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Effects of problem type on completion and attempts on
auto-graded homework problems
for Material and Energy Balances

Abstract

Auto-graded online homework and interactive textbooks engage students and generate big data.
Several new research questions investigate students’ usage of and success on over 700 auto-
graded questions within an interactive tool titled the Material and Energy Balances zyBook.
Auto-grading occurs in real time, so students, teaching assistants, and faculty can see progress
without waiting for assignments to be graded. Previous research examined reading participation
and auto-graded problems at the course level; Findings included median reading participation
over 93% for seven cohorts and median correct on auto-graded problems of 91% or higher for
six cohorts. More specifically, auto-graded problems allowed unlimited attempts, so students
received feedback and persisted until correct for these randomized problems. Here, two recent
cohorts’ responses on hundreds of auto-graded questions examined specific types of auto-graded
problems. From one perspective, formative, single calculation problems with scaffolding
appeared in most sections, while more summative, multi-concept problems appeared at the end
of each chapter. From another perspective, many problems required numerical answers within a
tolerance, and other problems were multiple choice. Our research questions examined these
different types and locations of auto-graded problems. New findings showed that median percent
correct was high (above 80%) for all problem types. Attempts before correct provided a valuable
metric to distinguish between problem types with numeric problems taking more attempts than
multiple choice. Finally, a metric combining both correct and attempts, called the deliberate
practice score, provided another quantitative aggregate measure. Of note, end-of-chapter numeric
response problems had a much larger fraction of problems at higher deliberate practice scores
than in-chapter, numeric questions.

Introduction

Interactive technologies in engineering education are creating big data that can be used to
measure student engagement and learning. Clicks are one way to capture interactivity from
stepping through an animation or multi-step example to correctly answering multiple choice or
true and false questions. However, online homework provides more advanced metrics to capture
student’s problem-solving skills. Numerous platforms have been in development for years with
math and science courses having more tools and options than engineering courses [1-4].

Online homework is synonymous with terms such as auto-graded problems, and these tool have
become common throughout science, technology, engineering, and mathematics (STEM) [5-9].
By providing instantaneous feedback to students, auto-graded problem capture some of the most
important tenets of deliberate practice [10-13]. Other learning frameworks also describe the
creation of these problems as well as their use by students, e.g., scaffolding, randomization, and
chunking [14, 15]. Some limitations come with every technology, and online homework is not a
perfect tool for learning engineering. Auto-grading usually is normally limited to multiple choice
and numeric answers, which are generally algorithmic. Thus, other problem types common to



engineering, including conceptual, drawing, and graphical problems, have seen more limited
study. Here, auto-graded problems will be examined using multiple metrics, both by type and
location, which will expand the knowledge in this understudied area.

Many contributions in chemical engineering consider interventions in a single course, which is
true here also. However, subject matter expertise is outside the primary scope of the findings
related to auto-graded problems. Specifically, the auto-graded problems are part of an interactive
textbook for a Mass and Energy Balances (MEB) course. As the first chemical engineering
course in most curricula, student develop engineering problem solving skills related to non-
reacting and reacting processes as well as multi-unit operations. In some cases, interventions for
this course were inspired by high attrition rates [16], so the literature contains many novel
pedagogies and projects, e.g., [2, 17-19], but a thorough review is not relevant to this research.

This contribution’s research questions explore types of auto-graded questions, multiple metrics
related to correctness and attempts, and problem difficulty via the deliberate practice score. The
types of problems vary in several distinct ways. First, the location of the problems are either in-
chapter with primary content or at the end of each chapter. Second, numeric answers within
tolerances or multiple choice are the two primary problem types being compared. Finally, two
specific multiple-choice question types are investigated: vocabulary and concept questions.
Examining these various problem types and locations leads to the following research questions.
How does correctness, attempts, and problem difficulty vary:
1. for numeric problems based on location - either comprehensive, end-of-
chapter questions or more formative in-chapter questions?
2. for multiple choice problems based on location - either comprehensive, end-
of-chapter questions or more formative, in-chapter questions?
3. between multiple choice question types — either concept questions or
vocabulary?

