
effects of each disturbance on the part of the spring where

they meet. Student responses that illustrate these lines of
reasoning are given in Sec. V.
The reflection predict-style question asked students to

predict which of several paper cups, arranged on either side
of a spring near its fixed end, will be knocked over when
the depicted pulse reflects at the endpoint (the cups
question, Fig. 7). We modified this question from
Kryjevskaia, Stetzer, and Heron’s previous study of student
ideas on mechanical pulse superposition and reflection
[18]. The reflection explain-style question asked students to
explain why a pulse reflects on the opposite side of a spring
at its fixed end (the why reflection question, Fig. 8). For the
cups question, the shape of the spring can be determined by
modeling the boundary as a point that is equidistant from
the leading edge of the incident pulse and the leading edge
of another pulse, traveling in the opposite direction toward
the boundary, that is the same shape as the incident pulse
but reflected across the x and y axes (which we refer to as
the “ghost pulse”). The displacements of the two pulses add
according to the principle of superposition during the time
interval that they overlap. When displacement of the spring
(on the left side of the boundary) meets or exceeds the
location of the cups, it is knocked over. For the situation in
Fig. 7, only the second cup from right, above the spring, is
knocked over. The same procedure can be used to deter-
mine the shape of a spring at several instants during the
reflection of a single pulse as shown in the figure of the why
reflection question (Fig. 8). For both questions there are a
variety of ways to explain the shape of the spring during

FIG. 5. The predict-style question on superposition (the
pulse subtraction question). This question is modified from
Kryjevskaia, Stetzer, and Heron [22].

FIG. 6. The explain-style question on superposition of two
pulses (the why superposition question).

FIG. 7. The predict-style question for reflection (the cups
question). This question was modified from Kryjevskaia, Stetzer,
and Heron [22].

LISA M. GOODHEW et al. PHYS. REV. PHYS. EDUC. RES. 17, 010137 (2021)

010137-4



reflection that are consistent with canonical physics, such
as describing the model used for reflection at a fixed end,
explaining the procedure used to determine the shape of the
pulse as it reflects, or by articulating a mechanism that
causes the pulse to reflect at the fixed end. Examples of
responses using each of these lines of reasoning are
illustrated in Sec. V.
In total, our data for this investigation include 2102

student responses spanning a total of 17 courses from 5
universities in the US. For each question described above,
we analyzed student responses from 2–3 universities. All of
these courses were introductory, calculus-based physics
courses that covered wave mechanics,2 though the specific
topics and depth of coverage varied from course to course.
In all cases these questions were given after instruction on
wave mechanics and were included on homework (extra
credit in one case), quizzes, or exams. In some courses,
these questions were graded for correctness, in some they
were graded for correctness and correct explanation, and in
some they were graded for participation. We expect that
specific grading practices and expectations varied across
the courses in which we asked these questions, but we do
not know exactly what they were. Table I gives additional
details about the administration of these questions.
The demographic composition of our study sample may

limit the extent to which our results apply to a represen-
tative introductory physics course. As Kanim and Cid point
out [22], physics education research (PER) has historically
oversampled from white, wealthy, mathematically prepared
populations of students. They write,

“While Latino/Latina, Black, and Indigenous American
students are 34.5% of the college-bound students taking
the SAT, only 15.2% of the [physics education] research
student population are from these groups.”

This is compared to white students comprising 62.9% of
the PER student population and only 45.3% of college-
bound students taking the SAT. In spite of this dispropor-
tionality, the PER community has historically treated the
results of PER as indicative of “typical” university students,
as though our samples are representative of the population
of introductory physics students at large. This unexamined
assumption means not only that the benefits of decades of
research are disproportionately skewed toward mathemati-
cally prepared, white, wealthy populations of students but
also that there is a higher likelihood of racialized bias in
research-informed physics teaching and learning, as stu-
dents are being implicitly assessed against a “norm”
that was constructed from largely white, wealthy students
[23,24].
Following the methods in Kanim and Cid, we approxi-

mated the demographics of the introductory physics
courses in our study using university-level data, and then
constructed a weighted sample based on the numbers of
students in each course. Ideally, we would compare (a) the
demographics of our study to (b) the demographics of a
representative introductory physics course. However, we
know neither (a) nor (b)—i.e., we did not collect sample-
level demographic data, and, as of the writing of this
manuscript, we (as a PER or physics community) have not
done the work to identify what counts as a representative
sample of introductory physics students [25]. What we
have done here allows for a coarse comparison similar to
the one done by Kanim and Cid.

FIG. 8. The explain-style question for reflection (the why
reflection question).

