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Research carried out through the last 20 years gave us undeniable evidence that to learn anything we
need to be active participants, not passive observers. One of the important aspects of learning physics is
constructing explanations of physical phenomena. To support and guide students toward constructing their
explanations, teachers need to be attentive and responsive to students’ explanations. To learn how physics
teachers interpret and respond to students’ explanations we investigated pre- and in-service physics
teachers’ responses to students’ written explanations of their answers to a complex physics problem.
The survey administered to the participants included the problem statement and four authentic student
explanations. The participants were asked to identify each student’s strengths and weaknesses and to
provide a response to that student. We found that while the participants were successful in identifying
productive and problematic aspects of student reasoning, they rarely built on student reasoning when
responding to the students, mostly focusing on addressing problematic aspects. The paper discusses why
this finding is important for physics teacher preparation programs and professional development programs.
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I. INTRODUCTION

Through the last two decades, we obtained a great deal of
indisputable evidence that to learn anything students need to
be active participants in the learning process. This evidence
comes from studying how the human brain works and how
people learn [1,2], as well as from numerous studies that
focus on specific subjects such as physics [3–6]. One of the
aspects of active learning is students’ construction of their
explanations. Students’ self-explanations refer to the practice
of students articulating their understanding of a concept or
problem-solving process, and it involves explaining the steps
they took, the reasoning behind their choices, and connecting
new information to prior knowledge. The constructive
process of self-explaining was found to lead to better
learning and understanding [7,8]. While recognizing that
the role students themselves have in the learning process is
important, we must also acknowledge the role that teachers
play in facilitating students’ learning.

When teachers actively listen and respond to students’
explanations, they play a crucial role in guiding and
shaping the learning process. The teachers gain insights
into students’ thinking processes, identify any difficulties
or gaps in understanding, assess the effectiveness of their
teaching methods, and modify their lessons based on what
students are saying. Therefore, teachers need to identify
productive and problematic aspects of students’ explan-
ations to foster their learning. While recognizing and
addressing problematic aspects is important, recognizing
the seeds of the right ideas when they are not transparent
is also very important. Research on the functioning of the
human brain [1,2] emphasizes that new ideas can only be
constructed when they are linked to previously held beliefs.
Consequently, identifying the strengths in student explan-
ations allows teachers to build on these strengths to help
their students move forward.
While many studies focused on investigating how pre-

service and in-service (elementary, middle, or high school)
science and mathematics teachers interpret and respond to
student explanations [9–17], none dealt with physics
teachers exclusively. Therefore, the purpose of this study
is to address this research gap by studying how physics
teachers interpret and respond to students’ written explan-
ations of their answers to a complex physics problem.
Additionally, we wanted to learn if different levels of
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experience affect the way teachers respond to students’
needs. Therefore, we also investigate the differences in the
responses to students’ explanations among different groups
of in-service and pre-service physics teachers.
To analyze participants’ responses we used the recently

developedContentKnowledge for TeachingEnergy (CKT-E)
framework [18]. Specifically, we used one of the components
of CKT-E called the tasks of teaching (ToTs). The ToTs
embody all activities inwhich physics teachers engage during
instruction. By employing this framework, we aimed to
address the following research questions:
(1) How do teachers interpret and respond to students’

incorrect explanations?
(2) How do teachers interpret and respond to students’

correct explanations?
(3) What are the differences in responses to students’

explanations among different groups of in-service
and pre-service teachers?

II. LITERATURE REVIEW

A. Models of teacher knowledge

If teachers want to help their students learn, it is not
enough for them to know the subject matter [19,20].
Teachers also need to possess special knowledge that
combines their understanding of a particular subject matter
(content knowledge) with their knowledge of effective
teaching strategies and methods (pedagogical knowledge)
to be able to transform content in a way that is accessible
and meaningful to students.
In the 1980s Shulman introduced the concept of peda-

gogical content knowledge (PCK) [19,20] as a way to
identify and illustrate a distinct type of professional knowl-
edge that sets teachers apart from other professionals. For
Shulman, PCK entails the integration of content and
pedagogy, enabling teachers to understand how certain
topics, problems, or issues are organized, presented, and
tailored to learners’ diverse skills and interests and sub-
sequently framed for instruction [20].
Due to its vital role in both teacher education and

assessment, over the past three decades, there has been a
significant body of research dedicated to the exploration of
what constitutes and how to assess pedagogical content
knowledge (PCK) [21–25]. The initial attempt to define this
knowledge operationally was in the Magnusson et al.’s
model of science PCK [26] in which they identified five key
aspects of PCK: (1) orientation toward science teaching,
(2) knowledge and beliefs about science curriculum,
(3) knowledge and beliefs about students’ understanding
of specific science topics, (4) knowledge and beliefs about
assessment in science, and (5) knowledge and beliefs about
instructional strategies for teaching science. Etkina [27]
further demonstrated the applicability of these five aspects
to the teaching of physics, highlighting the subject-specific
nature of PCK.

In 2015, the consensus model of PCK emerged, position-
ing PCK as just one element within teachers’ broader
professional knowledge and practice, with a shift towards
topic-specific knowledge [28]. However, this model lacked
specificity in how it represented and addressed the com-
plexities of PCK. In response, the refined consensus model
of PCK was introduced in 2019, categorizing PCK into
three domains: collective PCK, personal PCK and enacted
PCK [29]. These domains “describe the specialized pro-
fessional knowledge held by multiple educators in a field,
to the personalized professional knowledge held by an
individual teacher in science, and the unique subset of
knowledge that a teacher draws on to engage in pedagogi-
cal reasoning during the planning of, teaching of, and
reflecting on a lesson” (p. 82).
Two issues are important here: (1) do content experts

need PCK to be able to help students learn or their content
knowledge is enough, and (2) can PCK be developed only
through the practice of teaching [30], or is it possible to
develop some aspects of it during a teacher preparation
program? Research by Seeley et al. shows that while
undergraduate physics majors in the last year of studies
could successfully solve problems given to high school
students, they were not able to help those students who had
difficulties solving a problem [31]. Etkina described a
physics teacher preparation program focused on the devel-
opment of PCK and provided evidence of its success [27].
Although Shulman introduced the concept of

Pedagogical Content Knowledge [20], it was Ball et al.
who conceptualized this distinct knowledge as used in the
practice of teaching [32]. What is necessary for teachers to
know to be able to effectively implement complex tasks
(referred to as the tasks of teaching) that promote student
learning? Ball et al. created a list of what constitutes
such knowledge and grouped those elements into two main
categories: subject matter knowledge and pedagogical
content knowledge—similar to Shulman’s PCK [32].
Drawing on Shulman’s ideas, Ball et al. [32] developed
and defined the model of mathematical knowledge for
teaching (MKT). MKT refers to “the mathematical knowl-
edge needed to carry out the work of teaching mathemat-
ics” (p. 395). Essentially, Ball et al. introduced a more
comprehensive concept called content knowledge for
teaching (CKT) [32]. CKT framework has a broader scope
than PCK because it encompasses both subject matter
knowledge reconceptualized for the purpose of teaching
and the pedagogical implementation of that knowledge.
While most of the research on describing and evaluating

CKT was done in mathematics (see, e.g., [32–34]) and
reading (see, e.g., [35–37]), recently this line of research
was extended to the field of physics by Etkina et al. [18].
Their objective was to design an assessment tool for
physics teachers’ CKT in the context of energy.
However, before developing the assessment, they needed
to establish the construct to be measured. To achieve this
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goal, the authors developed the framework of content
knowledge for teaching energy in the context of mechanics
in high schools (CKT-E) [18]. This framework enabled
them to design an assessment to evaluate physics teachers’
content knowledge of this domain. The CKT-E framework
consists of two elements. The first is the tasks of teaching
(ToTs) which represents the tasks physics teachers do
during instruction and the second element is the Student
energy targets which “describe disciplinary core ideas,
science practices, and cross-cutting concepts that are
important for student learning of energy in the context
of mechanics” (p. 14).
Our research uses the theoretical lens of ToTs to analyze

participants’ responses to the explanations written by the
students. There are six ToTs in the CKT-E framework:

I. anticipating student thinking around science ideas;
II. designing, selecting, and sequencing learning expe-

riences and activities;
III. monitoring, interpreting, and acting on student

thinking;
IV. scaffolding meaningful engagement in a science

learning community;
V. explaining and using examples, models, representa-

tions, and arguments to support students’ scientific
understanding; and

VI. using experiments to construct, test, and apply
concepts [18].

Each of these tasks consists of several specific subtasks
(for a complete list together with the explanations see
Ref. [18]). Some of the subtasks found in Tasks II
(subtasks a–j) and III (subtasks a–g), which teachers
implement in the classroom, align closely to our study
in which we investigated how participants interpret
students’ productive and problematic ideas, the kind of
feedback, if any, participants give to students, whether
participants’ responses engage students in metacognition
and whether teachers build on students’ productive ideas
and address problematic ones. The specific subtasks we
used in our analysis of the participants’ responses to
student explanations are as follows:
— II. (d) addressing learners’ actual learning trajecto-

ries by building on productive elements and address-
ing problematic ones,

— III. (b) interpreting productive and problematic
aspects of student thinking and mathematical rea-
soning,

— III. (e) identifying specific cognitive and experiential
needs or patterns of needs and providing students
with descriptive feedback and

— III. (f) engaging students in metacognition and
epistemic cognition.

