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We introduce a template to (i) scaffold the problem solving process for students in the physics 1 course,
and (ii) serve as a generic rubric for measuring how expertlike students are in their problem solving. This
template is based on empirical studies of the problem solving practices of expert scientists and engineers,
unlike most existing templates which are based on prescriptive, theoretical descriptions of expert problem
solving and are largely based on how experts solve textbook-style problems. However, there is still some
overlap with existing problem solving templates. In study 1, we investigated the validity of the template for
use in introductory physics in two ways, first, by analyzing the final exam solutions from a Physics 1
course, and second, by analyzing seven think-aloud cognitive interviews as successful introductory physics
students worked to solve a challenging problem. The results show that use of the elements of the template is
correlated with successful problem solving, the template follows successful students’ existing problem
solving processes, and explicitly using the template in solving problems does not add additional cognitive
load. In study 2, analysis of final exam solutions from a different introductory physics course shows that the
relationship between template use and problem solving performance depends on the type and difficulty of
the problem. In this work, we also identified some consistent difficulties of unsuccessful students in solving
problems which suggests some ways to better teach physics problem solving.
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I. INTRODUCTION

It is widely accepted that it is essential for students to
develop problem solving skills during an undergraduate
education in science, technology, engineering, and math-
ematics (STEM) [1–3]. Indeed, recent graduates of engi-
neering programs cite problem solving as one of the most
important skills that they use in their careers [4]. A sub-
stantial amount of work in physics education research
(PER) has been devoted to characterizing problem solving
[5–14], which has provided valuable insight into differen-
ces between students and experts in this domain. A number
of problem solving guides have since been developed to
help students become more expertlike in their problem
solving [15,16]. For example, Hellers’ Competent Problem
Solver, which is based on prescriptive theories of expert
problem solving [7], has students “visualize the problem,”

“comprehend the problem,” use formal concepts and
equations to “represent the problem,” write a “solution
plan,” execute that plan, and then “interpret and evaluate
the solution.” [16]. Many introductory physics textbooks
have anecdotally based templates that follow a similar
general structure, but may skip certain steps [17,18].
One problem with such guides is that they are often

based on procedures followed by experts in solving text-
book physics problems, but these are exercises, not
authentic problems for the expert physicist. Using such
guides is not necessarily helpful to students who lack the
experience and expertise necessary to correctly choose and
use the proper procedures [19]. Also, such learning trans-
fers poorly to novel contexts [20–22]. We propose, and in
this work test, that learning to follow such procedures is
much less important than learning to carry out the same
cognitive tasks as experts do when they solve authentic
problems (such as those in their research). Recent work on
problem solving has characterized these cognitive tasks,
particularly the decisions experts make, using extensive
cognitive task analyses of experts’ reflections on their
problem solving processes [10–12,23].
The template presented here is based on the work of

Price et al. in which they carried out an empirical study
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of expert problem solving through an extensive set of
interviews of experts in all science and engineering dis-
ciplines, including physicists, exploring their problem
solving process. This work coded the process in terms
of the common set of high-level decisions that they make as
they solve authentic problems [23]. Examples of such
decisions include how to decompose a problem into more
tractable subproblems; what approximations or simplifica-
tions are appropriate; and if the solution is reasonable.
Underlying this decision making is an expert predictive
framework—a mental model of a problem’s key features
and the relationships between them—which allows the
expert to explain observations and make predictions.
Predictive frameworks are similar to other theoretical
constructs in expertise and problem solving, such as
schemata or mental models, and are characterized by three
central features. First, a predictive framework allows the
expert to identify key features of the problem and eliminate
unimportant elements. Second, it allows the expert to
explain the relationships between these key features, which
includes a degree of mechanistic reasoning about the
relationships between variables. Third, the predictive
framework is sufficiently detailed that it allows experts
to conduct mental simulations of experiments by manipu-
lating various problem parameters.
Based on this empirical cognitive task analysis of expert

decision making, we developed a solution template for
students to use as they solved problems in some of the
introductory physics courses offered at Stanford (Fig. 1).

This approach is well aligned with the cognitive apprentice-
ship model, in which the expert cognitive process of
problem solving is made visible to students through
modeling, scaffolding, and coaching [19,24]. The aims
for this template were twofold. First, we hoped that this
template would scaffold expert decision making for stu-
dents, and thus help them become better problem solvers,
similar to van Heuvelen’s active learning problem sheets
and the work of Holmes et al. [25–27]. Second, we
hypothesized that the template could be used to better
measure students’ problem solving practices as they solved
introductory physics problems by providing more detail as
to their process than offered by the typical student solution.

