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Interactive Editing of Circuits in a Step-Based Tutoring System
Abstract
Step-based tutoring systems are known to be more effective than traditional answer-based
systems. They however require that each step in a student’s work be accepted and evaluated
automatically to provide effective feedback. In the domain of linear circuit analysis, it is
frequently necessary to allow students to draw or edit circuits on their screen to simplify or
otherwise transform them. Here, the interface developed to accept such input and provide
immediate feedback in the Circuit Tutor system is described, along with systematic assessment
data. Advanced simplification methods such as removing circuit sections that are removably
hinged, voltage-splittable, or current-splittable are taught to students in an interactive tutorial and
then supported in the circuit editor itself. To address the learning curve associated with such an
interface, ~70 video tutorials were created to demonstrate exactly how to work the randomly
generated problems at each level of each of the tutorials in the system. A complete written
record or “transcript” of student’s work in the system is being made available, showing both
incorrect and correct steps. Introductory interactive (multiple-choice) tutorials are now included
on most topics. Assessment of exercises using the interactive editor was carried out by
professional evaluators for several institutions, including three that heavily serve
underrepresented minorities. Both quantitative and qualitative methods were used, including
focus groups, surveys, and interviews. Controlled, randomized, blind evaluations were carried
out in three different course sections in Spring and Fall 2019 to evaluate three tutorials using the
interactive editor, comparing use of Circuit Tutor to both a commercial answer-based system and
to conventional textbook-based paper homework. In Fall 2019, students rated the software a
mean of 4.14/5 for being helpful to learn the material vs. 3.05/5 for paper homework (HW), p <
0.001 and effect size d = 1.11σ. On relevant exam questions that semester, students scored
significantly (p = 0.014) higher with an effect size of d = 0.64σ when using Circuit Tutor
compared to paper HW in one class section, with no significant difference in the other section.
1. Introduction
A meta-analysis has shown that step-based tutoring, where each step of a student’s work is
immediately evaluated, is considerably more effective than answer-based tutoring (where only
the final answer to a problem is checked) and is almost as effective as a skilled human tutor.
Specifically, step-based systems caused improvements of 0.76σ, compared to 0.31σ and 0.79σ for
answer-based systems and human tutors, respectively (σ denotes standard deviation) [1].
Previously, we have described a step-based tutoring system in the domain of linear circuit
analysis, which is a crucial gateway course in the education of both electrical and many nonelectrical engineers [2-10]. This system features automatic problem generation, where an
unlimited number of unique circuit diagrams (not just element values) are created for every user.
It provides an unlimited supply of fully worked and explained examples that are isomorphic to
the actual problems and has pedagogical features such as automatic coloring of nodes. It further
includes specialized interfaces to accept equations, simplified equations, matrices, and numerical
answers using a template-based interface to scaffold learning, and an interactive on-screen circuit
editor. Students are graded solely on completion of the required number of problems without
excessive errors and are allowed to “give up” on any problem and view a fully explained solution