TABLE I. Details of the samples used in this study. At
University B, our questions were given in multiple independent
sections of the course taught by different instructors. Multiple
questions were given in a course at University A and in some
courses at University B.

Question
administered University N

Fraction of course
participating

Propagation
predict style

B 70 0.97
D 134 0.76

Propagation
explain style

B 163 0.91
E 105 ∼0.7
D 162 0.7

Superposition
predict style

A 175 0.91
B 153 0.85
C 65 0.94

Superposition
explain style

A 170 0.89
B 76 0.9
D 200 0.87

Reflection
predict style

A 99 0.79
B 24 0.64
D 140 0.78

Reflection
explain style

A 169 0.8
B 69 0.96
D 128 0.73

2A typical introductory university-level physics course in the
US includes instruction on wave propagation, superposition, and
reflection, as well as wave optics and interference.
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As Figs. 9 and 10 show, this study likely oversamples
from white, Asian, and wealthy student groups and under-
samples from Latinx, Indigenous, Black, and low-income
student groups. We say “likely” because results from early-
stage research being conducted by our team suggests that
the demographics of introductory physics courses do not
match institution-level demographics [26]. However,
whether or not our research over- or undersamples from
specific racial and/or ethnic groups, or from specific
parental income quartiles, as compared to a representative

introductory physics course, we can say this: Figures 9
and 10 show that our sample overrepresents the physics
ideas of white, Asian, and wealthy students, as compared to
the college-aged population, and under-represents the
physics ideas of Latinx, Indigenous, Black, and low-
income student groups. Whether this is a matter of who
is being recruited into physics courses or a matter of
sampling does not change that our results are limited in
their generalizability in this way, and thus contribute to the
systemic problems that Kanim and Cid highlight. This is a

FIG. 9. Racial and/or ethnic demographics of our sample versus college-bound freshmen. Orange bars were constructed from
percentages cited in Kanim and Cid [22]; blue striped bars were constructed from publicly accessible university-level demographic data,
weighted by sample size.

FIG. 10. Wealth demographics of our sample versus national average. Median parent income is in U.S. dollars. Blue bars were
constructed from university-level data reported by the Equality of Opportunity Project [33]; the orange line represents the average of all
median parental incomes reported there.
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community-level concern, not a manuscript-level one, and
we raise it here, while also pointing out to recent work—
such as that done by Rosa [27], Hyater-Adams [28], Hazari
[29], Rodriguez and Zamarripa-Roman [30], Quichocho
[31], the PoC in PER group [32], and others—that can
guide our conversations.

IV. METHODS

This investigation was motivated by our initial observa-
tion that explain-style questions seemed to elicit more
mechanistic responses, whereas predict-style questions
seemed to elicit more rule-based or procedural responses.
We began the process of constructing a coding scheme to
refine this observation by roughly characterizing the kinds
of responses that exemplified each category of resource and
then articulating in detail what we meant by the two
categories. This process led us to refine our sense of these
two categories. Most significantly, we noticed that
responses we initially labeled “mechanistic” tended to
use ideas about force, motion, and/or energy in a loosely
causal way to explain wave phenomena. We shifted our
coding scheme to better capture this.
Our final coding scheme included two codes: (i) resour-

ces related to forces, motion, and energy (FME), and
(ii) resources related to rules and procedures for modeling
wave propagation, superposition and reflection (RP). The
first code (FME) encompassed resources that described
force interactions between parts of the string, pulse, or
boundary; that described details of the motion of the string
and/or boundary; or that described energy conservation,
transfers, or transformations in the string system. The
second code (RP) encompassed resources related to models
or rules for propagation, superposition, or reflection, and
resources regarding procedures for solving propagation,
superposition, and reflection problems. We applied these
codes to the ideas (typically at the sentence level) we
noticed in students’ responses. For example, we coded the
example in Fig. 1 as RP because it uses an equation for
the speed of a pulse on a string to justify a prediction that
increasing tension will increase the speed of a pulse.
(Although tension—a force—is mentioned, we do not
see evidence of resources about forces or how they affect
the motion of objects in this response.) We coded the
example in Fig. 2 as FME because it uses ideas about the
forces acting on a part of the medium and how these forces
affect the motion of that part of the medium. The two
categories are illustrated in detail in the following section.
For the sake of establishing clear bounds for each of

these codes, we chose to only code RP or FME ideas that
we, as physicists, recognized as relevant (even if incom-
plete or incorrect) for wave mechanics questions. Our
coding scheme captures resources that we understand to
be valuable for answering the physics question at hand (i.e.,
that are disciplinarily productive [17]), but does not neces-
sarily capture all of the resources that may be valuable for