Materials and Methods

The Material and Energy Balances zyBook is a fully interactive textbook intended for a first
course in chemical engineering [20]. The student-centered reading experience and online
homework have been presented in many previous settings, so only a brief synopsis is provided.
As of January 2024, 157 animations, over 1400 clicks to complete reading participation, and 737
online homework problems are included across 9 chapters. Reading participation encourages
weekly involvement by awarding 5% of the course grades for completing the interactive
exercises before the due date. Reading participation has been discussed in previous publications
and is outside the scope of this contribution [21-24].

The auto-graded problems are called challenge activities in the zyBook and also contribute 5% of
the final course grade. While reading participation is an effort-based grade, challenge activities
are machine graded as correct or incorrect. As these problems are considered formative
assessment, so no limit on the number of attempts is given. The numbers and/or content changes
after each incorrect attempt. Tolerances vary by question and complexity of the steps to find the
final answer or answers; Tolerances are adjusted by the book’s author, but rarely (<1% of
problems) and usually in the first year of use. For challenge activities, 15 problems (2-3% of the



total assigned problems) are forgiven when calculating students’ grades. While this forgiveness
factor can reduce anxiety when a student is stuck on auto-graded problems [25, 26], the raw,
uncorrected fraction correct (%) are presented here.

Students in two cohorts taught at a medium-size, Midwest public university by one of the authors
will be examined. Students completing the course, i.e., not withdrawing during the semester, are
included in the two cohorts of interest. The 2021 cohort was taught online synchronously (n=66
students), and the 2022 cohort was taught in-person (n=57 students). Discussions of gender
distribution and student success was examined in previous publications [21, 22], and further
investigation of the diversity of the students is outside the scope of this work.

Auto-graded problems exist in many contexts in higher education, including multiple choice, true
and false, and numeric entry. In addition to the type of student response, the problem style in
engineering education, and specifically in the MEB zyBook, also varies (Table 1). Two problem
locations are common within the MEB zyBook, i.e., in chapter and end of chapter. Two primary
types of answers can be requested of the students. First, multiple choice uses drop-down menus
with a limited number of choices (usually 3 to 6). Second, numeric problems provide an answer
box for students to enter a number within a tolerance; All numeric answers, usually 1 to 4, need
to be entered simultaneously to answer a problem correctly. Further details and example
problems are provided next.

Table 1. Number and type of auto-graded problems in the Material and Energy Balances zyBook
studied for each cohort.

Total In End of In chapter | End of chapter End of End of

Chapters | chapter | chapter multiple multiple chapter chapter

1-9 numeric | numeric choice choice vocabulary concept
712 224 157 56 126 43 100

Many in-chapter, auto-graded problems in the MEB zyBook are scaffolded exercises focusing on
one primary course concept and a single numeric answer. For example, the 3™ of 5 levels on the
topic of extent of reaction focused only on the extent of reaction without any additional systems
or balances (Figure 1 Top). Another in-chapter, scaffolded problem type is multiple choice.
Identifying the limiting reactant allows for changing the chemical reaction and/or the given flow
rates to create dozens of versions of a single, auto-graded question (Figure 1 Bottom).



Antonia and Michal are studying the unbalanced reaction:
1N;O5 + H;0O —  HNQ3. While no HNOj enters their
reactor, 52.4 mol/hr exit. Calculating the extent of reaction gives:

&= [Ex:29.9  Z]mol/hr

A balanced chemical reaction is:
1CyHg + 3.509 — 2C0O9 + 3H50

The feed to a reactor contains 8.4 mol/min Cy Hg and 94 mol/min O-.
The limiting reactant is:

a. 02H6

b. Oy

[Select the limiting reactant. v

C. HzO

d. CO,

| R | |

Figure 1. Examples of auto-graded problems. Top. Single numeric response for an in-chapter,
scaffolded problem. Bottom. Multiple choice response for an in-chapter, scaffolded problem.
Numbers below problems represent the current question level (bold) and total question levels
within the challenge activity.