without any grade penalty. Instead, they are just given a new problem of the same type to
complete, to support mastery learning. Introductory interactive tutorials provide instruction on
the required concepts and methods prior to starting the examples and exercises in a game-like
format. (The gamification elements currently incorporated in our system include completion
certificates, clearly defined progressive levels of difficulty, immediate feedback including sound
effects to reinforce progress, and scaffolded learning with increasing challenges. Further items
such as a point system and leaderboards are planned in future work. Gamification has frequently
been found to improve learning and engagement [11].)
Prior controlled, randomized experiments have shown a 1.21σ improvement in learning on
writing nodal analysis equations and identifying elements in series and parallel in a laboratorybased experiment and a corresponding improvement of 0.91σ in student motivation [3, 4]. A
classroom-based assessment in Fall 2014 using random assignment to compare this system to
complete nodal and mesh analysis exercises to using the commercial WileyPLUS system found a
0.41σ improvement in that homework score (p < 0.008) [7]. It was also observed that 32-34% of
WileyPLUS users voluntarily completed additional problems in the step-based system for no
credit, whereas no users of the step-based system did the reverse [7]. (Surveys and post-tests
were not used in this case.) This comparison was repeated in Fall 2015 with addition of a survey
and post-test, finding a 0.72σ improvement in average post-test scores on nodal analysis when
using Circuit Tutor from 49% to 72% (p < 0.05) and no significant difference on mesh analysis
(corresponding post-test scores of 65% and 71%) (p = 0.38) [8, 9]. The survey showed 86% of
students preferred the step-based system and only 9% preferred the commercial answer-based
system, and 94% felt the step-based system taught them more effectively and only 3% felt that
way about the publisher system [8, 9]. Another classroom-based experiment at a large private
university in Fall 2014 found a 0.97σ improvement (p < 0.001) in post-test scores (using pre-test
scores as a covariate) using the step-based system in comparison to using paper exercises to
teach concepts of series-parallel relationships [9]. However, reliable results could not be
obtained for nodal or mesh analysis in that case due to the lack of random assignment and large
differences in pre-test scores.
Here, we describe extensions to the step-based system including the ability to shift or “split” a
circuit to create room to insert new elements in the circuit editor, to provide immediate feedback
on the correctness of various circuit editing operations, support for advanced simplification
methods, video help to ease the learning curve for the user interface, new introductory interactive
tutorials on most of the topics, and automated generation of transcripts of student work to aid
later review and studying.
Further, we describe extensive assessment of the system by an independent evaluation team
including both qualitative and quantitative methods. We describe experiments conducted in
Spring 2019 to compare use of this system to use of a commercial, publisher-based system
(WileyPLUS) and in Fall 2019 to compare it to use of traditional paper-based homework (HW)
from a textbook. The focus on these experiments is on analysis methods requiring use of the
circuit editor, including superposition, source transformation, and finding Thévenin and Norton
equivalent circuits. Students were randomly assigned to use either the step-based system, or
WileyPLUS or paper homework, and then surveyed to learn their opinions of the different
approaches as well as tested using quizzes and exams to compare their learning of the relevant
material. Blind evaluations were used. Student preferences strongly favored the step-based

system over both alternative approaches and learning outcomes showed statistically significant
improvements in some class sections but not in others. Surveys were conducted in several
different institutions, including several that heavily serve underrepresented minority students, to
assess the suitability of the system for diverse groups of learners.
2. Enhanced Interactive Circuit Editor
The basic features of the step-based system have been described previously, including the threestep problem generation algorithm that creates and validates its own randomly-generated circuit
problems, the automated solution and explanation generation algorithms, and the interfaces used
to accept and evaluate equations, simplified equations, matrix equations, waveform sketches, and
numerical answers [2-10]. A preliminary version of the on-screen circuit editor has also been
described [5, 6]. Here, we describe enhancements of the latter to support problems involving
superposition, source transformation, and finding Thévenin and Norton equivalent circuits.
The circuit editor (in unrestricted mode) allows students to change element values and polarities,
to transform any element into a different type (including short and open circuits), to modify
sought currents, voltages, or powers (i.e., unknowns) or control variables for dependent sources
on any element, to drag any element to a new position on the editing grid, and to add a new
element anywhere on the grid (see Fig. 1 for an example). As there may be insufficient “room”
on the editing grid to carry out operations such as source transformations, it also now permits
students to shift, split, or compress a circuit as needed to accomplish those tasks. On exiting the
editor, the circuit is extensively validated to make sure it is soluble and does not have problems
such as disconnected, dangling, or shorted elements and is not more generally “hinged” as
discussed elsewhere [12]; i.e., has two or more portions connected only by single wires that are
therefore effectively isolated. The editor also now supports terminals such as those needed for
Thévenin or Norton equivalent circuits or for “viewing” input impedances, etc., as shown in Fig.
1. Both AC and DC circuits are supported.

Fig. 1. Example of the circuit editing interface being used to carry out a source transformation
in a Thevenin/Norton equivalent circuit problem.

