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Evidence from psychology, cognitive science, and neuroscience suggests that cognition and emotions are
coupled. Education researchers have also documented correlations between emotions (such as joy, anxiety,
fear, curiosity, boredom) and academic performance. Nonetheless, most research on students’ reasoning and
conceptual change within the learning sciences and physics and science education research has not attended to
the role of learners’ emotions in describing or modeling the fine timescale dynamics of their conceptual
reasoning. The few studies that integrate emotions into models of learners’ cognition have mostly done so at a
coarse grain size. In this study, toward the long-term goal of incorporating emotions into models of in-the-
moment cognitive dynamics, we present a case study of Judy, an undergraduate electrical engineering and
physics major. We show that shifts in the intensity of a fine-grained aspect of Judy’s emotions, her annoyance
at conceptual homework problems, co-occur with shifts in her epistemological stance toward differentiating
knowledge about and the practical utility of real circuits and idealized circuit models. We then argue for the
plausibility of a cognitive model in which Judy’s emotions and epistemological stances mutually affect each
other. We end with discussions on how models of learners’ cognition that incorporate their emotions are

generative for instructional purposes and research on learning.
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I. INTRODUCTION

A. Research on conceptual and epistemological
reasoning does not attend to the role of emotions

As instructors, educators, and education researchers,
intuitively we know that students’ emotions can influence
their behaviors in science learning environments. Supporting
these intuitions, cognitive scientists make a persuasive case
that emotions, such as anger, joy, fear, disgust, or surprise,
play a role in regulating performance on cognitive tasks
[1-7]. Nonetheless, incorporating emotion into theories of
science learning, though recognized as important, has proved
to be a challenge [8—11].

For instance, despite a prominent assertion that emotions
play a role in deep conceptual change [12], cognitivist
accounts of student reasoning and conceptual change in
science have primarily focused on the form and content of
novices’ knowledge but not on learners’ emotions [13—18].
Research specifically on physics learning has also focused
mostly on the form and content of students’ ideas [19-25].
Indeed, two resource papers on physics education research
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compile lists of research on students’ ideas in content areas
such as mechanics or thermodynamics, or on practices such
as problem solving [26,27]; but research on physics
learners’ emotions did not receive its own category, nor
do the papers in other categories foreground connections
between affect or emotion and learning.

Similarly,  research  on  students’ “personal
epistemologies”—their views about what counts as knowl-
edge and knowing [28]—and how those views affect
reasoning and learning has also largely ignored the role
of emotions. In physics education research (PER), numer-
ous papers explore relations between epistemological
stances and conceptual reasoning and learning but leave
out emotions [29-36]. However, as we review next,
researchers are starting to build these connections between
conceptions, epistemologies, and emotions.

B. Learners conceptual and epistemological
reasoning might be linked to their emotions

Before launching our brief literature review, we wanted
to define the construct of emotion. Understanding the
boundaries of what constitutes emotions, categorizing
and defining them, and deciding on their ontology is an
ongoing debate [37,38]. Without reproducing these debates
here, we would like readers to consider emotions to refer to
phenomena such as joy, fear, anger, disgust, dissatisfaction,
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surprise, curiosity, etc. These phenomena are often locally
produced in interaction, and are short lived in time, though
they could recur over multiple events, and get associated
with particular events, artifacts, or people, impacting
memory and recall [2,4,39]. Emotions are often charac-
terized in terms of two subjective states: valence and
arousal [40]. Valence refers to the experience of pleasant-
ness or unpleasantness, also called positive or negative
valence, respectively. Arousal refers to bodily activation or
deactivation. At times in the paper, instead of characterizing
an emotional state in terms of a discrete emotion such as joy
or fear, we might only refer to the valence of the emotional
state. We conceptualize emotions as distinct from other
affective phenomenon such as mood or interest that are
longer lasting [8]." Towards the end of the paper, we briefly
engage with the ontology of emotions in the discussion to
reflect on where some lines of that debate intersect with our
analysis. In this brief literature review, we focus on the
research that aims to establish that learners’ conceptual and
epistemological development is tied to their emotions. So,
we do not review research on affective constructs such as
“interest,” “motivation,” and “self-concept,” or research that
focuses on learners’ emotions without simultaneous atten-
tion to conceptions or epistemologies.

Several threads of research have started to build a
preliminary understanding of how learners’ emotions
contribute to learning processes. The cognitive-affective
model of conceptual change [43] allows for emotions such
as anxiety, the feeling of threat, and so on, to play a role in
conceptual change. Pekrun et al. [44] document that higher
academic achievement is correlated positively with aca-
demic joy and excitement, and negatively with boredom. In
a similar vein, curiosity correlates with greater learning
gains [45,46]. These examples correlate emotions with
learning disciplinary content.

Some research has attended to the intertwining of
emotions and epistemological beliefs [8,47-54]. For exam-
ple, Boaler and Greeno [47] found that in a traditional,
authoritarian classroom environment, a student can develop
perceptions of mathematics as uncreative. For some stu-
dents, this clashes with their preference toward under-
standing ideas via exploring multiple interpretations—an
epistemological mismatch that produces negative emotion
toward the subject itself. Eynde, Corte, and Verschaffel [50]
argue that learners’ emotions during problem solving are
intertwined with their interpretations and appraisals of the

' Affect has often been used as a catch-all term for a wide variety
of phenomenon such as mood, emotions, feelings, values, beliefs,
etc. (McLeod Adams). For a while, researchers have suggested
that learning (and cognition) is affective. The notion of cognitive
dissonance, for example, is acknowledged to have an affective
dimension [12,41,42]. In a classic paper, Pintrich, Marx, and
Boyle [9] argued for greater attention to “hot” cognition: models
of cognition and learning that attend to the affective as well as the
conceptual domains.

unfolding culturally situated activity, which are in turn
intertwined with their epistemological and self-efficacy
beliefs. Cobb, Yackel, and Wood [48] have argued that
the formation of sociomathematical norms in the math-
ematics classroom, some of which incorporate epistemo-
logical norms about what counts as knowing and doing
mathematics, are influenced by the teachers’ and students’
emotions.

Within physics education research, Bodin and Winberg
[30] found that students’ performance on a classical mechan-
ics assignment correlated with expertlike beliefs and emo-
tions (self-reported through a survey) associated with control
and concentration. Alsop and Watts [55] suggest that
students’ attitudes towards learning topics such as radio-
activity is influenced by their emotions towards the effects of
radiation on living beings. They argue that our aim should be
towards instruction that balances the learning of physics
ideas with emotional wariness towards such topics, but they
do not investigate how such balance might occur in an actual
learning situation, or how the emotions they document
become consequential when students are actually learning
about the topic.

Before continuing, we note, in summary, that the empirical
work linking emotions to conceptions and epistemologies
does so at coarse grain size: emotions towards disciplines or
courses or types of activity are linked to epistemological
stances or conceptual learning in a given discipline, course,
or activity.

C. What is needed: Models that couple conceptions,
epistemologies, and emotions at fine timescales

Correlational studies [30,44,45] are significant in fur-
nishing empirical evidence that emotions influence learn-
ing, but they do not provide causal mechanisms through
which the observed correlations arise.

Recent empirical evidence supports a view of novice
knowledge as more dynamic, unstable, and contextual
[31,33,35,56-60]. Researchers have argued for a similarly
dynamic, contextual model of students’ personal epistemol-
ogies [61] and emotions [37,50]. Given this view of knowl-
edge, beliefs, and emotions as dynamic at short timescales of
the order of seconds to minutes and the emerging evidence
that the emotional and cognitive domains are interconnected
[2,3,5,54,62,63], it seems reasonable to ask what role do
emotions play in generating stabilities and shifts in students’
conceptual and epistemological reasoning?

D. Our goal: Explore bringing emotions into
analysis of in-the-moment cognition

In this paper, we use a single “revelatory” case study [64]
of “Judy” to argue for the feasibility and explanatory power
of integrating conceptual, epistemological, and emotional
elements at fine timescales (on the order of seconds to
minutes). Judy was a physics and electrical engineering
major taking a sophomore-level course on basic circuit
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theory. Our analysis shows that Judy, in some contexts but
not others, argues that there is a wide gulf between real
circuits and the idealized circuit models taught in the
course, a gulf that renders qualitative or conceptual under-
standing of ideal circuits (idealized models) practically
useless to her. We will argue that Judy’s deep annoyance at
the qualitative, conceptual homework problems, is coupled
to this stance towards real circuits and idealized models.
Specifically, we will first show how shifts in emotions co-
occur with the shifts in the epistemological stances towards
circuits. We argue that the explanation in which emotional
and epistemological stances interact is at least as compel-
ling as a “cold cognitive” explanation in which emotions
are merely epiphenomenal (along for the ride).

Establishing the plausibility of the emotion-epistemology
coupling, we argue for the need to consider seriously the
implications of that model which differ significantly from a
model of learning that does not include emotions. Specifically,
if a learner’s emotions play a significant role in sustaining their
epistemological stance, as we argue is the case with Judy, then
PER-style interventions targeting the learners’ epistemologies
or conceptions directly need not be the only instructional
pathway. It might be effective, in some circumstances, to target
the emotions sustaining an unfavorable epistemological
stance. Additionally, emotion-epistemology coupling prompts
us to reinterpret the results from attitudes and epistemology
surveys in PER such as the Maryland Physics Expectations
Survey (MPEX) [80] and the Colorado Learning Attitudes
about Science Survey (CLASS) [79]. The model also has
implications for course and classroom design. Creating fine
timescale models of learning that integrate emotions, con-
ceptions, and epistemologies creates a pathway for including
other constructs such as identity in future. Finally, given the
rapidly gaining consensus in neuroscience and cognitive
psychology on the integration of emotions with other cognitive
processes, emotion-inclusive models of learning provide a
more global coherence to theories of learning. Thus, our
argument for attending to learners’ emotions rests on two
supports: (i) a plausibility claim and (ii) pragmatic consid-
erations that teases apart the emotion-inclusive and emotion-
excluding models of learning.

