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Learning assistants (LAs) play an important role in inquiry-oriented physics instruction in large
classrooms. LAs increase the teacher-student ratio and provide timely support to student exploration.
Questioning is believed to be an advantageous strategy for LAs to scaffold student learning and maintain
students as the agent of knowledge construction. Unfortunately, there are few instruments for the
measurement and preparation of LAs’ competency of questioning. It remains obscure how LAs use
questioning in their interaction with students and how their questioning contributes to students’ conceptual
understanding. In this study, we developed two instruments that included a coding scheme to assess LAs’
practice of questioning from class videos and written questions to assess LAs’ knowledge of analyzing
various situations that they may encounter while teaching introductory physics. We used the two
instruments to measure performed and narrated pedagogical content knowledge of questioning (PCK-Q) of
four LAs in two inquiry-based physics courses taught online. We examined the validity and reliability of
both instruments, gauged LA-student interaction in online settings, delineated the LAs’ PCK-Q, and
suggested how the LAs’ questioning contributed to students’ physics learning. We also discussed the use of
the two instruments for the purposes of both LA assessment and preparation.
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I. INTRODUCTION

Introductory physics like classical mechanics and
electromagnetism is a gateway to science, technology,
engineering, and mathematics (STEM) majors [1]. There
have been increasing efforts of transforming introductory
physics courses from lecturing and factual recitation
to student-centered knowledge construction known as
inquiry teaching [2,3], such as ISLE [4] and Modeling
Instruction [5]. Inquiry teaching requires that teachers
facilitate student-paced exploration with support that meets
students’ needs in different contexts [6,7], which is
challenging given the large enrollment in introductory
physics courses. Undergraduate learning assistants (LAs)
are pivotal to course reformation since they increase the
teacher-student ratio so timely support becomes more
practical. Meanwhile, LAs enable near-peer teaching where
students seek help from more-knowledgeable peers [8].

Research yields empirical evidence showing that LA pro-
grams promote students’ conceptual understanding [9–11]
and positive attitudinal shift toward physics [12,13].
However, the mechanism remains unclear how the presence
of LAs or LA-student interaction entails positive learning
outcomes.
It is argued that LAs improve student learning [6,14], but

there have been few studies that directly examine how LAs
interact with students in inquiry-oriented settings or how
LA-student interaction contributes to student conceptual
learning. Research regarding LAs mainly follows the pre-
post design to compare students’ learning outcomes with
and without LAs [15,16]. The details of LA-student
interaction remain a black box. For example, do LAs
scaffold student learning with strategies like questioning
as expected, or do they address students’ difficulties by
directly imparting what students need? What pedagogical
competencies do LAs need to provide effective guidance?
What should LAs do when they are unable to address
students’ needs with inquiry teaching strategies? How to
efficiently prepare LAs with inquiry-teaching practices
given their limited access to educational theories or field
practicum prior to a LA program?
Another deficiency of knowledge lies in the preparation

of LAs’ pedagogical competencies. LA assessment has
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been limited to LAs’ subject matter knowledge [17],
students’ evaluation of LA performance [18], and LAs’
self-perception of their pedagogical competencies [19].
There has been little direct assessment of LAs’ pedagogical
competencies in physics instruction. Despite interven-
tions like pedagogical preparation, empirical evidence is
lacking about whether and how well LAs transfer peda-
gogical instruction that they have received to their teaching
practices. It is questionable whether LAs support student
learning through inquiry teaching considering that success-
ful implementation of inquiry teaching is rare even in
classes taught by experienced teachers [2]. LA programs
may face the same challenge of theory-practice disconnec-
tion like other science teacher preparation programs. Thus,
more evidence is needed to ascribe the improvement in
students’ achievement to inquiry-oriented strategies con-
ducted by LAs.
In this study, we took an initial step to design two

instruments for the assessment and preparation of LAs’
pedagogy of questioning, a coding scheme (Instrument 1)
and written questions (Instrument 2). We focused on
questioning because it is a promising approach to diagnose
students’ ideas, prompt productive discourses, and promote
student thinking [20,21]. Questioning is more advanta-
geous than guiding statements because it maintains stu-
dents’ sense of agency for problem solving [22]. We
concentrated on one pedagogy also because the time of
pedagogical instruction is limited for LAs to engage in
depth with multiple pedagogies. We used the framework of
pedagogical content knowledge to describe LAs’ compe-
tencies of questioning [23,24], which we refer to as PCK-Q
in this study. Our research questions are as follows:

Q1. Are the coding scheme and written questions
reliable to measure LAs’ PCK-Q?

Q2. Are the coding scheme and written questions valid
to measure LAs’ PCK-Q?

Q3. How were the LAs prepared to intervene with
student learning through questioning as suggested
by their performed and narrated PCK-Q?

II. THEORETICAL FRAMEWORK

A. Learning assistants and practice-based
teacher education

The LA program originated from the University of
Colorado at Boulder [6]. Since then, the program has been
expanded to undergraduate STEM education in institutions
around the nation. LAs are undergraduate students with
relatively strong content knowledge who are hired to assist
class instruction in the course that they have taken [14].
Unlike graduate teaching assistants who participate in
course design and grading, LAs serve to increase the
teacher-student ratio during class instruction for students
to receive timely support. Empirical studies have supported
the effectiveness of LA programs in promoting students’

conceptual understanding measured by conceptual inven-
tories [14,25,26] and positive attitudes toward physics such
as a stronger physics identity [12,27]. Similar positive
results were found in other disciplines, such as biology
[28,29], chemistry [30,31], and integrated STEM [32].
Most of these studies follow an experimental or quasi-

experimental design by comparing pre-post differences in
student learning between groups with and without LAs.
The consistent findings consolidate that the presence of
LAs has positive impacts on student learning, but the
mechanism remains unclear. Scholars have ascribed the
success of LA programs to that LAs make class instruction
more interactive, engaging, and personal [29,33]. Knight
and colleagues [34] found that students who interacted
regularly with LAs asked more questions for information or
feedback and spent more time in discussion. However,
students articulating their thoughts or participating in
discussion is insufficient to guarantee productive learning
outcomes such as student investigation proceeding along an
expected direction. There is inadequate knowledge about
how LAs intervene with student exploration, especially
when it goes off on a tangent. Attention needs to be cast on
content knowledge in LA-student interaction to examine
whether effective inquiry teaching from LAs takes place.
Such knowledge is critical to pedagogical instruction in

LA preparation. LA preparation is composed of four
aspects, instructional methods courses [9], clinical review
[18,26], LA learning community [35], and weekly prepa-
ration sessions with course instructors [14]. LAs are
expected to transfer educational literature addressed in
methods courses [35] into informed pedagogical strategies
for practice. Unfortunately, researchers have observed the
theory-practice gap as in other science teacher preparation
programs [36]. For example, it was found that direct
instruction from LAs was most common in their inter-
actions with students even though questioning was advo-
cated [37]. There requires a more efficient approach for
LAs to assimilate educational theories and integrate them in
practice. In this study, we adopted the model of practice-
based teacher education [38] to pilot an approach.
According to this model, teaching practice rather than

theoretical instruction lies at the core of teacher preparation
because educational theories do not impact student learning
directly. This model suggests a cycle of identification,
modeling, implementation, and reflection of core practices
in a discipline [38]. Our instruments were designed to
contribute to implementation and reflection of the practice
of questioning. Given that LAs are not education majors or
prospective teachers, they may not be fully committed to
theories of physics teaching after they enter a LA program.
Practices in specific contexts may be better learning
objectives because they are more transferable to LAs’
own competencies. Our instruments, including video cod-
ing and written questions, are to engage LAs in the cycle
of practice instruction. For example, video coding could
be used for LAs to reflect on their implementation of
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questioning. Written questions could engage LAs in the
discussion and reflection of questioning in scenarios of
teaching carefully tailored for specific purposes, which
compensate for LAs’ lack of teaching experiences and
limited exposure to authentic teaching practices before they
serve in classes. Details will be discussed in the following
sections.