B. Models of student ideas

Research shows that student thinking is complex, con-
text-dependent, and progressive [38]. To help students

learn, teachers must accept that students come to
classrooms with prior knowledge based on their life
experiences [1,2]. This prior knowledge significantly
influences students’ learning [39–41].
One of the models that describes students’ existing knowl-

edge is the Knowledge in Pieces framework introduced
by diSessa in the 1980s [42]. In his view, students’ prior
knowledge “consists of a rather largenumber of fragments…”
which he calls phenomenological primitives or “p-prims”
(p. 52). The name illustrates that p-prims are connected to
how events in the real world (phenomena) are interpreted and
that p-prims are basic elements of memory [43]. Essentially,
p-prims are small and context-dependent student ideas that
are neither correct nor incorrect in and of themselves. Some
examples of diSessa’s p-prims include: (1) Ohm’s p-prim—
the stronger the cause, the stronger its effect; the stronger the
resistance or impediment, the stronger its effect (bigger
potential differencemeans bigger current, bigger forcemeans
higher velocity…) and (2) constancy/conservation—some
quantity staying the same.
As can be seen from the examples above, p-prims are

sometimes suitable for the situation and sometimes they are
not, depending on the students’ prior experiences and the
language that we use. If we could identify the p-prim on
which the students based their reasoning, we could use it as
a productive resource on which to build students’ new
knowledge by adjusting the language or the context [38].
Hammer et al. expanded on the concept of resources

[44–46]. They argue resources are bigger than p-prims
pieces of existing knowledge that students possess.
Resources can be activated individually or together with
other resources when a student reasons about a physics
concept. Resources can be categorized as conceptual
resources and epistemological resources.
Conceptual resources differ from p-prims not only in

size (they are larger) but also in scope. Many of them are
physics-related. While p-prims reflect primitive knowl-
edge, conceptual resources represent more advanced,
content-specific knowledge [47]. For example, a concep-
tual resource of energy as a substance might help a student
correctly explain how a lightbulb is powered by a battery
but might lead to an incorrect answer that current is used
up when analyzing what happens to electric current in a
circuit. Epistemological resources, on the other hand,
explain how students approach learning [45]. For exam-
ple, students might think that knowledge comes from
authority, or that physics knowledge is memorizing facts
and formulas.
Like p-prims, conceptual and epistemological resources

are activated when we ask students questions or when they
are interpreting reading materials. P-prims and resources
occasionally make the students give answers that are
“wrong” or seem wrong, but it should not stop us from
trying to determine the source of their ideas and navigating
this source in a productive direction.
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In this research, we adopt the KiP model as the
foundation of our understanding of student ideas and we
emphasize the significance of recognizing productive
“seeds” in students’ explanations and building on them.

C. Responsive Teaching and Ambitious
Science Teaching

Responsive Teaching (RT) is an instructional approach
to education that focuses on tailoring instruction to meet the
diverse and evolving needs of individual students.
In RT teachers begin with the premise that students’

ideas are both resourceful and productive, and they actively
involve and enhance these ideas [48–51]. Responsive
teachers focus on understanding the interpretations that
their students derive from their disciplinary experiences
[50,52,53]. Teachers listen carefully to what their students
are saying so that they can build on their ideas instead of
correcting them. Responsive instruction also recognizes
disciplinary connections within students’ ideas, meaning
that the teachers attentively listen for emerging links between
students’ interpretations and the discipline [48,50]. These
“disciplinary progenitors” [54] or “seeds of science” [51]
may include, for example, “children’s puzzlement over a
phenomenon, their citing evidence to support an idea, their
efforts toward precision, their using mechanistic reasoning
(or the beginnings of it) to support their predictions or
explanations, or their devising an informal experiment
or suggesting an explanation…” [55] (p. 2). Responsive
teaching takes up and pursues the substance of student
thinking [48,50].
The ideas of responsive teaching applied to science are

known as the Ambitious Science Teaching (AST) [56]. The
goal of AST pedagogy is to elevate the quality of science
education by emphasizing authentic scientific practices,
complex tasks, and meaningful engagement.
Ambitious Science Teaching aims to empower students

to become critical thinkers, problem solvers, and lifelong
learners in the field of science by having students explain their
thinking to others (metacognitive practice), construct and
compare theories, and justify different claims [57]. In this
process, students have support from their teacherswho inform
them about their current level of understanding and provide
additional guidance on areas theymay need to improve. Such
targeted feedback is beneficial for all students.
Acting like a guide for both of these pedagogical

approaches, Responsive Teaching and Ambitious Science
Teaching, is the knowledge in pieces compass. KiP serves
as the common thread that highlights the importance of
acknowledging, recognizing and building on productive
aspects of students’ ideas in both RT and AST.

D. Responding to students’ ideas

In this section, we turn our attention to the concepts of
feedback and metacognition as important features of both
Responsive Teaching and Ambitious Science Teaching.

To help students learn, teachers need to recognize and
respond to their ideas [58]. We can think of recognizing and
responding to student ideas as formative assessment [59].
Research shows that implementing formative assessment
practices is inherently challenging for teachers as they need
to identify and interpret student ideas at the moment and
subsequently build on those ideas to foster students’
progress [60].
Research on teachers’ interpretation and responses to

student ideas produced mixed findings. While the study
of elementary mathematics teachers conducted by Ebby
et al. [14], showed that the majority of K-5 mathematics
teachers focused primarily on the strategies that students
used to solve simple math problems as a sign of growing
understanding, Kristinsdóttir et al. found that upper sec-
ondary mathematics teachers looked primarily for mistakes
and the things that are missing in the students’ work [11].
Additionally, Gotwals and Birmingham [10] found that pre-
service science teachers (biology and chemistry majors)
tended to conceptualize high school and middle school
students’ ideas in a binary way—either correct or incorrect,
which they interpreted as having misconceptions.
Brookhart [61] provides instructions for teachers on how

to give effective feedback to their students. The book
highlights the features of feedback that research identified
as important for enhancing students’ learning such as
descriptive rather than judgmental feedback, and positive
feedback that includes suggestions for improvement. It is
also important to note that providing effective feedback is
not a “one-size-fits-all” approach. What works for one
student may not work for the others. Therefore, teachers
need to listen carefully to what their students are saying and
adjust their feedback accordingly.
Hattie and Timperley reviewed several meta-analyses

regarding feedback to synthesize a model of effective
feedback. According to their work, effective feedback
addresses three key questions: Where am I going?, How
am I going? andWhere to next?. These questions align with
the concepts of feed up, feedback, and feed forward [62].
The feed up refers to the goals of learning, feedback refers
to the progress that is being made toward achieving the
goal, and feed forward focuses on guiding students’ future
performance and improvement rather than solely evaluating
their past performance and aims to provide constructive
suggestions, strategies, and resources to help students
enhance their future work [62].
The research conducted by Brookhart [61], as well as the

findings presented by Hattie and Timperley [62], align well
with the principles of feedback in Responsive Teaching
(RT) [55] and Ambitious Science Teaching (AST) [56].
As responsive and ambitious teachers constantly monitor
students’ progress and tailor their instruction in response to
students’ needs, they need to recognize and build on
students’ ideas. Teachers’ feedback informs students of
their current status, guides them toward the learning goals,
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lets students know about productive ideas in their reasoning
and helps them address their weaknesses. Teachers can
respond to students’ ideas during class time or they can
respond to students’ written work. Though feedback on
students’ written work might involve some delay, recent
research [63] shows that it is possible to respond to
students’ written work in real time.
Other research related to responding to student ideas

showed a significant positive correlation between teachers’
beliefs and students’ problem-solving achievement [64].
Peterson et al. found that students of teachers who believed
that they should build on students’ existing knowledge
achieved higher scores for solving simple addition and
subtraction problems than did children of teachers whose
beliefs were less cognitively based [64]. On the other hand,
students from both types of classes did equally well on
addition and subtraction facts.
Recognizing the importance of being responsive to

students and students’ ideas, Responsive Teaching and
Ambitious Pedagogy also support students in articulating
and explaining their thinking (metacognition), as research
found that metacognition plays a significant role in pro-
moting students’ learning [65–67]. In his work, Ader [68]
found that secondary mathematics teachers primarily fos-
tered students’ metacognitive skills by encouraging them
to articulate and elaborate on their ideas and responses.
Examples of metacognitive questions are as follows: Can
you explain more what you mean when talking about
resistance to motion?, How does this affect your answer?
Based on what did you make that assumption?, Can you
explain how you know that the smaller mass of car 1 results
in the smaller kinetic energy of that car?, Is your limiting
case analysis consistent with constancy of momentum?, etc.
Possessing metacognitive skills empowers individuals

to analyze, solve problems, self-monitor, make informed
decisions and enhance their performance [69]. Similar to
the concept of feed forward, asking metacognitive ques-
tions actively engages students in the construction of their
knowledge which leads to significant positive effects on
students’ learning [1–6]. Therefore, teachers need to
cultivate students’metacognitive skills to promote effective
learning.

E. Investigative science learning environment

The investigative science learning environment (ISLE)
approach is a pedagogical approach to learning and teach-
ing physics that helps students construct physics concepts
by themselves by following processes similar to those that
physicists use when they construct and apply new knowl-
edge [70]. Students working in groups observe carefully
selected experiments and describe patterns using their own
words, not scientific terminology at first. They then
construct their explanations of those patterns and design
and conduct new experiments to test those explanations.
When the outcomes of these testing experiments do not

match predictions based on the explanations under test,
they revise the explanations. The ISLE approach1 naturally
builds on the ideas of Responsive Teaching and Ambitious
Science Teaching as it is the students who develop their
explanations and design experiments to test those ideas
through carefully designed activities. The role of a teacher
in the ISLE approach is to guide students through these
processes. Such guidance is impossible without listening to
the students and adjusting instruction based on what they
are saying and doing. Additionally, in the ISLE approach
students are encouraged to improve and resubmit their
work based on the feedback of the teacher without their
grade being lowered for multiple attempts. This element of
the ISLE approach allows the teachers to meet the needs of
diverse students who need different amounts of time and
guidance to learn physics [72].
ISLE-based physics teacher preparation programs such

as those described in Ref. [73] help pre-service teachers
learn how to play the role of a guide while teaching high
school physics. The programs have multiple physics
teaching method courses all based on the ISLE approach
and closely connected to the coursework clinical practice.
Preservice teachers develop content knowledge for teach-
ing physics by systematically participating in the activities
that their future high school students will do while learning
physics. After performing such activities, they reflect on
their experiences. When planning their lessons during
microteaching experiences (microteaching is teaching les-
sons to one’s peers who play the role of K-12 students,
see Ref. [73]) ISLE pre-service teachers learn about student
ideas relevant to the topic which were found through
research and learn how to anticipate and build on those
ideas in their lesson plans [74]. Enacting microteaching,
they practice listening to student responses and changing
their lesson based on those responses [73]. Finally, they
learn to provide oral and written feedback to the students
building on productive student ideas through specially
constructed exercises. Exercises and activities focused on
the development and responses to student ideas are built
into multiple physics teaching methods courses in such
programs [27].

III. DESCRIPTION OF THE STUDY

To investigate how physics teachers interpret and
respond to student answer choices for a physics problem
and their explanations of the choices, we made a survey
using Google Forms. In the survey we gave the participants
the problem statement and four students’ answer choices
and explanations and asked them to comment on the
student’s strengths and weaknesses, and to provide their
hypothetical responses to the student.