II. DATA COLLECTION AND METHODOLOGY

A. Interview population and procedures

Our data corpus consists of videotaped clinical inter-
views of electrical engineering majors in a basic circuits
course at a large public university. The homework and
exams mixed “traditional” quantitative problems with
conceptual questions asking students to interpret equations
and/or explain physical processes (rather than plugging and
chugging). These conceptual problems were cocreated by
the course instructor and us. Sample course assignment
questions are provided in Appendix A.

B. D. (third author) conducted one-hour semistructured
interviews with Judy and with 3 other students to explore

their approaches to and views or feelings about mathemat-
ics within the course. Appendix B includes a list of
interview questions that Danielak had access to. In accor-
dance with data collection procedures approved by the
Internal Review Board for human subjects research, inter-
viewees were paid 10.

B. Selection of the participant and the refined
focus for this study

Soon after each interview, Danielak viewed the video-
tape and generated a content log (brief summaries of the
conversation and activities in each 3-5-minute segment).
Given our research interest in students’ approaches to and
views or feelings toward math-related learning and problem
solving within the course, Danielak specifically flagged
segments of the video where the student (i) made explicit
epistemological statements and, (ii) shared details on their
experiences in the course, especially those involving the
use of mathematics. By epistemological statements, we
mean instances where students’ utterances seemed to
express their view towards knowing and learning in the
context of the course, such as “I just think we need to
memorize the circuits equations,” or “I really try to
understand what the equation is trying to say.”

Then we and two other research group members (Kuo
and Hull) watched the interview videotapes together as a
group. Anyone was welcome to stop the tape if they wanted
to talk about something [65-67]. Working as a group, we
looked for patterns (repetitions or variability) in partic-
ipants’ responses, both within and across subjects.

At this stage Judy caught our attention because she
talked about a deep divide between real world circuits and
idealized models of these circuits and about being annoyed
at the conceptual questions. Almost every time she talked
about the conceptual questions or idealized circuits, we
noticed Judy’s annoyance in her tone, gestures, posture,
and facial expressions. This was important to us because, if
students were reacting negatively toward the conceptual
questions, we would want to unpack and potentially resolve
the issue in future offerings of the course. We thought that
unpacking Judy’s annoyance and understanding why and
how she perceives a gulf between real and ideal circuits
could help us think about instructional interventions. As a
result, we started parsing Judy’s interview more closely. A. G.
independently content logged Judy’s interview. Danielak and
Gupta selected particular segments of the interview where
initial viewings seemed to depict the phenomenon of interest.
The next section describes the analytical commitments during
the close parsing of Judy’s data.

C. Analytical commitments and flow

There were two broad objectives in these repeated close
viewings of data: to describe in detail what we are seeing in
Judy’s reasoning and behaviors, and to create models to
explain that which we were describing. Since our interest
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was in describing patterns of behavior that hold together for
seconds to minutes as well as changes in these behaviors, it
required that our parsing of the video is at a similar
timescale (or more frequent than the timescale of assumed
change) [68]. So, our analysis (and our presentation of it in
the paper) required a moment-by-moment analysis of
unfolding reasoning within particular episodes. Our analy-
sis, as presented here, is thicker for segments of the
interview where we describe how different bits (conceptual,
epistemological, emotional, etc.) are coming together to
form a local coherence, or when we describe transitions. At
other places, we summarize the interview segments. In this
fine timescale modeling, we attended particularly closely to
Judy’s epistemological stances and emotions.

By epistemological stances we mean the orientation
towards knowledge and learning adopted by someone in
the moment and communicated through words or actions
(Hammer and Elby [61]; Gupta and Elby [31]). To describe
and model Judy’s epistemological stances, we attended to
the substance of Judy’s utterances (such as when she says
that the idealized models are not relevant for analyzing real
circuits) and her actions during problem solving. Actions
during problem solving helped us gauge the stance towards
knowledge and learning that is tacitly adopted during
problem solving.

To notice and interpret Judy’s emotions we relied on
tools that other researchers analyzing emotions have used
[49,50]. We drew on emotion words stated by Judy (such as
anger, annoyed, etc.) in utterances. Additionally, we drew
on verbalized but nonsemantic utterances. For example, a
long drawn-out “oooh” (accompanied with a smile) could
indicate a pleasant surprise; an aspirated sigh (with a
downward gaze, and a slight shaking of head) could be
interpreted as rejection of something. As noted in these
examples, we attended to co-occurring modalities—of
gaze, gestures, posture, tone, and facial expressions [69]
to strengthen our interpretations.

In our analysis, we did not a priori assume coherence in
Judy’s emotional or epistemological stances towards cir-
cuits; we continually considered how specific contextual
cues might trigger different “local coherences” in her
thinking [16,32,35,70]. Any coherence in Judy’s stances
towards circuits were empirically determined rather than
assumed and required contextual explanation (rather than
being a static property of her cognition).

In the tradition of fine-grained video analysis [65,67] we
created multiple competing interpretations when analyzing
a particular segment. Then we revisited the data—either
looking at the same segment through modalities we might
have missed at first glance or looking at other segments to
find triangulating evidence for or against one of the
interpretations—in order to settle on an interpretation.
Where we could not fully tease apart interpretations or
where evidence for an interpretation is thin, we noted that in
the analysis below. This analysis has gone through many

cycles of such revision, the most recent after getting
reviews on an earlier version of this manuscript. This final
revision cycle led to further changes in our interpretation of
the last segment of the data, with cascading minor changes
in the interpretation of earlier segments. (A version of our
earlier interpretation can be found in a conference proceed-
ings paper [71].)

Each interpretive claim at a given moment in our analysis
might have less “strength” than an airtight interpretation of
that specific moment but these different claims add up to make
the stronger plausibility claim for emotion-epistemology
coupling as an explanation for observed patterns in Judy’s
behavior. We also try to mark which of our interpretations are
more speculative, and in specific cases, we entertain multiple
interpretations of a particular observation and if alternative
interpretations support or refute the overall claim of emotion-
epistemology coupling. Since simultaneous attention to
emotions and conceptual or epistemological reasoning is
relatively underexplored in fine-grained video analysis, we
present our analysis in great descriptive and interpretive detail
in order to help the interested reader form their own opinion
and evaluate our interpretations.

D. Analytical omissions and limitations

In the next section, we present the data and our analysis
of the interview with Judy. We struggle with how much else
we should say about Judy. We coded her as female based on
presentation, which is why we are using the pronoun “her,”
but we did not ask her to report gender on a demographic
form or talk about her gender in relationship to her course
experience. We know little about her ethnic background
except that she would be coded as Asian based on
presentation. We have little information about other aspects
of her that might affect how she experiences the course and
the engineering program, such as socioeconomic back-
ground, nationality, sexuality, social life, networks of
friends or study groups, etc. This is important because,
in the story we build, we argue that her knowledge and
epistemological stances towards circuits are entangled with
her emotions as shaped by her lived experience in the
course. And it is likely that her lived experience is
dimensioned by race, gender, class, schooling history,
campus climate, sexuality, and many other factors. We
are limited in that we did not design our interview to get at
the lived experience or at emotions; we stumbled upon
these issues when exploring the issue of epistemology. As a
responsive interviewer, Brian pursued relevant emergent
themes such as Judy’s double major status and her emo-
tional reactions to the course. They have subsequently
become central in our analysis.

By contrast, many other aspects, including race, gender,
sexuality, nationality, financial status, friendships, could be
important but did not get a chance to emerge within the
interview. Our inability to speak to these aspects of Judy’s
lived experience, despite their potential influence on the
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emotion-epistemology coupling we document, is more than
just a limitation of our analysis; it contributes to the
silencing of these other aspects of students’ lived experi-
ences within the broader endeavor of education research.
However, we see some value in focusing on and fleshing
out the particular emotion-epistemology coupling we are
documenting. It is in light of these limitations that the
analysis below should be read and interpreted.

III. DATA AND FINDINGS

In this section, we chronologically present episodes from
the interview with Judy. We interweave our interpretations
and reflections with transcript snippets. We use the present
tense in our descriptions, with a view of taking the reader
on this interpretive journey with us as they see the data
unfold. For ease of following the argument, we break the
interview into three “episodes” of data. The first, corre-
sponding to the first 15 min of the interview, illustrates the
central theme of how Judy’s sense of a divide between real
and ideal circuits and of the limited utility of idealized
circuit theory is coupled with her emotions toward con-
ceptual reasoning about idealized circuits within the course.
The second episode consists of the next ~5 min of the
interview. Here we unpack how Judy’s annoyance at
idealized circuits and at what she calls “physical” reasoning
is embedded within aspects of the course. And the third
episode, spanning roughly the next 35 min, illustrates the
coordinated context dependence of her epistemological and
affective stances.

A. Episode 1: Coupling real-ideal gulf,
usefulness, and emotions

The interview starts with Brian asking Judy about how
the course is going. Judy states that the course is chal-
lenging since this is her first electrical engineering class
while other students had taken a course or two previously.
She says that to compensate she works harder than other
students. When asked about what aspects of the course
might be important for her future profession as an engineer,
she says that she thinks that problem solving is the most
important. As we will see later, this is a theme that persists
throughout the interview and ends up becoming central to
our analysis. Asked to say more, she responds that she does
not know what a professional electrical engineer does but
believes that it must involve dealing with circuits.