students toward an emergent conceptual goal (i.e., that are
situatedly productive [17]). This is primarily a practical
choice: in static written data, we cannot see how the ideas
expressed contribute to a student’s own unfolding sense-
making process or self-defined questions, but we can see
how these ideas are relevant for the physics questions at
hand. This means that there are likely rules or procedures (or
force, motion, or energy ideas) that are not captured by this
coding scheme because our perspective as physicists limits
our ability to recognize how they are relevant for students’
own emerging understandings of wave mechanics. We do
not expect that our categories capture all of the resources that
students bring to bear in answering these questions, and they
are not meant to indicate that these are the only types of
thinking that researchers or instructors should attend to.
However, as we will show in the next sections, these two
categories of resources are relatively common (at least in
some questions), represent rich physics thinking, and
answer to our original purpose of testing our hypothesis.
We chose not to assign codes to responses that were in a

“gray area” between the two codes. For example, we did
not code the response, “pulses are reflected because ‘every
action has an equal and opposite reaction,’” because as a
rule this idea not (to us) directly relevant for pulse
reflection, and it is not clear to us whether the action in
this case is the pulse itself, or a force exerted on the spring
that makes it move in a particular way, or something else
entirely.
Two researchers (authors L.M.G. and A.D.R.) independ-

ently coded student responses to each question using the
refined scheme. A single response could receive no codes,
one code, or both codes (the latter if students issued
separate lines of reasoning). We used Cohen’s kappa as
a measure of the interrater reliability of our codes [34]. This
statistic improves upon simple measures of percentage
agreement by taking into account chance agreement
between the two coders. Our kappa values were 0.84 for
the RP codes and 0.86 for FME codes. Kappa values in this
range are typically understood as “strong” or “excellent”
agreement [35,36]. Because our agreement was very high,
we did not further refine our coding scheme after this step.
In reporting the percentages of student responses that

used each type of resource (Sec. V), we kept only codes that
were assigned by both coders. The final codes assigned to a
single response reflect complete agreement between
coders.

V. TWO CATEGORIES OF CONCEPTUAL
RESOURCES

In the following sections, we give examples that show
the variety of resources and responses encompassed by
each of our categories (RP and FME), and we describe the
bounds of these codes.
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A. Rules and procedures category

Across questions, students invoked rules and procedures
to explain or justify their answers. The rules and procedures
included in our scheme are specific to mechanical wave
superposition, propagation, and reflection (e.g., pulses
reflect on the opposite side at a fixed end), including
principles and predictive models for the behavior of waves,
equations for wave mechanics, and procedures for deter-
mining the outcome of experiments.

1. Rules

“Rules” responses often take the form of “if-then” or
“when x then y” statements. These responses may connect
specific salient features of the given situation to specific
outcomes or behaviors, or they may state a principle or
models as given. Some responses apply a physical model to
the specific question being asked, as in these responses:

“A fixed end can be modeled by a reflected, inverted
pulse approaching from the opposite side of the boun-
dary. I superimposed the incident wave shifted 5 m right
and the imaginary wave shifted 5 m left.” (cups
question)
“Inversion occurs when the transmitted pulse moves
towards a medium with a greater mass density. The fixed
end always has a greater mass density than the medium
through which the transmitted pulse travels so inversion
will occur.” (reflection mechanism question)
“The speed the pulse is moving at is a property of the
spring. This means that if you were to change something
about the spring, then the velocity will change. If we
assume the frequency is going to remain the same, then
the pulse is going to need to travel at a faster speed so it
can cover a lager distance in the same amount of time as
the shorter distance.” (tension pulse-flick question)

The first response highlights that a salient feature of the
situation is the fixed end of the spring, and describes the
model that applies in fixed-end situations (that the reflec-
tion is like a superposition of the incident pulse, and a
matching “ghost pulse” is coming from the opposite side of
the boundary and on the other side of the spring). The
response then describes how the model is applied to the
particular situation using superposition, which instantiates
another facet of the RP category which we discuss below.
The second response above states a different rule—that
pulses invert when they reflect at a boundary with a denser
medium—and applies the rule to the why reflection ques-
tion. The third response above states as a rule that pulse
speed is a property of the medium it travels through and
describes how this rule applies to the situation in the tension
pulse-flick question.
We included in our coding rules that were relevant for the

question, even if they were not canonical principles or

models for the situation, or if the model was applied
incorrectly. For example:

“I think this happens because…as the wave moves into a
fix[ed] end it is like any other object hitting a wall that
would be reflected in the same angle but opposite side.”
(why reflection question)

The rule that objects reflect at an equal and opposite angle
to the incident is relevant for reflection, which was the topic
of the question. Thus, we assigned this response the RP
code even though the mechanics of a Newtonian object
reflecting at a barrier are different than the mechanics of a
string as a pulse reflects at its fixed end.