1Another example of an interactive engagement curriculum
approach in physics that builds on students’ ideas is Modeling
Instruction [71].
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To create our survey, we used students’ answers and
explanations of a nontraditional problem (see Fig. 1)
that Emilija Simonović collected as a part of her master
thesis [75]. Emilija was comparing how students from
different learning environments evaluated proposed solu-
tions. Students had to evaluate the solution by doing the
limiting case analysis and to explain their reasoning.
The research team chose four students’ answers and

explanations in such a way that each explanation was
representative of different student ideas. One explanation
was correct, while three were incorrect. Out of the incorrect
ones, two were for the wrong answer choices and one was
for the correct answer choice (the student chose the correct
answer but provided an incorrect explanation).
We collected the participants’ responses to the anony-

mous survey over 9 months (April 2022–December 2022).
Out of 70 responses, answers from 66 participants were
suitable for our study. Responses from four participants
were not considered in our analysis because they were
either from an elementary in-service teacher (one response)
or from pre-service physics teachers who did not have any
general education or physics-specific education courses
(three responses).
The participants of the study were in-service (high

school and university level) (42) and pre-service physics
teachers (24). All participants participated voluntarily. We
had three groups of in-service teachers: two groups were
from two European countries—A and B, and one group
was international—teachers were from Europe, Asia, and
North America. We also had three groups of pre-service

teachers from countries A and B—undergraduate pre-
service teachers A, graduate pre-service teachers A and
graduate pre-service teachers B. Table I provides a more
detailed description of the groups. All groups represent
convenience samples.

IV. DATA ANALYSIS

To answer research questions, we analyzed participants’
responses to the explanations written by high school
students. To analyze responses provided by the participants,
we developed coding schemes using one of the components
of the content knowledge for teaching energy (CKT-E)
framework—tasks of teaching and expert responses.
We used task of teaching II. Designing, selecting, and

sequencing learning experiences and activities, and task of
teaching III. Monitoring, interpreting, and acting on student
thinking [18]. Each of these ToTs has several subtasks, and
four were relevant to our study:
(1) II. (d) addressing learners’ actual learning trajecto-

ries by building on productive elements and address-
ing problematic ones,

(2) III. (b) interpreting productive and problematic
aspects of student thinking and mathematical
reasoning,

(3) III. (e) identifying specific cognitive and experiential
needs or patterns of needs and providing students
with descriptive feedback, and

(4) III. (f) engaging students in metacognition and
epistemic cognition.

FIG. 1. The problem students were solving (published in Ref. [76]). The correct answer choice is (b).
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We broke these subtasks further down into six categories
listed below2:
(1) Ia—interpreting productive reasoning,
(2) Ib—interpreting problematic reasoning,
(3) II—providing descriptive feedback,
(4) III—engaging in metacognition,
(5) IVa—building on productive elements, and
(6) IVb—addressing problematic elements.

Before administering the final version of the survey to
the participants, four experts in physics education worked
at first individually and then collaboratively to respond to
all of the questions for each student’s explanation. None of
the experts individually wrote all of the things that were
later used as the expert responses for the coding purposes.
Details of expert responses are in Appendix A.
Using the above-mentioned categories, which gave

names to our codes, and the expert responses, we developed
descriptive coding schemes to analyze participants’
responses. We compared what experts and participants
wrote for each of the codes and quantified the differences
between their responses by assigning numerical scores
(0, 1, or 2) to each of the codes. A detailed description of
the coding schemes is in Appendix B. We used the same

TABLE I. Description of the groups of participants.

Name of the group

Number of
participants
in the group

Years of teaching
physics (number
of participants) Comments

International in-service
teachers

13 0–4 (0) Voluntarily participate in every day discussions and attend monthly
workshops through the Facebook group “Exploring and Applying
Physics” which was created to help teachers who use or plan to use
the investigative science learning environment (ISLE) [70] approach
in their classrooms.

5–9 (1)
10–14 (4)
15–19 (1)
20–24 (4)
25–30 (2)

more than 30 (1)

In-service teachers A 17 0–4 (0) Voluntarily participate in monthly professional development workshops
by attending a continuous education program in their country.5–9 (3)

10–14 (3)
15–19 (2)
20–24 (4)
25–30 (1)

more than 30 (4)

In-service teachers B 12 0–4 (1) We do not have information about their professional development
activities.5–9 (4)

10–14 (2)
15–19 (2)
20–24 (1)
25–30 (1)

more than 30 (1)

Experienced pre-service
teachers A

5 � � � Graduate pre-service teachers who were about to finish their master’s
degree. They had three semesters of Didactics of Physics courses and
clinical practice. All of them had a bachelor’s physics degree.

All Didactics of Physics courses and clinical practice were consistent
with the ISLE approach.

Less experienced
pre-service teachers A

15 � � � Undergraduate pre-service teachers who were about to finish their
bachelor’s physics degree. They had one semester of Didactics of
Physics ISLE-based course (the first course in the sequence taken by
experienced pre-service teachers A).

Less experienced
pre-service teachers B

4 � � � Graduate pre-service teachers who were about to finish their master’s
degree. All of them had a bachelor’s physics degree. They had one or
two semesters of general education courses (Pedagogy, Psychology,
Didactics) and only 8 weeks of a subject specific pedagogical course
called Physics Education. The course was not ISLE based.

2For example, Etkina et al. [18] list the subtask III. b) as
Interpreting productive and problematic aspects of student thinking
and mathematical reasoning. As it was impossible for us to code
for both aspects (productive and problematic) together, we split this
task into interpreting productive reasoning and interpreting prob-
lematic reasoning to arrive at two codes: Ia and Ib.
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coding scheme to score participants’ responses to students’
incorrect explanations and the correct one. The only
scheme that was slightly different was the one for inter-
preting problematic reasoning in the correct explanation
where the participants received a score of 0 if they did not
find anything problematic in the student’s explanation. The
maximum total score that each participant could receive for
each of the explanations was 12.
To establish the interrater reliability for the scoring, three

experts independently scored responses from six partic-
ipants for one of the given student answers [answer (b)]. At
first, the level of agreement on the scores was relatively
low. After clarifying the criteria for the scores for all of the
codes, the experts again scored another set of responses
from another six participants, but this time for the explan-
ation of answer (a), and achieved a much better agreement.
We achieved interrater reliability of 90% or greater after
several iterations of revising the criteria for the scores for all
of the codes. One of the authors then scored all of the
participants’ responses again.
A caveat is in order. The participants wrote a lot of

different things for codes Ia and Ib (interpreting productive
and problematic reasoning, respectively) and to establish
reliability for our coding schemes we decided that for the
participants to receive a score of 2 for the above-mentioned
codes, they had to write all of the things from the experts’
list of productive and problematic aspects of student
reasoning. To receive a score of 2 for code II (providing
descriptive feedback) the participants had to give feedback
for at least one correct and at least one incorrect or
problematic element from the student’s explanation.
Since quantifying the levels of metacognition is very
complicated, we decided to score code III only with 0
(no signs of engaging in metacognition) or 2 (signs of
engaging in metacognition were present). To receive a
score of 2, the participants had to have at least one question
or statement in their response to the student that could be
interpreted as metacognitive. As for the codes IVa and IVb
(building on productive and addressing problematic ele-
ments, respectively)—to receive a score of 2, the partic-
ipants had to explicitly build on at least one productive
element in the student’s explanation that they have
identified and to address all of the problematic elements
that they identified in the student’s explanation, respec-
tively. The participants were not “punished” with lower
scores if they did not address all problematic elements that
experts identified in the student’s explanation. For exam-
ple, let us say that the experts identified five problematic
elements in the student’s explanation. If the participant
identified two problematic aspects but addressed both of
them in their response to the student, then the participant
would receive a score of 2 for addressing problematic
elements. Examples of participants’ coded responses are
in Appendix B.

V. FINDINGS

As we mentioned before, we scored participants’
responses based on the six codes. In this section we first
show our findings of all participants’ interpretations and
responses to students’ explanations, and then we show our
findings for the interpretation and responses to students’
explanations for each group of participants.

A. Participants’ interpretation and responses
to incorrect explanations

In this section, we describe the results of scoring
participants’ interpretation and responses to students’
incorrect explanations (as we said above, two explanations
were for the wrong answer choices and one incorrect
explanation was for the correct answer choice). In Fig. 2,
the vertical bars represent the scores that all participants
received for specific codes for their responses to all
incorrect explanations combined. There were three incor-
rect explanations in our survey and we used responses from
66 participants (a total of 198 responses for all incorrect
explanations). To calculate the percentage of the total
number of responses that, for example, received a score
of 1, we divided the number of responses that received a
score of 1 with 198 and multiplied it by 100. We did this
procedure for each of the six codes.
From the histogram in Fig. 2, it is evident that the

majority of participants’ responses received a score of 1
for interpreting productive and problematic reasoning
(codes Ia and Ib) for all incorrect explanations. This
indicates that the participants mentioned some productive
and some problematic aspects but not all aspects that the
experts identified as important in the students’ explana-
tions. Receiving a score of 1 is a very good result because it
is virtually impossible for one person to mention everything
that the experts identified by working together.