II. BACKGROUND

The research underlying the problem solving template
distinguishes itself from prior research in problem solving
in several ways [23]. First and foremost, our list of
decisions represents the decisions made by experts as they
solve authentic problems in their work, rather than solving
textbook problems. Indeed, it is acknowledged in much of
the problem solving literature that a problem is a task where
the path toward the goal is uncertain. Yet, much of the
empirical work on how experts solve physics problems,
particularly the comparisons of experts and novices, has
relied on expert solutions to textbook problems, where the
experts frequently do know the path toward the goal as soon
as they see the problem. Thus, the procedures followed by

FIG. 1. Problem-solving template.
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experts in solving these exercises will not represent their
approach to a task that constitutes a true problem for
them. Second, most existing problem solving templates are
formulated as a set of procedures rather than decision
processes. These procedures do not transfer well [20–22],
but we propose that learning the underlying decision
processes will lead to improved transfer. Third, our list
of decisions represents a complete account of how experts
solve these authentic problems—the typical textbook
problem is designed to remove many of those decisions
(appropriate simplifications and approximations, etc.). Some
previous research qualitatively describes the strategies and
approaches experts use but does not provide a detailed list of
all the cognitive steps used by experts. Finally, an interesting
but not central feature to this work is that we believe this list
of decisions is not specific to physics. As will be discussed in
future publications, we believe this set of decisions provides
a general framework for problem solving that can be applied
in any scientific discipline.
Each step in the problem solving template (Fig. 1)

reflects a decision cited by experts as important to their
problem solving process. This template prompts students to
“frame the problem” (draw a visual representation, think
about similar problems that they have solved before, list the
relevant concepts and assumptions, list the information
needed to solve the problem) then “write a solution plan,”
and execute that plan. The execution step corresponds to
the only part that is typically required and graded for exam

problems in most Physics 1 courses. Finally, students are
prompted to check their answer (check units, compare to
estimates, and check limiting cases) or determine where
they got stuck if they were unable to reach a solution. While
this list of decisions is not exhaustive (there are about 30
total decisions in Price et al.’s study), it covers the most
important components of experts’ problem solving strate-
gies. We show the correspondence between the categories
of decisions identified by Price et al. and the steps in the
template in Table I.
The template shares many similarities with the problem

solving process outlined by Heller and Heller, and some
similarities with van Heuvelen’s problem solving sheets
[15]. Heller and Heller’s Competent Problem Solver out-
lines a five-step strategy based mostly on Heller and Reif’s
prescriptive model of physics problem solving [7,16]. This
model of problem solving is theoretical and not based on
the actual problem solving processes of experts, unlike the
model we develop here. Despite the lack of an empirical
basis for this model, it shares many similarities with ours.
Their first two steps, focusing the problem and describing
the physics, is similar to what we call problem framing.
However, their template does not prompt students to think
about the assumptions and simplifications they are making.
This highlights the difference between textbook physics
problems, where the assumptions are often stated explicitly
for the students, and real problems where the assumptions
and simplifications have to be decided upon by the solver.

TABLE I. Correspondence between categories of decision making identified by Price et al., specific expert decisions falling into those
categories, and relevant steps in the template.

Category of decisions Example decisions Template steps

Goals and criteria • Decide what the goals for this problem are N/A

Problem framing • Decide what are important underlying features • Visual representation
• Relevant concepts

• Decide which predictive frameworks are relevant • Similar problems
• Assumptions and
simplifications

• Decide what information is relevant/important • Information needed
• Decide what are related problems seen before
• Decide how predictive frameworks need to be modified to fit this situation

Solution planning • Decide how to decompose problem into more tractable sub-problems • Solution plan
• Rough estimate

• Decide what to prioritize
• Decide what information is needed to solve the problem
• Decide on specific plan for getting additional info.

Analyze information • Decide what calculations are needed • Execution
• Compare to estimate

• Decide whether information coming in matches expectations

Evaluate solution • Decide whether assumptions still make sense • Check limits
• Check units

• Decide whether additional information is needed
• Decide how well the solution holds • Getting unstuck
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For example, students are often prompted to draw free body
diagrams for a problem, which is a well-defined procedure
students learn to execute, but which does not always
translate to successful problem solving [28]. In contrast,
we prompt students to draw generic graphical representa-
tions (which requires them to make simplifications to the
physical scenario described), the goal of which is to carry
out the particular cognitive task of providing a useful visual
representation for solving the problem, rather than match-
ing a particular procedure.
Heller and Heller prompt students to check that their

work is reasonable, as do we, but this is quite difficult for
novices to do, as it encompasses multiple cognitive tasks.
In our template, we decompose answer checking into mul-
tiple steps, beginning with the task of first making an
estimate of the result to establish a basis for their evaluating
their answer later on. We also explicitly prompt students to
check dependencies of expressions on certain variables,
limiting cases, and units. Importantly, these steps force stu-
dents to formulate a predictive framework, a critical initial
step in the problem solving process of experts. Finally, our
template also includes a way for students to receive partial
credit for carrying out important cognitive steps, even if
they are unable to reach a final solution. This makes the
template a valuable learning tool, as it encourages students
to reflect on the decisions that they make, and provides
feedback on that reflection, rather than only focusing on the
final solution. Van Heuvelen’s problem solving sheets
follow a similar procedure, but they constrain the decision
space to a degree that limits the applicability of the
template. For example, a pictorial representation is drawn
for them and students are only asked to draw a coordinate
axis and label important symbols.
Problem-solving templates are also commonly presented

in introductory physics textbooks [17,18], however these are
also prescriptive and largely based on how the authors and
instructors solve the textbook exercises. While these text-
book templates have a number of elements that overlap our
empirically based template, they overlook many practices
critical for solving authentic problems. For example, Young
and Freedman [17] outline a problem solving approach that
asks students to identify the relevant concepts, choosing
equations and deciding how those equations will be used,
then execute the problem, and evaluate the solution. Knight’s
problem solving process asks students to “model” the
problem and “visualize the problem,” before solving and
assessing the solution [18]. There are counterparts to each of
these steps in our template, but both of these largely neglect
identifying important assumptions (those are almost always
explicitly given in textbook problems, although not in the
real world), or think about similar problems that students
have solved before. Most importantly, they give far less
weight to the framing and planning steps and their articu-
lation than does our template, as well as does the actual
problem solving process of expert scientists and engineers.

