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Conceptual-Based Writing Exercises
in a Circuit Analysis Course

James P. Becker , Senior Member, IEEE, and Douglas J. Hacker

Abstract—Contribution: This article describes the
implementation, assessment, and evaluation of conceptual-
based writing exercises in an introductory course on electric
circuit analysis.

Background: Students’ struggles in gateway courses such as
circuit analysis are often traced to inadequate metacognitive skills
on the part of the student as well their misconceptions regarding
fundamental phenomena related to the course. Writing is known
to be a powerful tool for insight into a student’s thought process
and to foster metacognitive activity.

Research Questions: What effect does the use of short writ-
ing exercises have on students’ understanding of fundamental
concepts related to the behavior of electric circuits operating at
dc? What effect does the use of the conceptually based writing
exercises have on students’ ability to justify their responses when
answering conceptual questions related to basic electric circuit
concepts?

Methodology: In the first semester of the study, a single writing
exercise was given and in the second semester, a total of five
such exercises were administered. In each semester, students were
separated into “at-risk” and “not at-risk” groups based on their
responses to the first writing exercise. A 2×2× (2) mixed analysis
of variance (ANOVA) was conducted, with at-risk/not at-risk and
semester/semester between-subjects factors and pre-test/post-test
on a multiple-choice conceptual-based exam a within-subjects
factor.

Findings: Results suggest that only the at-risk group may have
benefited in terms of deepened conceptual understanding and
the ability to justify their responses from the use of multiple
conceptual-based writing exercises.

Index Terms—Circuit analysis, education, metacognition,
misconceptions, self-regulated learning, writing.

I. INTRODUCTION

C IRCUIT analysis is typically the first calculus-based
and discipline-specific course for electrical and computer

engineering majors. It is often considered a gateway course
to these disciplines, and while the reasons why students may
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struggle in such a course are many, often it is the study
skills pertinent to the collegiate environment that students
lack [1]. As described in [2], students who struggle in gateway
courses often interpret their difficulty as primarily content-
related rather than to reflect the need to modify their approach
to the learning process in general. This disconnect between
students’ perceptions of their struggles and the actual cause
of their difficulty in a gateway course such as circuit analysis
may be traced to underdeveloped metacognitive awareness. An
example of this is the tendency of many struggling students to
rely exclusively on formula memorization and pattern match-
ing. While memorizing basic relations, such as Ohm’s law and
Kirchhoff’s circuit laws, and learning to properly follow algo-
rithms such as the node voltage method are required in circuit
analysis courses, as pointed out in [3] students who need to
strengthen metacognitive skills often equate their casual famil-
iarity with vocabulary words to content mastery. Therefore, in
addition to memorizing common formulas, vocabulary, and
algorithms, understanding their origin, meaning, and proper
application is vital for success in a course such as electric
circuit analysis.

Research has demonstrated that proficient learners not only
demonstrate an ability to accurately assess their understanding
of the material but also to monitor and direct their learning
efforts toward a desired outcome [4]. Pintrich [5] identified
these skills as two dimensions of metacognition, namely,
“knowledge of cognition” and “regulation of cognition.” Thus,
to be a skilled learner, the student must be able to accurately
identify gaps in their understanding (i.e., exhibit knowledge
of cognition) and to be able to devise, follow, and adjust
their approaches to close their knowledge gaps (i.e., exhibit
regulation of cognition). These skills together describe the
self-regulated learner [6], [7].

A second significant impediment to a student’s mas-
tery of the content in gateway courses is inaccurate prior
knowledge [8]. The constructivist theory of teaching and
learning illuminates the role of prior knowledge in the learning
process as the theory posits that a student’s prior knowledge,
preconceptions, and beliefs serve as filters in processing new
information [9]. In gateway courses, it seems that often student
preconceptions may in fact be misconceptions. As described
in [10], for example, it has been found that students entering
courses on statistics often have intuitions regarding probability
and statistics that are in opposition with accepted reasoning.
Likewise, it has been found that the novice in a course on cir-
cuit analysis may employ mental models that are contrary to
the accepted scientific understanding of electrical phenomena
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and that these erroneous models may impede student mas-
tery of basic circuit analysis. Some misconceptions may be
relatively easy to vanquish, others in the electrical circuit
domain are considered “robust” [11], and thus more resistant
to change. For example, belief that a battery is a source of
constant current, belief that current is consumed, and belief
that current “flow” is a sequential process are often cited
misconceptions [12]–[17]. Interestingly, textbooks in electric
circuit theory may foster such misconceptions through the use
of inconsistent models and analogies [17]. The approach taken
in this work to address both the issues of inaccurate prior
knowledge and underdeveloped metacognitive skill among
beginning students in electric circuit analysis is to explore the
use of short-answer conceptual-based writing exercises that
force students to confront problems that elicit common mis-
conceptions and to do so without simple reliance of memorized
formulas.

There is significant literature across STEM fields describ-
ing how misconceptions can be readily uncovered through
the examination of student writing. For example, the use
of short in-class writing exercises in the teaching of a gen-
eral chemistry course [18] has been noted to be an effective
means to identify student misconceptions pertaining to basic
thermodynamic principles. Kitto [19] found that student mis-
conceptions regarding materials science were readily identified
by having students compose a research paper that required
not only an analysis of materials properties but also jus-
tification as to why certain materials should be used in a
given product. As described in [20], biomedical students in
a pathology course were instructed to compose questions
regarding disease mechanisms that centered on conceptual
understanding rather than factual knowledge. The questions
were examined by expert pathologists and found to be an
effective vehicle for identifying examples of misconceptions.
In using writing assignments within an introductory physics
course, Hein [21] contended that student misconceptions are
more readily revealed in such assignments as opposed to
within traditional measures such as exams. Similar examples
of using writing as a key tool in identifying student misconcep-
tions include those in mechanical engineering [22], [23] and
mathematics [24].