2. Equations

Particularly in the propagation questions, some
responses stated an equation as a justification or explan-
ation, such as these examples:

“[to make a pulse that takes less time to reach the pole,
she should] pull the string further to increase the tension
[because] v ¼ ffiffiffiffiffiffiffiffi

T=μ
p

and ↑FT → ↑v.” [see Fig. 1]
(original pulse-flick question)
“[The pulse] moves faster [on a tauter spring] because
v ¼ ffiffiffiffiffiffiffiffi

T=μ
p

; if the linear density of the string is lower,
then v will be higher. Pulling the string tighter lowers
the linear density.” (tension pulse-flick question)
“If she moves her hand in the same motion as she did
originally but just flicks it faster it will take less time to
reach the pole, [because] v ¼ λf so when she flicks her
hand quicker frequency is higher than before so velocity
is faster.” (original pulse-flick question)

Each of these responses states an equation that applies to
pulses or waves on a string or spring and explains how the
equation applies to the particular situation (e.g., pulling the
string tighter increases T or decreases μ) and what the
equation predicts (e.g., pulse speed increases). Responses
like these use a model in a particular way—by explicitly
stating an equation—to justify a prediction or answer. Like
responses that use other forms of models or rules, these
responses tend to state the rule as given or as a premise of
the student’s argument.

3. Procedures

Some responses in this category describe the steps used
to make a prediction or the mathematical procedure used to
determine an answer.

“By the principle of superposition, wave result ¼
wave 1þ wave 2, or wave 2 ¼ wave result−wave 1.
This subtraction is done at each point along the line.”
(pulse subtraction question)
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“I went point by point to make the second pulse add or
cancel out with pulse 1 so the spring is the result of the
two.” (pulse subtraction question)
“I got my results by drawing my diagram as if it could
keep continuing through space but anything after the
fixed end was reflected on the other side. I then added
the amplitudes to any areas that intersect and got my
result.” (cups question)

The first two responses describe a procedure for applying
the principle of superposition to the pulse subtraction
question—the amplitude of the given pulse is subtracted
from the shape of the spring shown at each point along the
line. Similarly, the third response describes the mathemati-
cal procedure (adding amplitudes of the parts of the pulse
that overlap as it reflects) that is used in conjunction with
the “ghost pulse” model to answer the cups reflection
question. Common to all three responses is that they
describe the steps that the student used to determine the
answer to the question.
Other responses referenced a mathematical procedure for

determining the answer without describing the steps, such
as these examples:

“By superposition, the amplitudes will add.” (cups
question)
“This was very hard to visualize, but, it seems that the
spring position would just be the average of the two
waves’ positions.” (pulse subtraction question)

The first response references the principle of superposition
to justify that the amplitudes of two pulses (which we
assume are the incident and reflected parts of a pulse
reaching the fixed end of the string in the cups question)
add together. It also references a procedure (addition) for
determining the answer. The ideas expressed in this
response could be called either a “rule” or a “procedure;”
our aim is to show the variety within the RP category, rather
than to emphasize distinctions between various kinds of
responses within the category. The second response cites a
mathematical procedure—averaging—to justify an answer.
Though averaging is not the correct mathematical pro-
cedure for the pulse subtraction question, it is a sensible
mathematical procedure for this situation, and thus we
include it in the RP category.
In summary, we grouped these rules, equations, and

procedures into one category because they represent
succinct, specific ideas, that can be used to make predic-
tions about wave propagation experiments.

B. Force, motion, and energy category

Particularly for the explain-style questions, many
responses mapped fundamental mechanics ideas onto wave
phenomena. Responses in this category described forces on
the pulse or medium or between parts of the pulse or

medium, described motion of parts of the pulse or medium,
or used energy conservation or tracking to make sense of
wave phenomena.