Our motivation for introducing this template is to give
students the opportunity for deliberate practice in problem
solving, an essential step in developing expertise [29].
Furthermore, there is a substantial amount of work in PER
showing that pieces of the problem solving process we
scaffold with the template are useful educational tools. For
example, Leonard et al. showed that having students
develop strategies (i.e., identifying relevant concepts and
planning a solution) and modeling these strategies for
students in lecture resulted in increased understanding of
basic physics principles and how they are used in solving
problems [30]. Similarly, Dufresne et al. and Mestre et al.
showed that having students follow an expertlike problem
solving procedure helps students focus on the deep struc-
ture of problems and can improve novice’s ability to solve
problems [31,32]. Warren showed that having students
practice evaluating their solutions (a step shared in our
template and Heller and Heller’s) can also lead to improved
problem solving performance [33].
A further motivation for developing the template was to

have a rubric with which we could evaluate how well
students were learning to solve problems. Each step in the
template is assigned a point value that roughly represents
our estimate of how important each step is in the problem
solving process. For example, planning and execution are
weighted equally because experts are observed to spend
as much or more time planning their solution than they do
actually executing the solution. Similarly, visual repre-
sentations are weighted heavily because experts use
such representations frequently when solving problems
[5,34]. Docktor et al. developed a rubric to assess
problem solving that is general, but does not directly
score students on how well they make the decisions
associated with successful problem solving [35]. Rather,
it focuses on five general criteria that are important in
problem solving. We argue that grading students on how
well they make the individual expert decisions provides
more useful feedback for the instructor, as it identifies
a very specific decision students must practice making.
Following the suggestion of Hull et al., we use the
template as a guide for problem solving rubrics, but
adapt each rubric to the problem at hand (see Appendix)
[36]. That is, the criteria for what constitutes a good
solution plan, for example, will depend on the problem,
though writing a complete, detailed plan is an important
part of solving any problem.

III. STUDY 1

The research question addressed by the first study is,
“Does the template, which is a simplified adaptation of
the problem solving framework used by scientists in
solving authentic problems, accurately reflect the problem
solving processes used by successful introductory physics
students when solving introductory physics course
problems?”
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A. Methods

Data were collected from Physics 41, the standard
calculus-based introductory mechanics course at Stan-
ford, in the winter quarter of 2018. The course closely
adhered to the treatment of introductory mechanics in
Young and Freedman [17], covering force and torque,
Newton’s laws, conservation of energy, conservation of
momentum, uniform circular motion, and conservation
of angular momentum. The instruction in Physics 41
was largely traditional, consisting mainly of lectures with
limited use of clicker questions and Peer Instruction [37]
and weekly recitation sections primarily using problems
from Tutorials in Introductory Physics [38].
The data consisted principally of final exam scores of

115 students, as well as those students’ written solutions
to the Atwood machine problem [Fig. 2(a)] on the final
exam. 76 of these students were enrolled in a one-unit
companion course designed to provide extra support for
students without a strong physics background. These
students practiced using the problem solving template in
weekly problem solving sessions outside of lectures. The
remaining 39 students in the sample were selected from the
remaining 442 enrolled in the course such that their final
exam grades were statistically indistinguishable from the
students in the companion course (using a t test to
distinguish), but these 39 students did not have prior
experience using the template. We initially selected 10%
of the remaining students (44), but discarded scores from
students for whom we did not have complete background
data (FMCE pre- and postscores). The Atwood machine

problem required students to use Newton’s second law with
both forces and torques to find the acceleration of a mass
attached to a second mass by a massless rope over a pulley
with finite mass. Students were not prompted to follow the
template during the final exam. The third and fourth authors
coded students’ solutions for how closely students followed
the problem solving template; they reached an interrater
agreement of 80%, and then discussed and resolved all
disagreements. Students were assigned a “Template Use
Score” which reflects how closely students’ solutions
followed the problem solving template (e.g., evidence of
solution planning, drawing visual representations). We call
students’ TA-assigned grades on the Atwood machine
problem their “Execution Scores,” which reflect how
accurate their solutions were, as judged by the TAs when
grading the final exam.
In addition to the quantitative analysis described above,

we conducted 7 interviews with students who successfully
completed the standard (Physics 41, N ¼ 5) and honors
(Physics 61, N ¼ 2) introductory mechanics courses in
2019. During each interview, the students were asked to
solve a physics problem [Fig. 2(b)] using a modified
version of the problem solving template and think aloud
while doing so. The problem asked them to evaluate whether
a small dog was able to jump over a gate, or whether it
seemed more likely that the dog had found a way to climb
the gate. This was not a typical textbook problem; it was a
“real-world” problem that required students to make deci-
sions about what the important features of the problem were,
and what simplifications and approximations they could