B. Questioning in inquiry teaching

Despite its various formats, inquiry teaching shares a key
feature that students expand their knowledge scheme to the
zone of proximal development (Fig. 1) with the support of
more knowledgeable others like LAs [8]. Questioning is an
important means of support that enables teachers to solicit
students’ ideas, prompt productive discourses, and promote
student thinking [20,21]. Questioning in traditional lecturing
follows the pattern of I (a teacher initiates a question)-R
(students respond to that question)-E (the teacher evaluates
students’ responses). In inquiry teaching, teacher questioning
follows a chain of I-R-F (the teacher asks a follow-up
question)-R-F [20]. The differences are twofold: (i) questions
in inquiry teaching serve to hold students accountable to their
knowledge construction in addition to evaluating students’
understanding; (ii) questions in inquiry teaching are inter-
connected and lead students step by step to the learning
objective. Questions in an I-R-F-R-F chain fall into two
categories based on their functions in leveraging student
learning. One category is probing questions that prompt
students to articulate their thoughts for the purpose
of collecting information about students’ understanding.
Probing questions are typically open ended without restric-
tions on students’ answers. The other category is guiding
questions that embed teacher support by referring to specific
learning sources. Guiding questions are narrow-ended ques-
tions with restrictions on students’ answers. As shown in
Fig. 1, black solid arrows are the paths teachers expect
students to followwith their questions and red dashed arrows
are the actual paths of student learning. Because of a lack of
restraints, probing questions are less likely to direct students
toward a learning objective than guiding questions, espe-
cially when they venture off on a tangent.

Existing studies tend to favor open-ended questions as
being more advantageous for inquiry teaching. For example,
open-ended questions are found to be more emblematic of
inquiry teaching and they entail more active and extended
answers from students [39]. However, overemphasizing
open-ended questions may underestimate the importance
of teacher intervention to student learning and mislead LAs
to a hands-off mindset of inquiry teachingwhere students are
expected to develop conceptual understanding merely from
articulating their thoughts. Students’ conceptual difficulties
are ignored or addressed through lecturing. Kawalkar and
Vijapurkar [22] specified the progression of questioning
from exploring prerequisites, to generating ideas and explan-
ations, probing further, refining conceptions and explana-
tions, guiding the entire class toward scientific conceptions,
and eventually achieving the intended teaching goal.
Similarly, Smith and Hackling [40] specified a sequence
of questions for inquiry teaching as a teacher using open-
ideas questions to initiate class discussion, following upwith
open-description questions to elicit student observation, then
using open-explanation questions to prompt student explan-
ation, and ending with closed-ended questions to help
students draw a valid conclusion. Both models suggest a
sequence of questions from being divergent (i.e., probing
questions) to convergent (i.e., guiding questions) and the
significance of directing student learning toward adesignated
direction based on the probed information of students’
existing knowledge.

C. Pedagogical content knowledge of questioning

PCK is pedagogical knowledge applied to a specific
learning context [23,41]. In this study, PCK-Q describes
LAs’ skill of asking effective guiding questions when
students need LAs’ support. We did not deny the impor-
tance of probing questions but believed that guiding
questions require more sophisticated skills. We adopted
the existing framework of PCK [23,41] composed of five
components, which are described in the first two columns
in Table I. We applied the first four components of O, C, S,
and I in the context of questioning, which is defined in
the third column of Table I. The four components are
associated with four competencies that LAs need to ask
effective guiding questions. After gauging student under-
standing with probing questions, LAs need to identify
students’ strengths and difficulties in their understanding
(S) based on their own physics content knowledge (C).
They need to determine whether they would use questions
to respond to students (O). Finally, they would select
effective responses (I) that are more likely to bridge the
gap between students’ existing knowledge and learning
objectives. We did not incorporate the component of
assessment because it is about a teacher’s knowledge of
different methods of assessment. LAs typically are not
involved in curriculum design or the determination of
approaches to assessment. Besides, we focused exclusively

FIG. 1. The functions of probing and guiding questions
in a teacher’s effort of scaffolding student learning with a
questioning chain.
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on questioning as one method of formative assessment.
It was beyond the scope of this study to assess LAs’
competencies of other assessment strategies.
LAs’ PCK-Q can be derived from their performance

(performed knowledge) or articulation (narrated knowl-
edge). Thus far, teacher questioning is primarily analyzed
from their use of questions (i.e., performance) in practice
through discourse analysis [42]. These studies yield rich
information about teacher questioning in their interaction
with students but are typically conducted with a small
sample size, such as one lesson from each of the five
teachers [43]. Since questioning is contingent to the
context of a discourse [44], it may be biased to derive
LAs’ PCK-Q from limited scenarios. For example, LAs
who are more knowledgeable about kinematics than
Newton’s laws may ask high-quality questions more
frequently while teaching kinematics. Thus, the LAs’
questions used in both topics should be considered while
analyzing their PCK-Q. Besides, existing methods analyz-
ing teachers’ questioning mainly concentrate on the fea-
tures or functions of discrete questions rather than the
connection between questions and the role of a questioning
chain in scaffolding student learning. In this study, we
designed instructor-friendly instruments for quantitative
assessment of LAs’ performed and narrated PCK-Q from
multiple scenarios of teaching. With the instruments, we

described how LAs’ questioning chains leveraged student
learning in an inquiry-oriented setting.

III. METHODS

A. Participants and context

The participants of this study were four LAs in two
consecutive introductory physics courses about classical
mechanics and electromagnetism, respectively, which were
both taught online due to the COVID pandemic. Both
courses were calculus-based and inquiry-oriented where
students worked in groups to construct physics knowledge.
The instructor and LAs met with students online via zoom
where students worked in breakout rooms. Hands-on
physics experiments were replaced with virtual labs. The
LAs moved around different breakout rooms to facilitate
student exploration. Toward the end of a lab, all the
students returned to the main room on zoom to reflect
on their exploration and summarize the target knowledge.
The background information of the participating LAs is
summarized in Table II. Like many other LA programs,
pedagogical and content preparation for the LAs was
separated. Before this project, the four LAs had taken an
instructional methods course regarding pedagogy for
inquiry teaching such as scaffolding and questioning. In
both courses, the LAs met with their instructor online
during weekly preparation sessions to preview physics

TABLE I. Existing framework of PCK [23,41] and its application in the analysis of questioning.

Component Definition in the existing framework Application in PCK-Q for this study

Orientation (O) Teachers’ beliefs about the purposes
and goals for teaching science at
different grade levels

LAs’ awareness of the importance of
questioning in inquiry-oriented physics
teaching, which is evidenced by their
preference for using questions during their
interaction with students.

Knowledge of
curriculum (C)

Teachers’ knowledge about curriculum
materials available for teaching
particular subject matter as well as
about both the horizontal and vertical
curricula for a subject

LAs’ knowledge of physics content
associated with a lesson
objective.

Knowledge of
students (S)

Teachers’ knowledge about what
students know about a topic and areas
of likely difficulty

LAs’ knowledge of students’ strengths and
difficulties in their understanding of
physics concept(s).

Knowledge of
instructional
strategies (I)

Teachers’ knowledge of general
approaches to instruction that are
consistent with the goals of science
teaching and specific strategies that
apply to teaching particular topics
within a domain of science

LAs’ knowledge of appropriate responses
to students (including questions) that
could effectively help students make a
progress toward a learning objective.

Knowledge of
assessment

Teachers’ knowledge of
the dimensions of science learning
important to assess and knowledge of
the methods by which that learning can
be assessed

Not applicable
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content knowledge for the coming week. The data collec-
tion lasted for 4 weeks in the fall semester and 10 weeks in
the following spring semester, during which the partici-
pating LAs were requested to videotape their interaction
with students once per week for a length of 30–60 min
using the zoom camera that followed them. Meanwhile,
they were requested to answer 1–2 PCK-Q questions each
week. The videos and written responses were analyzed
by the two instruments, respectively, to assess the LAs’
performed and narrated PCK-Q following the framework of
O-C-S-I (Table I).

B. Performed PCK-Q from class videos measured
by Instrument 1

Performed PCK-Q of LAs could not be directly observed
but inferred from their interaction with students, especially
the ways LAs intervene with student learning. LAs with
strong performed PCK-Q should be more likely to con-
tribute to student learning through questioning. The coding
scheme for LAs’ performed PCK-Q was composed of
two parts, codes of LAs’ utterances (Table III) and LA

intervention indicated by code patterns (Table IV). We
first segregated a video into episodes. An episode was a
video segment where a LA interacted with a fixed group of
students. An episode ended when the LA rotated to
another group. Each episode might contain multiple
vignettes of LA-student interaction regarding different
learning tasks. For example, a LA might help a group of
students with two questions in an episode, which were
calculating the acceleration of a block on a frictionless
slope and drawing the free-body diagram of a box sliding
on the ground with friction. Then there were two vignettes
in this episode. Vignette shift was marked by sentences
that indicated the change of learning objectives, such as
“let us look at the next question” and “what is your plan
for the next step?”. Within each vignette, we focused
exclusively on a LA’s utterance in the I-(R)-F-(R)-F model
and coded them based on Table III. The column of “Code”
contained the two-letter codes (e.g., pq and gq) used for
video coding, which were represented by longer descrip-
tions in “Text” (e.g., ProQ and GuiQ) for readers to easily
comprehend them.