1. Forces

In some responses, students explained or predicted a
phenomenon by describing the forces acting on or between
parts of the system, as illustrated in the following examples:

“Every action has an equal and opposite reaction. So as
the wave propagates towards the wall, and hits the wall,
there is a force upwards on the wall. This means the wall
exerts a force downwards on the string. Because F ¼
mðdvdtÞ and the wall does not accelerate, the string
accelerates downwards, effectively inverting the wave.
Also, maybe something to do with energy, I D[on’t]
K[now].” (why reflection question)
“The principle of superposition can be explained by
looking at the forces acting on individual particles of the
spring. Looking at a single particle, the forces acting on
it will be from the adjacent particles right next to it. The
net forces will be from the adjacent particles right next
to it. The net forces will vary depending on where the
particle is on the spring. Once two wave pulses meet that
are on the same side, the net force will be the sum of
both waves causing a higher magnitude of force,
therefore a higher displacement.” (why superposition
question)
“By increasing the tension, we increase the contact
forces between particles of the string, thus they do not
have to displace far to transmit the motion. It takes less
time for each particle to transmit [the] pulse.” (tension
pulse-flick question)

Each of these responses describes how forces acting on or
between parts of the medium cause the observed behavior
of the string or pulse. The first response applies Newton’s
second and third laws to the part of the string near the
boundary (the wall): the pulse is inverted because the string
pulls up on the boundary, and the boundary pulls down with
an equal and opposite force, which causes the string to
accelerate and move past the equilibrium point. The second
and third responses describe how force interactions
between small parts of the medium cause the undisturbed
parts of the medium to be displaced, and the magnitude of
the force determines how high (in the second response) or
how quickly (in the third response) the medium is displaced
from equilibrium.
As illustrated by the examples above, many of the

responses we assigned this code were quite detailed, but
the level of detail was not a criterion we used to determine
which responses to assign the FME code. Other examples,
like this one, more briefly referenced forces in the medium
in their answers:
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“It makes sense because the forces in the pulses that
cause the displacement, just like with basic vector
math.” (pulse subtraction question)

This response implies that when two pulses are co-located,
the forces associated with each pulse add as vectors to
cause the observed displacement of the medium. This
response is not specific as to whether the forces act on
the pulse as a whole or on parts of the pulse. However, like
other force examples in the FME category, the basis of its
argument is that forces “in” the pulse cause the observed
phenomenon (superposition of two pulses, in this case).

2. Motion

Other responses in the FME category examined motion
of parts of the medium or parts of the pulse to construct an
explanation, as the following examples show:

“For each wave pulse, the pulses have vertical velocities
which have the same direction, when they meet each
other, the vertical velocities combine and give a larger
vertical velocity.” (why superposition question)
“I just think of it as a wave on top of a wave. A wave
displaces a medium. If that medium is already displaced,
the wave will still act the same way.” (why superposition
question)
“… I think this happens because it is a fixed end and
because the pulse is not allowed to drift upwards to meet
its highest peak at the boundary point, it is pulled down
and continues with this motion of downward motion
when reflected and will then stay on that side because
nothing is pushing it back up to the origin.” (reflection
mechanism question)
“[A] tauter string means a greater length is affected at
once by the movement (longer λ).” [accompanied by
diagram in Fig. 11] (tension pulse-flick question)

The first and second examples here explain that two pulses
add when they are colocated because each pulse makes the
medium move away from its equilibrium position, and the
effects on the motion of the medium from each pulse
combine or add. The third response describes the transverse
motion “of the pulse” during reflection in order to explain

why a pulse is reflected on the opposite side at a fixed end.
The fourth response above explains that when tension in a
string is higher, more of the string is disturbed “at once”
(i.e., as the source itself moves), and therefore the pulse is
wider and must move faster. Though it is quite different
from other examples of this category, this response still
describes the motion of the medium and relates it to the
motion of the pulse.
Other responses seem to describe a relationship between

the motion of the pulse and the motion of the medium, or
the transverse and longitudinal motions associated with
the pulse:

“Repeat the same motion, but more quickly [because]
the time it takes for the pulse to pass a certain point,
leading edge to trailing edge (relates to velocity), is the
same as the creation time of the pulse. By repeating the
same motion (flick up and down) faster, the pulse will be
faster.” (original pulse-flick question)
“With more tension in the spring, there would be less of
an amplitude, meaning the wave will travel less in the
“up and down” motion and more in the “left to right”
motion. Less tension will result in waves that have a
greater amplitude (speed??).” (tension pulse-flick
question)

The first response explains that a pulse that passes over
each point on the string in less time will have a higher
speed. While this is incorrect, because it does not account
for the width of the pulse (or how many other particles of
the medium are moving during the time a pulse passes a
particular point), it appropriately describes pulse propaga-
tion as sequential transverse movements of parts of the
medium. The second response above explains that if
transverse displacement associated with the pulse is limited
by tension, then there can be more longitudinal motion.
Again, though this explanation is incorrect—transverse
motion and longitudinal motion associated with the pulse
are not the same kind of thing—we recognize it as
explaining propagation in terms of motion of parts of
the pulse and medium.