FIG. 2. (a) The Atwood machine problem from the 2018 final exam in Physics 41, and (b) the jumping dog problem from the think-
aloud interviews conducted in 2019.
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make to come to an answer. It required students to make
estimates and reason whether their thinking was correct
using physical intuition. One student arrived at an acceptable
answer, while the other six students failed to do so within
60 min. One of these six students arrived at an answer, but
their answer was not supported by sound physical reasoning.
Another one of the six students got stuck on deciding the
details of how to model the dog (point mass versus extended
object), and did not finish within 60 min. The remaining four
students made some progress toward a correct solution but
got stuck when attempting to model how the dog leaves the
ground or in determining the velocity with which the dog
must leave the ground. These students declared that they
were stuck and did not attempt to proceed further.
The interviews were transcribed by the second author and

then coded using Price et al.’s cognitive task analysis of
expert problem solving [23]. The interviews were coded
collaboratively by the first and second authors with 99%
agreement. We analyzed the types of decisions the students
made (e.g., ones related to solution framing, planning,
information gathering, etc.) and recorded the frequency of
these decisions. We also coded instances when students were
making expert problem solving decisions without being
prompted to do so by the template, as well as instances when
the students were confused by the template prompts.

B. Results

Analysis of exam solutions.—For the Atwood machine
problem, we found a strong correlation between the
template use score and the execution score students
received (r ¼ 0.73, p < 0.001). Furthermore, there was a
strong correlation between this template use score and
overall final exam grade for students in Physics 41
(r ¼ 0.63, p < 0.001). This was particularly notable as
about half of the exam was comprised of short-answer
questions with a substantial conceptual component. These
correlations suggest that the template reflects the problem
solving practices of successful introductory students (see
Fig. 3). The correlations were of similar magnitude for the
students who were in the companion course and those who
were not, indicating that the problem solving template has
some validity even when used solely as a post hoc
measurement tool.
Analysis of think-aloud interviews.—In each interview,

we coded an average of 31 instances of where students
made one of the expert decisions identified by Price et al.
[23]. We plot the average number of expert decisions made
by students during the think-aloud interviews in Fig. 4.
Many types of decisions, e.g., deciding on simplifications
and assumptions, were made multiple times throughout
each interview. All of the decisions made by the students
fell into one of five categories defined by Price et al.
(deciding on goals and criteria for the solution, framing the
problem, planning the solution, analyzing information, and
evaluating the solution).

In the interviews, each student made an average of
13 decisions related to the framing of the problem,
which included selecting a predictive frameworks (e.g.,
2D motion), usually by taking a framework they had used
for other physics problems and attempting to adapt it to the
problem at hand. All students made some decisions
regarding their solution plan, particularly with respect to
pieces of information they would need to collect and
assumptions or simplifications they would need to make
to reach a solution. The one student who reached a correct
solution made nearly twice as many decisions than the
other students regarding a plan for collecting information
needed, which aspects of the problem were most important
to focus on, and how to use the collected information to
reach a solution:

“So first ½ … or actually, no. I would want to use that
equation… (mumbles) Ok so I guess I would, because I

FIG. 3. Scatter plot of execution scores (TA-assigned grades)
versus template use scores (how closely students followed the
problem solving template) for the Atwood machine problem. The
red line is the ordinary least squares linear fit to the data.

FIG. 4. Average number of decisions made in problem solving
think-aloud interviews by students who got the correct answer
(blue) and did not (red). Decisions were aggregated into five of
the categories outlined in Ref. [23]. Error bars on the incorrect
bars represent standard deviations in the number of decisions
made.
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don’t have a time component, I would want to use an
equation that’s something like the velocity final squared
equals the initial velocity plus 2 times, like acceleration
and distance. Something like that, I don’t know if that’s
right. But, so then I would… in order to solve for how
much vertical velocity I would have to have, I would set
the final velocity to 0, because that’s when the dog
would reach the height it would have to achieve in order
to jump the fence. ”–Ben (pseudonyms are used
throughout this paper).

Even though Ben is not completely confident, he has
decided that he is comfortable proceeding and gathering
relevant information (vertical velocity when the dog
leaves the ground). Notably, his plan for gathering infor-
mation is specific and involves equations, which are key
features of any expert plan for solving authentic physics
problems.
During the interviews, 5 of the 7 students followed the

problem solving template without being reminded by the
interviewers. One of the 5 did ask for clarification as to what
he should write for relevant concepts, but there were
otherwise no instances where students showed any uncer-
tainty with the interpretation of the template prompts.
Another one of the 5 cited the template—in particular,
the prompt to write a solution plan—as the reason he got
stuck. However, he showed no indication of misunderstand-
ing the prompt, and getting stuck when writing a solution
plan was a consistent marker of students who were not able
to successfully solve the problem. None of the students
expressed feelings that the template was forcing them to go
through an inauthentic process to solve the problem. This
preliminary analysis gives us some confidence that the
template can be used to measure the problem solving
practices of successful introductory students.