TABLE II. Background information of the participating LAs.

Course Participant Gender Race LA experience prior to this course

Fall 2020, classical mechanics LA-1 Female Hispanic 0 yr
LA-2 Female Black 1.5 yr
LA-3 Male Hispanic 1.5 yr

Spring 2021, electromagnetism LA-3 Male Hispanic 2 yr
LA-4 Female Hispanic 1 yr

TABLE III. Codes of a LA’s utterance during their interaction with students (Instrument 1, Part 1).

Code Text Description Example

Questioning 1:
Checking
question

cq CheQ LAs ask questions unrelated to specific physics
content for temperature checking or to collect
superficial information about students’ learning
progress. The answer is normally simple words
or short statements that do not require deep
thinking of physics.

(1) Are you with me?
(2) Does this make sense to you?
(3) Do you agree that it is an elastic
collision?

Questioning 2:
Probing
question

pq ProQ LAs ask content-related questions to collect
information about students’ understanding by
having them clarify their thoughts or elaborate
on their reasoning. Probing questions do not
convey information to students regarding
physics content as guidance.

(1) What do you mean that the work is
the same?

(2) Tell me what you have done so far
with this lab.

(3) Can you tell me why you place the
motion sensor here?

Questioning 3:
Guiding
question

gq GuiQ LAs ask content-related questions with the purpose
of guiding students in a certain direction when
students demonstrate conceptual difficulties
(e.g., misconceptions) that probably need LA
support. Guiding questions would refer to a
specific source of physics content as LAs’
intervention with student learning.

(1) Student: The force from the truck
to the car is larger in a collision.
LA: What is the Newton’s 3rd law
pair here?

(2) Student: Is my a-t graph correct?
LA: Is it aligned with your v-t
graph?

(Table continued)
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Based on the patterns of the codes in a vignette, we
defined nine vignette levels associated with the LAs’
potential intervention in student learning (Table IV).
Take a vignette of Newton’s third law in collision, for
example, a LA first used a probing question (ProQ) to
realize students’misconception that a truck exerted a larger
force than a car did in their collision. If the LA chose to
correct students’ misconception by directly lecturing that
“the forces are equal in magnitude between the truck and
the car because of Newton’s third law.” This lecturing
would be coded as “Lect*” because it was directly related
to the learning objective. Then the vignette had a pattern of
“ProQ-Lect*,” which corresponded to the level of “Db”
indicating teacher-dominant lecturing. If the LA asked
guiding or probing questions while they started lecturing,
such as “what is the Newton’s third law pair in this case?”
(ProQ), the pattern became “ProQ-Lect*-ProQ.” Then the
vignette level was “Da,” which indicated interactive lectur-
ing. Instead of lecturing, the LA could guide students with a
sequence of questions, like “Could you recall Newton’s
third law?”(ProQ), “If we call the force from the truck to
the car the action force, what is the reaction force?”
(GuiQ), and“what does Newton’s third law say about action
and reaction forces?” (GuiQ). The vignette had a level of
“Qa” because the pattern was “ProQ-ProQ-GuiQ-GuiQ.”

If students confused action-reaction forces with balanced
forces, theLAcould keep prompting studentswith a question
like “Do action-reaction forces act upon the same object or
different objects?” (GuiQ), i.e., “ProQ-ProQ-GuiQ-GuiQ-
GuiQ.” The vignette would remain “Qa.” Alternatively, the
LA could lecture the prerequisite knowledge that “Balanced
forces act upon the same object and action-reaction forces
act upon two different objects” (Lect). This lecturing was
coded as “le” because it was not directly related to the
learning objective. Then the vignette had a level of “Qb”
because of the pattern “ProQ-ProQ-GuiQ-GuiQ-Lect,”
which indicated that students constructed the target knowl-
edge by themselves with some delivery of prerequisite
knowledge from the LA.
The levels from Qa to Ne in Table IV describe three

categories of LA intervention to students’ knowledge con-
struction. The category of Q (including Qa, Qb, and Qe) is
marked by the presence of “GuiQ” without “Lect*” in the
utterance codes of a vignette, which describes a LA’s
intervention of indirect support through questioning. The
category of D (including Da, Db, and De) is marked by the
presence of “Lect*” regardless of other codes, which
describes a LA’s intervention of direct support through
lecturing the knowledge regarding the learning objective
of a vignette. The category of N (including Na, Nb, and Ne)

TABLE III. (Continued)

Code Text Description Example

Statement 1:
Lecturing

le* or
le

Lect* or
Lect

LAs impart information about physics content
directly to students, such as the answer to a
question or a definition or theory in physics. If
the information lectured is directly related to the
vignette task, it is coded as le*, otherwise it is
coded as le.

(1) You are supposed to find out that
the velocity is halved because the
two carts have the same mass.

(2) Use a stiff spring and control the
elongation to 2 cm, that’s how you
get a constant force.

Statement 2:
Transition

tr Tran LAs use connecting statements so the
communication with students would proceed
more smoothly or naturally, such as
acknowledging students’ ideas and paraphrasing
students’ explanation. There is little new
information about physics content imparted to
students from LAs.

(1) So you mean that the ball would
spin faster when you pull the string
down. Sounds good, make sure the
force you exert is constant.

(2) OK, we have done with the x
direction, like you said, it’s a
constant-v motion, let’s look at y
direction now.

Statement 3:
Error

er Erro LAs demonstrate errors in their statement about the
content or technique of physics that would
potentially intervene with student learning in a
negative way.

(1) Content: The gravitational force
down balances out the centripetal
force up.

2) Technique: Just ignore the lab data,
you know the answer already, move
on to the next activity.

Questioning or
statement:
Direction

di Dire LAs give direction about the norms, expectations,
or procedure of an instructional activity in the
form of either questioning or statement.

(1) Now we are on Question 2, later
we will move on to Question 3.

(2) You need to draw the free-body
diagram of both objects in the
collision.
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describes the situation where a LA entails little intervention
or the intervention is not directly related to the vignette task.
Another criterion to separate the three categories is the agent
of knowledge construction as being students themselves
(Q and N) or LAs (D). A LA’s performed PCK-Q was
derived from all their vignettes from the videos collec-
ted during the research period. This was to diminish the
bias of deriving PCK-Q from one vignette due to the
context-contingent nature of questioning. The corresponding
justifications of these equations represented our theoretical
deduction ofLAs’performancewhen theypossessed a certain
aspect of PCK-Q. It is important to emphasize that the four
components of O-C-S-I could not be directly observed from
videos and they worked in an integrated manner to shape a
LA’s performance. The four questionswere our initial attempt

to separate O-C-S-I and would be subject to adjustment in
reference to practical data.More detailswill be discussed later
in the examination of instrument validity.

Orientation (O): 1-ðDa%þ Db%þ De%Þ
Justification: The total percentage of D levels

represents the frequency of LA interventions through
direct instruction. A questioning-oriented LA may use
direct instruction but not frequently.

Knowledge of curriculum (C): 1-ðQe%þ De%þ Ne%Þ
Justification:The levels ofQe,De, andNearevignettes

where a LA demonstrates errors in physics. A LA with
strong physics content knowledge may still demonstrate
misconceptions in physics but not frequently.

Knowledge of students (S):Qa%þ Qb%þ Da%þ Na%
Justification: Qa, Qb, Da, and Na (Table IV) are

TABLE IV. Levels of a LA’s potential intervention to student learning (Instrument 1, Part 2).