The unrestricted editing mode does not however check if students have made specific desired
changes in a circuit, however. Its use is currently limited to drawing the final Thévenin or
Norton equivalent circuits in problems of that type. Instead, we have implemented four
“restricted” editing modes in which student work is checked for validity. In the first, “sourcekilling” mode, the only permitted operation is to “turn off” either independent current or voltage
sources in superposition problems by changing them to open or short circuits, respectively.
Attempts to do other operations are stopped with warning messages. Mistakes when killing
sources are tallied and making excessive mistakes forfeits credit for a problem (though the
problem can still be completed for no credit if the student is invested in it). Students can exit this
mode after killing sources correctly to finish the analysis of a given child circuit with only one
independent source.
In the second, pre-simplification mode, students can combine passive elements in series and
parallel, can combine independent sources in series and parallel, and can delete any shorted or
“dangling” elements that do not have sought quantities. They can also change “redundant”
elements (e.g., those in series with current sources or in parallel with voltage sources, which
therefore have no effect on the rest of the circuit) into short or open circuits, as appropriate.
They can also carry out advanced simplification methods as discussed in Ref. [12], including
removing sections of a circuit that are removably “hinged,” “voltage-splittable” or “currentsplittable” (i.e., are isolated from the rest of the circuit by “chains” of voltage or current sources
that cause them to have no effect on the rest of the circuit), as long as the removed section and
isolating sources have no sought variables. Those methods are taught to students in the
introductory tutorial, as circuits textbooks typically do not discuss them. Situations where they
are relevant frequently occur in superposition and transient (switched) circuit problems. After
each individual operation, the student must check the validity of that operation by clicking a
button before proceeding to other operations, to facilitate the checking procedures. Errors are
always counted, and excessive errors forfeit problems as noted above.
In the third restricted mode, presimplification using the above methods is possible but “soughtvariable transformations” are also permitted [10]. This procedure (introduced in the introductory
tutorial) is relevant, for example, when one wishes to combine elements in series when one of
them has a sought voltage or power, which would be destroyed by the simplification. Another
case is combining elements in parallel when one of them has a sought current or power, which
would again be destroyed. In these cases, students are allowed to replace the sought variable that
impedes simplification by one that does not, and in doing so is prompted to write an “auxiliary
equation” that relates the old sought variable to the newly created one, so that the deleted
variable can still be calculated. For example, a sought voltage on a series element can be
replaced by a sought current on that same element (or on another element in series with it),
relating the two via Ohm’s law. This approach avoids having to go back to a previous circuit
diagram to calculate the originally desired variable and makes the process straightforward. As
always, errors are tallied and limited. This mode is available both before and after killing
sources in superposition problems, for example.
In the fourth restricted mode, illustrated in Fig. 1, presimplification with sought variable
transformations are similarly allowed, in addition to source transformations between voltage
sources in series with a passive element and current sources in parallel with the same element
(provided that those elements lack sought quantities). Source transformations are not however

permitted when other
simplifications are
available, as the latter
should generally be
completed first.
Shifting, splitting, and
compression operations
are available in this
mode to help “make
room” on the grid for
the operations when
necessary. Further, the
last valid circuit is
always shown in an
inset window, which is
particularly useful
when constructing
source transformations.
This mode is used in
Fig. 2. Example of an advanced simplification operation being
both source
performed in Circuit Tutor (removal of a redundant current source).
transformation and
Thévenin/Norton equivalent circuit problems. As always, each individual transformation or
simplification must be checked before performing a different operation, which helps in providing
feedback on specific errors a student may make. Use of these restricted editing modes greatly
facilitates checking student work, which would otherwise be extremely challenging. Appropriate
text-based and video help are available at all times to help students learn the interfaces. An
illustration of the support for advanced simplification methods is shown in Fig. 2.
3. New Student Support Features
Prior to 2019, introductory expository multiple-choice tutorials in an interactive format were
available for only 5 of the 18 games available at that time. A total of 21 available games are now
available with introductory tutorial support for 20 of them (the remaining game is not yet fully
released, and a tutorial will be added when it is). These tutorials explain all of the basic concepts
required to work problems and may well even be able to replace a conventional textbook once
the scope of our system is expanded to cover all relevant topics. Unlike conventional textbooks,
this interactive system enables monitoring of student activity and completion including time on
task and the correctness or incorrectness of their answers to multiple choice questions.
Interactive textbooks of this type are known to be effective in engaging students to read them and
improve their success [13-15].
Another new feature introduced starting in Spring 2019 and much more heavily in Fall 2019 and
Spring 2020 is video help for each level of each game in the system (a total of 71 videos to date,
each typically between 5 and 35 minutes in length). These videos are publicly available in
YouTube [16] and illustrate both the operation of the user interfaces as well as the technical
aspects of working the problems. Direct links to the appropriate video are available within the
software at all appropriate places. They include one that is a general introduction to the system