C. Discussion

For the Atwood machine problem, we found a strong
correlation between template use scores and problem
execution scores, as well as final exam grades. This indi-
cates that the dimensions of problem solving measured by
the template are reflective of the problem solving practices
of successful introductory students.
Furthermore, in the problem solving interviews we

found that students employed most of the expert problem
solving decisions that the template measures. We found
no examples of decisions that were not identified by Price
et al., only failures to make some of those decisions. About
40% of the decisions made were related to framing the
problem—selecting relevant predictive frameworks, creating
abstract representations of the problem, and generating
potential solutions. Students who were unsuccessful spent
more time framing the problem because they do not have a
readily accessible predictive framework. Solution planning
always involved making assumptions and simplifications,

decomposing the problem, and deciding what information
was needed to solve the problem. The successful student
we interviewed made nearly twice as many decisions
related to solution planning compared to the six students
who were unable to solve the problem presented in the
interview. He made decisions about specific plans for
gathering relevant information and prioritizing what infor-
mation to collect. This is consistent with other work
examining expert-novice differences, where experts exhibit
far more planning [39].
The interviews also provide detailed insight as to

where the difficulties lie for students in learning to solve
problems. All observed difficulties can be tied back to
weaknesses in students’ predictive frameworks. This also
appeared to be the dominant difficulty in the exam solutions
we coded. Students in the interview group encountered
several different types of difficulties with formulating a
suitable predictive framework. One of the unsuccessful
interview students, Gerhard, had difficulty adapting his
predictive framework for projectile motion to the problem
at hand.

“Have you previously solved problems with the same
concepts? Yes, but no. I don’t know, it seems like I’m not
sure if I can model the dog here as just a point in space,
or (mumbles). So, similar problems would be like
throwing up a ball solving for these (mumbles). I would
say that this problem is more confusing textually, just
because I’m not sure if that’s the right way to model the
problem, and (stares at sheet).”—Gerhard.

In the above excerpt, Gerhard attempts to reflect on
similar problems he has solved (at the prompting of the
template). He fails to do so because he is trying to search
for an exact match to the problem’s surface features—an
animal jumping over a barrier. This is in line with the results
of Chi et al. [6]. He does recognize that kinematics is the
relevant predictive framework he wants to use to solve the
problem, but he is unsure how to adapt that framework to
this particular scenario.
Another student, Isaac, was able to adapt his predictive

framework for kinematics and 2D motion to fit the pro-
blem, but he struggled with identifying the most important
features of the problem he would need to attend to in order
to reach a solution:

“Ok, so, so I used kinematics to find the maximum jump
height, and then I would see, ok, so obviously the max…
if the maximum jump height is less than 3 feet, then
there’s no way it can possibly clear the gate while
jumping. So, if less than 3 feet, can’t jump over. Ok and
if it’s greater than 3 feet, then we need to figure out, ok,
so, if it’s greater than 3 feet, it means it can jump over
and there’s a small window of time, um, in which, you
know, theoretically, like if it was going fast enough it
could clear the gate. You know, if it’s much greater than
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3 feet, that means that, um, you know, it could, it could,
it could jump starting pretty far back without going too
fast and it would still be able to clear the gate, because,
um, you know, it would be like high enough that even
with moving slowly the dog would be able to, you know,
stay above 3 feet for long enough. But…um…but…
yeah, right. So what I would do then is, I guess, um, ok,
so, so, so the, so the dog would be travelling at an initial
speed. So I’m gonna assume, I guess that the dog is
starting from the full 10 feet back, because that would
give us the big…because the faster the inti the running
speed…that’d be…I guess that… yeah… also the faster
running …the… the speed it’s running before it jumps,
the better chance it has of getting over the gate
because… hmm not necessarily though. Let’s just go
with that for now.”—Isaac.

Isaac identifies the jump height as important, but then
struggles to sort out whether it matters that the dog has a
running start, or whether it matters how long the dog is in
the air. Isaac goes back and forth between various aspects of
the problem, and never reaches a definitive conclusion
during the interview. As a result, he also struggles with a
plan for gathering the pieces of information that he thinks
will be important:

“Again, I don’t know why that information would be…
but I feel like that’s the only way to get a real clear
picture of, it this would be possible. I feel like we would
easily be able to find the top speed of a dog like this, but
it seems less likely to me that there would be, um,
information available about how fast it takes for a dog
to achieve its top speed.”—Isaac.

Paul is another example of a student that failed to
formulate a plan to gather relevant information:

“And I guess information I need like something like the
weight of the dog would be helpful so dog’s weight. How
much… how high can he jump. How high can he jump.
Um how fast he can run. Some variables like those and I
guess a solution plan right there (points to draw-
ings).”—Paul.

Notably, Paul interpreted his visual representation of the
problem as representing a sufficient plan, even though it did
not contain any relevant equations, quantities he would
solve for, or evidence of problem decomposition.
In the above excerpts, failure to solve the problem can

be traced back to a failure to correctly make two expert
decisions. The first was a failure to reflect on how certain
predictive frameworks need to be modified to meet a
specific problem context. Students could choose a rel-
evant predictive framework (that one could indeed use to
solve the problem) but were unable to see how precisely
that framework could be used to solve the problem at

hand. This is a weakness in problem framing. The second
failure was an inability to decide on a specific plan for
solving the problem. We note that it is not surprising that
students who were otherwise successful in introductory
physics were largely unable to solve the problem in
Fig. 2(b). This problem requires students to decide on
estimates of physical quantities and simplifications or
assumptions. In typical introductory physics problems, all
of these decisions are made for the students, so even
successful students are not able to practice authentic
decision making (problem solving).
The answer to our research question is yes: the

template accurately reflects the problem solving practices
of introductory physics students solving introductory
level problems. From the cognitive think-aloud interviews
it appears that solution planning may be a more likely
failure mode of problem solving than other aspects of
problem solving measured by the template. This suggests
a more nuanced relationship between template use and
problem solving success that we investigate further in
Study 2.