Alternatively, end-of-chapter questions involve more complicated systems and solutions, i.e.,
writing and solving multiple balances and extra equations. Applying the extent of reaction for
multiple reactions is the way an end-of-chapter problem related to ethanol is solved (Figure 2
Top). Here, balancing chemical reactions, extent of reaction, yield, and other concepts are
needed to solve for the three auto-graded, numeric answers. All three numeric responses are
entered simultaneously, and all numbers have to be within the tolerance for the problem to be
completed correctly. Accompanying many of the longer end-of-chapter problems are concept
questions that are auto-graded with three choices in most cases, i.e., increase, decrease, or stay
the same. These concept questions ask the student to re-examine their solution from the previous
level and change one of the initial values (Figure 2 Bottom). The concept questions then
qualitatively ask how or if the new initial value alters one of the just-calculated answers.



Many routes exist to make ethanol (ETOH, CoHs OH), but Catharine and Patrick are investigating a
much faster route than fermentation. Starting with a gas mixture of ethylene (E, CoH4) and water (W,
Hy0) at 305°C, ethanol is produced by the balanced reaction: 1CoHy + THy O — 1CoH5 OH. However,
ethanol also decomposes by the unbalanced reaction: CoHg OH — (CaHs)2 0 + Hy 0. Flowing into the
reactor are 329 mol/hr ethylene and 436 mol/hr water. The reactor produces diethyl ether (DE, (CoHs)
20) at 29.8 mol/hr when the yield of ethanol (moles ethanol produced/mole ethylene consumed) is
0.746.

Determine some unknown component molar flow rates.
N2 g = Now = N9 ETOH =

Ex: 69.9 mol/hr Ex: 273 mol/hr Ex: 224 mol/hr

1

Many routes exist to make ethanol (ETOH, C2Hs OH), but Catharine and Patrick are investigating a
much faster route than fermentation. Starting with a gas mixture of ethylene (E, CoHy4) and water (W,
H50) at 305°C, ethanol is produced by the balanced reaction: 1CoHg + TH2 O — 1CoH5 OH. However,
ethanol also decomposes by the unbalanced reaction: CoHz OH — (C2Hs)20 + Ha O. Flowing into the
reactor are 289 mol/hr ethylene and 398 mol/hr water. The reactor produces diethyl ether (DE, (CoHs)
20) at 29.8 mol/hr when the yield of ethanol (moles ethanol produced/mole ethylene consumed) is
0.706.

Yield decreases by 3%. The flow rate of ethylene exiting the reactor would decrease, increase, or stay
the same (choose one).

(Select the best option. v|

| I 2 |
Figure 2. Examples of auto-graded problems. Top. Multiple numeric response for an end-of-
chapter problem. Bottom. Multiple choice response for concept question as part of an end-of-
chapter problem. Numbers below problems represent the current question level (bold) and total
question levels within the challenge activity.

Finally, vocabulary problems are multiple-choice questions that quiz students’ knowledge of new
terms introduced within a section or chapter. These questions would map to the lowest level of
Bloom’s taxonomy (remembering).

Since the interactive textbook is different than most engineering textbooks, some context on use
of the interactive textbook is provided here. The course meets three times per week (Monday,
Wednesday, Friday) with a normal assignment schedule involving reading participation due on
Mondays, in-chapter challenge activities due on Wednesdays, and static problems due on
Fridays. Static problems are called zyExercises; static versions of challenge activities as well as
YouTube problems are sometimes included for the Friday problem sets. Previous work discussed
end-of-chapter and YouTube problems in detail [27, 28]. Students electronically scan and submit
hand-written work for the Friday problems. In addition, some end-of-chapter auto-graded
problems are assigned before each of three midterm exams [17]. Since many of the end-of-
chapter problems are from the author’s previous exams, these problems are very representative
of exam problems.