FIG. 2. The distribution of the scores for each of the codes for
all participants’ responses to all incorrect explanations combined.
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When participants interpreted productive reasoning
(code Ia), they mainly emphasized that the student recog-
nized the constancy or conservation of momentum and/or
energy. The participants mentioned the choice of the
system only when it was explicitly mentioned in the
student’s explanation. It should be noted that when ana-
lyzing a situation from the momentum and/or energy
perspective, it is crucial to always begin by selecting a
system of interest. Another noteworthy observation is that
most participants did not mention limiting cases at all,
whether in terms of strengths or weaknesses of the student’s
response even though there was evidence of limiting case
analysis in the students’ explanations. This finding is
particularly intriguing because the problem itself explicitly
states, “Evaluate the graphs by analyzing limiting cases”.
When participants interpreted problematic reasoning

(code Ib), they mainly noted that the student failed to
mention energy or the spring in their explanation.
Additionally, participants successfully noted that the stu-
dent did not realize that their explanation contradicted the
conservation of momentum or energy. Finally, participants
highlighted that the student incorrectly assumed that the
speed of car 1 remains constant.
The majority of the participants’ responses received a

score of 0 or 1 for providing descriptive feedback to
students (code II). Score 0 means that, in their responses,
the participants did not provide feedback for either correct
or the incorrect/problematic aspects of the student’s rea-
soning or that the participants wrote something that could
not be interpreted as feedback. Receiving a score of 1
means that the participants provided somewhat deficient
descriptive feedback to the students, which means that the
participants provided feedback only on one of the aspects
of student reasoning (correct or problematic) but not on
both. For the correct aspects of the student’s reasoning,
participants focused on ideas such as momentum and/or
energy and constancy or conservation of momentum and/or
energy. For the incorrect aspects of the student’s reasoning,
participants primarily emphasized that the speed of car 2
could not be infinite (which would contradict the con-
servation of energy), that the speed of car 1 is not constant
and that the smaller mass of car 1 does not mean smaller
(kinetic) energy of that car (which would violate the
constancy of momentum).
As can be seen in Fig. 2, slightly more than half of the

participants’ responses received a score of 2 for engaging
the student in metacognition (code III). This indicates
that the participants’ responses prompted the students to
reflect on their thinking processes and that the partic-
ipants’ responses reflected the students’ thoughts and
considerations.
The majority of participants’ responses received a score

of 0 when it came to building on productive elements
(code IVa) found in the students’ explanations. In the rare
cases when the participants built on the productive

elements, they typically built (implicitly or explicitly) on
the conservation laws, specifically the conservation of
momentum, as well as the student’s understanding of
momentum. On the other hand, Fig. 2 shows that almost
half of the participants’ responses received a score of 2
for addressing problematic elements (code IVb). They
acknowledged and dealt with all of the problematic
elements that they had identified in students’ explanations.
When evaluating how the participants addressed those
problematic elements, we found that they primarily focused
on the fact that the student did not mention energy or the
spring in their explanation, the student’s incorrect idea that
the speed of car 2 can be infinitely large, the student’s
wrong assumption that the speed of car 1 is constant, and
the student’s incorrect assertion that the smaller mass of
car 1 meant a smaller (kinetic) energy of that car.

B. Participants’ interpretations and responses
to the correct explanation

In this section, we describe the results of scoring
participants’ interpretations and responses to the student’s
correct explanation. In Fig. 3 the vertical bars represent
the scores that all participants received for specific codes
for their responses to the correct explanation. There was
one correct explanation in our survey and we collected
responses from 66 participants (a total of 66 responses for
the correct explanation). To calculate the percentage of the
number of responses which, for example received a score
of 1, we divided the number of responses which received a
score of 1 with 66 and multiplied it by 100. We did this
procedure for each of the six codes.
From Fig. 3, it is evident that the majority of participants’

responses received a score of 1 when it came to interpreting
productive reasoning (code Ia) in the student’s correct
explanation meaning that the participants mentioned some
productive aspects but not all aspects that the experts
identified in the student’s explanation. While interpreting

FIG. 3. The distribution of the scores for each of the codes for
all participants’ responses to the correct explanation.
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productive reasoning, participants typically acknowledged
that the student realized that both total momentum and total
(mechanical) energy of the system were constant, and some
participants mentioned that the student correctly analyzed
the limiting cases.
On the other hand, the majority of participants’ responses

received a score of 0 when it came to interpreting prob-
lematic reasoning (code Ib) which means that, in their
responses, participants did not mention any of the problem-
atic aspects that the experts identified in the student’s
explanation. A smaller number of participants, who men-
tioned some problematic things, focused on the fact that the
student did not explain why the smaller mass of car 1 results
in a larger transfer of energy from the spring to that car.
Figure 3 also shows that the majority of participants’

responses received a score of 0 for providing descriptive
feedback (code II) as they did not provide feedback for
neither correct nor the problematic aspects of the student’s
reasoning. A few who provided somewhat good feedback
mainly focused on the correct aspects of the student’s
reasoning. Their feedback included ideas such as
constancy/conservation of momentum and energy, and that
the student correctly stated that a smaller mass of car 1
results in a larger (kinetic) energy of that car. The majority
of participants did not identify any problematic aspects in
the student’s explanation. Instead, the participants pre-
dominantly praised the student for their comprehensive
explanation (e.g., “Excellent work.” or “Well done!”).
The majority of participants’ responses received a score

of 0 for engaging the student in metacognition (code III),
meaning that the participants did not prompt the student to
reflect on their thinking. Those who demonstrated meta-
cognitive responses focused on making the student think
about how they know that the smaller or larger mass of car
1 results in the larger or smaller (kinetic) energy of car 1.
The majority of participants’ responses received a score

of 0 for building on productive elements (code IVa) found
in the student’s explanation, meaning that the participants
did not build on the productive ideas that they identified
in the student’s explanation. However, in the responses
from a small number of participants, we saw evidence of
building on the student’s productive ideas. In particular,
they usually built on the correct statement that the smaller/
larger mass of car 1 results in the larger/smaller (kinetic)
energy of that car.
We found that the majority of participants’ responses

received a score of 0 for addressing problematic elements
(code IVb) in the student’s explanation as they either
provided irrelevant or incorrect responses (e.g., “Take
friction into account.”) or they did not find anything
problematic in the student’s explanation. A few of those
who identified some problematic elements focused their
attention on the fact that the student did not explain why the
smaller or larger mass of car 1 results in a larger or smaller
(kinetic) energy of that car, and that, although the student

mentioned that momentum is constant, they did not
incorporate that into their explanation.

C. Similarities and differences in participant groups
interpreting and responding to students’ explanations

In this section, we describe the results of scoring
participant groups’ interpretations and responses to students’
explanations. We compared the results among the six groups
of participants. Three of these groups were in-service
teachers. We did not group all in-service teachers together
and all pre-service teachers together in the findings as these
groups turned out to be somewhat different. As we said in
Sec. III, we have limited information about the in-service
teacher participants. We know that the international in-
service teachers participate in daily ISLE-based professional
development discussions and monthly workshops through
the Facebook group and in-service teachers A participate
in monthly professional development workshops, a few of
which are ISLE-oriented. We do not have information
about the professional development activities of in-service
teachers B. Therefore, we could not group all in-service
teachers together. Similarly, we could not combine all pre-
service teachers together. While both pre-service teachers A
enrolled in the ISLE-based physics teaching methods
courses, their exposure to these methods was different.
Pre-service teachers B had minimal exposure to physics
teaching method courses and none of it was ISLE based.
For incorrect explanations, the results of the scoring for

each group of participants are shown in Figs. 4–6. We
counted how many responses from each group of partic-
ipants received a certain score (for all three incorrect
explanations) and divided that number by the number of
responses from a certain group multiplied by 3, and
multiplied by 100 to get a percentage. For example, we
had 13 participants in the international in-service teachers’
group. In total, that was 39 (13 × 3) responses for all 3
incorrect explanations. Let us say that there were 12
responses out of those 39 that received a score of 1. To
calculate the percentage of responses from the international
in-service teachers who received a score of 1, we divided 12
by 39 and multiplied it by 100.
For the correct explanation, the results of the scoring

for each group of participants are shown in Figs. 7–9.
We counted how many responses from each group of
participants received a certain score, divided that number
by the total number of responses from a certain group, and
multiplied by 100 to get a percentage.
We first show the results of scoring for each group of

participants for students’ incorrect explanations and then
for the student’s correct explanations.

1. Interpreting productive and problematic reasoning
in incorrect explanations

Figure 4 shows the distribution of the scores for
interpreting productive and problematic reasoning for
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students’ incorrect explanations combined. Figures 4(a)
and 4(b) show similarities in the responses for the first five
groups for interpreting productive and problematic reason-
ing as the majority received a score of 1. The participants
mentioned some productive and problematic aspects but
not all aspects that the experts identified in the students’
explanations. The only group that was somewhat weaker
was the group of less experienced pre-service teachers B
whose responses equally received a score of 0 and 1.
However, even they were moderately successful.
Notice that none of the experienced pre-service teachers

A received a score of 0 for interpreting problematic
reasoning, demonstrating better performance than all of
the other groups. It is also worth mentioning that pre-
service teachers A (both groups) show similar, and at times
better results for interpreting productive and problematic
reasoning compared to in-service teachers in this survey.

2. Providing descriptive feedback and engaging
in metacognition for incorrect explanations

Figure 5 shows the distribution of the scores for
providing descriptive feedback and engaging students in

metacognition for students’ incorrect explanations com-
bined. Figure 5(a) shows notable differences in the per-
centages of responses of individual groups for each of the
scores for providing descriptive feedback. Here, the
responses of international in-service teachers received more
scores 1 and 2 than other groups. Score 1 means that the
participants provided feedback only on one of the aspects
of student reasoning, correct or incorrect/problematic,
but not on both, while score 2 means that they provided
feedback for both of those aspects. Both groups of pre-
service teachers A have practically identical distribution of
scores. The majority of their responses received a score
of 1. It is also worth mentioning that the percentages of
responses from both groups of pre-service teachers A who
received a score of 1 are comparable to the percentage of
responses of international in-service teachers who received
a score of 1 for providing descriptive feedback. While in-
service teachers A and in-service teachers B also show a
very similar distribution of scores, their score distribution is
different from international in-service teachers and pre-
service teachers A as their responses received more scores
of 0. This means that, in their responses, the participants did

FIG. 5. The distribution of the scores for providing descriptive feedback (a) and engaging students in metacognition (b) for students’
incorrect explanations combined. Statistical significance of the differences is analyzed in Appendix C.

FIG. 4. The distribution of the scores for interpreting productive (a) and problematic (b) reasoning for students’ incorrect explanations
combined. Statistical significance of the differences is analyzed in Appendix C.
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not provide feedback for either correct or the incorrect/
problematic aspects of the student’s reasoning or that the
participants wrote something that could not be interpreted
as feedback. Less experienced pre-service teachers B
showed rather poor responses as the majority of their
responses received a score of 0.
Figure 5(b) shows that international in-service teachers,

in-service teachers A and both groups of pre-service
teachers A are practically indistinguishable when it comes
to engaging the student in metacognition. Those groups
of participants mostly received a score of 2 which means
that their questions and/or comments would engage
students in metacognition. Likewise, there are no major
differences between in-service teachers B and less
experienced pre-service teachers B as the percentages
of scores for their responses are almost identical. Their
responses mostly received a score of 0 indicating that
there were no metacognitive questions and/or comments
in their responses to students.