3. Energy

Some responses in the FME category explain or justify
an answer using ideas about energy conservation or
tracking, like these examples:

“… I believe that the reason it reflects to the other side is
due to conservation of energy. Because the wave
constantly wants to displace upwards, however [it is]
unable to b/c of [the] fixed end. The only way it can
go to maintain its energy is to deflect downward.
Furthermore, energy has no direction, nor does it care
about direction, therefore reflecting downwards does
not change the energy state.” (why reflection question)

FIG. 11. Student drawing accompanying the response “[A]
tauter string means a greater length is affected at once by the
movement (longer λ).”
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“Pulses reflect on the opposite side at fixed ends,
because energy is lost during contact with the wall,
causing the reflected wave to have less potential
energy.” (why reflection question)
“Pulses add because each wave or pulse is energy being
carried across the spring (or other medium). When the 2
pulses cross each other, the resultant is the sum of their
amplitudes because both energies are present at the
same point at the same time.” (why superposition
question)
“Each part of the spring is pulling harder (in better
contact) with the part next to it, so the energy transfers
better or faster and the wave travels faster.” (tension
pulse-flick question)

The first response explains that there must be a reflected
pulse to conserve energy in the system. This response does
not say why the fixed end means that the pulse must be
inverted in order for energy to be conserved; this is stated as
given. The second response explains that a pulse must
invert when it reflects at a fixed end because energy is lost
during the reflection. We infer that the student sees the
inverted pulse as a lower energy state, perhaps because the
reflected pulse in the figure in this question is on the
“bottom” of the string, and thus can be thought of as lower
or having less gravitational energy. Although this is not a
canonical explanation for the inversion of a pulse at a
fixed boundary, this response instantiates the force-motion-
energy category because it uses energy conservation to
explain the phenomenon. The third response above
explains that pulses carry energy across the medium, and
thus when two pulses meet, the energy associated with each
pulse is in the same location. This response implies that
greater displacement from equilibrium indicates more
energy at that location, and thus when the two pulses
are colocated the medium is displaced more. The fourth
response focuses on the energy transfers between parts of
the medium as the pulse propagates. It identifies tension as
a mechanism of energy transfer (i.e., the tension between
parts of the spring) and associates the transfer of energy
across the medium with the motion of the pulse itself, and
uses these ideas to explain the observation that increasing
tension in a spring increases the speed of a pulse moving
on it.
We coded energy tracking or conservation ideas, but not

statements that describe the pulse as energy. When students
say “the energy of the pulse moves faster” we did not code
it because this is not an explanation based on energy
tracking or conservation. We grouped responses that
involve force, energy, and motion ideas together into one
code because they share an explanatory nature: these
describe the physical entities and actions that are re-
levant in various wave propagation phenomena. In this
sense, many of these responses share characteristics of
mechanistic reasoning [10,37]. However, “mechanistic

reasoning” was not the primary criterion for this code;
there were causal statements in our data set that we did not
assign the FME code because they did not clearly dem-
onstrate force, energy, or motion resources. For example,
the response: “In the second scenario, the spring is higher
in tension, so it’s less dense. And since it’s less dense, the
pulse can move along the string easier, therefore faster,”
(tension pulse-flick question) causally connects the density
of the spring to the speed of the pulse and mentions tension,
but does not use resources for forces, energy, or motion to
describe the motion of the medium or propagation of the
pulse. This criterion represents a refinement of our
initial sense that this category was based on mechanistic
resources.
In summary, the FME category encompasses resources

for broadly applicable physics concepts that have been
applied to wave mechanics questions, whereas the RP
category encompasses resources that relate to the rulelike
application of particular models, principles, and equations
for wave mechanics. The example responses presented in
this section illustrate two categories of conceptual
resources which are, at least in the context of wave
mechanics,3 distinct.

VI. PATTERNS IN FREQUENCY

Figures 12–17 represent our coding of student responses
to each question; each figure shows the fraction of
responses from each university that we assigned rule-
procedure or force-energy-motion codes for each question.
Since a single response could be assigned no codes, one
code, or both codes, the fractions for a single university and
question do not necessarily add up to 1. These fractions
include only the responses assigned a particular code by
both coders. Across the six bar graphs, we notice a
consistent trend: that predict questions elicit primarily
rule-procedure resources, while explain questions elicit
both rule-procedure and force-motion-energy resources.
These results add nuance to our initial hypothesis that
explain-style questions commonly elicit one kind of re-
source, while predict-style questions commonly elicit
another.
More specifically, for each of our predict-style questions

(Figs. 12–14), at least 50% of responses used rule-
procedure resources, and, with the exception of the sample
from University B given the original pulse-flick question,
fewer than 2% of responses used force-energy-motion
resources to answer predict questions. Across all samples
given the explain questions (Figs. 15–17), both rules-
motion resources and force-energy-motion resources are
relatively common. Each resource was used by more than

3We suspect that for kinematics and dynamics questions (i.e.,
questions about force, energy, and motion) these two categories
may not be distinct, or there may be corresponding categories
appropriate for the topic.
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FIG. 13. Fraction of responses assigned the RP or FME codes
for the predict-style question on superposition (the pulse sub-
traction question).