While it appears clear that writing exercises may be used to
uncover student misconceptions in a variety of STEM fields,
what evidence is there that writing can help improve student
performance? Hanson and Williams [22] described the use
of “explain-a-problem” written assignments to enhance self-
assessment and communication skills among undergraduates
in an introductory statics class. While the explain-a-problem
approach was found to aid students in achieving the self-
assessment objectives of the assignment, improvement in
student learning was not observed [22]. Venters et al. [23]
adapted the explain-a-problem approach in implementing “pro-
cess problems” in a statics course at another institution but
with a focus on effecting conceptual change. In the pro-
cess problem approach, one problem from the nearly weekly
assignment set was assigned in which students were to
explain both the objective of the problem and the steps they
used to complete the objective. Like Hanson and Williams,

Venters et al. [23] found that when using conventional test-
ing that tends to favor procedural knowledge, differences in
the student performance due to the process problems were
not observed. When considering pre-/post-test scores from a
Statics Concept Inventory, however, a significant difference
(p = 0.001) was found favoring the group of students com-
pleting the process problems over a control group that did
not. Halim et al. [25] found that writing exercises were not
only useful in identifying misconceptions of students studying
introductory biology but also when coupled with peer review
and revision, the writing exercises could be used to correct
student misconceptions.

Nückles et al. [26] considered the use of various cognitive
and metacognitive prompts in having students in a psychol-
ogy course compose written learning protocols after watching
a videotaped lecture. Examination of pre-test/post-test com-
prehension test results indicated that metacognitive prompts
improved learning outcomes. Improved learning outcomes
with writing exercises that include metacognitive prompt-
ing is consistent with Bangert-Drowns et al.’s review of
hundreds of articles that described various writing-to-learn
approaches [27]. Therefore, beyond its utility in identifying
student misconceptions, when writing exercises incorporate
both cognitive and metacognitive aspects to promote reflec-
tive thinking on the part of the student, the learning process is
enhanced [25]. Improvement of student outcomes through the
implementation of writing activities appears most impactful in
deepening conceptual understanding.

II. PURPOSE AND RESEARCH QUESTIONS

The purpose of this study was to investigate the impact
of short answer writing exercises that included metacognitive
prompts on the conceptual understanding of undergraduate stu-
dents in an introductory course on circuit analysis. As with the
work of Venters et al. [23], assessment measures consist not of
common course exams that focus on formulaic problem solv-
ing, but rather on demonstration of conceptual understanding.
The two overarching research questions to be addressed in this
work are as follows.

1) As suggested by their scores on a conceptual-based
multiple-choice exam, what effect does the use of short
writing exercises have on students’ understanding of fun-
damental concepts related to the behavior of electric
circuits operating at dc?

2) What effect does the use of the conceptually based writ-
ing exercises have on students’ ability to justify their
responses when answering conceptual questions related
to basic electric circuit concepts?

As described below, these two questions are addressed for
two groups of students, those deemed to be at-risk for failing
the course and those not at-risk.

III. METHODS

A. Description of the Course and Students

The course in question is a sophomore-level required course
(EELE 201) on electric circuit analysis for electrical and com-
puter engineering majors at Montana State University. The
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course covers basic circuit quantities, node and mesh cur-
rent methods, circuit theorems, operational amplifier basics,
the complete response of first-order circuits, sinusoidal steady-
state analysis, ac power, and ideal transformers. Prerequisites
for the course include calculus II and EELE 101. EELE 101 is
a semester-length course that serves as a gentle introduc-
tion to the disciplines of electrical and computer engineering
through a weekly lecture and a weekly lab. Upon leaving
EELE 101, students will have had their first exposure to the
circuit-related concepts of voltage, current, resistance, series
and parallel resistor combinations, Ohm’s law, KVL, and
KCL as well as an introduction to fundamental programming
concepts.

B. Writing-Based Conceptual Exercises

All writing-based exercises used in this study had the same
form. Each exercise consisted of one circuit schematic and
a primary question related to the circuit when operating at
dc. After the initial question was posed, but prior to answer-
ing the question, students were asked to rate their perceived
understanding of the question and their perceived ability to
correctly answer the question. These self-assessment questions
were asked again after the student completed their response
to the primary question. Finally, the following two tasks were
posed.

1) Read through your response. Identify the sentence from
your response with which you have the least confidence
and explain why you question its accuracy.

2) Read though your response. Identify the sentence from
your response with which you have the most confidence
and explain why you are convinced of its accuracy.

The tasks posed beyond the primary question were meant
to spur metacognitive activity. Students were given approx-
imately 20 min to complete a given writing exercise. After
20 min, the instructor collected all of the exercises and spent
approximately 10 min describing a proper way to address
the exercise’s primary question. During this explanation, the
instructor would identify one or two common misconceptions
that students often exhibited in their response to the question.
The written exercises, which served as quizzes, were never
returned to the students. The initial writing exercise used in
this study and described in [28] and [29] is provided in the
Appendix.

As described in [28], the original intent of this first writing
exercise was to serve as a means to identify students likely to
struggle in the course. The initial writing exercise was scored
on a five-point holistic scale that considered not only the cor-
rectness of the response but also the logic and quality of the
required justification of the response. Students scoring at the
low end of the conceptual-based writing exercise were found,
weeks later, to struggle on the course’s first exam. In this
work, we define students scoring either a one or a two (one
being the lowest possible score) to be in the at-risk class.
Students scoring above this are defined as not at-risk. A dis-
cussion on the most common misconceptions exhibited among
students responding to the initial writing quiz as well as the
prospects of using natural language processing (NLP) tech-
niques to automatically identify such misconceptions may be

found in [30]. The additional writing quizzes used for this
study required students to demonstrate their understanding of
how to apply the ideal models of such elements as independent
voltage and current sources, voltmeters, ammeters, and short
and open circuits. It should be emphasized that none of the
writing questions were computation-based but rather required
the student to articulate through written explanation concep-
tual understanding of the behavior of simple electric circuits
operating at dc.