and special videos illustrating such topics as doing
complex number calculations on calculators (which is
often difficult for students) and Gaussian elimination.
Where complex number calculations are required to
work problems, a calculator emulator is used in the
videos to illustrate the procedures, and handwritten
algebra is shown on problems requiring algebraic
calculations (including AC problems involving complex
coefficients, a particular source of difficulty). These
videos have proven quite popular with and helpful to
students; some have been watched 500 or more times to
date.
Another feature being released in Spring 2020 is
automatically generated “transcripts” of student work
on each problem in a PDF format, showing both correct
and incorrect steps they took (labeled as such). A
section of a sample transcript is illustrated in Fig. 3.
These transcripts are intended to address a key
limitation of step-based tutoring systems, namely that
students do not normally have any record of the series
of steps they took on the screen to solve a problem as
they would when working a similar problem on paper.
They are expected to be useful to students for later
studying and reviewing for exams. The first one created
is displayed automatically to students, and subsequent
transcripts are accessible directly within the user
interface.
4. Randomized Comparisons of the Step-Based
Tutoring System to a Publisher-Based System or
Paper Homework

Fig. 3. Small portion of one
column of a transcript generated
during a source transformation
problem.
Equations are also
shown when entered (not visible
here).

4.1 Spring 2019 Comparison to WileyPLUS
We carried out a randomized, blind comparison of this system to a commercial answer-based
system (WileyPLUS) in Spring 2019 as described in more detail elsewhere [10]. Students in one
section of the first author’s course at Arizona State University (ASU) (N = 64) were randomly
assigned to groups A and B. Group A was required to use Circuit Tutor for the topic of DC
superposition, and to do similar problems in WileyPLUS (for the Irwin & Nelms textbook [17])
for the topic of DC source transformations as part of one homework assignment. Group B did
the reverse, so that both groups used both systems for part of this homework. Videos of
problems being worked were available in both Circuit Tutor and in WileyPLUS, but Circuit
Tutor did not have introductory tutorials available on these topics at the time of this experiment.
Students relied on lectures and the textbook for an introduction to the topics. A single 12-point
problem on each topic within a 100-pt. midterm exam was used as a post-test (on the day after
the homework was due), and no pre-test was administered given that random assignment should

TABLE 1. POST-TEST RESULTS FROM RANDOMIZED EXPERIMENT IN SPRING 2019.

N
Post-Test Item Score (0-12)

Superposition
Source Transformation
Circuit Tutor WileyPLUS Circuit Tutor WileyPLUS
32
32
32
32
6.59 (4.49)
6.29 (2.80)
6.71 (4.58)
5.91 (2.41)

Values in parentheses are standard deviations.

avoid significant differences between groups. A survey was subsequently administered to both
groups to assess student opinions of both systems and had a 67% response rate. The average
scores on the post-test (midterm exam) questions are shown in Table I and were slightly higher
in both cases for Circuit Tutor users, but the differences were not statistically significant using a
student’s t-test (p = 0.92 and p = 0.56). Results of the student preference survey are shown in
Fig. 4 and indicate strong preferences for Circuit Tutor over WileyPLUS for both topics.
Qualitative analysis of student comments showed that students preferred the step-based guidance
offered by Circuit Tutor, the interactivity and explanations given at the end of each problem, and
the immediate feedback [10]. A few students however preferred working problems on paper and
a few preferred the greater number errors allowed in WileyPLUS.
4.2 Fall 2019 Comparison to Paper Homework
Another randomized experiment was conducted in two sections of the same ASU course in Fall
2019 to compare Circuit Tutor to conventional paper homework using problems from a textbook
[17]. In this case, three different tutorials on DC superposition, DC source transformations, and
DC Thévenin/Norton equivalent circuits were tested, along with a tutorial covering similar
problems in AC phasor analysis. Optional introductory tutorials were included on all of the DC
topics in this instance. Students in both sections were randomly assigned to groups A and B,
where group A completed a homework assignment on the three DC topics in Circuit Tutor and
the corresponding AC topics using paper homework later in the semester, and group B did the
reverse. No pre-test was used in view of the use of random assignment, but students took a quiz
on the due date of the HW consisting of one problem on superposition and one on
Thévenin/Norton equivalent circuits (the latter
being easiest to complete using source
transformations). Those problems were
derived from a different textbook to avoid bias
towards either system. They further had two
problems on a midterm exam given two days
later on the same two topics worth 18 and 20
pts., respectively, on the 100-pt. exam
(somewhat different quizzes and exams were
given in the two sections). The superposition
problem was again taken from another
textbook, but the Thévenin/Norton problem
was generated using Circuit Tutor. Students
Fig. 4. Results of a survey comparing student
who had been assigned to use paper HW
preferences between Circuit Tutor and
however strongly requested access to Circuit
WileyPLUS in Spring 2019.
Tutor after the quiz but prior to the midterm

