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Abstract. Courseware as an adaptive instructional system is a complex environ-
ment to develop. The student will encounter lessons of content with integrated
formative practice, adaptive activities, and assessments in their learning path. The
alignment of all course features, including the scaffolding structure of the adap-
tive activities, may vary between courses and the teams who created them. In a
previous analysis of adaptive activities [1], these activities had net positive ef-
fects on student learning estimates and summative assessment scores. In this pa-
per, we will analyze three additional non-STEM courses that had less effective
adaptive activities using the same methods as the original study, and further in-
vestigate course features that could be influencing their effectiveness, such as
alignment, difficulty, and amount of practice. The results of this analysis can pro-
vide guidance on how to best create content for adaptive courseware and provide
an example of the critical role data analysis has in the evaluation and iterative
improvement of student learning environments.

Keywords: Adaptive Activities, Adaptive Courseware, Formative Practice,
Learning by Doing, Learning Outcomes.

1 Introduction

The Acrobatiq by VitalSource platform delivers data-driven courseware that provides
a comprehensive learning environment for students, from text content and media to
formative practice and summative assessments. In particular, the courseware utilizes
real-time student data to deliver adaptive practice activities throughout a student’s
learning path. The adaptive activities are personalized for each course learning objec-
tive and provide students scaffolded questions adapted to fit their needs. Previous anal-
ysis of a Probability and Statistics course investigated how the adaptive activities im-
pacted student learning by analyzing their impact on two metrics: learning estimates
and summative assessment scores [1]. It was found that the adaptive activities helped
increase students’ learning estimates. It was also found that the adaptive activities
helped students increase their summative assessment scores. Students who were able to
increase their learning estimates via the adaptive activities also scored higher on sum-
mative assessments than their peers who did not increase their learning estimates.

This study aims to build upon this research in two ways. First, we will replicate the
analysis done for the previous study’s research questions on several other non-STEM



courses (Project Management, Finance, and Macroeconomics) that had less effective
adaptive activities. For each of these courses, we will answer the following research
questions: “How do the adaptive activities affect learning estimates for students?”” and,
“How do the adaptive activities affect student scores on summative assessments?”

Second, by analyzing a variety of courses with variation in results, we can investigate
a second line of inquiry on the features of the courseware that could influence the de-
gree of effectiveness for these adaptive activities. The research question we will seek
to answer is: “What features of courseware design influence the effectiveness of the
adaptive activities for increasing student learning estimates and outcomes?” As this
second area of investigation concerns course features, the original Probability and Sta-
tistics course from previous research will be used to compare results with the additional
courses analyzed for the first research questions. To answer this research question, we
will investigate course features such as question alignment, difficulty, and the amount
of adaptive practice for each course. The question difficulty for each course can be
analyzed for the formative questions, adaptive questions, and summative questions sep-
arately to examine any potential relationship to the effectiveness of the adaptive activ-
ities. For example, if the summative question difficulties are substantially different
from the formative or adaptive practice, then it is possible the adaptive practice may
not have a measurable effect on summative scores.

By analyzing these course features in relation to the effectiveness of the adaptive
activities, we can identify a set of guidelines for authoring and developing course fea-
tures. While tools such as the adaptive practice can be used to help students learn and
improve outcomes, implementation of these tools can vary and impact their effective-
ness. By evaluating both the effectiveness of adaptive activities and course features
which could impact their effectiveness, we can suggest implementation guidance for
adaptive activities across subject domains. Understanding course design through data
is needed to continue data-driven iterative improvements that benefit the learner.
Courseware should be able to maximize learning benefits for students no matter the
domain. It is critical for features—especially adaptivity—to be effective regardless of
content area.

2 Methods

The Courseware. The courseware analyzed were all developed on the Acrobatiq plat-
form using the same learning methodology and design. Each course includes units of
content, broken down into modules, broken down further into individual lesson pages.
Each lesson page is organized around a learning objective, and all content and formative
practice aligns—and is tagged to—that learning objective. The formative practice pro-
vides students with opportunities to practice what they have learned as they work
through the content, receiving immediate targeted feedback. Formative practice is a
foundational learning method shown to increase learning for different age groups and
different subjects [2] and feedback increases the benefits of formative practice [3]. The
formative practice integrated with the content is a type of learning by doing, which has



been shown to have about six times the effect size than reading alone [4]. This learning
by doing approach has also been shown to be causal for learning [5—7].