Results from two semesters in which the writing quizzes
were utilized are presented. In the fall 2019 semester, one
writing quiz was administered during the fifth class period of
the semester. In the fall 2020 semester, the same writing quiz
(that found in the Appendix) was again given during the fifth
class period. While in the fall 2019 semester, only this single
writing quiz was administered, during the fall 2020 semester,
four additional quizzes were given prior to the first exam.
Students in the fall 2019 semester thus served as the con-
trol group and those in the fall 2020 semester served as the
experimental group.

C. Assessing Conceptual Understanding

To assess potential gains in conceptual understanding
of fundamental concepts regarding the behavior of elec-
tric circuits, the 29-question multiple-choice Determining
and Interpreting Resistive Electric Circuits Concepts Test
(DIRECT) 1.0 exam [12] was used in a pre-test/post-test fash-
ion. The DIRECT 1.0 was developed to provide instructors
teaching the analysis dc electric circuit a means to probe
students’ conceptual understanding much the same as the
force concept inventory (FCI) is used by instructors teaching
Newtonian physics [31].

The objectives of the developers of the DIRECT
1.0 included addressing physical aspects of dc electric circuits,
as well as concepts related to energy, current, and potential
difference. Content validity of the DIRECT 1.0 was estab-
lished through the use of an independent panel of experts to
match test questions to objectives. During the development
of the DIRECT 1.0, when the panel found low agreement
between objectives and questions, the questions were rewrit-
ten. Construct validity of the DIRECT was evaluated through
factor analysis and interviews with students who completed
the exam. The reliability of the DIRECT was evaluated using
the Kuder–Richardson formula (KR-20). The KR-20 score of
0.71 for the DIRECT 1.0 met the 0.70 threshold for group
measurements [12].

The questions of the DIRECT 1.0 were designed for use
with both high school and college students and include com-
mon misconceptions embedded into the question distracters. In
the article describing the DIRECT 1.0, correlation, discrimi-
nation, and difficulty measures are given for the 29 questions
based on the results from 1135 students (n = 454 high school
students and n = 681 university students). A second version
of the DIRECT, the DIRECT 1.1 is also described in [12].
This second version is more quantitative leading the develop-
ers to recommend the DIRECT 1.0 to be used when a measure
of conceptual understanding is sought as is the case in the
present study.
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Fig. 1. Flowchart of the experimental procedure. The intervention, writ-
ing quizzes 2–5, were only administered to the 2020 cohort. The DIRECT
1.0 post-test was given days before the course’s first standard exam.

In all cases within this study, students completed hand-
written versions of the DIRECT 1.0 during class time. The
DIRECT 1.0 exams were never returned to students, nor the
results shared with them. The DIRECT 1.0 was administered
on the first day of class (pre-test) and again just prior to exam 1
(post-test) to all participating students. Since exam 1 occurs
in the fifth week of course, the post-test DIRECT 1.0 score
was recorded approximately one-third into the semester. To
provide insight into the ability of students to justify their
responses to conceptual questions, the post-test version of the
DIRECT 1.0 was augmented to require students to justify their
answers to 18 of the quiz’s 29 questions. Five of the DIRECT
1.0 exam’s questions have students pick a potential explanation
to an observed electric phenomena. For example, one question
asks the student to choose from four possible explanations as
to why lights in the home come on almost instantaneously.
Since these five questions had students pick an explanation,
the questions were not included in the 18 selected for students
to include a written justification. The remaining six questions
that were not included in the 18 had to do with circuit lay-
out (e.g., series versus parallel combinations and which layout
will light an incandescent bulb). The 18 questions chosen for
students to justify were therefore those deemed well suited for
requiring meaningful justification.

Shown in Fig. 1 is a flowchart illustrating the elements and
timing of the assessment items used in this study. As suggested
in the flowchart, while the control group (Fall 2019) took

TABLE I
MEANS AND (STANDARD DEVIATIONS) OF PRE- AND POST-TEST

DIRECT 1.0 SCORES

only the initial writing quiz, the experimental group (Fall
2020) took four writing quizzes in addition to the initial
writing quiz.

IV. RESULTS

Gathered in Table I are the data pertaining to the pre-
and post-DIRECT 1.0 scores for both the at-risk and not at-
risk populations of the control group (2019) and experimental
group (2020). The DIRECT is scored out of 29; both the mean
and standard deviations are given.

The analysis strategy was to conduct a 2 × 2 × (2) mixed
analysis of variance (ANOVA), with at-risk/not at-risk and
2019/2020 between subjects factors and pre-test/post-test a
within-subjects factor. The mixed design with two between-
subjects factors and one repeated measure was used because
it provides a single analysis that tests main effects and inter-
actions between levels of the between and within factors, and,
because participants act as their own controls, the design works
well with smaller samples. Our data satisfied all five of the
principal assumptions to be met for a valid analysis: 1) the
independent variables were categorical, and the dependent
variables were interval; 2) the four groups who participated
over the two years were independent of each other; 3) the dif-
ference scores in the dependent variables (i.e., post-test minus
pre-test) were normally distributed for each group as indicated
by nonsignificant Shapiro–Wilk tests and by inspection of Q–Q
plots; 4) no significant outliers were identified; and 5) Levene’s
test and Box’s M test were both nonsignificant, indicating the
homogeneity of variance. Because of the exploratory nature
of this pilot study, the alpha level for the following analysis
was set at 0.10. Various follow-up statistical tests within and
across semesters are reported below to answer the following
questions regarding the statistical significance and effect size
of observed differences between groups based on their mean
DIRECT 1.0 scores.