TABLE 2.

RESULTS FROM RANDOMIZED EXPERIMENTS IN FALL 2019.

Total Quiz Scores (0-100),
Section 1
Total Quiz Scores (0-100),
Section 2
Combined** Exam Item
Scores (%), Section 1
Combined** Exam Item
Scores (%), Section 2
Relevant HW Score (%),
Section 1
Relevant HW Score (%),
Section 2

DC Analysis
Circuit Tutor
Paper HW
53.4
57.7
(33.3, 29)
(32.4, 31)
53.0*
38.3*
(27.6, 30)
(24.4, 32)
63.6
62.6
(32.1, 29)
(27.0, 31)
65.4*
46.9*
(27.3, 30)
(27.6, 32)
65.0
71.2
(41.7, 29)
(37.2, 31)
87.7*
69.6*
(23.9, 30)
(40.2, 32)

AC Analysis
Circuit Tutor Paper HW
N/A
N/A
N/A

N/A

77.7
(28.7, 29)
70.7
(28.2, 30)
75.6
(31.0, 29)
65.5
(31.1, 30)

69.4
(33.1, 31)
66.7
(31.8, 32)
74.6
(23.2, 31)
62.1
(37.9, 32)

Main values are means. Values in parentheses are (standard deviations, N).
*Statistically significant difference with p ≤ 0.05
**Combination of two question scores totaling 38 points out of 100 for DC Analysis; or single
question score worth 22 points out of 100 for AC Analysis

exam. Such access was therefore granted in both sections, resulting in cross-contamination of
the groups prior to the exam. All students could access paper HW problems in their textbooks at
any time if they so desired, though it seems unlikely based on survey preference data that many
did so. A post-test was given after the later HW assignment on AC phasor analysis using those
methods in the form of one 22 pt. problem on AC Thévenin/Norton equivalent circuits (the latter
being easiest to complete using source transformations) on the second midterm exam, which was
worth 100 pts. total. Students at this stage had used both Circuit Tutor and paper HW on the
topics in question for either AC or DC circuits, however, so this was not a very clear comparison
of the two approaches. Surveys were assigned after both the DC and AC HW assignments on
these topics to compare student preferences, worth 20 pts. of extra credit each on the 150 pt. HW
assignments. Response rates on the two surveys were 57% and 87%, respectively, in the first
section; and 69% and 82%, respectively, in the second section.
The results of the assignment scores, post-test (quiz) scores, and post-test (exam problem) scores
are shown in Table 2. (No quiz was given on the AC Analysis topics.) Statistically significant
improvements for the students using Circuit Tutor were found for the DC Analysis quiz scores in
Section 2 (p = 0.046 with a an effect size of Cohen d = 0.54σ), the DC Analysis combined exam
question scores in Section 2 (p = 0.014, d = 0.64σ), and for the DC Analysis homework scores in
Section 2 (p = 0.050, d = 0.34σ). The individual exam question scores also showed significant
differences in that section (not shown). No significant differences were found for any item in
Section 1, however, or for the AC Analysis items in either section. It is therefore of interest to
examine why significant differences were found for one class section but not the other. The
same instructor taught both sections (though Section 1 had an undergraduate teaching assistant
and Section 2 did not) and lectures were very similar. Homework assignments were identical,
and the midterm exams were very similar. One difference seems to be that Section 2 students