The formative practice questions are not graded, but student responses contribute to
their learning estimate—a predictive measure generated for each student on each learn-
ing objective. This learning estimate is based on a machine learning model which uses
item response theory (IRT) [8, 9] to predict how well the student might perform on a
learning objective in a summative assessment. This IRT approach takes into account
the psychometric properties of questions when constructing the ability estimate: the
difficulty and discrimination of questions is modeled by a two-parameter logistic
model. A Bayesian approach [10] estimates the posterior distributions of the IRT ques-
tion parameters from data in addition to the student ability posterior distribution from
the formative and adaptive questions students answered. The learning estimate value
between 0 and 1 is derived from the ability posterior, with higher values indicating a
higher probability of obtaining a passing score on that learning objective’s summative
assessment. The model will assign a category of low, medium, or high as long as there
is enough data for the model to have sufficient confidence in its prediction.

The learning estimate drives the personalization in the adaptive activities. Placed
after a series of lesson pages in the module, the adaptive activity uses the student’s
learning estimate for each learning objective to determine the set of questions the stu-
dent will receive. Students with high learning estimates will only see the most difficult
questions which should mirror those on an assessment. Students with low or medium
learning estimates receive those same question in addition to easier questions that will
help to scaffold knowledge gaps leading to the hardest questions. The low and medium
level questions can provide steps or sub-steps toward the hard questions, reducing cog-
nitive load for those students much like a worked example [12]. The purpose of the
scaffolding is to meet students at their ability level and build from there, much like
Vygotsky’s zone of proximal development [11]. The adaptive activities are formative
in nature. They do not produce a score for the gradebook, but are graded on completion
only, regardless of accuracy. Like the formative practice, students receive immediate,
targeted feedback and can continue answering the questions until they get them correct.
Responses on the adaptive activity contribute to the final learning estimate calculations
as well.

The Population. Each of the three courses selected were run at the same traditional
four-year institution in 2019. The courseware was used as the primary learning resource
in introductory courses led by faculty. No experimental manipulations were used for
this population; students engaged in the courseware as a natural part of their credit-
bearing course. The platform did not collect demographic information for students.

The Data. The courseware data necessary for this analysis are the formative question
attempts, accuracy, learning estimate states, adaptive activity attempts and accuracy,
and summative assessment attempts and accuracy. The unit of analysis for this study
were the student-learning objective pairs, i.e., a single student’s work on a single learn-
ing objective. As in the original study, the data set for each course was reduced to only



include learning objectives with formative, adaptive, and summative question attempts.
The final data for each course is listed in Table 1.

Table 1. The data for each course analyzed.

Course Students Learning Objectives  Total Data Records
Project Management 72 47 2798
Macroeconomics 84 58 2797
Finance 76 50 3053

3 Results

3.1 RQ 1: How do the adaptive activities affect learning estimates for
students?

Overall Learning Estimate Change. The first analysis was to evaluate the overall
learning estimate changes from before to after the adaptive activity for all student-learn-
ing objective pairs. This same analysis was done on all three courses. For Project Man-
agement, there were 1,589 instances in which a learning estimate was available imme-
diately before and after the adaptive practice, and the mean learning estimate change
was -0.024, which was overall negative. For Finance, there were 1,623 instances of
learning estimate changes, with a mean change of -0.024 as well. For Macroeconomics,
there were a total of 1,695 instances of learning estimates with a mean of -0.007. As in
the original study, for each course a Shapiro-Wilk test showed the learning estimate
differences were not normally distributed. A one-sample Wilcoxon signed rank test
showed the median learning estimate change was statistically different from 0 (p <<<
0.001) for all courses.

Table 2. The learning estimate increases and decreases for each course.