Level Description
Salient
pattern Pattern explanation

Questioning
oriented
intervention
(Q)

Qa A LA uses guiding questions to support students to accomplish
the learning task of a vignette. The LA may use probing
questions before or as transitions after guiding questions but
uses little lecturing.

gq Presence of GuiQ
without Lect* or
Lect

Qb A LA uses guiding questions to support students to accomplish
the learning task of a vignette. The LA uses some lecturing.
However, the content knowledge lectured is not directly
related to the vignette task.

gq-le Presence of GuiQ
with some Lect but
no Lect*

Qe Qa and Qb levels with identifiable errors from a LA gq-er Presence of GuiQ and
Erro without Lect*

Direct-
instruction
oriented
intervention
(D)

Da A LA accomplishes the learning task of a vignette by directly
imparting to students the necessary content knowledge. The
LA may try guiding questions but eventually resort to
lecturing to accomplish the vignette task. During lecturing,
the LA interacts with students with probing or guiding
questions.

le*-pq/gq Presence of Lect* and
ProQ or GuiQ

Db A LA accomplishes the learning task of a vignette by directly
imparting to students the necessary content knowledge. The
LA may use probing questions before or checking questions
after lecturing. The LA barely uses any guiding or probing
questions during lecturing but presents content knowledge
with little attention to students’ understanding.

le*-(cq) Presence of Lect*
with probably some
CheQ but little
ProQ or GuiQ

De Da and Db levels with identifiable errors from a LA. le*-er Presence of Lect* and
Error

Vignette task not
accomplished
(N)

Na A LA intervenes with student learning by providing instruction
or guidance about an important step in the task of a vignette,
but the task is incomplete. One example is a LA imparting to
students prerequisite knowledge so they can continue their
exploration with the vignette task.

le-tr=di Presence of Lect
without GuiQ or
Lect*

Nb A LA does not intervene with students’ learning with either
guiding questions or lecturing when students work on the
vignette task. One example is a LA checking students’ work
using probing or checking questions.

tr=di No GuiQ, Lect*, or
Lect

Ne Na and Nb levels with identifiable errors from a LA. (le)-er Presence of Erro
without Lect* or
GuiQ
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interactive vignettes where a LA gauges students’ under-
standing. A LA who gauges students’ understanding
more frequently is more likely to develop stronger
knowledge of students’ understanding.

Knowledge of instructional strategy (I): Qa%þ
Qb%þ Da%þ Db%
Justification: A LA with a stronger knowledge of

instructional strategies is more likely to successfully
support students to accomplish a vignette task (i.e.,
Qa, Qb, Da, and Db).

We started developing the coding scheme (Instrument 1)
in the year of 2019. Since questioning was the focus of
our project, we first categorized LAs’ utterances into
questioning and nonquestioning. Based on the function
of a question as information collection or intervention
(Fig. 1), we subcategorized questioning into probing and
guiding questions. We labeled the category of nonques-
tioning as “statement” and started with three subcategories
based on whether a statement contained correct physics
content (i.e., lecturing), incorrect physics content (i.e.,
error), and no physics content (i.e., direction). Then we
applied the prototype of the coding scheme with the videos
collected from another inquiry-oriented physics course
given in a face-to-face setting. We collected the videos
with a SWIVL set that included a microphone carried by a
LA for audio recording and an iPad on a robotic set
following the microphone for video recording. We col-
lected multiple videos from each voluntary LA in a week
and randomly selected one video for coding. During
exploratory coding, we transcribed video segments, coded
them separately, and met to reflect on the coding. In this
process, we spotted another type of questioning not related
to specific physics content. It was close to probing
questions but functioned mainly for temperature checking
rather than information collection, which was labeled as
“checking questions.” We also separated the code of
transition from lecturing because it was a LA paraphrasing
students’ answers even though physics content was
involved. Different from lecturing, transition entailed
limited intervention to student learning. Since each vignette
contained a specific learning objective, we divided lectur-
ing into lecturing target knowledge directly related to the
learning objective (i.e., “Lect*”) and lecturing prerequisite
knowledge not directly related to the learning objective
(i.e., “Lect”). This division was necessary to determine
whether it was the LA or students who achieved the
learning objective. After finalizing the coding scheme,
we did not transcribe videos but directly coded videos
on a spreadsheet while watching them. In addition, the first
author who designed the coding scheme trained three
graduate students with it and led them to code a total of
114 videos of science teaching from 60 elementary
preservice science teachers. The findings were reported
in another manuscript. Before this current study, the coding
scheme had been tested and finalized in both contexts of

college physics instruction and elementary science
teaching.

C. Narrated PCK-Q from written responses
measured by Instrument 2

LAs’ narrated PCK-Q was measured by Instrument 2
composed of written questions and a grading rubric
(Table V). The written questions described various scenar-
ios of physics teaching regarding key concepts. Each
question contains the background information about a
conversation between a LA and students. The conversation
proceeds to an extent that there is enough information
for respondents to infer students’ conceptual difficulties
associated with a physics concept. The exemplary written
question below is about force decomposition in Newton’s
second law. The student in the conversation does not
understand the purpose of force decomposition but blindly
memorizes that x and y axes should be parallel and
perpendicular to the ground surface. Thus, the student
decomposes the normal force but not the acceleration that
is not on any axes. Similarly, the LA could impart the
right answer to students or respond with a guiding
question such as “If you draw x and y axes in this
way, do you need to decompose the acceleration as
well?” By answering this question, students had a chance
to make a progress in their learning in terms of realizing
their misconceptions.
Example written question.—Context: Students have

learned about free-body diagrams and Newton’s second
law. A group of students is working on a question about
a block sliding down a frictionless inclined plane. They
are required to draw a force diagram to explain why the
block slides down. You approach that group, notice that
they have drawn a gravitational force straight downward
and a normal force upward and perpendicular to the slope
surface. Then you have a conversation with one of them:

You: So why does the block slide down?
Student: It slides down because we have a x component
of the normal force acting on it, so that’s why it
slides down.

You: What do you mean by x component of the
normal force?

Student: Force is a vector, so when there is a force, there
should be x and y components.

You: So what is the x component of the normal force?
Student: With respect to the table surface, y is
perpendicular, and x is parallel.

You: OK, then which component or which force deter-
mines if this block moves or not?

Student: The x component of the normal force. The y
component cancels out with gravity.

a. Is this student’s answer correct? Why?
b. What can you conclude from the information provided

about the students’ physics content knowledge, both
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the strengths (i.e., what they know) and difficulties
(i.e., what they do not know)?

c. How would you respond to the student? Please use a
direct quote of what you would say. What is (are) your
purpose(s) behind that response?

We used the rubric in Table V to assess a LA’s narrated
O, C, S, and I from their answers. From the answer to
subquestion c, we assigned a score to O based on whether
theLA intended to use a content-specific question (2 points),
a content-free question (1 point), or no question (0 points) in
response to students. From the answer to subquestions a and
b, we assigned a score to C based on whether there is clear
evidence (2 points), no evidence (1 point), or clear coun-
terevidence (0 points) about the LA’s physics content
knowledge. From the answer to subquestion b, we assigned
a score to S based on whether the LA could pinpoint both
(2 points), either (1 point), or neither (0 points) strengths and
difficulties in students’ understanding. From the answer to
subquestion c, we assigned a score to I based on whether the
LA’s response could significantly (2 points), partially
(1 point), or unlikely (0 points) help students bridge the
gap in their understanding. A LA’s answer to a written
question had a maximum score of 8 points. The average
score among multiple questions that a LA answers repre-
sents their narrated PCK-Q.

This rubric was first developed with two dichotomous
levels of evident (1 point) and not evident (0 points) for
each component of PCK-Q. For example, evident C and
not-evident C described strong and problematic physics
content knowledge of a LA, respectively. During explor-
atory coding in the academic year of 2019, we found that an
intermediate level was needed for the situation where there
was no evidence supporting either strong physics content
knowledge or misconception of a LA. This situation
applied to the other three components of C, S, and I.
Thus, we converted dichotomous scores of 1 and 0 into
three levels of 2, 1, and 0 points. Prior to this study, we had
finished revising and finalizing the rubric for written
questions. Similarly, the first author followed the same
procedure to develop written questions regarding elemen-
tary science teaching with the support of experienced
science teachers and science teacher educators. He trained
three graduate students with Instrument 2 and led them to
apply the same rubric to analyze the responses to 20 written
questions from 108 elementary preservice science teachers.
The findings were reported in a separate manuscript.

D. Research design

Each semester, the participating LAs voluntarily
answered the PCK-Q questions from us and shared instruc-
tional videos with us. There were five PCK-Q questions

TABLE V. Rubric for narrated PCK-Q from LAs’ written responses (Instrument 2).

Component Score Description

Orientation (O) 2 The LA asks content-specific question(s) that refer to a specific physics concept.
1 The LA asks content-free question(s) that do not refer to any specific physics concepts.
0 The LA does not respond with a question.

Knowledge of
curriculum (C)

2 There are clear and accurate statements of physics in responses, which suggests that the LA
holds strong physics content knowledge about the learning objective.

1 There are no clear statements of physics in responses, which is insufficient to infer whether
the LA holds strong physics content knowledge about the learning objective.