completed the Circuit Tutor exercises at a higher rate than did the Section 1 students, as those
HW grades are based on successful completion only. The students assigned to do paper HW had
comparable HW scores in both sections. It would seem natural that students doing more work in
Circuit Tutor could benefit more from it, as is observed, but it is also not clear why they did so in
one section more than in the other. Overall, the instructor observed that Section 1 was on
average academically stronger than Section 2, as the scores on similar first and second midterm
exams were 65.5 and 71.5, respectively, in Section 1; and 57.2 and 63.9, respectively, in Section
2. It may therefore be that academically weaker students benefit more from step-based
instruction, whereas stronger students do relatively well with either type of instruction.
The cross-contamination of the two groups noted above on the DC Analysis exam question
scores should not be a major factor, though it may reduce the effect sizes we found. That effect
would likely improve the performance of those assigned to do paper HW, who were more likely
to cross over and use Circuit Tutor. In Section 1, five students completed anywhere from 3-9 of
the 9 problems in Circuit Tutor, and in Section 2, two students completed from 3-5 of the 9
Circuit Tutor problems after the quiz and before the exam on DC Analysis. As this effect should
if anything enhance the scores of the students doing paper HW, it cannot account for the larger
difference between the two groups in Section 2. The number of students assigned to do Circuit
Tutor who also did paper HW problems is unknown, but based on the survey results discussed
below, is likely to be very small in both sections. It is probably not surprising that no significant
differences were found on the AC Analysis problem, given that both groups had by that time
used both Circuit Tutor and paper homework on the analysis techniques in either the AC or DC
domains (effectively very high cross-contamination). The assignment of groups on the AC
topics was done mainly to balance the amount of Circuit Tutor and paper HW for all students in
the interest of fairness.
Results from the survey given on the DC Analysis homework assignment in Fall 2019 are shown
in Table 3. Large, statistically significant differences were found in the comparison of Circuit
Tutor to paper HW, in that students found that the former helped them learn better, was easier to
TABLE 3. SURVEY RESULTS FOR A HW ASSIGNMENT ON DC ANALYSIS METHODS IN FALL 2019.
Survey Question

Circuit Textbook p-value
t
Cohen’s
Tutor Problems
d
(N = 43) (N = 41)
4.14
3.05
0.000 4.883
1.11
(.92)
(1.12)

To what extent did this HW assignment
help you learn the course material? (1=none
at all; 5=a great deal)
How easy or difficult it was for you to
2.91
3.83
0.000 4.838
1.10
understand the HW material? (1=extremely
(1.0)
(.74)
easy; 5=extremely difficult)
Rate your agreement: "I would have
1.63
3.90
preferred a different HW method for
0.000 9.138
2.07
(1.02)
(1.24)
learning the HW #4 assignment"
(1=somewhat disagree*; 5=strongly agree)
Values are means (std. deviations).
*Category label unintentional; should have been
“strongly disagree.”

understand, and they preferred it more over alternative approaches than paper HW users did.
Similar results showing strong preferences for Circuit Tutor were obtained on the AC Analysis
homework assignment.
When asked to provide comments on the homework methods, those who used Circuit Tutor in
Fall 2019 stated that receiving immediate feedback was helpful. Some examples included:
I appreciate Circuit Tutor because it is great for practicing problems and you know your
mistakes. With paper problems you could be doing it wrong and not know until you get
feedback from someone which sometimes can be too late to help.
Circuit Tutor is a perfect replacement for paper homework because students are still able to
work with and transform circuits without having to rewrite the circuit every time. This saves
on the time students lose by drawing circuits rather than learning more about them.
However, there were some comments that transitioning from CT to handwritten problem solving
on quizzes was tedious when not practicing that technique for homework. As one person stated,
I really like Circuit Tutor, but if that is the only experience you have of circuit simplification
and analysis then doing a quiz/test on paper is a rude awakening.
Those students who were assigned to complete the textbook problems reiterated the above
statement by indicating that, “Being a written assignment, it felt closer to exam conditions than
Circuit Tutor” and “It replicates what an exam would be like.”
5. Student Usage and Overall Evaluations
To date, this system has been used by over 6000 students and 59 distinct instructors in 159 class
sections at 13 different colleges and universities. A comprehensive end-of-semester survey was
employed to assess the most recent expanded version of the software in Fall 2019 at three
participating institutions. Results of this survey are summarized in Fig. 5. The item “Circuit
Tutor exhibits ease of use” is actually an average of three separate related items: “The
supporting instructions for using Circuit Tutor were clear and easy to follow,” “I quickly and
easily learned how to use Circuit Tutor,” and “Circuit Tutor was easy to use.” The percentages
of students who found Circuit Tutor helpful to learn the material were quite high, though in this
and in other categories the responses were more positive from students at ASU where the
software was developed than at the two heavily minority-serving institutions, Morgan State
University (MSU) and The University of Texas at El Paso (UTEP). Some of this difference may
be due to the different typical student backgrounds and populations at each institution. Students
at MSU and UTEP tended to find the exercises at the higher levels of difficulty more challenging
than did many of the students at ASU, though some students there were also challenged by them.
It may be desirable to introduce more features to customize the level of the exercises to different
student populations and to give instructors more flexibility on which levels they can choose to
assign. Such adaptations will be explored in future work.
The biggest differences between institutions appeared to be on the preference between Circuit
Tutor and other options, which may reflect the use of different electronic homework systems at
different institutions. For example, WileyPLUS is used at ASU and Pearson’s