In these first 5 minutes of the interview, Judy seems a bit
uncomfortable: her tone is hesitant, she often looks down,
she often smiles nervously, and there are a few long pauses
between utterances. The content of her utterances reflect
that she feels vulnerable in the course as compared to other
students and feels uncertain about specifics of her future
profession. Judy’s discomfort could be interpreted in a
variety of ways: the initial few minutes of an interview can
often be uncomfortable as participants (interviewer,

interviewee) get a sense for one another and negotiate
(often tacitly) how to frame their interaction; the opening
conversation highlights Judy’s struggle in the course; the
conversation also makes visible that Judy’s knowledge of
professional electrical engineering (potentially her future
job) is limited and uncertain.

To delve further into her sense of what circuits knowl-
edge a professional electrical engineering might need,
Brian asks Judy to imagine a professional engineer,
“Diana,” who is taking a basic circuits course to reinforce
her understanding of circuits in preparation for a new job
assignment. Specifically, Brian asks what a perfect version
of the Basic Circuits course would look like for that
engineer:

[05:16] Judy: (gazing downward) uh. okay. well, 1
think, ummm, the course should talk more about, um,
how the, actual, world works. Because, sometimes we
talk about, like, ideal circuits and, um uh (frowns, and
makes a quick flick of gaze towards Brian and then
lowers it again) theoretical methods. Those are not
related to the actual circuit and those kind of things. So,
if (slight smile) the professor can talk a little bit more
about the actual circuit and how those work, then it may
be better for her. (sighs and relaxes to a less alert
posture)

[05:55] Brian: Why is that difference important to you?
[05:57] Judy: Um, (smiles slightly) Because the ideal
world is different. (laughs as she utters the last words)
[06:02] Brian: Ok

Judy: yeah.

[06:13] Judy: Um, and, sometimes we talk about, um,
the physical aspects of the circuits. Um, but I feel like
when you really work on circuits it’s—it’s not very
important. I mean, it’s better to know what happened
physically, but if those are not ideal circuits, then it’s
different.

Here (and elsewhere), Judy expresses the view that the
“real world” of circuits operates much differently from the
“ideal circuits and theoretical methods” she has learned
about in class; the second is not a close approximation of
the first. This disconnect, Judy posits, makes learning how
actual circuits work more valuable for the hypothetical
professional engineer. The emphasis in Judy’s speech as
she utters “really work on circuits,” and “actual world
works,” underscores the difference she sees between work-
ing on circuits in real life and the idealized problems and
discussions in the course. At times, her language reflects
that the idealized and nonidealized circuits live in entirely
different “worlds.” In this segment, we also notice that Judy
associates “actual circuits” with real world and contrasts
those to “ideal circuits,” “theoretical methods,” and “physi-
cal aspects of the circuit.” The pattern of these associations
in her utterances, here and elsewhere throughout the
interview, suggests that these ideas might be grouped for
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her in two different bins. Since Judy and Brian use a variety
of terms, for clarity in our presentation, we will use the term
“real” to qualify circuits and the world that Judy perceives
to engage with in professional life or outside of classroom
and “idealized models” to qualify circuits models taught in
the course that make simplifying assumptions or employ
qualitative reasoning (encompasses utterances of “theoreti-
cal methods”, “ideal circuits”, “ideal world”, and “physical
aspects”). We capture this notion of separation between real
circuits and idealized models as an epistemological stance
we label “real-ideal gulf.” As we argue further, she assigns
different utility and responds differently emotionally to
these two bins.

Judy’s reference to idealized models (“physical aspects of
circuits”) mirrors some prompts in the course assignments,
which often asked students to present a qualitative argument
for how a circuit will behave. These prompts often explicitly
specified that the argument should be conceptual, not
involving the mathematical manipulations of equations. In
most cases, questions asking for reasoning with idealized
models were followed by ones requiring calculations and
looking for consistency between the qualitative argument
and those numerical or symbolic computations. Appendix A
shows examples of these two types of problems. Note that the
language of “physical reasoning” for referring to qualitative
reasoning was present in the question wording.

In this segment, we also started to notice that idealized
models presented in the circuits course were likely emo-
tionally salient for Judy. As Judy utters “ideal circuits and
theoretical methods” she frowns and we interpret her facial
expression as registering mild displeasure. A few seconds
later, as Judy speaks about the lack of utility in under-
standing the “physical aspects of the circuits”, she frowns
again and her face pulls to a side in an expression of mild
disgust. It is difficult to label her emotion here, but not
difficult to register its negative valence. In Fig. 1 we show
three expressions of Judy to highlight the shifts in her
emotions in this segment.

In this segment, we also see glimpses that the real-ideal
gulf, for her, is coupled with perceived (dis)utility of the
constructs on opposite sides of the divide. Here, her
statement “when you really work on circuits, it’s not very
important” suggests limited utility of idealized models as
contrasted with the greater utility of practical knowledge
about circuits (“actual circuits and how they work™). The
notion of differential usefulness of specific kinds of knowl-
edge emphasized in the circuits course—most notably, the
usefulness of practical knowledge and quantitative problem
solving vs the uselessness of idealized models—is also a
pattern that we notice throughout the interview.

The [5:55] utterance of Brian also marks a shift in the
nature of the conversation. The prompt that started this
segment was meant to cue Judy to imagine a female
professional engineer coming back to reinforce some skills,
and Judy ends her utterance (starting at [5:16]) with a
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FIG. 1. The panels show Judy’s facial expressions in episode 1.
The first and third panel depict her negative emotions in facial
expressions as she talks about theoretical methods and physical
aspects. The second panel shows contrasting facial expressions
during this episode.

reference to that hypothetical engineer (“...then it may be
better for her.”). In the next turn, Brian asks why that
difference was important to Judy, herself. Judy continues to
respond to that. This shift to us signals that Judy’s
subsequent statements about the relative importance of
real circuits and idealized models is not just about a
hypothetical person, but also about Judy. In saying “when
you really work on circuits,” Judy might also be imagining
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and referencing her own future professional life. And thus
(at a higher level of inference than the data fully allow) her
views and emotions towards these constructs is likely also
entangled with projected and imagined future trajectories.

After Judy’s utterance at [6:13], Brian asks for further
clarification on the issue of usefulness.

[06:45] Brian: Hmm (pause) So do you think if you’re
analyzing a real-world circuit, it’s still important to
know about the physical aspects of the circuit?
[06:55] Judy: Not very important

[06:57] Brian: OK. What is important?

[07:01] Judy: What is important?

[07:02] Brian: Mmmhmm. Especially if you’'re dealing
with a real world circuit.

[07:06] Judy: Know exactly how the- what’s the differ-
ence between a real world circuit and an ideal world
circuit, and, yeah how to deal with the real one.

It is difficult for us to completely interpret what Judy
means by “not very important.” Does Judy ascribe some
limited usefulness to understanding idealized models?
Does she use the phrase “not very” to be respectful of
the course content, so as not to completely devalue that
aspect of the course in front of the interviewer? It is not
possible for us to tease apart these interpretations. It is clear,
however, that Judy reemphasizes the distinction between
real circuits and idealized models (again note the language
of “real world” and “ideal world”) and the value assigned to
practical knowledge in the context of circuits one will
encounter in the world as a professional engineer.

Brian tries to probe a bit deeper into this real-ideal gulf
that Judy feels, mirroring Judy’s language of real and ideal
“worlds” in his question.

[08:00] Brian: When you started the course, did you
have a sense of differences between ideal world circuits
and real world circuits?

[08:09] Judy: No, I know nothing about circuits.
[08:12] Brian: OK.

[08:17] Brian: So, for you as you've taken the course,
has your sense of real world and ideal world changed in
any way since the beginning?

[08:28] Judy: Yeah. Yes, I now feel like many compo-
nents in the circuits are not perfect. It’s not like you can
completely use the physical method to analyze those.
[08:46] Brian: OK

[08:50] Brian: Could you say a little bit more about the
physical method?

[08:53] Judy: Um, like a capacitor, I might say this
wrong, but um, like they have a limit that how many
currents, or how many electrons (moves left hand up and
down in a chopping motion) can stay on the plate (chops
both hands down). That’s a real world (moves left hand up
and down in a chopping motion) capacitor. But, for,
ideally, sometimes in the course we assume that each plate

(spreads hands apart) can have infinite amount of
electrons (turns both hands palm up), and those kind
of things. So, I mean, if that doesn’t exist (turns left hand
palm up) then why do we use that method to solve it? We
are not gonna use that method in the future anyway. I
mean, it’s good to know, but it’s...yeah.

Responding to Brian’s question asking how her views
have changed, Judy clarifies some of her earlier statements.
We interpret her response to mean that circuit components
one will actually work with have imperfections (or limi-
tations) and that idealizations assumed within the course
content will not be applicable to these components. The
capacitor example illustrates this: a real capacitor cannot
hold infinite charge. Based on this, Judy rejects ideas and
results based on idealized models of circuit components,
since those ideas or results will not be applicable in her
future as a professional engineer.

In this excerpt, we again find Judy binning together ideal
world, idealizations in circuits, and the “physical method”.
Her statement of “it’s good to know” is reminiscent of her
statement from the earlier segment, “it’s better to know.”
Here again, we find it difficult to interpret what value she is
attaching to idealized models, having rejected it in the
statement just preceding it [8:28].