0 There are erroneous statements of physics in responses, or the statements are unrelated to the
learning objective, which suggests that the LA holds misconceptions about the learning
objective.

Knowledge of students’
understanding (S)

2 The LA accurately identifies both the strengths and difficulties in students’ understanding of
physics concept(s) associated with the learning objective from the given information.

1 The LA accurately identifies either strengths or difficulties, but not the other, in students’
understanding of physics concept(s) associated with the learning objective from the given
information.

0 The LA fails to identify either the strengths or difficulties in students’ understanding of
physics concept(s) associated with the learning objective from the given information.

Knowledge of
instructional strategies
(I)

2 The LA’s response(s) to students are aligned with the learning objective and could potentially
scaffold students to make thorough progress in their learning in terms of realizing their
misconception and the direction for correction.

1 The LA’s response(s) to students are aligned with the learning objective and could potentially
scaffold students to make initial progress in their learning in terms of realizing their
misconception.

0 The LA’s response(s) to students are unaligned or have no potential to scaffold students to
make initial progress in their learning.
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regarding classical mechanics in the fall semester. LA-1
answered four of the five questions whereas LA-2 and
LA-3 answered all the five questions. LA-1 and LA-3
shared three videos and LA-2 shared four videos with us.
There were 12 questions regarding electromagnetism in the
following spring semester. LA-3 answered all of them and
LA-4 answered 9 out of the 12 questions. LA-3 shared ten
videos and LA-4 shared eight videos with us. Ideally,
videos should be randomly collected from a LA. Due to
online instruction, it was the LAs rather than us who
captured the videos. Thus, it was possible that the videos
shared with us were carefully selected by a LA to represent
their best teaching practice. Since there were no criteria to
exclude any videos, we used all the videos from each LA
for both validity and reliability analyses. We also used all
the written responses from each LA for reliability analysis.
Considering that the written questions may be of different
levels of difficulty, we only used the questions that all LAs
in a semester answered for validity analysis in order to
make comparison among LAs.
Research question 1: Reliability consideration.—To

answer the first research question, we started with the
interrater reliability with the coding scheme (Instrument 1).
As shown in Fig. 2, BW (initials of a pseudonym) was the
coder who coded the video based on Tables III and IV.
Reviewer TP (initials of a pseudonym) was the reviewer
who watched the same video and labeled with a different
color any disagreement in the codes and/or vignette levels.
In order for the reviewer to better locate the codes in the
video, the coder recorded the time stamps of the range of a
vignette in the form of “hour. minute. second.” In addition,
keywords were added to briefly describe the codes of “le*”
(i.e., Lect*), “gq” (i.e., GuiQ), and “le” (i.e., Lect) since
they weighted heavier in determining a vignette level. For
example, if there were different opinions about whether a
vignette had a level of “Qb” or “Da,” a coder-reviewer pair
would use the time stamps and keywords to locate a LA’s
utterance coded as “le*” (i.e., Lect*) in the video and
discuss whether the LA lectured students the target knowl-
edge directly related to the learning objective. This

approach could improve the credibility of video analysis
because the discussion for the interrater agreement would
be based on objective evidence from videos rather than
individuals’ subjective impressions, feelings, or preferences
of a LA’s performance in a vignette. Finally, the coder and
reviewer met to discuss and reconcile any disagreement but
kept the disagreement documented.
Two of us analyzed all the videos about classical

mechanics and another two of us analyzed all the videos
about electromagnetism. Both unweighted and weighted
Cohen’s kappa was used when the vignette levels from Qa
to Ne were treated as nominal and ordinal data, respec-
tively. As ordinal data, the hierarchy from Qa to Ne
represents a sequence of ideal intervention through guiding
questions (Q levels), intervention through direct instruction
(D levels), to incomplete intervention (N levels). As for the
written questions (Instrument 2), we assessed LAs’
responses using the rubric in Table V (maximum ¼ 8).
The same pairs who co-analyzed the videos coded the
questions regarding classical mechanics and electromag-
netism, respectively. Two individuals within a pair inde-
pendently coded all the written questions and compared the
results. We treated the component scores of O-C-S-I as
nominal data and treated the PCK-Q score as numeric data.
Unweighted and weighted Cohen’s kappa was used accord-
ingly to gauge the interrater reliability for written questions.
We also paid special attention to video segments closer to
teaching scenarios described in written questions, from
whichweexamined the parallel-form reliability of thewritten
questions by checking whether a LA’s written responses
match their performance in those specific contexts.
Research question 2: Validity consideration.—To

answer the second research question, we examined the
convergent validity of both instruments by comparing the
LAs’ narrated and performed PCK-Q measured by the two
instruments. As illustrated above, the two instruments
measured LAs’ competencies of questioning following
the same framework of PCK but via different approaches.
Thus, the same LAs’ performed and narrated PCK-Q
should somehow be aligned with each other. After reaching

FIG. 2. Example of video coding in black text and video reviewing in orange text.
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an agreement on video coding and the grading of written
responses, we compared the patterns of O-C-S-I derived
from the two instruments among all the LAs. We also
examined the predictive validity by checking whether the
LAs’ PCK-Q suggested by the instruments matched their
teaching experiences. According to the theory of practice-
based teacher education [38], novice teachers with more
practical experiences are more likely to develop stronger
pedagogical competencies. Since the courses were inquiry
oriented, we hypothesized that more-experienced LAs were
more likely to demonstrate stronger PCK-Q. In the fall
semester, LA-1 was a new LA in the course of classical
mechanics whereas LA-2 and LA-3 were experienced LAs.
In the spring semester, LA-3 was 1-yr more experienced
than LA-4. LA-3 who participated in both semesters should
have relatively consistent PCK-Q since there was no
intervention between the two semesters. We investigated
whether the LAs’ PCK-Q measured by the two instruments
represents those situations.
Research question 3: Interpretation of the LAs’ per-

formed and narrated PCK-Q. To answer the third research
question, we analyzed the LAs’ interaction with students in
the online setting as suggested by the two instruments. We
referred to the consistency of a LA’s competencies of
questioning to validate both instruments. On the other
hand, we kept in mind the possible theory-practice dis-
crepancy in teacher education [36]. For example, the
written questions might measure LAs’ perceptions of ideal
responses in a snapshot of teaching without any feedback
from students, whereas video coding might measure LAs’
authentic performance in an entire vignette of teaching
where they consistently received students’ reactions to their
responses. The differences in performed and narrated PCK-
Q could reflect on the advantages and disadvantages of
both instruments in application.

IV. FINDINGS

A. Q1. Are the coding scheme and written questions
reliable to measure LAs’ PCK-Q?

To demonstrate our video coding, we used the vignette
where LA-1 worked with students on a question about
calculating the acceleration of a box on a frictionless
slope when the mass of the box and the angle of the slope
were given. The students drew the free-body diagram as
shown in Fig. 3(a). They singled out the gravitational
force in Fig. 3(b), from which they calculated the net
force as ðmg sin θ þmg cos θÞ and the acceleration as
ðg sin θ þ g cos θÞ. The conversation below showed how
LA-1 attempted to intervene with the students’ learning,
from which we could infer that the students might blindly
memorize that force decomposition involves sine and
cosine components of a force and x and y axes are
horizontal and vertical to the ground surface. They were
probably unaware that they actually decomposed the
gravitational force along the slope and that vector addition

was different from scalar addition. In this vignette, the task
was to help students correctly apply Newton’s second law
with a correct free- body diagram. In the beginning, one
representative student elaborated on their work as requested
by LA-1. LA-1 seemed to misinterpret the student’s words
of “going straight down” (underlined in the text) as gravity
being straight down when the student probably meant the
component down the ramp. After LA-1 led a discussion
about gravity, the student seemed to perceive this discus-
sion as being unrelated to “the way I did it.” After the
student reiterated how “the cosine would go into the ramp,
and the other component going down,” LA-1 requested the
student to draw the force diagram again. The student then
drew Fig. 3(b) one more time. After LA-1 asked “why are
you drawing the components like that? What are they for?,”
the student became frustrated probably because he felt that
LA-1 requested the same explanation that he had given but
did not respond to it. Eventually, LA-1 resorted to lecturing.
Overall, this vignette had a level ofDa (Table IV) because the
vignette task was accomplished by LA-1 through direct
instruction even though she tried guiding questions. In the
course of classical mechanics, there were 66 vignettes from
the 10 videos of LA-1, LA-2, and LA-3. The Cohen’s Kappa
between the two reviewers was 0.61 (unweighted, n ¼ 66)
and 0.86 (weighted, n ¼ 66). In the course of electromag-
netism, there were 138 vignettes from the 18 videos of
LA-3 and LA-4. The Cohen’s Kappa between another
two reviewers was 0.67 (unweighted, n ¼ 138) and 0.83
(weighted,n ¼ 138). The consistent pattern suggests that the
interrater agreement was substantial (0.61–0.80, [45]) and
excellent (0.81–1) when the vignette levels (Table IV) were
taken as nominal and ordinal data, respectively

Da vignette: “Dire-ProQ-GuiQ-Tran-Dire-ProQ-
Dire-Lect*”

LA-1: Explain to me what you did, the process Dire
Student: OK, I have the box sliding down, but I cannot
use the component going straight down because there
is a component pushing it into the ramp. So I have to
use those two components.