The term learning analytics captures the research presented here with several data types
quantifying student usage and behavior. The total number of available auto-graded problems was
equivalent for these two cohorts. While the specific end-of chapter problems that were assigned
for a grade varied, the number of problems was similar for both cohorts. The types and styles of



these end-of-chapter problems were presented previously [27, 28] and will be detailed as needed
in the results below.

Problem difficulty was examined using a metric called the deliberate practice (DP) score, which
was detailed in a previous publication [10]. In brief, four metric are combined into the DP score.
First, the fraction correct at the due date translates to 0 points for >90%, 1 point for 80 - 90%,
and 2 points for < 80%. Next, modified correct accounts for the possibly diminishing number of
students attempting subsequent levels due to scaffolding, i.e., for multi-level problems students
cannot attempt a subsequent level without correctly completing the previous level. Modified
correct at the due date is scored 0 points for >95%, 1 point for 85 - 95%, and 2 points for < 85%.
The third and fourth metrics examine attempts before correctly answering a question the first
time. Here, the 1% quartile and median attempts before correct capture struggle for 25% and 50%
of a cohort. Specifically, attempts before correct translates to DP score with the following
thresholds: 0 points for <2, 1 point for 2 — 3 attempts, and 2 points for > 3. Thus, DP score is the
sum of the four metrics leading to scores ranging from 0 to 8.

One or a small number of outliers can alter mean values, so box plots capture a broader view of
the cohorts. By documenting the middle 50%, including the 1% quartile, median, and 3™ quartile,
comparisons can be made that capture the behaviors of a large fraction of a cohort. In addition,
skewness can be observed by also presenting the means.

Results and Discussion

Answering the research questions using tens of thousands of attempts on auto-graded homework
problems will explore problem type and location. Specifically, multiple choice and numeric
problems are placed in most sections as well as at the end of each chapter. Also, multiple-choice
problems comparing concept and vocabulary questions will be investigated to complete this
contribution.

Research Questionl: How does correctness, attempts, and problem difficulty vary for
numeric problems based on location - either comprehensive, end-of-chapter questions
or more formative in-chapter questions?

With unlimited attempts without penalty, students can continue to re-try problems. However, for
problems with numeric solutions, the chance of randomly entering one or more correct answers
simultaneously is small since, at a minimum, numbers change in the problem statement with
each attempt. Here, the focus is on numeric entry problems in various contexts in the book, either
in-chapter or end-of-chapter,. While both in-chapter, scaffolded and end-of-chapter problems
were discussed in previous contributions [27-30], a shift from examining all problems in
aggregate to the influence of problem type is new here. Additionally, different cohorts of
students provide new data sets to add to or reproduce established research.

First, students answered auto-graded, numeric problems correctly at a high rate, which is likely
related to the unlimited attempts mentioned earlier. When combining two cohorts, the median
percent correct for numeric problems was similar between in-chapter (80%) and end-of-chapter



(82%) (Figure 3). Thus, the top half of the class performed similarly on the single concept in-
chapter questions and end-of-chapter, multi-concept questions. Next, the 15 quartile was another
useful metric when examining percent correct, since three quarters of the cohort was captured.
For 1% quartile percent correct, the in-chapter (71%) was measurably larger than the end-chapter
questions (50%). Here, the differences in the quartile below the median were noteworthy and
served as an indicator of students who may scores lower on quizzes and exams. This type of
observation was not possible without taking the broader, more inclusive lens available when
using box plots (instead of the common mean and standard deviation). While t-test can be
performed and very low p-values were measured, the differences in the distributions as noted by
the quartiles’ discussion limit the utility of t-tests.
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Figure 3. Percent Correct (left) and Attempts Before Correct (right) for Numeric questions
located within chapters (n=448) or at the end of a chapter (n=313).