Question 1: Is there a statistically significant difference in
the performance on the DIRECT 1.0 pre-test between the at-
risk group and the not at-risk group within the same semester?

Response: An ANOVA with at-risk/not at-risk and
2019/2020 as between-subjects factors and the pre-test
DIRECT 1.0 as the dependent variable showed only a sig-
nificant main effect for at-risk/not at-risk, F(1, 85) = 17.00,
p < 0.001, with partial eta squared (η2

p) = 0.17 (Cohen [32]



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

BECKER AND HACKER: CONCEPTUAL-BASED WRITING EXERCISES IN CIRCUIT ANALYSIS COURSE 5

Fig. 2. Comparison of at-risk and not at-risk groups of pre-and post-
test scores for the 2019 and 2020 years. Additional writing quizzes were
administered in 2020 and functioned as an intervention.

suggested 0.01, 0.06, and 0.14 as small, medium, and large
effect sizes, respectively). This result provides strong support
that for both years the at-risk groups scored significantly lower
than the not at-risk groups, indicating that the writing quiz is
a useful means to identify students likely to have trouble with
the conceptual elements of the course content.

Question 2: Is there a statistically significant difference
between the at-risk and not at-risk groups in their pre-test and
post-test performance on the 2019 and 2020 DIRECT 1.0?

Response: A mixed ANOVA was conducted with at-risk/not
at-risk and 2019/2020 as between-subjects factors and pre-
test/post-test DIRECT 1.0 scores as the within-subjects fac-
tor. There was a large significant main effect for DIRECT
1.0 score, F(1, 85) = 239.460, p < 0.001, with η2

p = 0.74
and a significant interaction between DIRECT 1.0 scores and
year F(1, 85) = 4.305, p = 0.04, with η2

p = 0.05, but
importantly, there also was a significant interaction between
DIRECT scores and at-risk/not at-risk groups, F(1, 85) =
3.345, p = 0.07, with η2

p = 0.04. Further analysis for the
source of the interaction is displayed in Fig. 2. The two
at-risk groups and the two not at-risk groups did not signif-
icantly differ in their respective pre-test scores for 2019 and
2020; however, for the post-test scores, there was a signif-
icant difference between the groups. The not at-risk groups
showed no significant difference between 2019 and 2020, but
the at-risk groups showed a significant difference, with the
2020 post-test scores greater than the 2019 post-test scores.
This indicates that while the fall 2020 intervention (additional
writing-based quizzes) did not have a significant impact on the
post-test scores of the not at-risk groups, the intervention had
a statistically significant impact on the post-test scores of the
2020 at-risk group. An attempt to meaningfully interpret this
result is detailed in Section IV.

Question 3: While a statistically significant difference in
the post-test scores of the at-risk groups from fall 2019 and
fall 2020 has been observed, what is the effect size of the
difference between the means using Cohen’s d?

Response: The Cohen’s d effect size for unequal sam-
ple sizes [32], [33] was calculated in comparing the post-test
means on the DIRECT 1.0 for the fall 2020 at-risk group
(M = 22.22) to that of the fall 2019 (M = 19.83) at-risk
group. The effect size was found to be 0.60, a medium effect
size as noted in Table II (raw score). Using Cohen’s U3 index,
we calculated an Improvement Index with the 0.60 effect

TABLE II
COMPARISON OF SECOND-ATTEMPT DIRECT 1.0

size [34]. The Improvement Index was 23%, which translates
to a U3 index of 73%, indicating that 73% of the at-risk stu-
dents who received additional writing-based quizzes scored
above the mean score of those who did not.

Question 4: Is there a statistically significant difference
between students who engaged in five writing-based quizzes
to justify their responses when answering conceptual ques-
tions related to basic electric circuit concepts and students
who engaged in only one, and if so, what is the corresponding
effect size that may result from this intervention?

Response: To explore the ability of students to justify their
reasoning with regard to several concepts pertinent to dc circuit
analysis, in both the fall of 2019 and the fall of 2020 semesters,
the post-test version of the DIRECT 1.0 was augmented to
require students to justify their answers to 18 of the quiz’s
29 questions. The 18 questions chosen for students to justify
were those deemed well suited for requiring meaningful jus-
tification. In addition to the raw scores on the pre-test and
post-test scores as presented previously, the “quality” of the
students’ justifications for each of the 18 “justification ques-
tions” they answered correctly was scored. The quality of
the students’ justifications was evaluated using a three-score
rubric. A score of “0” indicated that while the correct multiple-
choice option was selected, the student’s rationale for the
selection suggested that the answer was almost certainly a
guess. In other words, the student’s explanation did not prop-
erly justify the response. A score of “1” was given when
the student’s justification of the response suggested he/she
had some understanding of the underlying concept and their
choice of options was likely not a guess. Finally, a score of
“2” was reserved for those responses that clearly indicated
the student had a true understanding of the underlying con-
cept as revealed through a convincing justification. At-risk and
not at-risk groups were analyzed separately and independent
samples t-tests were used to determine whether observed dif-
ferences in the mean scores were statistically significant. The
results are shown in Table II. Although the data are ordinal in
nature, the data for each year for at-risk and not at-risk students
was analyzed separately for normality. All distributions were
within acceptable values for skewness and kurtosis. In addi-
tion to the parametric t-tests, we also conducted nonparametric
Mann–Whitney U tests for independent samples to support
results from the independent samples t-tests. Results from the
Mann–Whitney U tests supported a significant difference for
the at-risk group (p = 0.023) and a nonsignificant difference
for the not at-risk group (p = 0.327).
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The explanation means of Table II shows that once again the
2019 and 2020 not at-risk students appear to have performed
similarly, this time in terms of the quality of their explana-
tions (nonsignificant difference); however, the at-risk students
in fall 2020 performed at a higher level than their 2019 coun-
terparts and the observed difference is statistically significant,
with an effect size of 0.77. Using Cohen’s U3 index, we cal-
culated an Improvement Index with the 0.77 effect size [34].
The Improvement Index was 28%, which translates to a
U3 index of 78%, indicating that 78% of the at-risk stu-
dents who received additional writing-based quizzes had an
Explanation score above the mean score of those who did
not. But what do effect sizes of 0.60 and 0.77 suggest? While
by Cohen’s initial guideline [32], 0.60 would fall within the
medium effect size range and 0.77 nearly at the large range,
there is no standard way to characterize across disciplines
whether a given effect size is small, medium, or large. It is
perhaps useful to consider the meta-analysis of Hattie [35]
in which the effect sizes of more than 250 influences on
student achievement were ranked according to the observed
effect size. A factor identified in Hattie’s meta-analysis as
falling into the, “potential to considerably accelerate student
achievement” class are conceptual change programs (0.99).
Such programs recognize the role that student misconcep-
tions have in hindering student achievement and implement
strategies to foster conceptual change. Hattie also identifies
various strategies that foster metacognition and self-regulated
learning to fall in either the “potential to considerably accel-
erate student achievement” or “potential to accelerate student
achievement” categories. Our observed effective sizes of 0.60
and 0.77 are above Hattie’s 0.40 “hinge point” and fall into
the categories just defined when considered with the at-risk
population in EELE 201.