Project Management Finance Macroeconomics

Statistic | Learning  Learning | Learning Learning | Learning Learning
Estimate  Estimate | Estimate  Estimate Estimate  Estimate
Increase  Decrease | Increase Decrease Increase Decrease

count 619 970 709 914 778 917
mean 0.045433  -0.068897 | 0.046014 -0.077883 ]0.026653 -0.036113

std 0.045714  0.052469 |0.060242 0.075473 ]10.037764 0.036812




We can compare these learning estimate changes to those found in the Probability
and Statistics course [1]. In that course, 62% of all learning estimate changes were pos-
itive with a mean increase of 0.132, while the learning estimate decreases had a mean
of -0.064. The learning estimate increases were twice as large compared to the de-
creases. For these three business courses, there are more decreases in learning estimates
than increases, and the mean decrease is 1 to 3 percentage points larger than the mean
increase. This tells us that further investigation is needed to understand why the results
are contradictory to the original analysis. Misalignment of course features such as ques-
tion difficulty or the design of the adaptive activities themselves could be affecting
these overall learning estimate changes.

Learning Estimate Change by Category. The second analysis was to evaluate the
learning estimate changes according to each category of learning estimate before and
after the adaptive activity. A student’s learning estimate categories immediately prior
to starting the adaptive activity determines the level of scaffolding they receive for each
learning objective. The questions in the adaptive activity are formative as well, so con-
tribute to the learning estimate and therefore students can change learning estimate cat-
egories after completing the adaptive activity.

Project Management. In Project Management, the majority of all student estimates re-
mained in their category. The largest change in category was the medium learning es-
timate category—after completing the adaptive activity, approximately 20% of medium
learning estimates shifted to high and 20% shifted to low. The high and the low category
both only had a small portion of estimates change to the next available category. This
does not tell an overwhelmingly clear story. It seems that learning estimate category
changes after the adaptive activities nearly balance out.

Table 3. The number of instances of learning estimate changes after completing adaptive ques-
tions, grouped by learning estimate category.

Learning Estimate Category | High Medium Low
(after adaptive) (after adaptive) (after adaptive)
High (before adaptive) 471 77 2
Medium (before adaptive) | 112 284 104
Low (before adaptive) 1 41 453

Finance. The learning estimate category groups for Finance show a similar pattern
when compared to Project Management. The majority of all student learning estimates
remained in the same category. The medium category had the most change, with ap-
proximately 40% changing category at a nearly equal split between high and low.



Nearly 17% of high learning estimate instances changed from high to a lower category,
while only 7% of low learning estimate instances changed from low to a higher cate-

gory.

Table 4. The number of instances of learning estimate changes after completing adaptive ques-
tions, grouped by learning estimate category.

Learning Estimate Category | High Medium Low
(after adaptive) (after adaptive) (after adaptive)
High (before adaptive) 541 99 10
Medium (before adaptive) | 95 296 101
Low (before adaptive) 1 26 341

Macroeconomics. There was less movement between categories in this course, com-
pared to the others. For both the high and low categories, no students had learning es-
timate instances move 2 categories (high to low or low to high). Very few students even
moved one category. The medium category had the largest move, but more to low than
to high.

Table S. The number of instances of learning estimate changes after completing adaptive ques-
tions, grouped by learning estimate category.

Learning Estimate Category | High Medium Low
(after adaptive) (after adaptive) (after adaptive)

High (before adaptive) 861 33 0
Medium (before adaptive) | 50 214 69
Low (before adaptive) 0 30 420

3.2 RQ 2: How do the adaptive activities affect mean summative assessment
scores for students?

The learning estimate is a predictive measure generated for each student on each learn-
ing objective, but the more traditional method of evaluating student learning is through
a summative assessment. Students completed a quiz shortly after the adaptive activity.
We compared the mean summative assessment scores for each learning estimate cate-
gory.



Project management. The first—and most surprising—result was the overall range of
mean summative scores. All categories averaged over 0.9 (90%) from low to high, with
a range of 0.044 (4.4%). Students performed very well on the summative assessments,
though the reason for this is yet unknown. When looking at the upward movement
within a category, we find that students who increased their learning estimate after the
adaptive practice (students who changed from medium before to high after; low before
to medium/high after) scored higher than their peers who did not increase their learning
estimate. There are a few anomalies in the trend, but those are mostly where there are
small amounts of data (i.e. the high before adaptive to low after adaptive category has
a higher mean summative score than any other high category, but that score is also
created from only 2 instances).