3. Building on productive and addressing problematic
elements in incorrect explanations

Figure 6 shows the distribution of the scores for building
on productive and addressing problematic elements for
students’ incorrect explanations combined. From Fig. 6(a)
we can see that all participants have difficulties building on
students’ productive ideas that they identified before. While
the majority of participants’ responses received a score of 1
for interpreting productive ideas in students’ explanations,
they were much less successful when building on those
productive ideas. Even in the best performing groups,
experienced and less experienced pre-service teachers A,
only about 50% of their responses received scores of 1
and 2, while the rest received the score of 0. All groups of
in-service teachers performed worse, receiving a score of 1
for over 60% of their responses, and the less experienced
pre-service teachers B received mostly a score of 0 for
their responses. Receiving a score of 0 for building on

productive elements indicates that the participants did not
build on students’ productive ideas that they identified.
Though there were no statistically significant differences

between the groups for either of the scores, we must point
out that responses from both groups of pre-service teachers
A received a score of 1 more often than responses from
other groups of participants. This means that they were
building on students’ productive ideas but only implicitly
instead of explicitly which would render them a score of 2.
The situation was much better for addressing problem-

atic elements in students’ explanations as many partici-
pants’ responses received a score of 2 for addressing
problematic elements [see Fig. 6(b)]. The score of 2 means
that the participants addressed all of the problematic ideas
they found in students’ explanations.
Figure 6(b) shows notable differences in the percentages

of responses of individual groups for each of the scores for
addressing problematic elements. Here, experienced pre-
service teachers A demonstrated better performance than
international in-service teachers, in-service teachers A and
less experienced pre-service teachers A as their responses
received more scores 1 and 2. Receiving a score of 1 or 2
for addressing problematic elements means that the par-
ticipants addressed some or all of the problematic ideas
found in students’ explanations, respectively. In-service
teachers B and less experienced pre-service teachers B
showed rather poor responses having mostly received a
score of 0 for their responses.

4. Interpreting productive and problematic reasoning
in the correct explanation

Figure 7 shows the distribution of the scores for
interpreting productive and problematic reasoning for the
student’s correct explanation. Figure 7(a) shows that all
of the groups mostly received a score of 1. We can also
see that less experienced pre-service teachers A and less
experienced pre-service teachers B did not receive any
score of 0. All of their responses received a score of 1 for

FIG. 6. The distribution of the scores for building on productive (a) and addressing problematic elements (b) for students’ incorrect
explanations combined. Statistical significance of the differences is analyzed in Appendix C.
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interpreting productive reasoning indicating that the par-
ticipants mentioned some productive aspects but not all
aspects that the experts identified in the student’s explan-
ation. International in-service teachers and in-service
teachers A received a score of 0 more than other groups.
This result might lead someone to conclude that those
groups performed worse than others. However, due to our
way of scoring, it only appears that they did not interpret
the student’s productive ideas when in fact they just did not
explicitly state the student’s productive ideas. They would
usually say that “The answer contains everything you
would expect from a student” or “I like everything that
the student states.”
Figure 7(b) shows notable differences in the percentages

of responses of individual groups for each of the scores
for interpreting problematic reasoning. Experienced pre-
service teachers A showed better performance than other
groups. Their responses mostly received a score of 1 which
means that they found some problematic aspects in the
student’s explanation. All other groups mostly received a
score of 0 for interpreting problematic reasoning which
means that they did not find anything problematic in the

student’s explanation. The distribution of the scores is
similar for international in-service teachers and in-service
teachers A, as well as for in-service teachers B and less
experienced pre-service teachers A. Less experienced pre-
service teachers B showed poor results as all of their
responses received a score of 0.
Despite the visible differences among the groups, stat-

istical analysis showed no significant differences between
the groups for interpreting productive nor for interpreting
problematic reasoning.

5. Providing descriptive feedback and engaging
in metacognition for the correct explanation

Figure 8 shows the distribution of the scores for
providing descriptive feedback and engaging students in
metacognition for the student’s correct explanation.
Figure 8(a) shows notable differences in the percentages
of responses of individual groups for each of the scores.
Only in-service teacher groups received a score of 2 for
some of their responses which means that they gave
feedback for the correct and for some problematic aspects

FIG. 7. The distribution of the scores for interpreting productive (a) and problematic (b) reasoning for the student’s correct
explanation.

FIG. 8. The distribution of the scores for providing descriptive feedback (a) and engaging students in metacognition (b) for the
student’s correct explanation.
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of the student’s reasoning. From the pre-service teacher
groups, the percentage of responses that received a score of
1 is highest for the experienced pre-service teachers A.
However, Fig. 8(a) also shows that all of the groups mostly
received a score of 0 for providing descriptive feedback to
the student indicating that in the majority of their responses
there was no feedback for the correct nor the problematic
aspects of the student’s reasoning. The participants mostly
praised the student for their thorough explanation.
Figure 8(b) shows notable differences in the percentages

of responses of individual groups for each of the scores for
engaging the student in metacognition. Here, international
in-service teachers, in-service teachers A and experienced
pre-service teachers A showed better results than other
groups as their responses received more scores 2. This
means that their questions and/or comments would engage
the student in metacognition. One should have in mind that
those are the same groups that showed better results for
interpreting problematic reasoning. However, Fig. 8(b) also
shows that all of the groups mostly received a score of 0
which means that there were no metacognitive questions
and/or comments in their responses to the student.
Even though there were visible differences among

the groups, statistical analysis showed no significant
differences between the groups in providing descriptive
feedback or engaging the student in metacognition.

6. Building on productive and addressing problematic
elements in the correct explanation

Figure 9 shows the distribution of the scores for building
on productive and addressing problematic elements for the
student’s correct explanation. Figure 9(a) shows a very
similar distribution of scores for international in-service
teachers, in-service teachers A, in-service teachers B, and
experienced pre-service teachers A. Out of those groups,
international in-service teachers and in-service teachers A
are the only groups where some of their responses received
a score of 2 for building on productive elements which

means that the participants from those groups explicitly
built on found productive ideas. Though some of the
responses from the first five groups received a score of
1 or even 2, Fig. 9(a) shows that all of the groups mostly
received a score of 0 indicating that there was no evidence
of either implicit or explicit building on student’s produc-
tive ideas.
Statistical analysis showed no significant differences

between the groups for building on productive elements.
Figure 9(b) shows visible differences in the percentages

of responses of individual groups for each of the scores for
addressing problematic elements. Here, international in-
service teachers, in-service teachers A, and experienced
pre-service teachers A demonstrated better performance
than other groups as their responses received more scores 1
and 2. We must point out that these groups are the same
ones whose responses received more scores 1 for interpret-
ing problematic reasoning and scores 2 for engaging the
student in metacognition. Receiving a score of 1 or 2 for
addressing problematic elements means that the partici-
pants addressed some or all of the problematic ideas found
in students’ explanations, respectively. Less experienced
pre-service teachers A and less experienced pre-service
teachers B show poor performance having received only a
score of 0 for their responses.

VI. DISCUSSION

With this study we sought to investigate how in-service
and pre-service physics teachers interpret and respond to
students’ incorrect and correct explanations. We will refer
to them as participants, except when we want to highlight
the differences between the in-service and pre-service
physics teachers.

A. Research question 1

The first research question we set out to answer was
“How do teachers interpret and respond to students’
incorrect explanations?”

FIG. 9. The distribution of the scores for building on productive (a) and addressing problematic elements (b) for the student’s correct
explanation. Statistical significance of the differences is analyzed in Appendix C.
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1. Interpreting productive and problematic reasoning

We found that the participants were successful in
identifying productive and problematic aspects of student
reasoning. Although they did not mention all productive
and problematic aspects that the experts identified as
important, we need to remember that the experts worked
as a group and the participants worked individually.
Therefore, we can interpret this finding as very positive.
When interpreting productive and problematic aspects of
students’ reasoning, the participants usually focused on the
momentum and energy aspects. A possible explanation for
this result is that the participants recognized this problem as
a “momentum and energy” problem and focused on those
aspects in the students’ explanations.
Although the majority of the participants focused on the

physics aspects when interpreting students’ reasoning, and
did it rather well, they usually did not mention the limiting
case analysis and the choice of the system in the students’
explanations. Not mentioning the limiting case analysis is
especially interesting because there is an explicit instruc-
tion in the problem to evaluate the graphs by analyzing
limiting cases. It is possible that as the participants
recognized the problem as a “momentum and energy”
problem, they focused their interpretations of students’
strengths and weaknesses primarily on these aspects,
missing limiting case analysis. It is also possible that the
participants may not have been familiar with utilizing
limiting case analysis as a problem-solving approach or
were not aware of its benefits for student learning (see
research done by Warren [77]). Research also shows that
students need explicit instruction to develop expertise in
evaluating limiting cases [78].
Another finding was that unless it was explicitly speci-

fied in the student’s explanation, the majority of the
participants did not mention the choice of the system.
This finding aligns with previous research conducted by
Seeley et al. [31] where they reported that teachers have
difficulties in identifying the implied system in the stu-
dent’s response.
Our participants’ interpretation of productive and prob-

lematic reasoning is consistent with previous research
on teachers’ interpretation of students’ work [11,14].
Similar to Ebby et al. [14] who found that teachers focused
primarily on the strategies that the students used to solve
math problems, our participants focused on the ideas of
momentum conservation that students were using to solve
the problem and on the missing energy conservation that
the students did not bring up. The latter finding is consistent
with the work of Kristinsdóttir et al. [11] who found that
teachers looked primarily for the things that were missing
in the students’work (they studied trigonometry problems).
However, it is important to note that our analysis was

confined to the information provided in the participants’
responses, and we can only reflect on the content they
wrote. The participants may not have mentioned all of the

productive and problematic elements that they observed in
the students’ explanations, either because they considered
them as details that were not so important or due to a lack of
motivation to write them. Unfortunately, due to the nature
of the study’s format, we were unable to investigate this
particular matter deeper.