Quantifying students’ persistence with auto-graded problems having unlimited attempts provided
a metric beyond right and wrong. Similar to percent correct, the median attempts before correct
were similar for in-chapter (2.0) and end-of-chapter problems (1.8) (Figure 3). While the quartile
below the median was lower for percent correct on end-of-chapter problems, the opposite effect
was observed with attempts. A higher 3" quartile attempts before correct was observed for in-
chapter, numeric problems (3.1) compared to end-of-chapter, numeric problems (2.7). This
finding implied that students are less likely to continue on end-of-chapter problems requiring
more effort, i.e., involving multiple balances, extra equations, or systems to solve. Additionally,
a baseball analogy may be apt here, i.¢., three strikes and you’re out seemingly applied for a
fraction of numeric problems. The raw correct and attempts presented one perspective on student
success on auto-graded problems, but the difficulty of numeric problems merits further
discussion, which is presented next.

The deliberate practice score, or DP score, was introduced in the methods section as an aggregate
of four metrics. While this metric was examined for in-chapter questions for other cohorts [10],
quantifying end-of-chapter DP scores, i.e., difficulty, is new here. Lower DP scores were related
to high fraction correct as well as low numbers of attempts before correct (Figure 4). Therefore,



low DP score questions were easier for students to solve. While DP scores can range from O to 8§,
in-chapter questions scored between 0 and 4 while end-of-chapter questions ranged from 0 to 5.
The difference in DP score between the two locations of problems is significant. For example,
83% of in-chapter problems versus 33% of end-of-chapter problems had 0 or 1 DP scores. Thus,
67% of the end-of-chapter problems have DP scores of 2 to 5, which could be interpreted as mild
to moderately challenging. Such significant differences in DP scores are not observed for
multiple choice questions, which are presented in the next section.
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Figure 4. Deliberate practice score for numeric questions located within chapters (n=448) or at
the end of a chapter (n=313).

Research Question 2: How does correctness, attempts, and problem difficulty vary for
multiple choice problems based on location - either comprehensive, end-of-chapter
questions or more formative in-chapter questions?

Multiple choice problems may be the most common type of auto-graded exercise in engineering
education. Here, percent correct was lower (86% median) for in-chapter compared to end-of-
chapter problems (100% median) (Figure 5). With a limited number of answer choices, usually 5
or less, and unlimited attempts, very high percent correct was not surprising. While the percent
correct showed differences, the attempts before correct were very similar (1.6 median for in-
chapter and 1.5 median for end-of-chapter). Extending the baseball analogy here, three strikes
are rarely encountered by students attempting multiple choice problems. Specifically, less than a
quarter of multiple-choice questions require 2 attempts before answering correctly (1.9 for 3™
quartile in-chapter and 1.8 for 3™ quartile end-of chapter). More thoroughly investigating types
of multiple-choice problems may provide better insights on problem type and student behaviors,
which is the topic of the next research question.
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Figure 5. Percent Correct (left) and Attempts Before Correct (right) for multiple choice questions
located within chapters (n=112) or at the end of a chapter (n=251).

The DP score allowed for comparison of problem difficulty for multiple-choice problems also.
DP scores ranged only from 0 to 2 for multiple choice problems (Table 2), which was a much
smaller range than the numeric problems discussed earlier (Figure 4) or another previous study
[10]. Here, almost no difference between in-chapter and end-of-chapter multiple choice
questions was found. Specifically, 100% of in-chapter and 99% of end-of-chapter problems had
a DP score of 0 or 1. Thus, multiple choice questions with unlimited attempts register as easy
problems using the DP score framework. Diving deeper into concept and vocabulary multiple
choice questions may provide further insights, which are addressed next.

Table 2. Fraction of multiple-choice questions at each deliberate practice (DP) score.

In Chapter EOC
DP Score (%)p (%)
0 99 90
1 1
2 1
3-8 0

Research Question 3: How does correctness, attempts, and problem difficulty vary
between multiple choice question types — either concept questions or vocabulary?