V. DISCUSSION

From the data presented, it appears that while the additional
short answer questions received by the fall 2020 students did
not have an impact on the conceptual knowledge of the not
at-risk group, at least as measured by the DIRECT 1.0, they
appear to have had a notable effect on the at-risk group. Recall
that the at-risk/not at-risk groupings were made based on the
scores of students on the initial writing exercise given during
the fifth period of EELE 201. The at-risk class was made up of
students scoring either a one or a two on the five-point holistic
scale. Scores of one or two did not necessarily mean a student
exhibited a misconception, but rather the response may have
been entirely superficial, not addressed the question, or have
been marked by faulty logic. While responses scoring a four
or five would not have any indication of a misconception, it
was possible that a score of 3 is given to a response with a
noticeable misconception. In such a case where the answer
was based on a faulty model but the justification “demon-
strated sound logic and clear metacognitive activity,” it could
be scored a 3 [28]. In other words, the separation between the
at-risk and not at-risk groups was not purely based on observed
misconceptions or correctness of response but also considered
the degree to which the response demonstrated meaningful

thought on the question. Of course, as suggested in the pre-test
performance on the DIRECT 1.0, in general, the at-risk group
was characterized by more misconceptions.

In addition to an improved raw score of the at-risk experi-
mental group on the post-test version of the DIRECT 1.0 as
compared to the at-risk control group, the at-risk experi-
mental group also displayed an improved ability to justify
their responses on the DIRECT 1.0 suggesting again, a
deeper conceptual understanding by the at-risk experimental
group.

It is hypothesized that the key reason why the conceptual-
based writing exercises appear to have a notable impact on
at-risk students are that the exercises encompass elements
of conceptual change programs and tend to promote deeper
metacognitive processes than basic computation problems.
While students falling into the not at-risk group may exhibit
common misconceptions regarding the behavior of electric cir-
cuits upon entry to the class, it is speculated that such students
tend to possess the metacognitive skills to both accurately
assess their understanding and to devise and follow effective
plans to close their knowledge gaps. On the other hand, it
may be the case that the at-risk class tends to contain students
lacking these critical metacognitive skills and that the writing
exercises help these students begin to develop them in ways
that standard computation-based problems do not. Indeed,
a course such as electric circuit analysis requires students
to apply various algorithmic processes (e.g., node voltage
method) that do not require a strong conceptual understand-
ing and exams often reflect the primarily computation-based
nature of such courses.

These interpretations appear to be consistent with simi-
lar studies in the literature. For example, in reflecting upon
the improved post-test performance on the statics concept
inventory of students completing “process problems” that had
students write out the objective of a standard homework
problem and the steps used to complete it, the authors write,
“it is possible that the writing assignments may have prompted
students to metacognitively reflect on their own understanding
of course concepts, thus strengthening their understanding. . . ”
[23, p. 13]. This is consistent with the observations of Klein
[36, p. 203] in that when reviewing the impact of writing on
learning notes “that metacognitive writing prompts are a mod-
erator variable that reliably increases the effect of writing on
learning.”

It is instructive to consider a couple of examples of student
responses to the metacognitive prompts. Take for instance a
student’s response to question #6 of the first writing exercise
(see the Appendix). In the response to the main question (i.e.,
#3), this student expressed that, while the current in R2 and R3
would be affected by a decrease in R2, the potential difference
across those resistors would stay the same. In reflecting on this
response in answering the metacognitive prompt of #6, the
student questions this original assertion: “I have the least con-
fidence in claiming all the voltages remain the same because I
assume voltages won’t change due to a drop in resistance since
the total potential drop has to be zero but am not 100% on how
to explain that. But if I3 drops and R3 remains the same then
V3 drops.” This student realizes that there is a contradiction
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in his earlier claim that the voltage drop across R3 does not
change if at the same time he suggests that the current in
R3 does change while the resistance of R3 remains constant.
Clearly, this student is using the metacognitive prompt and
ensuing reflection to alter his understanding of the workings of
the circuit. Students who consistently use such metacognitive
skill are more likely to adjust their thinking when appropriate
and arrive at a more accurate understanding of the operation
of a circuit.