2. Providing descriptive feedback and engaging
in metacognition

When analyzing participants’ responses, we focused on
the type of feedback (if any) that the participants provided
to the students and whether there were indications of
engaging students in metacognition.
As we said in Sec. V, the majority of the participants

provided somewhat deficient feedback as their feedback
did not usually address both the correct and incorrect
aspects of the student’s reasoning, being mostly focused
on the incorrect aspects of the student’s reasoning. This
finding is consistent with the research conducted by
Kristinsdóttir et al. [11] who found that teachers tend to
focus on students’ mistakes and what is missing in their
work. A possible explanation is that the participants may
not have been familiar with what constitutes effective
feedback and therefore they usually omitted providing
feedback on the productive things (for more details on
effective feedback, see Refs. [61,62]) which is very
important because once students know exactly what was
correct in their explanation, they can use the same strategy
when solving other problems.
We found that slightly more than half of the participants’

responses to students’ incorrect explanations encouraged
students to think about their thinking through the use of
metacognitive questions and comments. The participants
tried to assist the students in figuring out the right answer
on their own instead of offering them the correct answer
and explanation. In their responses, the participants encour-
aged students to explain in more detail their thinking which
is consistent with Ader’s work [68] where he found that
teachers primarily fostered students’ metacognitive skills
by encouraging them to articulate and elaborate on their
ideas and responses.

3. Building on productive and addressing
problematic elements

In our research, we sought to identify how the partic-
ipants were building on the productive elements that they
found in students’ explanations and how they were
addressing problematic ones.
Although RT, AST, and the ISLE approach all emphasize

the importance of building on productive aspects of
students’ ideas, our findings suggest that participants still
encounter challenges in effectively building on students’
existing ideas. The cases where participants built on
productive elements in students’ explanations were rather
rare. The participants usually built (implicitly or explicitly)
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on the conservation laws, specifically the conservation of
momentum, as well as the student’s understanding of
momentum, even when the student did not explicitly say
that they were using conservation of momentum. It is
possible that the participants recognized the conservation
p-prim in students’ explanations even when it was implicit
in students’ work.
We found that the participants were more successful in

addressing perceived problematic elements than in build-
ing on students’ productive ideas (similar to the results
reported by Kristinsdóttir et al. [11]. It is possible that the
participants recognized several p-prims and resources
(denoted in italics) in students’ explanations which were
not suitable for the situation at hand. Therefore, partici-
pants addressed those problematic or incorrect elements in
their responses to students. We found that the participants
primarily focused on the fact that students did not mention
energy or the spring in their explanation (conservation
p-prim [47]), the student’s incorrect idea of infinitely large
speed of car 2 (Ohm’s p-prim), the student’s wrong
assumption about constant speed of car 1 (constancy
p-prim) and the student’s incorrect assertion that the
smaller mass of car 1 meant a smaller (kinetic) energy
of that car (less cause means less effect p-prim).
Consistent with the feed forward concept, Responsive

Teaching and Ambitious Science Teaching, our participants
showed that they were responsive to the students’ needs.
While the majority of the participants addressed problem-
atic things they found, a few of them also built on students’
productive ideas. By implicitly building on the concept of
conservation of momentum by mentioning another crucial
concept of conservation, conservation of energy, that was
missing in some students’ explanations, our participants
guided students to improve their work. In this way,
participants provided students with strategies and resources
that would enhance their future work.

B. Research question 2

The second research question we set out to answer was
“How do teachers interpret and respond to students’ correct
explanations?”

1. Interpreting productive and problematic reasoning

Similar to the interpretation of incorrect explanations, we
found that the participants were successful in identifying
productive aspects of students’ reasoning.
Most of the participants acknowledged that the student

realized that both total momentum and total (mechanical)
energy of the system were constant, and some participants
also mentioned that the student correctly analyzed the
limiting cases. This is an excellent result, but we should
have in mind that this student explicitly mentioned
momentum and energy in their explanation.
However, even in the correct and very thorough student’s

explanation the majority of the participants did not mention

the student’s implicit choice of the system. This result
aligns again with the previous research conducted by
Seeley et al. [31] where they reported that teachers have
difficulties in identifying the system that is implied in the
student’s response.
We found that the majority of the participants did not

identify any problematic aspects in the correct explanation.
It is possible that once the participants recognized that the
student’s answer and explanation were correct, they did
not thoroughly examine the finer details of the explanation
that could reveal potential problematic elements. This result
aligns with the research conducted by Gotwals and
Birmingham [10] who found that teachers seldom look
for nuances in students’ ideas. A smaller number of
participants, who mentioned some problematic things,
stated that the student did not explain why the smaller
mass of car 1 results in a larger transfer of energy from the
spring to that car. This is consistent with the work of
Kristinsdóttir et al. [11] who found that teachers tend to
focus on what is missing in students’ work.
It is possible that the participants may not have men-

tioned all of the productive and problematic elements they
observed in the students’ explanations because they con-
sidered them too obvious, minor details, or simply because
they were not motivated to write them. Unfortunately, due
to the nature of our study, we were not able to investigate
this particular matter deeper.

2. Providing descriptive feedback and engaging
in metacognition

We found that the majority of participants did not provide
feedback for either the correct or the problematic aspects of
the student’s reasoning when the student’s explanation was
correct. Instead of providing specific and constructive feed-
back, the majority of participants wrote some sort of generic
praise, such as “Well done!” or “Excellent work!”. It is
possible that the participants omitted providing feedback on
the productive things because they were not familiar with
what constitutes effective feedback and why it is important to
tell students what they are doing correctly. Providing feed-
back on the correct aspects is important for students’
learning because once they know exactly what was correct
in their explanation, they can use the same strategy when
solving other problems.
Since the student’s explanation was indeed correct, there

were no clear incorrect or problematic elements for the
teachers to address. However, there were some minor
problematic aspects that the participants did not mention.
It is possible that they did not thoroughly examine the
details of the explanation that could reveal potential
problematic elements once they recognized that the stu-
dent’s answer and explanation were correct. This is again
consistent with the research conducted by Gotwals and
Birmingham [10], who found that teachers rarely look at
nuances in students’ ideas.
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As the majority of participants did not identify any
problematic aspects in the correct explanation, it is not
surprising that there were not many metacognitive ques-
tions in the participants’ responses. However, it is important
to note that those few participants who mentioned some
problematic aspects addressed them by posing metacogni-
tive questions and asking the student to articulate his
reasoning in more detail. This is consistent with the
findings of Ader’s work [68] that teachers primarily foster
students’ metacognitive skills by encouraging them to
articulate and elaborate on their ideas and responses.

3. Building on productive and addressing
problematic elements

Similar to responding to incorrect explanations, we found
that participants still have difficulties with effectively build-
ing on students’ productive ideas. Only a handful of
participants built (implicitly or explicitly) on the student’s
correct statement that the smaller or larger mass of car 1
results in larger or smaller (kinetic) energy of that car. When
the participants identified many productive ideas, they used
these productive ideas to push the students further.
Situation was slightly better for addressing problematic

elements in the student’s explanation. Remember that the
majority of the participants found nothing problematic with
the student’s explanation. However, those few participants
who found some problematic elements addressed them in
their responses. They focused their attention on the fact that
the student did not explain why the smaller or larger mass
of car 1 results in a larger or smaller (kinetic) energy of that
car, and that, although the student mentioned that momen-
tum is constant, they did not incorporate that into their
explanation.

C. Research question 3

The third research question we set out to answer was
“What are the differences in responses to students’ explan-
ations among different groups of in-service and pre-service
teachers?” We anticipated that in-service teachers, having
prior experience working with students, would score higher
on all codes than pre-service teachers in our study. Some of
our findings were surprising.
For the majority of codes, for all four students’

explanations, international in-service teachers showed
better performance than in-service teachers A and B.
International in-service teachers voluntarily participate in
everyday discussions in the Facebook group “Exploring
and Applying Physics” which was created to help teachers
who use or plan to use the Investigative Science Learning
Environment (ISLE) [70] approach in their classrooms.
This means that these teachers represent dedicated and
concerned educators. It is also possible that their knowl-
edge of the ISLE approach due to the engagement in this
group (not only discussions but also the workshops) and/or
self-study (research papers are regularly posted in this

group) contributed to their better results compared to the
results of other groups of in-service teachers. This allows us
to hypothesize that not only the teaching practice, but also
participation in targeted professional development affects
how in-service teachers respond to the students.
The surprising finding here is that the interpretation and

responses to all students’ explanations from pre-service
teachers A (both groups) were often comparable, and at
times better than the interpretation and responses of in-
service teachers indicating that certain aspects of teachers’
content knowledge for teaching can be developed through
teacher preparation programs. Such aspects as providing
effective feedback, engaging students in metacognition,
identifying and building on students’ productive ideas are
at the heart of the ISLE approach which is the philosophical
foundation of the pre-service teachers’ A teacher prepara-
tion program. Participating in activities that attend to the
above-mentioned aspects might have contributed to the pre-
service teacher A’s performance being comparable, and at
times better than the performance of in-service teachers.
The differences between two groups of pre-service

teachers A were minimal when they interpreted and
responded to students’ incorrect explanations. However,
when it came to interpreting and responding to the student’s
correct explanation, experienced pre-service teachers A
exhibited better performance in nearly all of the codes than
less experienced pre-service teachers A. A possible explan-
ation might lie in the fact that experienced pre-service
teachers A had three semesters of the Didactics of Physics
course based on the ISLE approach, while the less
experienced group only had one semester. Additionally,
experienced pre-service teachers A had clinical practice
in ISLE-based settings. This longer engagement in the
courses based on ISLE, combined with practicing the skills
developed through coursework, might have contributed to
their development of productive habits of providing feed-
back on both correct and incorrect responses (see Ref. [79])
and thus led to their better performance when the student’s
explanation was correct.
For all codes, both groups of pre-service teachers A

scored higher than pre-service teachers B. The explanation
might lie in the experiences of both groups prior to taking
the survey, that is different levels of preparation. While all
three groups had finished (or about to finish) their physics
training and supposedly had similar knowledge of the
physics required to solve the problem, their exposures to
the content knowledge for teaching physics were different.
Pre-service teachers A attended courses and participated in
clinical practice where they had purposeful and systematic
training in the content knowledge for teaching physics
practicing the tasks of teaching that were used to evaluate
their performance in this study, while pre-service teachers
B attended only generic pedagogical courses prior where
they had no training in content knowledge for teaching
physics. This result clearly demonstrates that having pure
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content knowledge is not enough to help the students who
are struggling with solving the problem. This is consistent
with the work of Seeley et al. [31] who found that
undergraduate physics majors who knew how to solve
problems given to high school students, were not able to
help those students who had difficulties solving a problem.
Since all groups of pre-service teachers are familiar with
the subject matter of the problem students were solving, it
is possible that the differences in their results stem from the
teacher preparation program.