Judy’s sense that real circuit components behave differ-
ently from the idealized models could be a healthy
skepticism; many expert engineers will also hold that view.
But for experts that skepticism is typically balanced with a
view that idealized models generate productive approxima-
tions and starting points for the design of real circuits (or
other systems) [72]. Judy, by contrast, takes the stance that
conceptual reasoning about idealized models of circuits—
because of their distance from the real world—will be of very
limited use for someone working on a real circuit.

Brian probes a bit more on how this difference between
real and ideal circuits plays out in her Basic Circuits class.

[09:52] Brian: In the class, have you ever done
comparisons of-say for a particular circuit, looking
at the way a circuit behaves ideally and the way it
behaves in the real world?

[10:03] Judy: Yeah, um, but we don’t focus on that.
Sometimes the professor will mention the difference
between these two, but that’s not the main part of the
course.

[10:23] Brian: And um, do you think that...Do you think
that in a sort of perfect version of the course that that
would be a main part of the course? Talking about
comparing ideal-world and real-world circuits?
[10:38] Judy: Um, I-I want it to be focused on the real
world. And then you can mention the difference between
the real world and the ideal world. Yeah. I think we
should focus on the other way, not...

Judy mentions that while the instructor has at times
discussed the difference between real circuits and idealized
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Real
Ideal Gulf

Limited
Utility

Dissatisfaction

Episode 1

FIG. 2. Visual representation of the model for episode 1. Judy (marked as J) and Brian (marked as B) are shown as co-supporting the
aspects of the interview conversation that we model labeled as real ideal gulf, limited utility, dissatisfaction, and annoyance. Judy’s
trajectory through time (thick black line going through “Judy”) is shown as moving through past experiences in the Basic Circuits
course, through the present time of the interview, into the projected future (represented by dotted black line) of participating in
community of professional engineers. It is highlighted (via thin connecting lines between the bubbles corresponding to the course, the
interview, and projected professional engineering future) that in the interview, the course is positioned as having a focus on idealized
models and professional engineers as being focused on real circuits. Real ideal gulf here refers to the epistemological stance of
separation between real circuits and idealized models. Limited utility refers to the sense that idealized models are of limited utility to
professional engineers in analyzing real circuits. Dissatisfaction refers to the sense of dissatisfaction at the circuits courses’ emphasis on
idealized models. And annoyance refers to the negative emotions Judy expresses when talking about idealized models.

models, it was not a principal theme of the course. For Judy,
the ideal version of the course would start with a focus on
real circuits and then maybe introduce idealized models as
and when needed. Judy’s desire for the course to focus on
real circuits again highlights the difference she sees
between real circuits and idealized models and her per-
ception that knowledge of real circuits is more important. In
the next 3.5 min, Brian asks Judy if she has some advice for
the hypothetical engineer and how the course could better
meet the needs of the hypothetical engineer. Judy says that
the course could start with analysis of circuits that are used
in companies rather than idealized models.

Summarizing episode 1—The hypothetical of a returning
professional engineer spontaneously brings up Judy’s sense
of real-ideal gulf (separation between real circuits and
idealized models) and her sense that as a professional
electrical engineer knowledge about real circuits is what
she will use. This sense seems to be coupled, at least
conversationally, to her dissatisfaction with the course’s focus
on idealized models. And there is evidence that this dissat-
isfaction is associated with a feeling of annoyance. We present
the summary of our analysis in Fig. 2. Inspiration for the
visual representation comes from representations of narra-
tives by Cole [73], with help from our colleague Turpen [n.d.,
personal communication]. We model the epistemological and

emotion aspects we highlight in the interview conversation as
supported in the interaction between Brian and Judy, even
though we are not modeling in our analysis how Brian is
playing a role in stabilizing these stances. We get to this point
towards the end of the article. Also, consistent with the
analysis presented above, the interview conversation is shown
as explicitly connected to Judy’s experience in the circuits
course and to her projection of her participation in profes-
sional activities in the future.

In what follows, Brian’s and Judy’s conversation further
explores how idealized models are embedded within the course
structure, and how Judy feels about these course features.

B. Episode 2: Judy’s annoyance is associated with
features of the circuits course

Brian next prompts Judy to think about the structure of
questions in the course assignments:

[15:30] Brian: I am gonna change topics just a little bit.
Judy: Okay

[15:33] Brian: A student whose opinion I heard earlier
Jfrom your class had noticed that the homework and tests
seemed to contain two sort of types of questions—itwo
different kinds of questions. And I was wondering if it’s
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been your experience that you've noticed something like
that.

[15:51] Judy: Oh, you mean like a physical question.
Like, a theore—more like a theoretical question?
[15:57] Brian: Umm, I'm not sure. They didn’t elabo-
rate much, so I was trying to get a sense of what your
sense was.

[16:01] Judy: Oh. I think, um, you mean two parts,
right? Umm, I think one of them is like, um, just
problem-solving. Like, you have a diagram (spreads
hands out, gently taps table with fingertips) and then you
solve for the current or voltage. Um, and the other type
is like (shakes head gently side-to-side) a physical
question. They will ask you what is (shakes head)
physically (pinches thumb and forefingers of both hands
together, moving her hands up and down) happening in
the circuit, and you have to explain them in (shakes head
slightly, left to right) words.

[16:31] Brian: OK.

[16:33] Judy: Um, because, um, I am also double-
majoring. My second major is physics, so I guess it’s
good to know more about like, what’s physically
happening (pulls her mouth to side) in a circuit. Like
for me, cause I'm—that’s my major. But, if, um—for a
student who’s just doing an EE major, I don’t think
that’s very necessary.

Judy’s first reaction is to clarify if Brian is asking about
the physical or theoretical questions, reinforcing our sense
that these terms represent closely associated ideas for her
within the course context and supports our act of lumping
these terms used by Judy under an umbrella term of
idealized models. Next, Judy clarifies that Brian might
be referring to two distinct (in number and quality) parts to
the same question. Judy then distinguishes between course
assignment questions focused on idealized models (what is
physically happening in the circuit) and those focused on
mathematical calculations (“problem solving”, “you solve
for the current or voltage”).

In her verbal and paraverbal utterances here, we draw
out two themes we have seen before, epistemological
and emotional. First, she ties the “physical” questions to
their limited utility for an electrical engineering student.
Her stance here matches what we saw earlier: idealized
models can be “good to know” but have limited practical
use (what we modeled in Fig. 2 as “limited utility”’). Here,
one new aspect we hear is Judy’s status as a double major
and her associated sense that knowing idealized models
could be useful for a physics student. A high-inference
interpretation here would be that the value divide she
articulates—knowledge of idealized models of circuits
could be useful for physics majors but not for engineering
majors—derives from some deeper epistemological
discontinuity she sees between physics and engineering
and/or between her future trajectories through these
disciplines.

PHYSICALLY
HAPPENING IN A
CIRCUIT

FIG. 3. The panel shows the negative emotion in Judy’s facial
expressions in episode 2 as she says “physically happening in a
circuit.”

Second, we notice various facial, gestural, and tone
markers displaying her annoyance as she talks about the
“physical question[s].” Figure 3 shows her expression at
time stamp 16:45, right at the moment she utters “physi-
cally happening” in the transcript above.

Finishing her last utterance [16:33], Judy explicitly
labels these questions as “annoying’:

[17:03] Brian: OK. So, do you think if there were other
students like you who were double-majoring in, say,
physics and EE, that you would suggest the same thing
to them?

[17:13] Judy: Yeah. I mean those questions are—it’s
(shakes head gently, but repeatedly) kind of annoying
(smiles). But it’s good to know (rise in voice tone).
[17:24] Brian: What is it that makes them annoying?
[17:25] Judy: It’s hard to under—to understand or to
answer. It’s, umm. Yeah maybe we don’t know enough
about physical things. Because, in class we don’t talk
about those. We don’t—in class we just do the problem-
solving part. So, um, yeah. It’s hard to answer. I know
many people, um go to the professor’s office hours just
asking those physical questions.

[18:10] Brian: Have you talked directly with anybody
who has a hard time also answering the physical kind of
questions?

[18:16] Judy: Umm, yeah, but we didn’t talk much.
[18:22] Brian: Hmm, OK.

[18:23] Judy: Uh, yeah. know they feel annoying too.
[18:29] Brian: OK.

Judy’s statement that the questions focused on idealized
models were annoying was spontaneous. Judy’s facial
expressions and movements show a range of variation in
this segment (Fig. 4): from reflecting mild displeasure (such
as shaking her head when talking about her annoyance), to
smiling (for instance, right after mentioning that the questions
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FIG. 4. The panels show the range of Judy’s facial expressions in episode 2 as she discusses the conceptual questions being annoying.

are annoying), and at times reflecting embarrassment. Not all
of her physiological reactions are similar to those in the
previous episode, when they depicted a starker negative
emotion; but, in this episode, Judy is reflecting upon her
annoyance rather than (re)experiencing it as it first arises in
the conversation in episode 1. So, “annoyance” takes on a
slightly different ontology in episode 2. As an emotion word
in an utterance, it references and describes her past emotional
state connected to the questions focused on idealized models.
This differs from inferring her in-the-moment emotions using
physiological and paraverbal modalities, as in episode 1. In
episode 2, we expect that some of her in-the-moment
reactions, such as the head shaking, would reflect the emo-
tional state she is reflecting upon, perhaps “dampened” by
regulation based on her being in the interview context with
someone she just met.”

The continuity in this epistemological-emotional theme
across episodes makes a plausible case for labeling the

"Here’s why these distinctions matter. The case we are building
in episode 2, mainly through Judy’s utterances, is that she reports
feeling annoyed at questions on idealized models (physical
questions), and we aim to unpack how that annoyance connects
to the course structure. In episode 1, by contrast, we were
building the case that her in-the-moment physiological reactions
indicated a coupling between her in-the-moment emotions and
her perception of a real-ideal divide and of the limited utility of
idealized models.

in-the-moment emotions of episode 1 as annoyance and as
connected to the emotion-word, “annoyance,” Judy uses in
episode 2 when reflecting on her past emotional state.