IV. STUDY 2

Based on the findings in the previous study, our research
question for study 2 was, “What are some important
variables that determine how useful the template is in
predicting problem solving success?”

A. Methods

Data were collected from Physics 41E, the introductory
calculus-based mechanics course for students with less
high school physics background than most Physics 41
students. Physics 41E covers much of the same material as
Physics 41. Physics 41E was taught using interactive
engagement strategies, primarily consisting of cooperative
group learning through in-class activities regularly inter-
spersed with clicker questions. These students practiced
solving problems using the template on weekly homework
assignments and in weekly problem solving sessions
throughout the quarter. Most of the homework problems
and exam problems in Physics 41E were graded according
to students’ use of the template, and the students were
aware of this in advance (these problems were clearly
labeled).
The data consisted of student solutions to two problems

from the 41E final exam (see Fig. 5):
• Horsepower problem: This problem invokes knowl-
edge of the work-energy theorem and the definition of
angular velocity to derive the unit conversion from
watts to horsepower [Fig. 5(a)]. Student solutions to
this problem were written on the template.

• Truck problem: In this problem, students use con-
servation of energy or kinematics to find the maxi-
mum height a runaway truck will coast up a rough

E.W. BURKHOLDER et al. PHYS. REV. PHYS. EDUC. RES. 16, 010123 (2020)

010123-8



surface before coming to a stop [Fig. 5(b)]. On the
Physics 41E final exam, this was split into two parts,
and students wrote their solutions on the template for
the second part only.

We coded solutions to the horsepower and truck
problems for 50 students from Physics 41E using the
problem solving template we used for the interviews in
Study 1 (the specific rubrics may be found in Appendix).
These 50 students were all students for whom we had
course data and FMCE pre- and postscores. As in Study 1,
students were given a template use score based on how
closely their solutions followed the template; we divided
the template use score into a framing score and a planning
score. The framing score encompassed drawing a visual
representation, listing relevant concepts, making assump-
tions and simplifications, and specifying what information
is needed to solve the problem. The planning score
measured how detailed, specific, and complete students’
plans for solving the problem were. The truck and
horsepower problems were coded by the second author,

and a sample of the solutions were coded by the first
author to check interrater reliability. Only one systematic
difference was noted between the two coders, and it was
resolved. As in the previous study, students were also
given an execution score according to how accurate their
solutions were.
The data were analyzed using multiple linear regression,

which tests a hypothesized linear relationship between the
outcome variable (execution score) and predictors (solution
planning, solution framing). The quality of the regression
models was determined by the significance of the regres-
sion coefficients, as well as the adjusted R-squared value
for the model, which is the fraction of the variance in the
outcome explained by the variance in the predictive
variables.

B. Results

We used regression analysis to model the relationship
between execution score (the accuracy of the solution) and

FIG. 5. Horsepower problem (a) and truck problem (b) from the Physics 41E final exam.
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problem framing score and solution planning score
(template use) on the horsepower problem and the truck
problem. The results of this analysis may be found in
Table II. We scaled all scores to be out of one point for ease
of interpretation.
Horsepower problem.—The solution planning and

framing scores explained 47% of the variance in execu-
tion scores for the horsepower problem, with the planning
being the dominant contribution. For every one-point incre-
ase in framing score, there was a bf ¼ 0.040� 0.040 point
increase in execution score and for every one-point increase
in solution planning score, there was a bp ¼ 0.73� 0.11
point increase in the execution score. The corre-
lation between planning and execution is large, 0.73
(p < 0.001), but the correlation between framing and
execution is not statistically significant.
Truck problem.—The solution planning and framing

scores explained none of the variation in execu-
tion scores for the truck problem. Neither planning
(bp ¼ 0.0087� 0.27) nor framing (bf ¼ 0.13� 0.28)
was a significant predictor of execution score (how
accurate students’ solutions were). We found the lack of
correlation curious, so we looked more carefully at the
individual solutions for the truck problem. Several
patterns emerged. (i) Most students (N ¼ 37) attempted
to use kinematics instead of conservation of energy to
solve the truck problem. While this was straight-
forward for the first part of the problem, calculating
the correct acceleration for the second part was difficult
(21 students got this wrong). Very few students recog-
nized that the deceleration of the truck would have
contributions from both gravity and friction. (ii) More
generally, there was difficulty incorporating frictional
losses into the problem. Students often made mistakes in
calculating the resistive force due to friction (N ¼ 12),
and/or in computing energy dissipated by the frictional
force (N ¼ 14). (iii) Many students neglected terms in
the energy balance (N ¼ 10), such as the initial kinetic
energy of the truck (in part 1) or the gravitational
potential energy of the truck when it had come to a stop.
(iv) A number of students (N ¼ 12) actually framed the
problem in terms of conservation of energy, but then
attempted to solve the problem using kinematics.