FIG. 14. Fraction of responses assigned the RP or FME
codes for the predict-style question on reflection (the cups
question).

FIG. 15. Fraction of responses assigned the RP or FME codes
for the explain-style question on propagation (the tension pulse-
flick question).

FIG. 16. Fraction of responses assigned the RP or FME codes
for the explain-style question on superposition (the why super-
position question).

FIG. 17. Fraction of responses assigned the RP or FME codes
for the explain-style question on reflection (the why reflection
question).

FIG. 12. Fraction of responses assigned the RP (striped blue
bars) or FME (solid orange bars) codes for the predict-style
question on propagation (the original pulse-flick question).
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20% of students in at least one sample given each question,
and more than 5% of responses from every sample used
each kind of resource. We note that overall, FME resources
were more common than RP resources in these questions:
FME resources were used in 28%–73% of responses to
‘explain’ questions, whereas RP resources were used in
7%–47% of responses.4

These patterns reproduce across universities and ques-
tions, with the exception of the original pulse-flick question
at University B. The courses we sampled from were taught
by different instructors, using a range of texts and course
structures, and with varying content emphases. The fact
that similar patterns emerge despite the variation in
instruction suggests that the different patterns we see for
the predict-style and explain-style questions can be made
sense of, at least in part, by differences in the questions
themselves. This latter claim draws on a model of general-
izability that looks for patterns that reproduce across
multiple sources of heterogeneity; that is, in the absence
of a controlled experiment, the “operative question”
becomes “can the same…relationship be observed” across
contexts [38]? If the differences in resource activation and
use were primarily due to differences in instruction or
grading, rather than the question, we would expect that in
courses where instruction was most similar, the two
questions would elicit similar patterns in responses. For
example, at University A, four questions were administered
in three courses (the two superposition questions were
given in the same course, and the reflection questions were
given in two other courses) taught by the same experienced
instructor, in the span of one year. All three courses used the
same text and followed the same instructional sequence.
However, we see that the patterns in responses at University
A resemble the patterns at the other institutions, where
there was more variation in instruction. Hence this counter-
argument does not fully explain the observed patterns.

VII. THEORETICAL SIGNIFICANCE AND
DISCUSSION OF FUTURE WORK

Other constructivist perspectives in physics education
research, such as the alternative conceptions perspective
(e.g., Refs. [39,40]), have historically framed student
thinking as stable and consistently-applied. Resources
theory, on the other hand, predicts that students will not
consistently apply the same line of reasoning to problems
that a physicist would consider similar or even equivalent.
While the context sensitivity of resources has been dem-
onstrated in smaller samples through case studies, to our
knowledge patterns in context-sensitivity have not been
overtly explored on a large scale. Our results contribute to

the empirical validation of context-sensitivity using a large-
N study and add specificity to theoretical notions of what
features of the context matter for resource activation. In
particular, this study suggests that the style of a question
affects what kind of resources students use to answer it. The
categories we articulate in Sec. V show that this pattern is
more than students giving explanatory answers to explain-
style questions, and using models to make predictions. We
see that there are specific ideas–force, motion, energy–that
students commonly draw on to explain physics phenomena.
We also see that students are drawing on rules, principles,
and procedures relatively frequently, even as they explain
physical phenomena.
One explanation for the patterns of context sensitivity we

observe is that predict-style and explain-style questions cue
different epistemological resources or framings,5 which in
turn cue different kinds of conceptual resources for
mechanical waves. Resources theory proposes that activa-
tion of epistemological and conceptual resources are
linked, such that epistemological framing is expected to
influence the activation of conceptual resources [2,6,7,16].
For example, a question on a worksheet in a physics
classroom may either cue epistemological frames of “mak-
ing common sense” or of “applying formal knowledge” for
different students [2]. The making common sense frame in
turn may cue conceptual resources related to everyday
experiences that are appropriate for sense-making, while
the applying formal knowledge frame may cue technical
vocabulary and principles communicated by authorities
such as the instructor or textbook. Several case studies
demonstrate that the epistemological framing activated by a
particular instructional activity, such as a group discussion
or an exam, may be an important factor in determining
when certain conceptual resources are, or are not, activated
[7,41]. Following this line of reasoning, it may be the case
that predict-style and explain-style questions communicate
different things about what counts as an answer, which in
turn cues different kinds of conceptual resources.
Our current study is specific to predict-style and explain-