The metacognitive prompts may also be used to identify
students who hold a particular misconception rather strongly.
Take for instance the response of a student who exhibits a
“sequential” misconception in response to #3, in this case,
expressing that changes in voltage and current in the circuit
only occur at the location of R2 and after. In reflecting on his
response as required in #7, he states he is most confident that
the potential difference and power do not change between Vs
and R1 as, “that spot has not been affected by the changing
resistance yet so everything before the second node would
remain the same.” It is likely, especially for cases in which a
misconception is held tightly that more powerful results may
be achieved with the writing exercises if personalized feedback
is implemented.

In this study, the feedback process has been for the
instructor to discuss a given writing exercise with the entire
class immediately after the students hand in their work.
Furthermore, the exercises have not been returned. Clearly,
feedback has not been personalized. Feedback is known to
elicit a significant effect size benefit in terms of student
achievement [37] particularly when it is personalized. As used
in the current study, the writing exercises effectively addressed
likely only one of the two processes that Chi [11] notes as
important for overcoming robust misconceptions. While the
metacognitive prompts and limited feedback likely helped stu-
dents recognize when a shift in their conceptual structures
was necessary to conform to proper understanding, targeted
feedback would be more effective to help most students build
proper schema.

The fact that only the at-risk group appeared to benefit from
the additional writing exercises is an intriguing result. It is
believed that the not at-risk group came to the course with
sufficiently developed metacognitive skill to be able to over-
come many misconceptions they may have had upon entry into
the class without the intervention while the intervention helped
the at-risk class strengthen their underdeveloped metacognitive
skill. Using measures other than the DIRECT 1.0 might illu-
minate whether the writing exercises helped both groups in
some manner.

While the intervention consisted of four additional writ-
ing exercises, the question remains as to whether this number
is sufficient or if increasing the number of writing exercises
would have a greater effect. It would also be interesting to
study whether student responses to the metacognitive prompts
become richer with additional writing exercises. For exam-
ple, when responding to question #7 asking for their most
confident sentence, a significant number of students went to
formulas with which they were comfortable as in the following
two responses to question 7.

1) “I am confident in my sentence saying that power is a
function of current and voltage. I am confident because
I remember the equation P = VI.”

2) “I am confident in anything that involves ohm’s law or
the power equation. I like equations, they do not lie
or try to trick you. If I = V/R and R gets smaller
mathematically I will get bigger.”

Weaning students from an almost exclusive focus on equa-
tions and helping them acknowledge the assumptions they are
making in using them (e.g., that the student with comment
(2) is assuming that V remains constant which in fact may not
be the case) may come with additional writing exercises and
with grading emphasis placed on conceptual understanding.

The potential weaknesses of the present study include the
use of two cohorts of students instead of a single one and the
relatively small sample sizes involved. Each semester, only one
lecture section of EELE 201 is offered. Since the writing exer-
cises were administered during lecture periods, it would have
been awkward to split a given cohort into experimental and
control groups. In the future, if the writing exercises are given
online with automatic feedback as suggested in [30], carry-
ing out such an experiment with a single cohort is possible.
While acknowledging this potential weakness, both cohorts in
the existing study were subject to the same course prereq-
uisites and were found to have performed similarly on the
pre-test. For these reasons, using two cohorts is not viewed as
a serious risk to the validity of the results. The total popula-
tion in this study is 89 (48 at-risk and 41 not at-risk). This
population reflects only first-time students in the class who
took both the pre- and post-tests as well as all writing quizzes
offered. The mixed ANOVA used here was appropriate to iden-
tify the main effects and interactions between levels of the
between factors and repeated factor. This analysis met all the
assumptions for a repeated measures ANOVA, and because
participants act as their own controls, the analysis works well
for smaller samples.

VI. CONCLUSION

Short-answer conceptual-based writing exercises were
administered during class time in a sophomore-level course
on circuit analysis with the intent of promoting deeper con-
ceptual understanding and metacognitive activity. Based on
their scores on the first writing quiz, students were placed
into either the at-risk or not at-risk to fail groups. In answer
to the first research question (i.e., As suggested by their scores
on a conceptual-based mutiple choice exam, what effect does
the use of short writing exercises have on students’ conceptual
understanding of fundamental concepts related to the behavior
of electric circuits operating at dc?), the results suggest that
while four additional writing quizzes did not appear to improve
the performance of the not at-risk group, the experimental at-
risk group outperformed their at-risk control counterpart on a
29-question multiple-choice concept exam. In answer to the
second research question (i.e., What effect does the use of the
conceptually based writing exercises have on students’ ability
to justify their responses when answering conceptual ques-
tions related to basic electric circuit concepts?), the results
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again suggest that the four additional writing quizzes did not
appear to improve the quality of justifications for the not at-
risk group; however, the quality of justifications was improved
for the at-risk group.

While the results are preliminary, additional study of using
such writing exercises appear warranted, particularly if feed-
back on the exercises is made both immediate and individu-
alized. For this to be realized at scale, leveraging emerging
techniques in NLP will be necessary. Indeed, through the use
of standard NLP techniques, promising results of automati-
cally identifying common misconceptions of students in one
of the writing exercises has been demonstrated elsewhere [30].
Finally, as common misconceptions plague students in many
gateway STEM courses and since writing has been shown
to be effective in identifying and correcting misconceptions,
interventions such as that described in this article could apply
across common STEM courses.

APPENDIX

All writing quizzes used in the study were administered in
the paper format and followed the form of the quiz shown
below.

Consider the circuit shown below and assume that the ele-
ments are ideal. Explain what happens to the power associated
with VS, R1, R2, and R3 as the resistance of R2 decreases
while the other component values (VS, R1, and R3) remain
unchanged. Thoroughly explain the rationale supporting your
conclusions, using equations only as necessary.