Multiple choice may be the most studied problem type in education due to its ubiquity and ability
to quickly machine grade large numbers of responses, which has been true to decades [31, 32].
While many multiple-choice questions focus on the lowest levels of Bloom’s taxonomy, namely
remembering, another type of multiple-choice question has been implemented more prominently
in more recent years, i.e., the concept question. Concept questions usually fit more into the



higher Analyze level of Bloom’s taxonomy. In chemical engineering concept questions and
inventories have been used in many courses [33-37].

Vocabulary problems match definitions and terms, which usually have 3 to 6 choices. Both terms
and choices change when a student answers incorrectly. These problems focus on the remember,
or lowest, level of Bloom’s taxonomy. Thus, observing 100% correct for at least 75% of these
problems is not surprising (Figure 6). Similarly, the attempts before correct were relatively small
at 1.6 and 1.9 median attempts before correct for the 3™ quartile. By comparison, concept
questions normally only have three answer choices, commonly increase, decrease, or stay the
same. These concept questions were normally connected to the multi-concept, end-of-chapter
numeric problems and proposed one change to the problem statement that led to an increase,
decrease, or no change to another variable, such as a concentration or flow rate. With just three
choices, measuring 100% correct for at least 75% of these problems matches the vocabulary
questions. However, a broader range of attempts before correct was observed for concept
questions compared to vocabulary. Specifically, the 13 quartile is close to 1.0 attempts before
correct. Thus, a quarter of the concept questions are immediately answered by students, which
would contradict their comfort level in answering conceptual questions - based on informal class
feedback over many years or previous research [38, 39].
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Figure 6. Percent Correct (left) and Attempts Before Correct (right) for end-of-chapter
vocabulary (n=86), end-of-chapter concept (n=200), and all in-chapter multiple choice questions
(n=112).

Concept and vocabulary problems can be compared to other multiple-choice questions, which
were the in-chapter, single concept type. While the percent correct was lower (86% median), the
attempts before correct for the middle 50% of students was quite similar (Figure 6). Therefore,
no significant differences between vocabulary and concept multiple choice questions was
observed for two metrics, namely percent correct and attempt before correct.



Applying the DP score metric found small differences between concept and vocabulary
questions. Specifically, 93% of vocabulary questions had a DP score of 0 with the rest scoring 1
(6%) or 2 (1%). For concept questions, 89% of questions had a DP score of 0, 9% score of 1, and
1% score of 2. Therefore, despite having only three choices for concept questions, the 10-11% of
question registering a DP score of 1 or 2 is measurably higher than vocabulary or in-chapter
questions, 7% and 1%, respectively. Overall, including attempts data to assess multiple choice
questions with multiple or unlimited attempts appears to be a promising method.

Conclusion

Auto-graded problems used as formative homework exercises provided rich data sets relating to
the fraction of students answering correctly as well as their number of attempts before answering
correctly the first time. This study focused on problems in the Material and Energy Balances
zyBook, which is a fully interactive textbook. Different problem types and locations were
examined for 2 cohorts involving over 100 total students. When offering a small grade incentive,
5% of the overall course grade, the median correct was between 80 and 100% for all types of
problems examined. The specific types of problems investigated included: in-chapter numeric,
in-chapter multiple choice, end-of-chapter numeric, and end-of-chapter multiple choice. In
addition, two types of multiple-choice questions were explored further, namely multiple-choice
questions related to either vocabulary or concept questions. Overall, multiple choice showed
measurably smaller attempts before correct than numeric entry, which is likely related to the
small and finite number of choices for multiple choice compared to any number being a possible
correct answer (within a tolerance) for numeric problems. Finally, problem difficulty was
captured via a deliberate practice score. The most notable difference in deliberate practice score
was between in-chapter and end-of-chapter numeric problems. The end-of-chapter numeric
problems had a significantly larger fraction of problems correspond to higher deliberate practice
scores.

Overall, the Material and Energy Balances zyBook is configurable tool to serve as the primary
text for the first course in chemical engineering. The authors hope other instructors will provide
their students with the perpetual, randomized practice that the challenge activities provide, which
aligns with many of the best practices of the deliberate practice learning framework.
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