We can also see glimmers of the structural forces that play
arole in the generation and sustenance of Judy’s annoyance.
Judy’s annoyance at questions on idealized models seems to
stem, in part, from the lack of instructional support that she
perceives for answering those questions, especially since she
sees these questions as difficult “to understand or to answer.”
The paucity of support, she says, contributes to her lack of
success in answering those questions.

We should note that success on assignments is linked to
getting a good grade (the assignments contributed towards
the final grade), which in turn links to opportunities for jobs
and internships. For these reasons, a repeated lack of
success on the questions focused on idealized models
could potentially generate the annoyance that Judy men-
tions, hinting at how instructional structures and institu-
tional policies influence emotions (and epistemological
stances). Over time, such annoyance could become coupled
with the sense of the gulf between real world circuits and
idealized models as well as the limited utility of the latter.
Judy here recruits support for her annoyance by claiming
that her classmates share this emotion. If Judy perceives
that classmates share the annoyance she feels towards the
questions on idealized models, that might serve to legiti-
mize and amplify—and thereby reinforce—that emotion.
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Following this exchange, Brian turns again to explore the
relevance of these questions for the professional life of an
electrical engineer:

[18:32] Brian: So, um, this is a—this is a sort of difficult
question, but, um, with our imaginary person Diana,
who’s the professional engineer. Do you think she would
probably find that those questions are tough also?
[18:47] Judy: Yes, I guess.

[18:48] Brian: OK. Why do you say that?

[18:50] Judy: Because [shakes head gently, but repeat-
edly, left-to-right] those physical questions are not very
related to the actual world; not related [knits brow] to
her job. So...that’s why I say it’s not very necessary for
student[s] who are only in EE major to learn those
parts.

[19:22] Brian: Do you think one kind of question is
more helpful to you than the other kind?

[19:28] Judy: Umm, yeah I think the [cocks head,
smiles] problem solving is more helpful [laughs] and
[nods] more important.

Much like her stance on idealized models, the assign-
ment questions on idealized models are also of limited
utility for Judy when considering the work of an electrical
engineer. Judy’s careful specification of “students who are
only in EE major” tentatively suggests that she is still
thinking that these questions could be useful for physics
majors. What is more, those questions, for Judy, are
unrelated to real circuits. Like knowledge about real circuits,
it is equation-based problem solving that she thinks is more
useful for electrical engineers. Thus, the relationship
between and the relative utility of problem solving vs
“physical questions”, as well as Judy’s associated emotions,
closely mirrors the gulf between real world circuits and
idealized models and her associated emotions.

So far, we have built a case that Judy perceives a gulf
between the real world circuits she will encounter as a
professional electrical engineer and the idealized models
emphasized in the Basic Circuits course; she perceives that
knowledge about idealized models is of limited applicabil-
ity to real world circuits, while mathematical problem
solving is useful for dealing with real-world circuits. She is
annoyed by the course’s assignment questions on idealized
models, and she feels a lack of course support towards
successfully answering these questions.

Episode 2 sheds further light into how aspects of the
conversation in episode 1 modeled in Fig. 2 are linked with
course features and experiences, without fundamentally
altering any relationships between the modeled elements.
As such, we do not present a new visual representation for
our analysis of episode 2.

Next, we examine the stability and persistence of these
stances and emotions through shifting conversational con-
texts during the rest of the interview.

C. Episode 3: Co-occurring context dependence
in emotions and epistemology

As the previous segment closes, Brian asks Judy about
how she knows when she understands an equation. Judy
replies that she would typically review notes after class and
try to work out a couple problems to make sure she
understands the material. Brian next asks her what she
does if she does not understand an equation:

[21:28] Brian: Have you ever been working on a
problem, and thought uh-oh, wait a minute, I don’t
think I get this equation?

[21:48] Judy: Um, Yes. Um, Very frequently (smiles
with aspiration). Um... Then I would go back and look
at my notes try to figure that out. And, you know, more—
um, think more about the equation think more deeply.
Um. Think about the physical aspect (pulls back her
head and smiles, a bit sheepishly).

[22:04] Brian: Do you actually think about the physical
aspect of the equation?

[22:07] Judy: I try to use the physical aspect to help me
to learn and really understand an equation. Sometimes
it doesn’t work, though (laughs).

Brian: could you talk a bit about when it works and
when it doesn’t

[22:25] Judy: Um, Sometimes it will just make me feel
more confusing, and 1 will end up to go to the
professor’s office hours (laughs). Sometimes it works
(laughs). And...yeah.

[22:49] Brian: In those moments, how do you know
or how do you get a sense of “uh-oh. I'm not getting
this.” It sounds like it’s happened several times for you.
How do you know in the moment that that’s what’s
happening?

[23:02] Judy: Umm...Like, like you can look at a circuit
from many different ways. And if I look at a circuit from
one way, and then I get a result—say I get the voltage
across a capacitor. And then I use another way to look
at the circuit and get a different result, then I “oh” and
“maybe I did something wrong.” And, yeah.

Judy seems aware and a tad embarrassed at frequently
encountering difficulties in the course, but also seems to
have a way of dealing with it. Perhaps surprisingly, given her
earlier statements, she says she would try to use idealized
models (the “physical method”) to figure out the equation at
a deeper level, when she does not understand the equation
sufficiently. Itis unclear here what she means by “think more
deeply” or “really understand an equation”, or how she uses
idealized models to make sense of an equation. The next
segment, where she solves and explains a circuits problem,
can give us a sense for what she could have meant. More
important is her emotional reaction when she says that she
uses the “physical method”. She pulls her chin back, which
lowers her gaze, and her tone changes. It is difficult to
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Think about the following circuit
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The voltage potential at any point along that wire with resistance of p per cm is
given as V="V, - pll, I is the current through the wire and [ is the length from the
battery end to the position at which voltage potential is measured.

How would you explain that equation to a friend from class?

FIG. 5.
problem.

The prompt given to Judy for the extended resistor

describe tone in an objective manner or from a frequency
profile of the audio signal, but her reactions here seem to
indicate some degree of embarrassment. Her reaction is not
surprising given that, a few minutes ago, she labeled
idealized models as useless and annoying. In her next
conversational turn, she does acknowledge that the “physi-
cal method” does not always work to resolve her confusion.
As she acknowledges that the strategies based on idealized
models can work sometimes, she laughs. This contrasts
starkly with the annoyance displayed when she mentioned
going to office hours for help with the questions focused on
idealized models assigned in homework. But alternative
interpretations to this admittedly high-inference interpreta-
tion could be plausible. It is possible that Judy’s sense of the
utility of idealized models is nuanced: maybe she holds the
belief that idealized models are useful for understanding
equations but not for understanding real world circuits.
However, if it were a simple case of “usefulness” taking on
different values in different contexts, why would she be
embarrassed to admit that she uses this when trying to make
sense of a confusing equation? Her reactions in this segment,
to us, seems an acknowledgement of her awareness of her
departure in this moment from her earlier stances towards
idealized models.

In the next 4 min, Brian and Judy talk a bit more about
trying out multiple problem-solving methods. During this,
Judy shares that part of what makes her comfortable with an
approach is familiarity, but also ease of solution or a shorter
solution path. Then Brian poses a circuits problem, shown
in Fig. 5. We designed it to probe how students make sense
of a nonstandard statement of Ohm’s law for an extended
resistor.

Notice that the problem involves an abstracted idealized
resistor; but in its form, it looks more like a regular
textbook end-of-chapter problem. The real-life analogue
might be a slide potentiometer or a linear variable resistor,
but real-life connections never come up in Brian’s and
Judy’s conversation.

When posing the question, Brian first tells Judy that he
would be asking her to think about a circuit and wants her
to talk him through how she is thinking. After Judy reads
the question, Brian asks her how she would explain that
equation to a friend. Judy says she would first explain what
the different variables are:

[27:43] Judy: First I would just repeat this equation, then
explain what rho is, what I is, what L is. And then, I guess
rho I and L is somewhat related to the resistance
(questioning tone) of the wire (questioning tone). So, 1
will explain that to him. And then, this is—yeah, I guess rho
and L is kind of proportional to R. This question is
basically just like, I equals V over R. It’s actually a lot
more easier question than it looks like (slight smile). Yeah.

Judy is telling Brian what she would explain to a friend
while simultaneously making sense of the question for
herself. Also noteworthy is that her emotions are fairly
neutral, even though she is working through an idealized
circuit. At the end of that utterance, when she reflects that
the question is easier than it initially looked, she smiles
slightly, indicating a slightly positive emotion. Overall, this
positive emotion continues in what follows.

[28:40] Brian: How did you know that rho and L were
related to resistance?

[28:45] Judy: Because I learned that before (laughs).
And it looks like also kind of proportional to the, um, V.
Yeah, so. I have a theory.

[29:05] Brian: You say it looks like it’s proportional to V' ?
[29:14] Judy: Yeah, proportional to the voltage differ-
ence between the battery and the point—some position on
the wire.

[29:23] Brian: What’s leading you to think that?
[29:29] Judy: Rho is just a constant, right? And L is like a
variable. And I is a constant, I guess. So, um. If I plot this
equation, it would be like a line—a straight line, going
down.