1) Rate your perceived understanding of the question in
which a rating of 100% means you completely under-
stand the question.

2) Rate your perceived ability to correctly answer the
question by circling the appropriate response.

a) I am completely confident.
b) I am quite confident.
c) I am somewhat confident.
d) I have little confidence.
e) I am not at all confident.

3) OK, now complete the problem. Remember to write in
full sentences and use as few equations as possible.

4) Now that you have answered the question, rate your per-
ceived understanding of the question in which a rating
of 100% means you completely understood the question.

5) Now that you have answered the question, rate your
perceived ability to correctly answer the question by
circling the appropriate response.

a) I am completely confident.
b) I am quite confident.
c) I am somewhat confident.

d) I have little confidence.
e) I am not at all confident.

6) Read through your response. Identify the sentence from
your response with which you have the least confidence
and explain why you question its accuracy.

7) Read through your response. Identify the sentence from
your response with which you have the most confidence
and explain why you are convinced of its accuracy.

REFERENCES

[1] T. J. Webster and K. C. Dee, “Supplemental instruction integrated into
an introductory engineering course,” J. Eng. Educ., vol. 87, pp. 377–383,
Oct. 1998.

[2] R. A. Blanc, L. E. DeBuhr, and D. C. Martin, “Breaking the attri-
tion cycle: The effects of supplemental instruction on undergraduate
performance and attrition,” J. High. Educ., vol. 54, no. 1, pp. 80–90,
1983.

[3] J. D. Stanton, X. N. Neider, I. J. Gallegos, and N. C. Clark, “Differences
in metacognitive regulation in introductory biology students: When
prompts are not enough.” CBE Life Sci. Educ., vol. 14, no. 2, pp. 1–12,
2015.

[4] S. Tobias and H. T. Everson, “Assessing metacognitive knowledge mon-
itoring,” Coll. Entrance Exam. Board, New York, NY, USA, College
Board Rep. 96-01, 1996, pp. 1–41.

[5] P. R. Pintrich, “The role of metacognitive knowledge in learning,
teaching, and assessing,” Theory Pract., vol. 41, no. 4, pp. 219–225,
2002.

[6] A. C. Graesser, S. D’Mello, and N. Person, “Meta-knowledge in
tutoring,” in Handbook of Metacognition in Education, D. J. Hacker,
J. Dunlosky, and A. C. Graesser, Eds. New York, NY, USA: Routledge,
2009.

[7] D. L. Butler and P. H. Winne, “Feedback and self-regulated learning:
A theoretical synthesis,” Rev. Educ. Res., vol. 65, no. 3, pp. 245–281,
1995.

[8] S. Ambrose et al., “How does students’ prior knowledge affect their
learning?” in How Learning Works: Seven Research-Based Principles
for Smart Teaching. Hoboken, NJ, USA: Wiley, 2010, pp. 10–39.

[9] M. J. Prince and R. M. Felder, “Inductive teaching and learning methods:
Definitions, comparisons, and research bases,” J. Eng. Educ., vol. 95,
pp. 123–138, Apr. 2006.

[10] C. Konold, “Issues in assessing conceptual understanding in prob-
ability and statistics,” J. Stat. Educ., vol. 3, no. 1, pp. 1–9, 1995,
doi: 10.1080/10691898.1995.11910479.

[11] M. T. H. Chi, “Commonsense conceptions of emergent processes:
Why some misconceptions are robust,” J. Learn. Sci., vol. 14, no. 2,
pp. 161–199, 2005.

[12] P. V. Engelhardt and R. J. Beichner, “Students’ understanding of direct
current resistive electrical circuits,” Amer. J. Phys., vol. 72, no. 98,
pp. 98–115, 2004.

[13] T. V. Goris and M. J. Dyrenfurth, “How electrical engineering tech-
nology students understand concepts of electricity. Comparison of
misconceptions of freshmen, sophomores, and seniors,” in Proc. Amer.
Soc. Eng. Educ. Annu. Conf. Expo., 2013, p. 5849.

[14] D. P. Tallant, “A review of misconceptions of electricity and electrical
circuits,” in Proc. 3rd Int. Seminar Misconceptions Educ. Strategies Sci.
Math., Aug. 1993, pp. 111–115.

[15] D. Sangam and B. K. Jesiek, “Conceptual understanding of resistive
electric circuits among first-year engineering students,” in Proc. Amer.
Soc. Eng. Educ. Annu. Conf. Expo., 2012, pp. 1–11.

[16] R. Gunstone, B. McKittrick, and P. Mulhall, “Textbooks and their
authors: Another perspective on the difficulties of teaching and learn-
ing electricity,” in Research and the Quality of Science Education,
K. Boersma, M. Goedhart, O. de Jong, and H. Eijkelhof, Eds. Dordrecht,
The Netherlands: Springer, 2005.

[17] D. Sangam and B. K. Jesiek, “Conceptual gaps in circuits textbooks:
A comparative study,” IEEE Trans. Educ., vol. 58, no. 3, pp. 194–202,
Aug. 2015.

[18] H. Beal, “Probing student misconceptions in thermodynamics with in-
class writing,” J. Chem. Educ., vol. 71, no. 12, p. 1056, 1994.

[19] K. L. Kitto, “Analyzing what students write about materials—Another
strategy for developing conceptual knowledge in a materials engineer-
ing course,” in Proc. 37th ASEE/IEEE Front. Educ. Conf., Oct. 2007,
pp. 14–18.

http://dx.doi.org/10.1080/10691898.1995.11910479


This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

BECKER AND HACKER: CONCEPTUAL-BASED WRITING EXERCISES IN CIRCUIT ANALYSIS COURSE 9

[20] M. O. Bekkink, A. R. T. R. Donders, J. G. Kooloos, R. M. W. de Waal,
and D. J. Ruiter, “Uncovering students’ misconceptions by assessment
of their written questions,” BMC Med. Educ., vol. 16, p. 221, Aug. 2016,
doi: 10.1186/s12909-016-0739-5.