Table 6. Mean summative scores by learning estimate category before and after the adaptive
activity questions.

Learning Estimate Category | High Medium Low

(after adaptive) (after adaptive) (after adaptive)
High (before adaptive) 0.932 0.921 0.958
Medium (before adaptive) | (0.937 0.902 0.908
Low (before adaptive) 1.00 0.922 0.914

Finance. The mean summative assessment scores for each learning estimate category
before/after the adaptive activity show the same trends as the Project Management.
Students who had a high category after the adaptive activities had higher summative
assessment scores than those who had medium or low learning estimates after the adap-
tive activities. Students with medium learning estimates after the adaptive activities had
higher scores than those with low learning estimates. These trends are also consistent
within the high, medium, and low category before the adaptive activity: within each of
those categories, mean summative scores increased as the learning estimate categories
increased after the adaptive activities. The range of mean scores is more consistent with
expectations, ranging from 0.733 (73.3%) to 0.863 (86.3%) (the mean score of 1.00
was generated from one data point so was not used as the mean high score).



Table 7. Mean summative scores by learning estimate category before and after the adaptive
activity questions.

Learning Estimate Category | High Medium Low
(after adaptive) (after adaptive) (after adaptive)
High (before adaptive) 0.863 0.817 0.733
Medium (before adaptive) | 0.844 0.814 0.706
Low (before adaptive) 1.00 0.767 0.748

Macroeconomics. The mean summative assessment scores for Macroeconomics do not
follow the trends of Project Management and Finance. Instead of higher learning esti-
mate categories corresponding to higher summative assessment scores, these scores ap-
pear to be a more random pattern. The spread of these scores is also very close: all
categories fall between 0.844 and 0.882, less than 4% difference.

Table 8. Mean summative scores by learning estimate category before and after the adaptive
activity questions.

Learning Estimate Category | High Medium Low
(after adaptive) (after adaptive) (after adaptive)
High (before adaptive) 0.882 0.863 NA
Medium (before adaptive) | 0.857 0.872 0.874
Low (before adaptive) NA 0.882 0.844

Overall, the analysis of all three courses for the first two research questions shows
general inconsistencies with the original study. All three courses showed the adaptive
activities had a net negative impact on the learning estimates. Two of the three courses
(Project Management and Finance) confirmed the trend that students who increased
their learning estimate after the adaptive practice increased their summative assess-
ments compared to their peers who did not. Two of the three courses (Project Manage-
ment and Macroeconomics) showed unusual results in the summative assessment
scores as well, with all ranges of students performing high and with a very narrow
spread of scores. Course features for each course will be investigated to help contextu-
alize these findings.



3.3 RQ 3: What features of courseware influence the effectiveness of the

adaptive activities?

Alignment. To gain a bigger-picture understanding of what could be influencing some
of these unexpected findings, we will look at the difficulty alignment of question types:
formative, adaptive, and summative. Question alignment ensures that the students re-
ceive learning benefits from formative practice questions and adaptive questions, while
also being fairly evaluated in the summative assessment. A misalignment between
question difficulty in different question types could be affecting the benefit of the adap-
tive activities. For instance, if the adaptive activities were more difficult than the form-
ative practice questions, then on average students would not do as well on them and
learning estimates would decrease. If summative assessment questions were much more
difficult, then the formative and adaptive questions would not have sufficiently pre-
pared students and they would not do as well on the summative questions.
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Fig. 1. Line charts of all four courses showing the mean scores on formative, adaptive, and
summative questions by learning estimate category.

For all four courses, the relationship between the formative practice and adaptive
practice mean accuracy was close despite differences in direction. In Probability and
Statistics, students in all categories did slightly better in the adaptive activities than the
formative practice. In the other three business courses, students had slightly lower mean
accuracy scores on adaptive activity questions than from the formative questions. This
could suggest that the formatives were easier than the adaptive activities (or the adap-
tive activities were more difficult than the formatives).