D. Limitations of the study

It is important to acknowledge several limitations that
should be considered when drawing conclusions from
this study.
First, the relatively small number of participants restricts

the generalizability of the findings. With a small sample
size, there may be limited diversity and variability among
the participants, which can reduce the robustness of the
conclusions. Therefore, we should be careful when drawing
conclusions about the differences between pre-service and
in-service teachers based on our findings.
Second, all participants in the study were recruited using

convenience sampling. This sampling method, based on
availability and accessibility, may result in a sample that is
not representative of the broader population and lacks
diversity. Consequently, the generalizability of the findings
may be limited.
Third, it is crucial to recognize that the study’s findings

are derived solely from the responses provided on the
survey and do not provide insight into teachers’ actual
classroom practices.
Fourth, due to the anonymous nature of our survey,

certain findings could not be explored in greater depth. For
example, the reasons why very few participants mentioned
all of the productive and/or problematic elements in student
explanations could not be examined.
Fifth, to score participants’ responses, we used numerical

scores 0, 1, and 2. This kind of quantitative scoring, which
was rather crude, sometimes prevented us from differ-
entiating between satisfactory (even though accurate, there
are no explicit remarks based on physics) and good (the
participant makes explicit remarks that are based on
physics) responses. It was a trade-off in which we lost
fine grained analysis of our data but gained reliability for
our coding schemes.
Finally, the instruction in our survey said: “For each

student explanation please describe what you think the
student’s strengths and weaknesses are and how you would
respond to this student if they were a student in your class.”
This means that the participants knew that their feedback
would not be going directly to the students. Because of that,
it is possible that some teachers interpreted the research
task as an assessment of students’ understanding rather
than an evaluation of the quality of the feedback itself.

This misinterpretation may have influenced the nature and
depth of participants’ responses. As we did not interview
the participants after they completed the survey (which was
anonymous), the lack of clarity in how teachers perceived
the task and the potential impact on their feedback presents
a limitation in our ability to draw precise conclusions about
the quality and nature of the feedback provided.

E. Implications for instruction and future research

Although this research was conducted using a conven-
ience sample of participants and has many limitations, there
are several instructional implications for both pre-service
and in-service teachers that can be derived from the
findings of this study. Our findings offer valuable insights
into the areas where teachers may encounter difficulties
and emphasize the need for additional investigations and
support in addressing these challenges.
First, if we wish that teachers would focus more on

the productive ideas in students’ reasoning, it would be
useful to incorporate activities that attend to students’ needs
similar to the ones described in the paper into their
preparation (both coursework and clinical practice) and
professional development. Our findings indicate that teach-
ers are more responsive to students’ weaknesses than
strengths. It is possible that by giving teachers more
opportunities to respond to students’ productive ideas,
they become more consistent with building on those ideas,
even when those ideas are hidden behind incorrect answers.
Second, to help teachers learn to provide effective feed-

back, it might be useful to give them student work that
contains not just answers but also explanations and explicitly
ask to focus on both problematic and productive aspects of
student reasoning. Previous research showed that students
perform better if their teachers believe that students’ existing
knowledge should be built on [64]. Similar research showed
that students performed better when their teachers partici-
pated in professional development programs where they
discussed the importance of building on students’ existing
knowledge, and where they worked on implementing this
approach [80]. Future research can also help find the most
efficient ways of incorporating such training in teacher
preparation and professional development.
Third, while our study was about teachers’ written

responses to students’ written work, we hypothesize that
the above recommendations are valid for oral responses in
real-time class interactions as well. We acknowledge that it
is harder to provide feedback in real time—that is why the
teachers need to develop specific habits of responding to
the students [79]. Similarly to practicing responses to
students’ written work, the pre- and in-service teachers
can practice responding to the students orally at the
moment during microteaching episodes [73].
Like we mentioned above, because of the nature of our

study, it is not clear how the participants interpreted the task
of providing a response to the student. Future research could
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address this limitation by incorporating additional measures
(such as interviews) to understand teachers’ perceptions and
motivations when participating in similar studies.
While we gathered data on how teachers interpret and

respond to student ideas, we did not collect their actual
classroom data. By “actual data,” we mean observing how
teachers provide oral feedback during lessons or written
feedback on homework assignments and how this feedback
affects subsequent student performance. To investigate how
physics teachers interpret and respond to student ideas in
authentic contexts, we would need video recordings of
lessons and examples of students’ written assignments to
analyze how teachers provide feedback in these specific
situations and how students respond to this feedback.
Future studies could address this matter.
It could also be interesting to look for the relationships

between teachers’ reasoning about a certain question and
their analysis of students’ reasoning about the same question.
Future research on how teachers interpret and respond to

student ideas in different contexts, such as experimental
work or other types of problems, could also prove valuable.
This broader exploration can provide deeper insights into

the variations in teachers’ responses based on the specific
context or task.
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APPENDIX A

In our study, we assumed that the experts identified all
productive and problematic ideas in the student explan-
ations. Here, in Figs. 10–13, we show, for each of the four
students’ explanations, which productive and problematic
ideas experts mentioned and their response to the student
broken down by codes. The response to the student is
color-coded.
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FIG. 10. All productive and problematic ideas experts identified in the student’s explanation of answer (a) and the analysis of the
experts’ response to the student.
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FIG. 11. All productive and problematic ideas experts identified in the student’s incorrect explanation of answer (b) and the analysis of
the experts’ response to the student.
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FIG. 12. All productive and problematic ideas experts identified in the student’s correct explanation of answer (b) and the analysis of
the experts’ response to the student.
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FIG. 13. All productive and problematic ideas experts identified in the student’s explanation of answer (c) and the analysis of the
experts’ response to the student.
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APPENDIX B

Here, in Tables II–VIII, we provide coding schemes that we used to analyze the participants’ responses. Since we used
almost the same coding schemes to score participants’ responses to incorrect explanations and the correct one,
in Tables IX–XI, we only provide examples of how we scored several participants’ responses for the correct explanation,
without the description of the criteria.

TABLE II. Coding scheme for code Ia—interpreting productive reasoning.

Score Description of the criteria Example of a teachers’ responses for answer (c)

0 The teacher did not write anything.
or
The teacher wrote something that was inappropriate/
irrelevant or incorrect.

“The student is thinking.” (irrelevant)

1 The teacher mentioned only some of the productive ideas
in the student’s explanation.

“Correct identification of both conserved quantities.” (for a
complete list of productive ideas see Fig. 13)

or
Some of the things that the teacher wrote were correct but
the teacher’s response was too vague.

“Noticed terms that are key to the development of the situation.”

2 The teacher mentioned all of the productive ideas in the
student’s explanation and the teacher’s answer was
clear.

“1) The student clearly chooses/defines the observed system.
2) The student takes into account the conservation laws in the
chosen system.

3) The student adheres to mathematical reasoning: if m1 ¼ 0,
then he cannot have speed. All the energy can only go to the
car 2. The student does not take into account that the energy
can stay in the spring.”

TABLE III. Coding scheme for code Ib—interpreting problematic reasoning.

Score Description of the criteria
Example of a teachers’ responses for answer

(b) (incorrect explanation)

0 The teacher did not write anything.
or
The teacher wrote something that was inappropriate/
irrelevant or incorrect.

“The student “remembers” too many details and in such a
situation can easily leave something out of consideration.”
(irrelevant)

1 The teacher mentioned only some of the problematic
ideas in the student’s explanation.

“The student makes an assumption (incorrectly) about v1 staying
constant. Does not include thinking about energy.” (for a
complete list of problematic ideas see Fig. 11)

or
Some of the things that the teacher wrote were correct but
the teacher’s response was too vague.

“He poorly argues his answer.”

2 The teacher mentioned all of the problematic ideas in the
student’s explanation and the teacher’s answer was
clear.

“In the second sentence, he thinks about what would happen if we
kept v1 the constant, but we don’t do that in our experiment,
and so the reasoning isn’t necessarily relevant.

In the third sentence, he says “less momentum,” although he
probably means a slight increase in momentum.

He also makes no mention of conserving energy, which is
otherwise crucial to the calculation itself if he wanted to test his
intuition.

He does not analyse the limit case when m1 goes towards 0.”
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TABLE IV. Coding scheme for code II—providing descriptive feedback.

Score Description of the criteria Example of a teachers’ responses for answer (c)

0 The teacher did not provide feedback for neither correct nor
the incorrect aspects of the student’s reasoning.

“Interesting, explain to me why you chose these particular
assumptions?” (for a complete list of productive and
problematic ideas see Fig. 13)

or
The teacher wrote something that would not help the student
realize they were wrong.

“Think about conservation of momentum, think about
conservation of energy.”

1 The teacher only provided feedback on the correct aspect of
student reasoning or only on the incorrect.

“What if the mass of car 1 is extremely small? How would the
energy be distributed between the cars then?” (this is
feedback for the incorrect aspects only; see a complete list
of problematic ideas in Fig. 13)

For the correct aspect the teacher clearly stated to the student
what was correct in their reasoning and for the incorrect
aspect the teacher either clearly stated to the student what
was incorrect in their reasoning or asked metacognitive
questions that would help the student figure out what they
did incorrectly.

2 The teacher provided feedback for both correct and incorrect
aspects. For the correct aspect the teacher clearly stated to
the student what was correct in their reasoning and for the
incorrect aspect the teacher either clearly stated to the
student what was incorrect in their reasoning or asked
metacognitive questions that would help the student figure
out what they did incorrectly.

“You have correctly considered what quantities are constant.
If the spring pushes a heavier and lighter car, which one
will get more speed? Think again about limiting cases.”
(for a complete list of productive and problematic ideas see
Fig. 13)

TABLE V. Coding scheme for code III—engaging the student in metacognition.

Score Description of the criteria Example of a teachers’ responses for answer (a)

0 The teacher wrote something that would not engage the student in
metacognition as the teacher’s response did not reflect what the
student was thinking about.

“Think about energy.” (for the student’s explanation see
Fig. 10)

2 The teacher wrote a response that would engage the student in
metacognition—teacher’s response clearly reflected what the
student was thinking about.