C. Discussion

These data reveal that the relationship between
template use and problem solving success is more
complex than previously indicated. On the horsepower
problem, the solution planning score was found to be an
important predictor of execution score, while problem
framing was not. There was a conspicuous absence
of a correlation between both solution planning and
problem framing scores and execution scores for the
truck problem.
We expect that the relationship between problem framing

and solution accuracy depends on the content knowledge
required to solve the problem in relation to the prior
knowledge possessed by the students [5,6,39]. The horse-
power problem was very simple—it required the use of two
straightforward formulas to compute a unit conversion. We
hypothesize that some students saw this problem as too
simple to require deliberate framing, and thus did not
put much effort into writing out their framing when
prompted to on the exam. In fact, about 10% of the
students had a framing score of less than 30%, but an
execution score of greater than 67%. The problem had two
steps, so some planning was still evident in successful
students’ solutions. The Atwood machine problem in
Study 1 was very challenging and required a substantial
amount of content knowledge—analysis of forces and
torques in a multibody system. We posit that students
were unable to succeed unless they carefully framed the
problem to organize all the relevant content required.
Furthermore, it was split into three parts, each requiring
a different force-torque balance, so substantial planning
was required. Indeed, for the Atwood machine problem, we
found that execution score was strongly correlated with
solution planning, b1 ¼ 0.60� 0.084, and problem-fram-
ing, b2 ¼ 0.30� 0.088 (both correlations are significant at
the p ¼ 0.001 level).
The lack of correlation on the truck problem was likely

due to the relative complexity of the problem compared
to the students’ level of mastery. They possessed most of
the necessary content knowledge (e.g., formulas for
potential and kinetic energy, the work-energy theorem,
kinematics equations, etc.), but their predictive frame-
works were not strong enough for them to be able to
adequately apply them to the context and thereby plan
and execute solutions. Indeed, the lack of correlation
between solution planning and execution seems to be due
to a floor effect in solution plans—38 of the 50 students
did not even present a complete plan, let alone a detailed
one, and so received a planning score of less than 33%.
We hypothesize that the lack of correlation between
framing and execution reflects students’ inability to
organize their relevant content knowledge in a way that
would allow them to solve the problem.
The issues noted in the truck problem solutions can be

tied to weaknesses in students’ predictive frameworks.

TABLE II. Multiple regression analysis of execution score on
framing score and planning score for the three exam problems.
Coefficients represent the fractional change in execution score per
one-point change in planning or framing score. ***p < 0.001,
**p < 0.01, *p < 0.05.

Horsepower Truck

Intercept 0.067 (0.11) 0.54** (0.080)
Problem framing 0.040 (0.040) 0.13 (0.28)
Solution plan 0.73*** (0.11) 0.0087 (0.27)
Adjusted R2 0.47 −0.038
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First, solving this problem with kinematics is far more
difficult than with conservation of energy. This sug-
gests difficulties in selecting appropriate predictive
frameworks. Second, students had substantial difficulties
adapting their kinematics predictive frameworks to the
problem, because of the complexity of the context. This
is evidenced by the difficulty appropriately incorporating
friction, neglecting other relevant terms into the energy
balance or the expression for the truck’s deceleration.
Framing the problem in terms of conservation of energy
and then solving it with kinematics indicates a break-
down at the planning stage. Students framed the problem
in terms of conservation of energy, but did not have a
sufficiently robust understanding of how to incorporate
all the relevant energy terms to decide upon a detailed
solution plan.
Our observations for answering these research ques-

tions thus suggest that teaching of introductory physics
problem solving should focus on students’ development
and application of predictive frameworks. This stands in
contrast to many existing methods, which focus on
teaching problem solving procedures. Indeed, our own
attempts to teach problem solving in Physics 41E fell into
the same trap. We hypothesized that repeated practice
making some of the expert decisions, scaffolded by the
template, would be the most effective way to help
students improve their problem solving skills.
Analysis of homework assignments in Physics 41E

from weeks 2 and 8 of the quarter for 8 students (Fig. 6
and Table III) suggest that this was not correct. We used
the template to score students on problem framing,
solution planning and solution execution for one home-
work problem from each of weeks 2 and 8 of the winter
quarter in 2019. These were real-world physics problems
written by the first author. The solutions of the students
who received the three lowest final exam scores and the

five highest exam scores were coded by the second
author. The scoring rubrics are also given in Appendix.
The students improved in their solution framing, plan-
ning, and execution over time, but only the increases
in execution score (45� 14 %) and planning score
(24� 9.2%) were significant. The changes were not
significantly different for the top-performing or bottom-
performing students. We note that, though solution
planning improved, both solution planning and problem
framing were substantially lacking on student homework
assignments (scores averaged ∼50% in week 8). Clearly,
this improvement was insufficient to allow them to be
successful in solving the truck problem. They had learned
the procedure of expert problem solving, but not the
predictive frameworks they needed to actually solve more
complex physics problems.