We see Judy as engaging in lots of productive reasoning.
In [28:51] Judy draws on proportional reasoning to help
connect this equation to Ohm’s law. This relates to her
previous utterance where she says that “rho” and “I” are
related to the resistance of the wire. And in [29:29], Judy
starts to represent that equation graphically. In other words,
Judy is blending elements of her knowledge about circuits
(resistance, Ohm’s law) and about mathematics (propor-
tional reasoning, graphs, linear equations) to make sense of
the equation. Here again, her emotions are neutral or
positive (laughter in [28:51], Fig. 6).

Judy continues to make sense of the equation, using
proportional reasoning to argue how the voltage would vary
with length along the wire. After that, Brian asks Judy to
reflect on the kind of reasoning she just did.
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BECAUSE |
LEARNED THAT
BEFORE

FIG. 6. Judy displays positive emotions in facial expressions as
she works on the extended resistor problem.

[34:03] Brian: Thinking about it in this way-is that a
way that you're used to thinking about it.

[34:13] Judy: I usually don’t use this way. Because it’s
more like a pure math way. But I want to use more
physical way to think about it.

[34:35] Brian: What might be a physical way to think
about it?

[34:42] Judy: Actually figure out why there’s a rho and
an L in the equation, and then that will lead me to R,
which is more familiar equation that I usually use. So
then that would help me to understand what does this
term actually mean.

[35:13] Brian: If you do start to ask yourself why there
is a rho or an L in the equation, what do you start
thinking about?

[35:25] Judy: Resistance. I mean, when I look at rho, 1
know that’s a property of the wire, so that will lead me to
R. And that reminds me of the equation relating R to L
and rho..yeah

[35:58] Brian: So it sounds like what happens is that
you see parts of the equation that remind you of parts of
other equations?

[36:17] Judy: Well, of what I learned in physics class.

In responding to Brian, Judy says that to make meaning of
this equation for herself, she wants to “use more physical
way,” clarifying that she would want to connect rho and L to
the resistance of the wire. To her, that would give more
meaning to the last term in the equation. This connects back
to her previous statements when trying to explain that
equation. The equation Judy is referring to is R = pl/A,
(where A is the cross-sectional area of the wire and p is the
resistivity of the wire), which is an idealized equation. And
we see Judy drawing on her physics knowledge for this
problem.

Here is our point: When talking about or engaging in
equation-based problem solving, Judy displays positive
emotions: she smiles and laughs and does not appear to be

tensed. Also, we find no evidence that in these moments
she is ever thinking about the separation between real
circuits and idealized models (“real-ideal gulf”). In other
words, as the conversational topic shifts, there are co-
occurring shifts in Judy’s emotions and epistemology. We
do not mean that she has shifted to a stance where real
circuits and idealized models are connected, but rather, we
note the disappearance of the theme of real-ideal gulf from
the conversation.

In the rest of the interview, Judy works through two
more circuits questions: one about a resistor-capacitor
series circuit and another about voltage waveforms.
During the resistor-capacitor problem and while answer-
ing associated follow-up prompts on series and parallel
circuits, Judy engages in reasoning through the Ohm’s
Law equation as applied to that circuit, drawing on
proportional reasoning when needed to explain the
equation. She and the interviewer, Brian, never bring
up if these problems are relevant to future professional
work. By contrast, she indicates twice that she is drawing
on knowledge learned in the Basic Circuits and in
introductory physics courses, such as capacitor imped-
ance, mesh analysis, and resistance in series and parallel
circuits. Throughout, Judy displays positive emotions
(indicated by smiling, laughing, relaxed tone of voice)
and focused on the circuits’ reasoning.

In the last segment of the interview, Brian asks Judy a
question on voltage waveforms culled directly from a
course assignment Judy had completed (see Appendix A).

[50:06] Brian: Suppose you were comparing, um, three
different types of waves in a circuit. So, you’re compar-
ing a sine wave, a square wave, and a triangle wave.
And all three of them have the same RMS voltage. Which
one has the highest peak voltage?

[50:36] Judy: {sighs, smiles} Um, triangle wave.
[50:39] Brian: OK. How do you know?

Judy talks about how she had found this question
particularly challenging, forcing her to turn to her physics
TA for help. She summarizes what she remembered of her
TA’s explanation, acknowledging that she cannot remember
it fully, and then turns to an equation. She talks about how
the answer has something to do with the integral, which is
“related to” the area under the curve. Overall, her emotions
in this segment are really positive; she laughs and smiles
quite frequently and makes more eye contact with Brian
than in some of the previous segments. Brian then presses
her to think it through for herself. In response, she does
some excellent informal reasoning:

[52:58] Brian: So, if you didn’t have your book, but you
know there was some relationship between the integral
and the area. Is there a way that you could think through
this?
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shoulders}—like the area looks wider {spreads hands
again}. So there should be, like. If you squeeze it into
{presses palms toward each other} this form, it should
be like, going up {forms a peak with her hands]. So, it
should be like this. So, apparently, like, they have a
higher peak.

Judy here is thinking of the area under the curve as a kind
of squeezable stuff; since the area under the three curves is
the same, the amount of stuff is the same, and when you
“squeeze” a rectangle (square wave) into a triangle (triangle
wave) of the same base length, the triangle ends up with a
“higher peak.” Then Brian probes her stance towards her
reasoning:

FIG. 7. Judy displays positive emotion in facial expressions

after successfully solving the conceptual problem on waveforms ) ) ) )
and their RMS voltage. [54:42] Brian: But I'm interested in that you said

“squeezing.” {Judy laughs} Do you ever, um, ever um
think about the mathematics that you use in that way?

[53:07] Judy: Um. {6 second pause/ .Igue.ss—l mean 1 [54:53] Judy: {Judy smiles} No, I never think of that
can try. So they have the same per.lod like from, uh before. That’s the way how the—my TA told me. Yeah, |
zero to T. So the integral would- be like from zero to t. mean it’s I feel like it’s not very formal {smiles}, but it’s
Um, and then they have some kind of wave form here. very useful.

And they have a same answer. So. {5 second pause} I

dunno. I mean, if they have the same area, um and, this Our transcript does not capture the satisfaction—evident
part is like the same length, um, because like. This in the video—she felt about her solution. Figure 7 shows
looks like wider {spreads hands apart, past her  her facial expressions at this moment.

M ath Idealized fr:;odeIs
Usef
& Physics Resources

Positive
Emotions

Episode 3

FIG. 8. Visual representation of the analysis of episode 3. Judy (marked as J) and Brian (marked as B) are shown as co-supporting the
aspects of the interview conversation that we model labeled as “Math and physics resources,” “Idealized models useful,” “Positive
emotions,” and “Integrated reasoning.” Judy’s trajectory through time (thick black line going through Judy) is shown as moving through
past experiences in the Basic Circuits course, through the present time of the interview, into the projected future (represented by dotted
black line) of participating in community of professional engineers. Math and physics resources here refers to the conceptual knowledge
elements that Judy is drawing on in order to solve problems. Integrated reasoning refers to the epistemological behavior where idealized
models and conceptual reasoning are integrated in her problem solving. Idealized models useful refers to the epistemological stance that
idealized models are useful. That the elements modeling in the “interview” space have links to past course experiences and the projected
future as a professional engineer is highlighted via thin connecting lines between the bubbles.
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Since the interview had now run for almost an hour (the
time we had advertised), Brian closes the interview here.

While solving this last problem, Judy’s emotions are
strongly positive, in contrast to the annoyance displayed in
episode 1 and discussed in episode 2. Here, however, she
was solving a problem of the type she had earlier called
annoying. Also interesting is Judy’s describing the “not
very formal” reasoning she just employed as “very useful.”
The data do not allow us to determine to what purpose she
considers this kind of reasoning useful. The stance, how-
ever, seems consistent with her earlier statement about
trying out idealized models if another way of solving a
problem does not work out or if she needs to understand an
equation better. A model of the conversation in episode 3 is
presented in Fig. 8.

D. Interview summary: Co-occurring shifts in
epistemology and emotions

In summary, we see co-occurring changes in conversa-
tional topic, epistemological stances, and emotions, finely
coordinated in time during the transition from episode 2 to
episode 3. When talking about the course in the context of
future trajectories, Judy perceives a gulf between real
circuits and idealized models, regards the course focus
on idealized models to have limited utility towards under-
standing real life circuits, and finds homework problems
focused on idealized models to be annoying. This annoy-
ance is linked to the limited instructional resources she
perceives to be available for achieving success on the
assignment questions. At these moments, Judy’s negative
emotions are indicated not just by her statements by but
also by facial expressions, tone of voice, and posture. As
the context shifts to solving circuits problems, her emotions
shift towards being positive; she smiles and laughs a lot
more and makes more eye contact with Brian. She
acknowledges that she turns to idealized models if she is
stuck on a problem or if she wants to understand an
equation better, though it does not always help her. When
solving the first two problems she does engage in math-
ematical sense making around equations, drawing not just
on manipulations and functional dependence (e.g., propor-
tionality and inverse proportionality) but on how they relate
to circuit characteristics. Her enacted epistemology in these
moments is that reasoning with idealized models can be
useful for solving problems. Finally, after she completed
two problems that she took to have a form similar to regular
equation-based circuits problems, Brian turns to a problem
that has the same structure as the assignment questions she
finds annoying. However, her positive emotions persist.
She acknowledges the problem as one she had struggled
with and had sought help from her previous physics
teaching assistant. She tries to find a formal way to solve
the problem, but she cannot remember the needed equa-
tions and does not have her notes or textbook. Prompted by
Brian, she engages in good conceptual reasoning about an

integral to successfully solve the problem. Furthermore, she
acknowledges that this kind of reasoning can be productive,
albeit with a distancing hedge that she does not often
engage in that kind of reasoning.