style questions about wave mechanics. Whether similar
patterns emerge in different content areas (e.g., electro-
statics or thermodynamics) is a question we are exploring
in emerging work. We hypothesize that the categories we
have articulated in the context of wave mechanics are
specific instances of more general categories corresponding
to the predict-style and explain-style structure of questions
across physics content areas. Extending this work to new
physics content areas may clarify whether there are nuances
to the question structure or features of the physics content
itself that contribute to the patterns of responses we see in
this study.

4Of the three explain questions, the why superposition question
most commonly elicited RP resources. This may be because the
mathematical procedure of addition is particularly salient for
understanding and explaining superposition.

5An epistemological frame is the set of epistemological
resources activated for a particular situation, and answers the
question “What is it that’s going on here?” [2].
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Our results suggest questions about the extent to which
these patterns would be impacted by small changes to the
instruction that students receive before answering our
questions or to the wording of our questions. For example,
at University D, a tutorial [42] that students completed in-
class prior to answering our superposition questions
emphasizes a predictive model and procedures for deter-
mining the shape of a spring or string during reflection. In a
course taught by author LMG (not included in this data)
that more explicitly discussed mechanisms for reflection (in
addition to procedural tutorials), we saw that a higher
fraction of students used FME resources to answer a
question like the cups question—though students still used
RP resources more frequently. However, these results may
also be explained by small changes in the wording of the
question: for example, these students were asked to predict
(and draw) the shape of a spring at several instants during a
fixed end, and then to “explain why their drawings make
sense.” It is possible that this wording cued framings like
those cued by explain-style questions for some students,
and thus a higher fraction of students used FME resources
(either instead of, or in addition to, RP resources) to answer
the question.
As we have discussed in Sec. III, our study samples from

universities that disproportionately serve white and wealthy
students as compared to the U.S. college-age population.
Though this imbalance is consistent with a broader trend in
physics education research, it represents an important
limitation to the generalizability of our results. The broader
trend leads to a skewed accrual of the benefits of PER to
white, wealthy students. Our knowledge of the demo-
graphics and representativeness of our sample is limited by
the fact that we do not know the demographic information
of the courses in which we administered our questions, so
we rely on the not-yet-substantiated assumption that the
demographics of these physics courses match the overall
demographics of the university. In future work we intend to
collect data from a more representative sample. We also
intend to collect demographic data for the courses we
sample from, rather than use university-level data to
estimate the demographics of our sample.

VIII. INSTRUCTIONAL IMPLICATIONS

Both RP and FME resources represent types of physics
reasoning that have been emphasized in physics education
literature. Identifying and mapping appropriate physics and
math concepts to a particular problem or translating
qualitative problem statements into more quantitative or
mathematical forms, as students are doing in RP answers, is
an important step in physics problem solving (e.g.,
Ref. [43]). Identifying relevant entities and activities for

the mechanisms of wave mechanics, and chaining them
together to construct causal or mechanistic explanations, as
students do in FME responses, are important features of
mechanistic reasoning [10]. The RP and FME categories,
then, call instructors’ attention to categories of reasoning
that represent “wonderful ideas” [44].
The bar graphs in Figs. 12–17 contribute useful peda-

gogical content knowledge [45] that instructors can use to
guide their choice of in-class or assessment questions that
match their goals. Predict-style questions offer the advan-
tage of commonly cuing resources that are appropriate for
making specific predictions and are closely tied to the
content of the question. Such questions may be useful for
assessing students’ knowledge of specific mathematical or
conceptual models. explain-style questions commonly
elicit a broad variety of resources and responses, which
would be appropriate for goals of debating ideas, broad-
ening and connecting resources, and sense making and
mechanistic reasoning. Though these results are limited to
the content area of wave propagation, we hypothesize that
predict-style and explain-style questions in other content
areas may also elicit different kinds of thinking in the
classroom.
It is common in physics teaching and PER to use predict-

style questions to assess student understanding. For exam-
ple, conceptual inventories such as the Force Concept
Inventory [46] or Waves Diagnostic Test [21] almost
exclusively use predict-style questions. Our results dem-
onstrate that such assessments may be limited in their
capacity to assess students’ ability to use the fundamental
physics ideas of force, energy, and motion to sense make
about complex physics questions. Our results suggest that
incorporating explain-style questions into assessments
could expand the scope of physics thinking that is valued
through classroom discussions or assessment.
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