Fig. 5. Results of an end-of-semester survey at three different institutions in Fall 2019
covering the entire Circuit Tutor system (not just the topics covered in the randomized
experiments).
MasteringEngineering is used at UTEP. A sizable fraction (~73%) of students at ASU would
like to use Circuit Tutor again, but percentages at the other schools were at or a bit below 50%.
The lowest ratings were on the somewhat dated look and feel of the program, due to the
limitations of the platform used to develop it. We will explore options to improve the graphical
appearance within the constraints of the platform. The significant number of new help videos
being made available in Spring 2020 should help to improve the ease of use, and other options to
do so will be explored. In particular, better links to instructional information on the program are
being incorporated into the web site and the downloadable software.
6. Conclusions
A step-based tutorial system focused on linear circuit analysis has been expanded to incorporate
immediate feedback on on-screen editing operations on circuit diagrams, which to our
knowledge has not previously been implemented. Advanced simplification methods have also
been incorporated in the program. These capabilities have enabled development and use of new
tutorials covering topics such as superposition, source transformations, and Thévenin/Norton
equivalent circuits in both DC and AC domains (to be extended later to the Laplace domain). A
full range of introductory interactive tutorials similar to a textbook has now been introduced that
covers nearly all currently supported topics. Video help is now available for virtually every level
of every exercise in the program to demonstrate both use of the program interfaces and the
technical content. Transcripts of student work are being introduced to support later studying and
review, to overcome a traditional limitation of electronic tutoring systems.
Assessment activities have included randomized, blind experiments in three different large class
sections to assess both student learning and preferences in the newly developed tutorials that

require extensive use of the circuit editor. No significant difference in learning outcomes was
found in Spring 2019 on these topics compared to the commercial WileyPLUS system, but
students preferred the step-based system by wide margins (68-84%), in keeping with prior results
on other modules. In Fall 2019, a randomized comparison to the use of paper homework yielded
a statistically significant improvement in learning outcomes on post-tests with effect sizes of
0.54-0.64σ in one class section with lower average performance, but a section with higher
average performance showed no statistically significant difference. Both sections however
showed very strong preferences for the step-based system over traditional paper homework, due
to the detailed guidance, graded levels of difficulty, and immediate feedback provided by the
former. Overall assessments of the system showed generally positive student feedback, though it
was more positive at the large public university in comparison to the minority-serving
institutions.
Some students did express a preference for working problems on paper, because doing so is more
similar to working problems on exams (without the guidance and scaffolding that Circuit Tutor
provides), and because doing so gives them more freedom and physically writing out solutions
help aid memory. These comments are very well taken, and we believe that the optimal
approach likely involves using the step-based system for the majority of the HW, followed by a
problem or two that must be worked on paper to transition to a more exam-like scenario. The
tutoring system could be adapted to generate the problems automatically for these paper
exercises and check the final answers (without the detailed guidance and step-based input
normally used), and thereby still offer the advantage of rapid feedback while preventing the use
of solution manuals and copying. This approach will be explored in future work.
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