[21] T. L. Hein, “Using writing to confront student misconceptions in
physics,” Eur. J. Phys., vol. 20, no. 3, pp. 137–141, 1999.

[22] J. H. Hanson and J. M. Williams, “Using writing assignments to
improve self-assessment and communication skills in an engineering
statics course,” J. Eng. Educ., vol. 97, pp. 515–529, Oct. 2008.

[23] C. Venters, L. D. McNair, and M. C. Paretti, “Using writing assign-
ments to improve conceptual understanding in statics: Results from a
pilot study,” in Proc. Amer. Soc. Eng. Educ. Annu. Conf. Expo., 2012,
pp. 1–18.

[24] D. K. Pugalee, Writing to Develop Mathematical Understanding.
Norwood, MA, USA: Christopher-Gordon Publ., Inc., 2005.

[25] A. S. Halim, S. A. Finkenstaedt-Quinn, L. J. Olsen, A. R. Gere, and
G. V. Shultz, “Identifying and remediating student misconceptions in
introductory biology via writing-to-learn assignments and peer review,”
CBE Life Sci. Educ., vol. 17, no. 2, pp. 1–12, Jun. 2018.

[26] M. Nückles, S. Hübner, and A. Renkl, “Enhancing self-regulated learn-
ing by writing learning protocols,” Learn. Instr., vol. 19, pp. 259–271,
Jun. 2009.

[27] R. L. Bangert-Drowns, M. M. Hurley, and B. Wilkinson, “The effects of
school-based writing-to-learn interventions on academic achievement: A
meta-analysis,” Rev. Educ. Res., vol. 74, no. 1, pp. 29–58, 2004.

[28] J. P. Becker and C. Plumb, “Identifying at-risk students in a basic electric
circuits course using instruments to probe students’ conceptual under-
standing,” in Proc. Amer. Soc. Eng. Educ. Annu. Conf. Expo., 2018,
Art. no. 21478.

[29] J. P. Becker, E. Sior, J. Hoy, and I. Kahanda, “Predicting at-risk students
in a circuit analysis course using supervised machine learning,” in Proc.
ASEE Annu. Conf. Expo., Jun. 2019, Art. no. 24790.

[30] J. P. Becker, I. Kahanda, and N. H. Kazi, “WIP: Detection of student
misconceptions of electrical circuit concepts in a short answer question
using NLP,” in Proc. Amer. Soc. Eng. Educ. Annu. Conf. Expo., 2020,
Art. no. 32929.

[31] D. Hestenes, M. Wells, and G. Swackhamer, “Force concept inventory,”
Phys. Teach., vol. 20, p. 141, Jun. 1998.

[32] J. Cohen, Statistical Power Analysis for the Behavioral Sciences, 2nd
ed. Hillsdale, NJ, USA: Lawrence Erlbaum Assoc., 1988.

[33] D. Lakens, “Calculating and reporting effect sizes to facilitate cumulative
science: A practical primer for t-tests and ANOVAs,” Front. Psychol.,
vol. 26, pp. 1–12, Nov. 2013.

[34] U.S. Department of Education, Institute of Education Sciences, National
Center for Education Evaluation and Regional Assistance, What Works
Clearinghouse, Washington, DC, USA, 2017.

[35] J. Hattie, “The applicability of visible learning to higher education,”
Scholarship Teach. Learn. Psychol., vol. 1, no. 1, pp. 79–91, 2015.

[36] P. D. Klein, “Mediators and moderators in individual and collaborative
writing to learn,” J. Writ. Res., vol. 7, no. 1, pp. 201–214, 2015.

[37] J. Hattie and H. Timperley, “The power of feedback,” Rev. Educ. Res.,
vol. 77, no. 1, pp. 81–112, 2007.

James P. Becker (Senior Member, IEEE) received the B.S. degree in ceramic
engineering from The University of Illinois at Urbana–Champaign, Urbana,
IL, USA, in 1992, the M.S.E.E. degree from Colorado State University, Fort
Collins, CO, USA, in 1995, and the Ph.D. degree in electrical engineering
from The University of Michigan, Ann Arbor, MI, USA, in 2001.

He is a Professor with the Department of Electrical and Computer
Engineering, Montana State University, Bozeman, MT, USA. His current
research interests include microwave and millimeter circuits and devices,
pedagogical research, metacognition, and cyberlearning.

Prof. Becker is a 2004 recipient of the NSF CAREER Award. He has
served as an Associate Editor for the International Journal of Antennas and
Propagation. He is a member of the Keramos National Honor Society.

Douglas J. Hacker received the B.S. degree in secondary education from the
University of Wisconsin–Madison, Madison, WI, USA, in 1977, the master’s
degree in educational psychology from the University of Washington, Seattle,
WA, USA, in 1991, and the Ph.D. degree in educational psychology (human
development and cognition) from the University of Washington, Seattle, WA,
USA, in 1994..

He is currently a Full Professor with the Department of Educational
Psychology, University of Utah, Salt Lake City, UT, USA. Prior to his
tenure with the University of Utah, he was an Assistant/Associate Professor
with the University of Memphis, Memphis, TN, USA. His research areas
of interest include writing processes, metacognition, self-regulated learning,
teacher education, and program evaluation.

Prof. Hacker served as an Associate Editor for the Journal of Educational
Psychology and as an editor for numerous other top-tiered journals.

http://dx.doi.org/10.1186/s12909-016-0739-5