LA-1: Do you mean gravity? ProQ
Student: What do you mean? I was trying to find the
force going straight down?

FIG. 3. The reproduction of a student’s free-body diagram for a
box on a frictionless ramp.
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LA-1: What do we know about gravity? Is it completely
downward? GuiQ

Student: Yes.
LA-1: So that’s the force you were talking about here,
the force perpendicular to the ground. Tran

Student: I guess, but that’s not the way I did it. I mean, I
was trying to find, I don’t know, I thought the cosine
[component] would go into the ramp, and the other
component going down. It is gravity, but it should
have a component, the acceleration in it.

LA-1: Yeah, that’s acceleration, let’s talk about what
you did. Dire

[LA-1 told the student to draw the force diagram. After
repeating his idea, this student drew Fig. 3(b) again]

Students: I have the force of gravity, and compo-
nents. No?

LA-1: Why are you drawing the components like that?
What are they for? ProQ

Student: The box? Let me know if I am right. And it’s
getting me even more confused. Don’t question me. It
makes me not understand if I am wrong. I don’t know.

LA-1: You need to explain why you are drawing this
though. Dire

Student[Frustrated]: Because we are supposed to draw
the components.

[LA-1 started to demonstrate how to draw the correct
force diagram, x-y axes, and the components of
gravitational force] Lect*

To demonstrate our coding of LAs’ responses to the
written questions, we directly quoted LA-1’s answer to the
sample written question shown in the previous section.
According to Part a, LA-1 demonstrated strong content
knowledge about this concept because the analysis of
forces was accurate. As shown in Part b, “this student
understands the content at the surface level” is a vague
statement about the strengths in the student’s understand-
ing. In addition, it is inaccurate to state that “only the
gravitational force has the x and y components” because
the components of vectors depend on the orientation of x
and y axes. In this question, the two axes drawn by the
student were not wrong but less convenient because more
vectors needed to be decomposed, such as acceleration.
Thus, LA-1 might memorize one method of force decom-
position as being along the motion without understanding
why, which was verified by the postinterview where LA-1
stated that “you[students] are supposed to put the refer-
ence [x and y axes] along the motion, you cannot put it
anywhere.” Together, the score of C for LA-1 was 1
because it is unclear whether she possessed robust content
knowledge about this concept. The score of S was 0
because the analyses of the student’s strengths and diffi-
culties were inaccurate. According to Part c, LA-1
responded to the students with a question requesting them
to decompose normal and gravitational forces. The score of
O was 2 because this question was narrow ended that
referred to two specific forces. However, the score of I was

0 because LA-1’s question was unlikely to guide the
student to notice the misconception. The dialogue in the
question stem suggested that the student already articulated
how he would decompose normal and gravitational forces.
LA-1’s response would probably have the students repeat
the illustration already made. In addition, the statement
“they will be a little stumped, because the normal force is
completely in the y direction” indicates that LA-1 probably
paid insufficient attention to student reasoning because the
normal force would be in the y direction based on her own
reference frame but not the student’s frame. While being
asked in the postinterview “what if the students draw the
components of normal force and gravity in their reference
without changing it to be along the slope?”, LA-1 stated
that the follow-up response would be “I would tell the
students that this [students’ own reference] is not helpful,
you need to draw it along the ramp.” Together, LA-1
received 3 out of 8 (O ¼ 2, C ¼ 1, S ¼ 0, I ¼ 0) for this
question. In the course of classical mechanics, there were
14 responses from LA-1, LA-2, and LA-3. The unweighted
Cohen’s Kappa between two reviewers was 1 (n ¼ 14) for
O, 0.88 for C, 0.54 for S, and 0.65 for I. In the course of
electromagnetism, there were 23 responses from LA-3 and
LA-4. The unweighted Cohen’s Kappa between another
two reviewers was 0.92 for O (n ¼ 23), 0.85 for C, 0.53 for
S, and 0.68 for I. The weighted Cohen’s Kappa for narrated
PCK-Q was at the excellent level (0.81–1) in both semes-
ters. The data from different pairs of reviewers yielded the
same pattern and there was an excellent agreement (0.81–1)
in coding O and C, a moderate agreement (0.41–0.60) in S,
and a substantial agreement (0.61–0.80) in I. This finding
suggests that deriving LAs’ knowledge of S and I from their
written responses is more subjective and challenging than
deriving O and C.
LA-1’s responses
a. This student’s answer is not correct. Although their

reasoning is almost correct, they are mistaking the
normal force with the gravity force. The y component
of gravity force cancels out with the normal force,
which is both perpendicular to the ramp but in
opposite directions; this cancelation is what allows
the block not to float nor fall through the ramp. The x
component of the gravity force is parallel to the ramp,
and is unopposed by other forces (since no other force
is acting along that same plane) and is therefore the
force that makes this block slide down.

b. I think that this student understands the content at
the surface level, because they are saying all of the
right words, but do not yet understand that only the
gravitational force has the x and y component in
this case.

c. I would say, “well, let’s take a look at this diagram.
Can you draw for me the x and y components of the
normal force, as well as the gravitational force?”
When they try to draw the components of normal
force, they will be a little stumped, because the normal
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force is completely in the y direction. If they don’t
know how to proceed from there, I’d say, “well, let’s
try drawing the components of gravitational force
instead,” which would lead us to the accurate com-
ponents, and I’d be able to point out the difference
between them, and how they cancel out.

LA-1 encountered a scenario in teaching similar to the
situation described in the sample written question. LA-1
chose the same strategy of requesting students to demon-
strate their thinking that had already been articulated, which
suggests that LA-1 struggled with inferring students’
understanding from their work in the teaching video or
the prescribed information in the question stem. LA-1 was
aware of using questions, but the questions were ineffective
in scaffolding student learning. As shown in the video, the
student was still confused after answering LA-1’s questions.
The student might feel repetitive or interrogated rather than
guided by LA-1’s questions, which led to his frustration by
saying that “Don’t question me. It makes me not understand
if I am wrong.” This student’s reaction in the video supports
our analysis of I as being 0 inLA-1’swritten response that the
question “well, let’s take a look at this diagram. Can you
draw for me the x and y components of the normal force, as
well as the gravitational force?” was unlikely to promote
student learning. The alignment between LA-1’s perfor-
mance and written responses supports the parallel-form
reliability of the written questions.

B. Q2. Are the coding scheme and written questions
valid to measure LAs’ PCK-Q?

Unfortunately, we could not find one-on-one matches
between LAs’ all written responses and their perfor-
mance captured by class videos. Instead, we derived
LAs’ performed and narrated PCK-Q from multiple videos
and written responses, respectively, and examined their

alignment. Table VI summarizes the total number of
vignettes from each LA (n), the number of each vignette
level (i), and the percentage of each vignette level in
decimals (i=n). We used the equations introduced in
Sec. III B to calculate the LAs’ performed O-C-S-I.
Each component had a maximum of 1. Performed PCK-
Q was the sum of the four components with a maximum of
4. For comparison with written responses, we converted
performed PCK-Q into percentage scores in decimals by
dividing it by the maximum of 4. Take LA-1 for example,
her performed O-C-S-I was calculated as below:

O-Video: 1-ðDa%þ Db%þ De%Þ ¼ 1-ð0.24þ 0.16þ
0.12Þ ¼ 0.48

C-Video: 1-ðQe%þ De%þ Ne%Þ ¼ 1-ð0.00þ 0.12þ
0.04Þ ¼ 0.84

S-Video: Qa%þ Qb%þ Da%þ Na% ¼ 0.00þ 0.00þ
0.24þ 0.16 ¼ 0.40

I-Video: Qa%þ Qb%þ Da%þ Db% ¼ 0.00þ 0.00þ
0.24þ 0.16 ¼ 0.40

Performed PCK-Q: ðOþCþSþ IÞ=4¼ ð0.48þ 0.84þ
0.40þ 0.40Þ=4¼ 0.53

As for written responses, we averaged the scores of O-C-
S-I associated with a LA among the questions that all the
LAs answered in a semester. For example, LA-1, LA-2, and
LA-3 all answered the first four questions in the fall
semester. LA-1’s component scores for each question
(Table V) are shown below:

Written question 1: O¼ 2, C¼ 1, S¼ 0, I¼ 0,
PCK-Q ¼ Oþ Cþ Sþ I ¼ 3

Written question 2: O ¼ 1, C ¼ 1, S ¼ 1, I ¼ 0,
PCK-Q ¼ Oþ Cþ Sþ I ¼ 3

Written question 3: O ¼ 2, C ¼ 2, S ¼ 1, I ¼ 2,
PCK-Q ¼ Oþ Cþ Sþ I ¼ 7

Written question 4: O ¼ 2, C ¼ 0, S ¼ 1, I ¼ 1,
PCK-Q ¼ Oþ Cþ Sþ I ¼ 4

Then LA-1 narrated PCK-Q scores became

TABLE VI. Summary of vignette levels from Qa to Ne (Table IV) from the LAs’ videos.

Fall 2020 semester, classical mechanics

n Qa Qb Qe Da Db De Na Nb Ne

LA-1 25 0 0 0 6 4 3 4 7 1
% 0.00 0.00 0.00 0.24 0.16 0.12 0.16 0.28 0.04

LA-2 23 0 7 0 4 7 1 1 3 0
% 0.00 0.31 0.00 0.17 0.31 0.04 0.04 0.13 0.00

LA-3 18 1 4 0 5 2 1 4 1 0
% 0.06 0.22 0.00 0.27 0.11 0.06 0.22 0.06 0.00

Spring 2021 semester, Electromagnetism

n Qa Qb Qe Da Db De Na Nb Ne

LA-3 85 0 11 0 24 16 2 22 10 0
% 0.00 0.13 0.00 0.27 0.19 0.02 0.26 0.12 0.00

LA-4 56 2 7 0 17 11 1 15 2 1
% 0.03 0.13 0.00 0.30 0.19 0.02 0.27 0.03 0.02
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O-Written: Average O from Q1toQ4¼ð2þ1þ2þ2Þ=
4¼1.75

C-Written: Average C from Q1 toQ4 ¼ ð1þ 1þ
2þ 0Þ=4 ¼ 1

S-Written: Average S from Q1 toQ4¼ð0þ1þ1þ1Þ=
4¼0.75

I-Written: Average I from Q1 toQ4¼ð0þ0þ2þ1Þ=
4¼0.75

Narrated PCK-Q: Average PCK-Q from Q1 toQ4 ¼
ð3þ 3þ 7þ 4Þ=4 ¼ 4.25

Similarly, we converted narrated PCK-Q into percentage
scores in decimals for the comparison with performed
PCK-Q. The four components of O-C-S-I had a maximum
of 2 and PCK-Q had a maximum of 8. While being divided
by the maximum scores, the narrated PCK-Q of LA-1
became 1.75=2 ¼ 0.88 for O, 1=2 ¼ 0.50 for C, 0.75=2 ¼
0.38 for S, 0.75=2 ¼ 0.38 for I, and 4.25=8 ¼ 0.54 for
PCK-Q. We summarized the performed and narrated PCK-
Q of all the LAs in Table VII. Three patterns stood out
while comparing across all the LAs from the two semesters.
First, the scores of O-video from videos were lower than the
scores of O-written, which indicated that all the LAs were
more questioning-oriented while answering written ques-
tions than they were in teaching videos. Second, the
component scores of C, S, and I for each LA followed
the same order as suggested by both instruments. For
example, both instruments suggested the same sequence of
C > S > I for LA-1 and C > I > S for LA-2. Generally, all
the LAs were most competent in knowledge of curriculum
(C) and struggled more with identifying students’ under-
standing (S) and appropriate instructional strategies (I).
Third, both instruments suggested that LA-2 and LA-3
possessed comparable PCK-Q which was stronger than
LA-1 in the fall semester, and LA-3 and LA-4 possessed
comparable PCK-Q in the spring semester. Convergent
validity was supported by the consistency of the patterns
between PCK-Q measured by the two instruments regard-
less of the content areas of classical mechanics or
electromagnetism.
PCK-Q of the three LAs from the fall semester matched

the fact that LA-2 and LA-3 were more experienced (1.5 yr)
LAs than LA-1 (0 yr). In the following spring semester,
LA-3 was more experienced (2 yr) than LA-4 (1 yr). Such a
difference was represented by the narrated PCK-Q from
written questions (i.e., LA-3: 0.74 and LA-4: 0.67), but not
by the performed PCK-Q from videos (i.e., LA-3: 0.69 and
LA-4: 0.71). A close look into the videos revealed that LA-
3 shared ten videos of a total length 465 min and 10 s,
which doubled the total length of the eight videos shared by
LA-4 which was 209 min and 49 s. Besides, LA-4
answered three less written questions than LA-3 did. It
is reasonable to assume that LA-4 might be more sensitive
to the artifacts shared with us than LA-3 and was more
likely to select videos without ineffective teaching scenar-
ios. Thus, the videos from LA-4 might be biased. We
controlled the difference in the number of written questions

each LA voluntarily answered by using the questions that
all LAs in a semester answered. Unfortunately, we could
not control the difference in videos. This is a limitation of
this study. LA-3 was the only LAwho participated in both
semesters. His performed PCK-Q was stable, i.e., 0.73 in
fall and 0.69 in the following spring. The component scores
shared the same pattern of C > S > I > O. LA-3’s scores
in narrated PCK-Q and written O-C-S-I in the spring were
lower than those in the fall, especially orientation (i.e., 1.00
in the fall and 0.67 in the spring). This difference might
because we used more questions from LA-3 in the spring
(n ¼ 9) than in the fall (n ¼ 4). More questions probably
involved a wider range of difficulty levels. An alternate
reason could be that LA-3 was generally more competent in
teaching classical mechanics than electromagnetism.
Overall, the predictive validity of both instruments was
supported by the alignment of PCK-Q with the LAs’
teaching experiences and the consistency of LA-3’s
PCK-Q across two semesters.

C. Q3. How were the LAs prepared to intervene
with student learning through questioning as suggested

by their performed and narrated PCK-Q?

LAs’ performed PCK-Q inferred from videos repre-
sented their impromptu responses to students contingent on
specific situations during class instruction. LAs’ narrated
PCK-Q inferred from written questions represented their
pondered responses when they had sufficient time to
analyze a given situation or what they perceived as
legitimate responses aligned with educational theories
regarding inquiry teaching. According to the patterns in
Table VII, all the LAs’ O scores from videos were lower
than the O scores from written responses. The LAs seemed
to be aware of the importance of questioning in an inquiry-
oriented setting but were less questioning-oriented in
practice. According to the LAs in the interviews, they
agreed with the idea of questioning for inquiry teaching.
However, they sometimes found questioning ineffective
because it aroused students’ anxiety and frustration, which
would impact their own credibility as “teachers.” They
would resort to direct instruction because it was more
efficient to address students’ difficulties. The gap between
narrated and performed O echoed the theory-practice gap
regarding questioning in LA preparation.
As for the other three components, all the LAs were most

competent in C but not that much in S and I. This was
reasonable considering that the weekly LA preparation
sessions were focused primarily on physics content knowl-
edge. On the other hand, this finding suggested that the
pedagogical instruction regarding questioning from the
methods course might not prepare LAs with strong knowl-
edge of student understanding (S) and corresponding
instructional strategies (I). All the LAs’ C scores from
videos were noticeably higher than their C scores from
written questions, which was probably because the
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representation of content knowledge in written questions
was different from that in the course curriculum. The LAs’
content knowledge might not be as robust as instructors as
they struggled with the same physics concepts contextu-
alized in different scenarios. In this sense, the written
questions were more sensitive to LAs’ misconceptions.
Overall, the LAs’ performed PCK-Q was lower than their
narrated PCK-Q except for LA-4, which is reasonable
because written questions were easier to the LAs than
teaching. During teaching, the LAs needed to instantly
analyze contextual information and take actions based on
rapidly changing conversations with students. With written
questions, the LAs had sufficient time to analyze given
scenarios that were simplified snapshots of teaching. This
result suggests that the written questions designed as an
assessment tool could also be used for training purposes.
Like microteaching, the written questions could be tailored
to shield LAs from the complexity of teaching and direct
their attention exclusively to the practice of questioning in
specific contexts.
We further examined performed and narrated PCK-Q of