V. GENERAL DISCUSSION
AND CONCLUSIONS

We studied if the problem solving template based on
the decision-making processes of experts is a useful
measure and scaffold of problem solving by introductory
physics students on introductory problems. The data
suggest that it is, but there are caveats to its utility.
Namely, problems must be appropriately designed in
order for the students to employ problem solving proc-
esses that mirror those of experts (and thus that will be
measured by the template). When problems are appro-
priately complex, there is a strong correlation between
how closely students follow the template and their grade
on the problem. If problems are too easy or too hard, use
of the template no longer consistently correlates with
student’s scores on the problem.
This suggests a few criteria that must be met if the

problem solving template is to be an effective scaffold to
solving and meaningful measure of students problem
solving practices. First, the problem must be sufficiently
complex that it requires students to make some of the
expert decisions identified by Price et al. during the
solution process. That is not to say that it should require
more content knowledge or the use of specific “tricks” to
arrive at a solution. Rather it should require students to,
for example, use (and perhaps gather) a sufficient amount
of information to arrive at a solution, require them to

FIG. 6. Scores on execution (circle), framing (square), planning
(diamond), and total (triangle) scores on homework problems
from week 2 and week 8 for 8 students in Physics 41. Error bars
represent standard errors.

TABLE III. Change in framing, execution, planning, and
total score on homework problem from week 2 to week 8.
***p < 0.001, **p < 0.01, *p < 0.05.

Category Change in score

Framing 0.081 (0.057)
Solution plan 0.24* (0.092)
Execution 0.45** (0.14)
Total 0.19* (0.065)
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make some simplifications, and require them to make
detailed visual representations to understand the problem.
Furthermore, we hypothesize that the problem must also
be complex enough (e.g., not simply an exercise) that the
students need to do some planning to reach a solution;
this typically requires that the problem comprises multi-
ple steps, each of which invokes different concepts or
pieces of information. More importantly, the problem
must require students to make the decision to decompose
the solution and plan out their strategy. However, if the
complexity or required content knowledge of the problem
requires use of a predictive framework that is beyond the
students’ level of mastery, they will be incapable of
making the decisions required by the template, and it
becomes irrelevant [39]. Students are unable to frame
such problems, and thus make little headway on their
solutions.
In investigating our initial research questions, we

discovered where student difficulties in problem solving
lie in relation to the expert problem solving decisions
identified by Price et al. [23]. Indeed, both the inter-
views and the analysis of 41E exam solutions point to
two key difficulties: selecting and adapting predictive
frameworks to fit the problem at hand and deciding
upon a detailed solution plan. Failure to effectively
make both of these decisions reflect weaknesses in
students’ predictive frameworks. Their predictive frame-
works lack either some important key features (e.g., the
energy dissipated by a frictional force) or some of the
relationships between those features (e.g., how to
describe the acceleration of an extended object before
it leaves the ground or estimate required values). This
prevents them from being able to formulate a detailed
solution plan.
An important area of future research is how we can

effectively teach our students these expert predictive
frameworks. Indeed, some preliminary investigations
suggest that standard instructional practices and curricu-
lum are not teaching these frameworks and their appli-
cation to students in chemical engineering [40] or
medicine [39], and our results here show that the same
is true in physics courses at Stanford. Because predictive
frameworks are mental models of problems’ key features
and the relationships between them, we suggest that
instruction in problem solving should focus on having
students identify the key features of given problems, and
then practice manipulating the relationships between
relevant variables. For example, if one were to use the
truck problem as an instructional tool, we would suggest
first having students work in groups to identify the most
important features of the scenario—what physical quan-
tities will be of interest, what processes are taking place,

etc. Context-rich problems or synthesis problems are
good problems to practice this with, as they require
students to think more carefully about the features of the
problem than typical textbook problems [41]. This will
help them identify relevant concepts and construct a good
visual representation of the problem. Since planning is a
notable weakness in students’ solutions, we suggest using
contrasting cases to help students learn what the elements
of a good solution plan are [42]. Students can be given
two plans to solve a problem and then critique them so
that they realize what the elements of a good plan are. To
help students exercise their predictive frameworks, we
recommend an emphasis on having students explore their
solutions once they have reached them. Beyond checking
units, they should think about relationships between
variables and whether they make sense—e.g., if the mass
of the truck doubles, does the distance it coasts up the
hill change? Warren’s work on teaching evaluation
strategies suggests this may be a good approach [33].
The literature on problem solving suggests many

other strategies that could work to help students learn
good problem solving. For example, students could be
given good worked examples of how the template is
used in class, so that they have references for what good
problem solving looks like [30,43]. However, more
work is certainly needed to identify good strategies
for teaching students how to solve complex, real-world
physics problems. As with research on expert and
novice differences in problem solving, most studies of
how to teach problem solving have focused on textbook
problems [44]. Authentic problems contain other ele-
ments, such as irrelevant or missing information, that
make certain suggested strategies; e.g., identifying
relevant physics concepts, identifying and making
assumptions, and developing abstract representations;
more difficult for students. Yet, these types of unstruc-
tured problems are the ones that students will most often
encounter in their careers, so it is essential that we find
ways to develop students’ expertise in solving authentic
problems.
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APPENDIX: RUBRICS

FIG. 7. Rubric for Atwood machine problem.
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FIG. 8. Rubric for truck problem, part 1.
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FIG. 9. Rubric for truck problem, part 2.
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FIG. 10. Rubric for horsepower problem.
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FIG. 11. Rubric for homework, week 2.
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FIG. 12. Rubric for homework, week 8.
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