So, in the problem-solving segments of the interview,
Judy consistently displays positive emotions and the
epistemological stance that idealized models can be useful,
and the real-ideal gulf no longer appears in her utterances.

V. DISCUSSION AND IMPLICATIONS

A. Have we shown that Judy’s emotions are entangled
with her epistemology?

Did we successfully achieve our goal of arguing that
Judy’s emotions are entangled with her epistemological
stances? After all, is it not possible that Judy’s epistemo-
logical stances towards real and ideal circuits are simply
changing with context and her emotions are merely
epiphenomenal (along for the ride)—a “cold cognitive”
model [9]?

To address this question, we reconsider the shift in
Judy’s emotion and cognition that occurs when the inter-
view topic changes from talking about idealized models to
solving the first circuits problem. In a “cold cognitive”
account, Judy’s epistemological stance towards the gulf
between real circuits and idealized models is active in the
initial parts of the interview and inactive (or not made
available in talk) during problem solving. When this stance
is active, it invokes the stance that idealized models are not
useful. By contrast, during problem solving, an activity she
thinks is useful towards future professional goals, she sees
idealized models as productive for understanding equations
and as a back-up strategy for solving problems and draws
on it.” In this purely “cold cognitive” explanation, Judy’s
annoyance when talking about idealized models and
positive emotions when problem solving are simply by-
products; they play no explanatory role.

In our alternative account, by contrast, emotions help to
explain the stabilities and shifts in Judy’s utterances and
behavior. By this account, Judy’s experience of difficulties
solving the conceptual homework questions versus her
comfort and success with the more typical problems, her
feeling of receiving insufficient instructional support to
answer those questions successfully, and her sense that
other students resonate with her feelings play a large role in
generating and sustaining annoyance at the questions
focused on idealized models. In the interview she talks
about this annoyance along with experiencing negative
emotions when talking about idealized models. In our

*When solving the circuits problem, Judy does rely on idealized
models about the circuit to make sense of the modified Ohm’s law
equation. The reasoning she mentioned when talking about the
capacitor example differs from the kind of reasoning she employs
when talking about how resistance might depend on physical
parameters of the resistor; but both draw on idealized models.
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alternative account, the negative emotion sustains the real-
ideal gulf and the limited utility of idealized models for her
professional goals—perhaps for the following reasons: the
epistemological stances not only distances her from object
of negative emotions but also serve to justify her emotions.

By this “hot cognitive” account, when the context shifts
to problem solving, Judy’s emotions shift, in part due to
prior positive emotional association with problem solving
for Judy. If earlier in the interview her annoyance was
sustaining the epistemological stances towards real-ideal
gulf and limited utility of idealized models, then a new
context that invokes positive emotions (and inhibits annoy-
ance) should make it easier (or more likely, but not
determine) for Judy to draw on and value idealized models
and likely decrease the salience of the real-ideal gulfin her
talk. Which is exactly what we observed.

However, the data are unable to support one of
these accounts more strongly than the other. And more
generally, we suspect that some phenomena explained by
integrated emotional-cognitive dynamics—a “hot cognitive”
account—might also be explained by a sufficiently nuanced,
layered “cold cognitive” account in which emotions are
merely along for the ride.

In light of this empirical underdetermination, our point is
this: the “hot cognitive” account is no less plausible than
the “cold cognitive” account. In spite of the cold cognitive
account being simpler (fewer elements to model and
consider), this empirical underdeterminacy warrants con-
sideration of the “hot cognitive” account by researchers and
instructors because of the other advantages gained, as we
outline now. Integrating conceptual, epistemological,
and emotional dynamics at the fine timescale can have
particular affordances. For one, it can help us build
towards the original vision of a complex cognitive
ecology [74]. In laying out a model for integrating
emotions into fine time scale dynamics of reasoning, it
opens the doors for further expansion to integrate con-
structs such as identity into the fine timescale dynamics of
reasoning (an example from math education literature
[75]). The integrated model we propose is also more
consistent with the emerging evidence from psychology
and neuroscience [2,4,63]. Second, as we discuss in the
section after next, such an integrative account has
implications for instructional strategies and design of
measurement instruments in education that differ signifi-
cantly from the implications borne out of a cold cognitive
account. Even attention to emotions, without entangling
them in the conceptual and epistemological dynamics will
lead to very different conclusions, both for conceptual and
epistemological learning and for emotional well-being in
the classroom. If we take these divergent implications
seriously, that could afford the collection of new data
based on new instructional interventions, perhaps making
possible the empirical teasing apart of the hot and cold
cognition accounts. Third, from a values perspective, we

think that what we lose on the Occam’s razor is worth
losing if we can elevate an account that forefronts the
complexities of the emotional life of the learner.

However, there might be a number of counterarguments
to the account itself and we address those next.

B. Counterinterpretations to our hot cognitive account

A counterargument could be that our analysis does not
attend closely to the interactions between Judy and Brian and
that epistemologies and emotions we attribute to Judy are, in
fact, properties of the interaction. We do think that Brian’s
and Judy’s interactions play some role in constructing the
particular form and, to some extent, the content of Judy’s
utterances. For example, when Brian asks about the ideal
version of the course for the hypothetical professional
engineer, the question itself presupposes that something in
the course potentially needs fixing. It also focuses attention
on the professional needs of an electrical engineer beyond the
immediate course-relevant needs of an undergraduate stu-
dent embedded in a particular program. This could have
positioned the course in the broader real world context,
prompting Judy to attend to differences between that the
idealized models discussed in the course and real life circuits.
However, Brian’s prompts did not determine the specific
ways in which Judy contrasts real circuits and idealized
models. Given these prompts, other students could acknowl-
edge the real-ideal distinction but argue for the value in
reasoning with idealized models, even for future real world
applications. And indeed, in a different paper, we document
another student from the same course who argues that
building deep conceptual reasoning is what is most valuable
for future professional work [76].

Furthermore, although Brian cued Judy to consider the
different kinds of homework problems assigned in the
course, Judy’s statement that the “physical questions” are
annoying was spontaneous. Our analysis of Judy’s reactions
there support the idea that the distinction between regular
problems and those that asked to reason with idealized
models was something that Judy had noticed before. In short,
we think that the interaction influenced the structure and
sequence of Judy’s utterances; however, we think that some
of the content of those utterances can be attributed to Judy, at
least locally, and with the caveat that the stability of the
stances espoused in the utterances is jointly achieved in the
interview, not a “cognitive fact” about Judy.

One could argue that while we are modeling the emotion-
epistemology-conception connections, we are not modeling
the equally important instructional environment within
which those connections are embedded. We agree that the
instructional environment plays a crucial role in generating
and sustaining the phenomena we observe. For example, we
see glimmers of this when Judy reflects on her perception that
the course provides limited support for helping students (not
just her) answer the “physical” questions. Homework in the
course was graded partly for correctness and good grades
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matter when engineering graduates apply for jobs.
Furthermore, institutional structures likely shape expect-
ations for how courses are connected to students’ future
trajectories within and outside the academy. So, the hot
cognitive story we constructed is inherently incomplete in
not modeling these contextual and sociocultural aspects in
detail. We do not have extensive data to flesh out this more
sociocultural story, but we do not think the account we
created, though incomplete, would conflict with it.

Another paradigm-based critique of our analysis is as
follows: From a situativist view, learning is inherently tied
with becoming more central participants within communities
of practice, not simply the cognitive acquisition of knowl-
edge and skills. From this perspective, our account is based
too much in Judy’s head—her personal epistemologies and
her emotions. While we err on the cognitivist side, we do note
that part of our story is Judy’s perception of her own future
trajectories: imagining the course’s value to a professional
engineer brings up the gulf between real circuits and
idealized models and the limited utility of idealized models.
We agree that access to how Judy is gradually coming to
participate more centrally in the electrical engineering
community, and how those experiences shape the epistemo-
logical stances and emotions that we observe, will provide a
richer and more complete account. The current data, which
lack in situ observations of Judy interacting with other
students, professors, and engineers (e.g., in summer intern-
ships), prevent us from telling a situativist story. This is a
limitation of the study. However, our limited account, in
drawing attention to the fine-timescale entanglement of
emotions with epistemologies and conceptions, still makes
a contribution to our understanding of how people learn.
Introducing emotions into our account does not make it
complete but makes it more complete—or at least different
from—cold cognitive accounts.

Another critique might be that we are treating emotions
as an internal psychological phenomenon (“Judy’s annoy-
ance”) while emotions are produced in interaction and can
be interpreted only within the interaction systems in which
they are produced [77]. We reject a sense of dichotomy
between emotions as psychological versus interactional; we
think it is both. In our argument, Judy’s sense of annoyance
connects explicitly to her experience in the course and
plausibly to her broader academic experience. The local
interactional environment allows for the expression and
interpretation of particular emotions which in turn play
their role in constituting the local interactional environ-
ment. The emotions in play during the interview help
establish meaning between the interviewee and interviewer.
In this sense, the emotions “live” in the interaction. But at
the same time, Judy’s physiological reactions also provide
evidence that she is feeling particular emotions. These
accounts are not in tension for us; we can imagine Judy
having particular physiological reactions that are reflex-
ively coupled with the local interview situation and the

broader academic context. For the purpose of understand-
ing how learners’ epistemologies and conceptions are
coupled with their emotions (a cognitivist framing of the
issue that we inherit from the history of work on con-
ceptions and epistemologies), we adopt the psychological
account of emotions, attributing them to Judy and modeling
the local situation and broader academic context as con-
straints that generate or sustain the emotion-epistemology-
conception coupling. Of course, this prevents us from
modeling the situation from a fully interactional or socio-
cultural perspective, which is a limitation.