“You say,” … the greater the mass 1, the greater the
velocity 2. “Why?” (for the student’s explanation see
Fig. 10)

TABLE VI. Coding scheme for code IVa—building on productive elements.

Score Description of the criteria Example of a teachers’ responses for answer (c)

0 The teacher did not build on what they found to be
productive reasoning.

“The initial speed of the car is zero, not some value.”

or
The teacher wrote something that was inappropriate/
irrelevant or incorrect or too vague.

“Think about conservation of momentum, think about
conservation of energy.” (vague)

1 The teacher’s response can be interpreted as building on
the productive elements they found (it was implicit).

“…you are making statements” …car 1 is smaller, there is more
energy… car 2 “that are not supported. You need to make the
connection to the physics principle that shows this statement to
be true.”

2 The teacher’s response clearly showed building on the
productive elements they found (it was explicit).

“You identified momentum as being constant but do not apply that
in your answer. How does that affect things? …”
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Building on productive elements and addressing problematic ones can only be interpreted based on the productive and
problematic aspects each teacher found. Each teacher’s response from coding schemes for building on productive and
addressing problematic elements needs more context in order to fully understand why each score was assigned. Therefore, in
addition to the teacher’s response, we show below what a certain teacher identified as productive and problematic reasoning.

TABLE VIII. Examples of what certain teachers identified as productive (code Ia) and problematic (code Ib) reasoning and how their
responses were scored for building on productive (code IVa) and addressing problematic elements (code IVb).

Code Ia Code IVa Code Ib Code IVb

Score 0 Score 0
“Respects the law
of conservation
of energy and
momentum.”

“The initial speed of the car is zero,
not some value.”

“The speed cannot be increased
continuously.”

“Take friction into account.”

“The theorem
about both
conservations
is correct”

“Think about conservation of
momentum, think about
conservation of energy.” (vague)

Score 1 Score 1
“Thinking about
momentum and
energy
conservation”

“…you are making statements:” …
car 1 is smaller, there is more
energy… car 2 “that are not
supported. You need to make the
connection to the physics principle
that shows this statement to be
true.”

“He chose the wrong graph. He
silently assumed that v1 ¼ const.
He did not think about a single
limiting case and consequently did
not recognize the problem (of his
solution) at high m1.”

“Consider limiting cases. Write
down all the quantities that
occur in conservation of the
momentum and for each one
consider how it changes.”

“The student sees no problem in how
the speed of something can
become infinitely large”

“Consider the basic laws that
apply to this experiment”

Score 2 Score 2
“Constancy of
energy and
momentum are
correctly
identified.”

“You identified momentum as being
constant but do not apply that in
your answer. How does that affect
things? …”

“The idea of v2 increasing with no
limits makes no sense. The student
has no idea about energy.”

“If m1 is very, very large, the
experiment is the same as for a
recoil from a rigid wall. Does
the speed of the car go in this
case really increase with no
limits? Where does a car get its
energy to move? How is
energy related to its speed?”

TABLE VII. Coding scheme for code IVb—addressing problematic elements.

Score Description of the criteria Example of a teachers’ responses for answer (a)

0 The teacher wrote something that was inappropriate/
irrelevant or incorrect.

“Take friction into account.” (irrelevant)

or
The teacher did not address any of the found
problematic elements.

No example for answer (a)

1 The teacher addressed some of the problematic
elements they found (explicitly or implicitly).

“Consider limiting cases. Write down all the quantities that occur in the
conservationofmomentumand for eachone, consider how it changes.”

or
The teacher’s response might (implicitly) address
problematic elements but the response is too vague.

“Consider the basic laws that apply to this experiment.”

2 The teacher addressed all of the problematic elements
they found (explicitly or implicitly).

“If m1 is very, very large, the experiment is the same as for a recoil
from a rigid wall. Does the speed of the car go in this case really
increase with no limits? Where does a car get its energy to move?
How is energy related to its speed?”
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APPENDIX C

Here, we describe the results of the statistical analysis.
To determine whether the differences among the groups
for each of the codes were statistically significant, we
performed statistical analyses using SPSS 25.0 (IBM,
Armonk, NY, USA). As we expressed categorical variables
as percentages for descriptive statistics, we used Fisher’s
exact test and chi-square test for between-group analyses.
We agreed to call results significant for p < 0.05. If the
chi-square test and Fisher’s exact test were significant, we

continued the analysis with the multiple comparisons of
column proportions with Bonferroni correction.
Though participants’ results for interpreting productive

reasoning in students’ incorrect explanations were very
similar for the first five groups and different for less
experienced pre-service teachers B [see Fig. 4(a)], a
statistically significant difference was only found between
this group and less experienced pre-service teachers A.
The percentage of responses of less experienced pre-
service teachers A (93%) who received a score of 1 was

TABLE IX. Example 1 of how we scored the participant’s response to the correct explanation.

Participant’s response Code Score

Student’s
strengths

“Analyses looking at limiting cases, uses energy when useful, and momentum when useful, easily
switches between the two.”

Ia 1

Student’s
weaknesses

“None.” Ib 0

Response to the
student

“Excellent work!” II 1
III 0
IVa 0
IVb 0

TABLE X. Example 2 of how we scored the participant’s response to the correct explanation.

Participant’s response Code Score

Student’s
strengths

“The answer contains everything you would expect from a student.” Ia 0

Student’s
weaknesses

“1) If we are very meticulous, the student did not strictly explain the choice of the observed
systems, but this did not hinder his reasoning.

Ib 1

2) I don’t know how he knows that in the case of a small mass, the spring would transfer most of
the energy to the first cart. He needs to know this from somewhere, because without derivation,
in my opinion, he can’t know it.”

Response to the
student

“Great. Good thinking and good justification. You did not have any problems with this task, but
in the future, I advise you to be more clear about what you choose for the observed system. This
can help you in more complex cases.”

II 1
III 0
IVa 0
IVb 1

TABLE XI. Example 3 of how we scored the participant’s response to the correct explanation.

Participant’s response Code Score

Student’s
strengths

“This makes very clear and correct use of the principles of conservation of momentum and
energy. It is clear that the student is not only able to articulate the principles but can connect
them to this situation.”

Ia 1

Student’s
weaknesses

“My only gripe would be that the student doesn’t offer an explanation of why a large mass
discrepancy leads to most of the energy being transferred to the smaller object.”

Ib 1

Response to the
student

“Excellent work! you did a great job of explaining conservation of energy and momentum and
why they are relevant to this situation. One way to strengthen the explanation would be to add
a little detail about why the lighter object receives more of the energy.”

II 2
III 2
IVa 1
IVb 2
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significantly higher than the percentage of responses of less
experienced pre-service teachers B (50%) who received a
score of 1, p ¼ 0.004. We believe that the sizes of
individual groups significantly influenced the results of
the statistical analysis (the group of in-service teachers A
was the largest).
Likewise, though participants’ results for interpreting

problematic reasoning were very similar for the first five
groups and different for less experienced pre-service teachers
B [see Fig. 4(b)], and even though the chi-square test showed
significant differences in the percentages of responses of
individual groups who received a score of 0 and a score
of 1, the multiple comparisons of column proportions with
Bonferroni correction were not possible (proportions 0 or 1
in the tables when spss does the statistical analysis).
Statistical analysis revealed a significant difference

between international in-service teachers and less experi-
enced pre-service teachers B who received a score of 0 for
providing descriptive feedback when students’ explana-
tions were incorrect [see Fig. 5(a)]. The multiple compar-
isons of column proportions with Bonferroni correction
showed that the percentage of responses of less experienced
pre-service teachers B (83%) who received a score of 0
was significantly higher than the percentages of responses
of international in-service teachers (23%) who received a
score of 0, p ¼ 0.002.
Despite visible similarities between international in-

service teachers, in-service teachers A and both groups of
pre-service teachers A, and similarities between in-service
teachers B and less experienced pre-service teachers B for
engaging the students in metacognition when students’
explanations were incorrect [see Fig. 5(b)], the multiple
comparisons of column proportions with Bonferroni cor-
rection only showed that the percentages of responses of
international in-service teachers (64%) and less experi-
enced pre-service teachers A (69%) who received a score of
2 were significantly higher than the percentage of responses
of in-service teachers B (28%) who received a score of 2,
p ¼ 0.024 and p ¼ 0.004, respectively.
We found several statistically significant differences

among and between the groups for addressing problematic

elements in students’ incorrect explanations [see Fig. 6(b)],
The percentages of responses of international in-service
teachers (56%) and less experienced pre-service teachers A
(56%) who received a score of 2 were significantly higher
than the percentage of responses of in-service teachers B
(22%) who received a score of 2, p ¼ 0.038 and
p ¼ 0.036, respectively. Recall that the participants were
not “punished” with lower scores if they did not address all
problematic elements that experts identified in the student’s
explanation. Instead, the participants’ responses, for
addressing problematic elements, were scored based on
their list of identified problematic elements.
The percentage of responses of less experienced pre-

service teachers B (92%) who received a score of 0 was
significantly higher than the percentages of responses of
international in-service teachers (26%, p ¼ 0.001), in-
service teachers A (28%, p ¼ 0.001), experienced pre-
service teachers A (7%, p < 0.001) and less experienced
pre-service teachers A (22%, p < 0.001) who received a
score of 0. Likewise, the percentage of responses of in-
service teachers B (53%) who received a score of 0 was
significantly higher than the percentage of responses of
experienced pre-service teachers A (7%) who received a
score of 0, p ¼ 0.032.
Even though Fisher’s exact test showed significant

differences between the percentages of responses of indi-
vidual groups who received a score of 2, p ¼ 0.042,
the multiple comparisons of column proportions with
Bonferroni correction showed that there were no significant
differences between the percentages of responses of indi-
vidual groups (p > 0.05) for addressing problematic
elements when the student’s explanation was correct [see
Fig. 9(b)]. Fisher’s exact test showed no significant
differences between the percentages of responses of indi-
vidual groups who received a score of 1, p ¼ 0.668. Fisher’s
exact test showed significant differences between the per-
centages of responses of individual groups who received a
score of 0, p ¼ 0.010. Unfortunately, the multiple compar-
isons of column proportions with Bonferroni correction were
not possible (proportions 0 or 1 in the tables when spss does
the statistical analysis).
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