The mean accuracy/scores on formatives, adaptive activities, and summative assess-
ments are unaligned for some courses. For instance, Project Management had formative
and adaptive mean scores which were relatively parallel for students at all learning es-
timate levels, but then the summative mean scores for all learning estimate categories
were extremely high. Students at the low level had a mean accuracy in the 40% range
for formatives and adaptive activities, yet scored in the 90% range for the summative
assessments. It is unlikely that this increase in accuracy was caused by the formative
practice. It is also unlikely that the summative assessments (which were written by the
same subject matter experts who wrote the formative practice) were so easy that all
students scored within a few percentage points of each other. This leads us to hypothe-
size that some external variable is the cause for this misalignment, such as the assess-
ments being treated as practice tests taken collaboratively in class. Different implemen-
tation practices of the courseware between courses could easily affect the data seen
here, but would not be captured via the platform itself so only inferences can be made.

The alignment of practice across the course is a good indicator of how effective the
course design is, as well as when external factors may be influencing outcomes. Prob-
ability and Statistics is visibly the most challenging course with about a 20-point mean
accuracy/score spread between low and high learning estimate groups, with changes
under 8 points between formative questions and summative questions across all groups.
However, the business courses show a dramatic misalignment between the formative
and adaptive questions and the summative questions, for reasons not yet known.

Amount of Adaptive Practice. We also compared the average amount of adaptive
practice available for each learning objective across all courses. The Probability and
Statistics course had an average of 14.05 adaptive practice questions per learning ob-
jective. Project Management averaged 6.69, Finance averaged 5.17, and Macroeconom-
ics averaged 4.85. Probability and Statistics had approximately double the available
adaptive practice and also had a positive net change in learning estimate scores with a
mean increase three times higher than any other course. This suggests that the amount
of available practice is related to the possible increase of learning estimates. While the
amount of practice may not be sufficient to guarantee increased learning estimates, it is
a necessary component.

The next feature we investigated was the amount of scaffolded practice in the adap-
tive activities, i.e. how many questions were tagged for delivery at the low, medium,
and high level. The goal of the scaffolding questions is to provide a series of questions
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on a learning objective that start easy and increase in difficulty to help students who
were struggling on that learning objective make more incremental steps in difficulty.
There were guidelines for the development of the activities, but the number and level
of scaffolded questions was up to the discretion of the subject matter experts writing
the activities. It was reasonable to expect some learning objectives would need more or
fewer scaffolded questions depending on how complex the learning objective was.
However, the breakdown of adaptive questions by level showed surprising results com-
pared to our expectations. Each course had learning objectives with no scaffolding
questions at all (all questions for the learning objective were set to high) effectively
meaning they were non-adaptive for that learning objective. The breakdown of adaptive
questions per course by quartile revealed that several courses had far fewer low and
medium level questions than others. To illustrate the differences between courses, we
will look at the amount of adaptive practice available for learning objectives at the 75th
percentile.

Table 9. Adaptive practice available at the 75" percentile for each scaffold level.

Course Low Questions Medium Questions  High Questions
Project Management 1 1 7
Macroeconomics 1 1 4

Finance 1 1 3.75
Probability and Statistics 5 5 9

Given that all courses had learning objectives without scaffolded questions, none of
them meet the expectations for the design of the activities. However, there are mean-
ingful differences in the amount of scaffolded practices for learning objectives in each
course. At the 75th percentile, the three business courses each only have a single ques-
tion per objective at the low and medium level. The ratio of scaffolding questions to
high questions favors the high questions in all three courses. At the 75th percentile, the
Probability and Statistics course had the highest number of low and medium-level ques-
tions (5 and 5, respectively) which puts the number of scaffolding questions higher than
the number of high-level questions. Struggling students received more scaffolded sup-
port in Probability and Statistics and had more positive learning estimate changes and
more instances of increased summative assessment scores.