C. Implications

Beyond these counterinterpretations, there is also the issue
of generalization: Can we make inferences from the case
study of a single student reflecting on her course experiences
and solving problems over a single interview? Our answer to
this is a firm, “yes, though with caution.” To be clear, we are
not claiming that all or most students in the course experi-
enced similar emotions and epistemological stances, and
hence it would be a mistake to recommend instructional
“improvements” based on that. However, as Yin [64] and
others argue, a single case study can be “revelatory” for
drawing attention to particular overlooked phenomenon and
for suggesting causal links that likely exist in other cases
though they likely play out differently. Here, the overlooked
(or at least underexplored) phenomenon is co-occurring
stabilities and shifts in emotions and epistemological stances.

Single case studies can also serve as existence proofs
[64]. We view the Judy case study as an existence proof of
(1) the methodological tractability of bringing emotions into
fine-grained analysis of epistemologies and conceptions,
and (ii) the idea that such an account can be a plausible
alternative to a cold cognitive account.

Still, Brian’s interviews with other students in the circuits
course suggest that Judy’s reactions to the conceptual
problems are not atypical, making it worthwhile to think
about what tentative implications can be drawn from this
case study, with the caution that any implications would
need further investigation and refinement.

The first implication speaks to PER’s strong emphasis on
instructional interventions that focus on conceptual develop-
ment across topics ranging from Newtonian mechanics to
electromagnetism to quantum mechanics. This research has
led to successful curricula and instructional strategies.
However, less work has been done to inform the design of
holistic, structural course improvements to support students’
conceptual sense making. For example, how should instruc-
tors organize office hours and study groups to help students
achieve success on conceptual questions? More important,
most research and development on conceptual learning has
focused on helping students learn discrete concepts in a
course; and much of this work has taken place in physics
courses for life science and engineering majors. In these
courses, students like Judy might question the utility of
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conceptual knowledge towards their future professional
goals. To help these students buy into research-based instruc-
tional practices, we need to address how their trajectory
within the course aligns with their longer professional
journey. Preliminary evidence suggests that this shift in
perspective can lead to radical changes in how we design
courses [78], and that anticipating, attending and responding
to students’ unsettled and/or negative emotions is an essential
design element [54]. Further studies of students’ entangled
emotions and conceptual reasoning could inform this
design work.

Within physics education research, another prominent line
of work has addressed students’ epistemologies [61,79,80].
This work has documented that students often see a dis-
continuity between their intuitive or everyday knowledge
and formal physics knowledge. This perceived ‘“wall”
between different pools of knowledge is similar to Judy’s
sharp distinction between formal knowledge about real
circuits and knowledge about idealized models. Both the
real or ideal and the formal or everyday distinctions hint at a
divide between the world of the physics or engineering
classroom and the world outside. Some instructional inter-
ventions specifically aim at helping students draw on
their everyday knowledge in physics classrooms [81,82].
That students do not automatically draw upon their
everyday knowledge in formal learning environments is
often seen as an epistemological deficit they have acquired
through participation in earlier physics or science classes
[29,31,33,36,83]. Instructional interventions, measurement
instruments (e.g., CLASS and MPEX), and cognitive models
have been limited to viewing this “deficit” as a cold cognitive
phenomenon arising from students’ epistemologies and their
expectations about a course. Judy’s case shows us that,
instead of viewing learners’ sense of this divide between
formal and everyday knowledge as a deficit, we should aim to
understand it as deeply entangled with their emotions and
their disciplinary identities and future trajectories as well as
reinforced through the structure and resources of the course
and institutional context. This shift in our view as researchers
and instructors could lead to new instructional insights that
take into account the whole learner and not just their
conceptual and epistemological states.

In summary, PER has focused heavily on learners’ cold
cognitive conceptual and epistemological development, and
productively so: this has led to significant insights into
modeling learning and learners and into creating change in
classrooms. However, Judy’s case study hints that, we as
researchers (though not we as people and teachers) might
have neglected to view the learner as a person with emotions,
wanting to succeed, and with a view toward their future
professional selves. Given the leaps that PER has made in
improving physics instruction by attending closely to stu-
dents’ conceptions and epistemologies, now it is time to
attend to how the emotional lives of learners interact in the
moment with those conceptions and epistemologies.
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APPENDIX A: SAMPLE ASSIGNMENT
QUESTIONS FROM CIRCUITS COURSE

In this section we provide three sample problems from
the class assignments in the circuits course. The assign-
ments were initially designed by the course instructor and
then slightly modified by Gupta and Elby.

Sample Problem 1

If a square wave, a triangle wave, and a sine wave all
have the same RMS voltage, which wave has the largest
peak voltage and which has the smallest peak voltage?

(a) Without computing the expressions for the peak
voltages, reason about which of the three voltage waves
should have smallest peak voltage?

(b) Prove your answer quantitatively.

(c) Interpret the integral equation used in part (b). In
other words, what does the integral in the expression for
RMS voltage physically represent?

Sample Problem 2

John “explains” to Jasmine, after the battery in his
calculator died, that a 9 V battery can be used to charge
a 1.5 V battery simply by connecting their negative
terminals together and connecting a large resistor between
their positive terminals. Jasmine said that her friend Sven
said that you need more than one resistor. (Circuit is shown
in Fig. 9).

(a) Who is right, John or Sven? Why?

(b) Given the presence of the other two resistors, what
role does R play in the circuit? In other words, why is
it there?

(c) What value should Sven use for R? Explain your
reasoning.
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FIG. 9. Circuit for sample problem 2.
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FIG. 10. Circuit for sample problem 3.

Sample Problem 3

One day Sven and his cousin Ana, who works for SCE,
stop by to see Jasmine, and John is at the apartment
struggling with a Basic Electric Circuit problem. Sven, an
ECE major who actually attends classes, tries to see if he
can help John (not by giving him the answer, but by helping
him understand the concepts necessary to do the problem).
All that Sven says to John is “What are the possible
terminals that you could use to find the input impedance?”
What are the correct answers to the problem below?

The problem goes like this:

(a) Assume you have the problem shown in the Fig. 10.
Are these components in series or parallel. Explain your
reasoning.

(b) Now think why someone else could have answered
differently for (a). What could have been their reasoning.
How would you respond to them?

(c) Calculate the frequency at which the input impedance
of this circuit is infinity.

(d) Rearrange the components so that the input imped-
ance is zero at the same frequency.

(e) Explain (in words) what is happening in the circuit
that yields such diverse impedances with a simple change
in geometry. In other words, explain if your results make
sense just by reasoning in terms of what is physically
happening in the circuit.

APPENDIX B: LIST OF POTENTIAL QUESTIONS
AVAILABLE TO THE INTERVIEWER
FOR THE INTERVIEW

In this section we provide the interview prompts avail-
able to the interviewer, Brian, at the time of the interview.
Note that the prompts were not meant to be prescriptive, but
rather meant to support Brian in having a meaningful
conversation with the interviewee, Judy.

1. How is the course going for you? Is there any issue
about the course you’d like to talk about?

Follow-up: pursue epistemological angle.

2. What would happen in an ideal discussion section for
this course?

3. What aspects of this course do you think are helpful to
you as a future professional engineer?

4. Imagine a professional engineer, “Diana,” whose new
work assignment has her doing more stuff with circuits than
she did in the past. She’s taking this course to bone up, and
she’s not getting graded. For Diana what would an ideal
discussion section be like?

Follow-ups: Focus on similarities and differences
between Diana vs student’s ideal.

5. A student whose opinion I heard earlier noticed that
the homework and tests contain two kinds of questions:
Quantitative ones where the answer is mathematical, and
qualitative, conceptual ones where the answer is words.
What do you think of the two kinds of questions. [Have an
example ready to illustrate the difference, if needed]

6. Is one kind of question more helpful than the other
for you?

7. Do you think Diana would have the same viewpoint?

8. How do you know when you really understand an
equation?

9. Think about the following circuit (shown in Fig. 11).
The voltage potential at any point along that wire with
resistance of p per cm is given as V =V —pll, I is the
current through the wire and [ is the length from the
battery end to the position at which voltage potential is
measured.

How would you explain that equation to a friend
from class?

If just a formal answer, then follow up with: How would
you explain that equation to a 10th grader?

If just conceptual reasoning, then follow with: How
would you explain that equation on an exam

10. Consider the following circuit in Fig. 12. The voltage
across R, is given as V, = V — IR, where [ is the current
in the circuit. How would you explain that equation to a
friend from class?

[Same pattern of follow up questions]

11. Then, how would you solve for the current in the
circuit shown in Fig. 13 after the switch is closed.

At this stage, students might try a variety of things:
and it might be good to press on how they put meaning to
the math that they do. This also offers opportunities to
probe their sense of what is integration and differentiation.

4
Vo ——
FIG. 11. Circuit for Appendix B, item 9.
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FIG. 12. Circuit for Appendix B, item 10.

12. This was one of your HW questions in the course.
Just work through it, speaking aloud what you are thinking.
Don’t worry about the right answer, I just want to see how
you approach the problem.

If a square wave, a triangle wave, and a sine wave all
have the same RMS voltage, which wave has the largest
peak voltage and which has the smallest peak voltage?

FIG. 13. Circuit for Appendix B, item 11.

(a) Without computing anything, figure out which of the
three waves has the largest and smallest peak voltage?
Explain your reasoning.

(b) Prove your answer quantitatively.

(c) Interpret the integral equation used in part (b). In
other words, what does the integral in the expression for
RMS voltage mean, physically?

Probe their understanding of the integration expression

Jor Vrms
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