each LA across multiple video vignettes or written ques-
tions, but there were no clear patterns. We failed to use a
LA’s performance in one written question to predict their
performance in another, or to use a LA’s vignette levels to
predict their performance in another vignette with a similar
context (e.g., students struggle with a lab). The LAs’ use of
questioning as well as its effectiveness was contingent on
contextual factors like students’ abilities and difficulty
levels of physics concepts. This result justified that LAs’
PCK-Q should be measured from multiple scenarios
representing a wide range of contexts rather than one or
two limited cases. The more diverse the videos or written
questions from a LA are, the more accurately the

instruments could describe the LA’s competency of ques-
tioning. Overall, the participating LAs were prepared with
the physics content knowledge required by the course
curricula, which was insufficient for them to pinpoint
student understanding involved in extemporaneous
responses. The significance of questioning was success-
fully seeded in the LAs’ minds, but the use of guiding
questions in response to contingent situations was a
challenge due to their inadequate knowledge of S and I.
Thus, direct instruction was a more efficient strategy for the
LAs to address students’ needs. The inquiry-oriented
structure of both courses might be affected by minilectures
from the LAs to students in group work.

V. DISCUSSION AND IMPLICATIONS

This study was aimed to introduce two instruments for
the assessment of LAs’ PCK-Q, which were a video coding
schema (Tables III and IV) and written questions (Table V).
We took the stance that LAs are more knowledgeable
others [8] who use inquiry-oriented pedagogies like ques-
tioning to scaffold student learning (Fig. 1). For both
instruments, we prioritized the pedagogy of questioning
over direct instruction through the component of O
(Table I) because questioning holds students’ accountable
to their learning [20,21]. We also valued direct instruction
through the component of I as long as it could potentially
address students’ needs. Thus, the four components of
O-C-S-I target different aspects of PCK-Q that a LA needs
to ask effective guiding questions. Both instruments accom-
modate the context-contingent nature of questioning by
deriving LAs’ PCK-Q from multiple scenarios [44], which
could enhance the accuracy of the assessment of LAs’
PCK-Q. In addition to the types of questions, we examined

TABLE VII. Summary of performed and narrated PCK-Q of the LAs from both semesters.

Fall 2020 semester, classical mechanics

O-Video C-Video S-Video I-Video Performed PCK-Q

LA-1 0.48 0.84 0.40 0.40 0.53
LA-2 0.48 0.96 0.52 0.79 0.69
LA-3 0.56 0.94 0.77 0.66 0.73

O-Written C-Written S-Written I-Written Narrated PCK-Q
LA-1 0.88 0.50 0.38 0.38 0.54
LA-2 1.00 0.88 0.75 0.88 0.88
LA-3 1.00 0.88 0.75 0.88 0.88

Spring 2021 semester, electromagnetism

O-Video C-Video S-Video I-Video Performed PCK-Q

LA-3 0.51 0.98 0.67 0.60 0.69
LA-4 0.48 0.96 0.73 0.66 0.71

O-Written C-Written S-Written I-Written Narrated PCK-Q
LA-3 0.67 0.83 0.78 0.67 0.74
LA-4 0.89 0.67 0.67 0.44 0.67
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the physics content knowledge involved in questions and
the possible impact of a questioning chain to students’
conceptual learning. Specifically, the vignette levels from
Qa to Ne in the video coding schema (Table IV) suggest
how LAs would possibly intervene with student learning in
their interaction. Our findings have supported the conver-
gent and predictive validity as well as the interrater and the
parallel-form reliability of the instruments.
We juxtaposed the two instruments to illustrate their

applications. The coding schema measures LAs’ practice of
questioning directly and infer their PCK-Q from the
frequencies of vignette levels. The equations for performed
O-C-S-I were derived from our theoretical deductions. The
components of O and C demonstrated better consistency
than S and I. While analyzing videos, we found it especially
difficult to separate S and I because they worked together to
shape LAs’ impromptu responses to students. We hypoth-
esized a model of performed PCK-Q as shown in Fig. 4.
The components of O and C (i.e., the rectangles) are more
fundamental competencies of LAs to support the context-
contingent competencies of S and I (i.e., the circles). This is
probably why O and C could be more reliably inferred. We
are confident that the overlap among O-C-S-I is the
percentage of Qa and Qb vignettes combined because
effective guiding questions require all four components.
The equation for each component needs to be further
examined and may be subject to adjustment in light of
practical data. Educators could continue refining the model
and equations for performed PCK-Q with more LAs or only
use the coding schema (Tables III and IV) to describe LAs’
interaction with students without quantifying their per-
formed PCK-Q. The written questions measure LAs’
narrated PCK-Q directly and predict their performance
based on average scores of O-C-S-I. The written questions
enable the separation of O-C-S-I because they explicate
LAs’ reasoning process from their articulation. Thus, the
written questions are more advantageous to measure LAs’
PCK-Q. To better predict LAs’ performance in a specific
course, educators could adjust teaching scenarios in ques-
tion stems to align with their curriculum, such as switching
between vector and scalar equations or between calculus
and algebra representations, so LAs would be more familiar
with the context.
The patterns of the LAs’ PCK-Q also shed light on the

effectiveness of LA preparation in terms of an instructional
methods course and weekly preparation sessions [9,14].
Both instruments returned consistent results about the gap
in orientation (O) between performed and narrated PCK-Q,
the LAs’ strength in physics content knowledge (C), and
their struggles with students’ understanding (S) and cor-
responding responses (I). The LAs’ strong O in written
questions suggests that the methods course regarding
educational theories successfully seeded the importance
of questioning in the LAs’ minds. In practice, a LA might
find ineffective the questions that he or she intended to use

as they put in their written responses. Thus, the LAs’
weaker O in videos does not necessarily mean that they
used questions less frequently but that they were less
questioning-oriented in supporting students to accomplish
a learning task. In other words, the measurement of O from
videos inevitably involved the measurement of I, which
again demonstrates the challenge to separate overlapping
components (i.e., O and I) in performed PCK-Q. The LAs’
relatively strong C suggests the effectiveness of the weekly
sessions in preparing the LAs with physics content knowl-
edge involved in the course curriculum. The LAs were
equipped with the fundamental competencies of O and C
(Fig. 4) necessary for them to be effective LAs, but not the
context-contingent competencies of S and I necessary for
them to be questioning-oriented LAs.
Teaching experience seemed to be able to compensate

for S and I because more experienced LAs (i.e., LA-2 and
LA-3) demonstrated stronger competencies in the two
components. Unfortunately, LAs are undergraduate non-
education majors with limited teaching experiences and
their term of LA service is typically short [10,14]. Thus, the
challenge boils down to how LAs can be efficiently
prepared with a repertoire of guiding questions for various
teaching scenarios. One possible solution is practice-based
LA preparation [38] where LAs are engaged in concrete
cases of LA-student interaction. In methods courses,
theoretical instruction could be accompanied with video
segments analyzed by our coding scheme to dissect how
effective questions support student learning. In weekly
preparation sessions, LAs could work on our written
questions regarding the target concept for the following
week to preview students’ possible misconceptions and
ponder candidate guiding questions. Both instruments that
we designed for assessment could be used for pedagogical
education as well. Another solution is rehearsal [46] where
LAs engage in role-playing activities that imitate class
interaction with students. Rehearsal would allow LAs
to refer back to their own learning experiences and

FIG. 4. The hypothesized model of LAs’ performed PCK-Q
derived from teaching videos.
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receive instantaneous feedback from peers or instructors.
Meanwhile, LAs could be encouraged to position them-
selves as more knowledgeable others who share their
learning experience and struggle together with students
rather than authority obligated to convey correct informa-
tion to students (i.e., lecturing oriented) or to ask high-
quality guiding questions (i.e., inquiry oriented). LAs could
be prompted by students’ guiding questions as well.

VI. LIMITATIONS

We admitted two limitations of this study. First, the LAs’
videos were not randomly captured due to online instruction
during the COVID pandemic. Thus, the videos might be
biased in representing a LA’s teaching practice. Second, only

four LAs agreed to participate in this study.We compensated
for the small sample size by collecting multiple videos and
written questions from each LA. Yet, the findingsmay not be
generalizable to a large population of LAs. Both instruments
need to be further examined with more LAs or in another
instructional context.
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