Learning Estimate Changes by Learning Objective. Given that the mean adaptive
scores for all three business courses trended down and there were learning objectives
without scaffolding, we approached the data from a different perspective. What were
the adaptive characteristics of learning objectives that increased and decreased learning
estimates the most? To illustrate this, we will start with examples from Finance, which
had a mean learning estimate change of -0.024. The learning objective that had the
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largest decrease in learning estimates had a mean learning estimate change of -0.245,
about ten times larger than the mean decrease. When we look at the adaptive questions
for this objective, we find that there was 1 low question, 1 medium question, and 27
high questions. The ratio of scaffolded questions is extreme. The learning objective that
had the next largest decrease had a mean change of -0.114 (four times the mean) had 2
low, 0 medium, and 6 high. This ratio also favored difficult questions. When we look
at the learning objectives that increased learning estimates, we find a different trend.
The two learning objectives that increased learning estimates the most each had a total
of 9 adaptive questions: 2 low, 4 medium, 3 high and 2 low, 3 medium, 4 high respec-
tively. More than half of the questions were at the low and medium level for these
learning objectives. Seeing similar trends in all courses, this indicates that the ratio of
scaffolded questions matters for how helpful the adaptive set is for students on a given
learning objective. This analysis also shows how specific learning objectives that are
outliers can shift the aggregated means for all learning objectives.

Alignment of Adaptive Scaffolding. Considering the alignment of formative question
accuracy to adaptive question accuracy from previous analysis combined with the lack
of scaffolded questions on some learning objectives in all courses, we analyzed the
difficulty level of the adaptive questions according to the difficulty level at which they
were tagged. We compared how different learning estimate categories performed on
different levels of scaffolded questions. For Probability and Statistics as well as Fi-
nance, the questions tagged to low, medium, and high did perform according to the
expected trend (high-level questions were more difficult to answer and low-level ques-
tions were easier to answer, across all groups). However, we found that for Macroeco-
nomics and Project Management that each level of question was almost equally as dif-
ficult for students (meaning a student in the low learning estimate category did not find
the easy questions any easier than the hard questions). Scaffolded questions not being
written at the intended level of difficulty likely contributed to the overall lack of effec-
tiveness of those adaptive activities.

4 Conclusion

There are many factors that can influence the success of adaptive instructional systems.
In the comparison of courseware in this paper, we saw varying results for the effective-
ness of the adaptive activities. The features that seemed to have the largest impact on
the effectiveness of the adaptive activities were the design of the adaptive activities
themselves—the number of adaptive questions as well as item analysis of the questions
at each level. Adaptive activities with more questions per learning objective and high
ratios of scaffolded questions to hard questions were most successful in increasing
learning estimates. This isn’t to say that other course features such as alignment of
formative, adaptive, and summative questions are not important. It is likely that align-
ment will always impact the effectiveness of adaptivity and assessment more generally,
but the effects of alignment were obscured by the findings of the adaptive activity de-
sign itself. There are also complicating external factors—such as how the courseware
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features are used in the classroom environment or individual student engagement be-
haviors—which cannot be accounted for in this paper.

Courseware is a complex learning environment to design. The initial design of adap-
tivity within courseware was research-based yet imperfect, and iterative improvement
is vital to the development process of courseware in general, and adaptivity specifically
[13]. The analysis in this study identified that the effect of adaptive activities will vary
depending on their design and content. By identifying the variables which could influ-
ence the success of adaptivity for students and their learning, best practices can be iden-
tified for future development and current courseware can be improved for the better-
ment of the students. The analysis of these courses suggests that the adaptive activities:

e Should have more than eight questions per learning objective, generally

e  Should have a minimum ratio of 50% scaffolding questions to high ques-
tions for every learning objective

e Should ensure low and medium questions are written to their respective
level

This paper also shows how critical the use of data is for the improvement of student
learning. Consider the earlier design note that the number and level of scaffolding ques-
tions was up to the discretion of the subject matter expert. It’s likely that the subject
matter expert evaluated some learning objectives and considered them simpler, there-
fore not in need of as much scaffolding. Yet the data showed that some students strug-
gled on all learning objectives and that less scaffolding was less helpful. This can be a
symptom of “expert blindness;” it can be challenging for experts to imagine the first-
time learning experience of students, especially those who are struggling. The data re-
mind us to never make assumptions on whether or not students may need additional
support. Data can also help to adjust the difficulty level of the adaptive questions over
time, as subject matter experts may intend on writing to a specific difficulty level and
yet it may be more or less difficult for students in practice when completed in the end
environment. This analysis has provided valuable insights and guidance for how to
scaffold practice for students to optimize the benefits of adaptive practice. These in-
sights can benefit many courses and many more students in future iterations of design.
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