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Abstract: Previous research has demonstrated a link between prior knowledge and student success
in engineering courses. However, while course-to-course relations exist, researchers have paid
insufficient attention to internal course performance development. This study aims to address this
gap—designed to quantify and thus extract meaningful insights—by examining a fundamental
engineering course, Statics, from three perspectives: (1) progressive learning reflected in performance
retention throughout the course; (2) critical topics and their influence on students’ performance
progression; and (3) student active participation as a surrogate measure of progressive learning. By
analyzing data collected from 222 students over five semesters, this study draws insights on student
in-course progressive learning. The results show that early learning had significant implications in
building a foundation in progressive learning throughout the semester. Additionally, insufficient
knowledge on certain topics can hinder student learning progression more than others, which
eventually leads to course failure. Finally, student participation is a pathway to enhance learning
and achieve excellent course performance. The presented analysis approach provides educators
with a mechanism for diagnosing and devising strategies to address conceptual lapses for STEM
(science, technology, engineering, and mathematics) courses, especially where progressive learning
is essential.

Keywords: progressive learning; performance retention; critical topics; student participation

1. Introduction

In Fall 2019, almost 20 million students attended American colleges and universities,
and approximately 625,000 of those students were registered in an undergraduate engineer-
ing program [1,2]. However, approximately 30% of engineering students drop out before
their second year [3], and 60% of dropouts occur within the first two years [4]. To address
and reduce the dropout rate, it is important to understand the casual factors and develop
appropriate remedies to prevent dropouts at their root cause.

An educational psychology study [5] concluded that a lack of prior knowledge is
one of the contributing factors to high dropout rates in engineering students. Students
who have to play catch-up may become disenchanted with their engineering degree pro-
gram [6]. Past research used both qualitative and quantitative approaches to demonstrate
positive correlations between prerequisite knowledge and performance in subsequent
courses [7-13]. The observed positive correlations indicate progressive knowledge devel-
opment from course to course, which is reflected in the engineering curriculum in the form
of prerequisites [14]. However, past studies have paid insufficient attention to in-course
knowledge progression, which refers to knowledge progression within a course. Under-
standing how knowledge attained in an earlier stage can be demonstrated in advanced
forms within a course can help educators better manage student activities, leading to
improved student performance and reduced student dropout rates.
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Accordingly, this study was guided by the following research question: what are the
relationships and insights for in-course knowledge progression, specifically in terms of
how knowledge attained in earlier stages can be demonstrated in advanced forms within
a course? After conducting an exhaustive literature review, we were unable to identify
studies that specifically examined in-course relations in a manner that is directly relevant
to our research. The existing studies that we found focused on inter-course relationships,
which are not applicable to our investigation needs. As a result, we have identified three
aspects (i.e., performance retention, critical topics of progressive learning, and progressive
course interaction) that we believe are relevant to our research through a process of intuition
and deduction.

To address the research question with regards to the three aspects, this study explores
one of the fundamental civil engineering courses: Statics. A course taken in the first year
of engineering is a timeframe that is crucial for academic success [15]. Mathematical and
physical concepts are applied to solve problems, and the course’s topics dependent on
each other, making it an ideal candidate to analyze in-course knowledge progression. In
accomplishing this, the study collected data over five semesters from 222 students and
conducted follow-up analyses at various levels on student activities and performance to
identify the relations and insights for in-course progressive learning.

2. Objective and Scope

Every engineering course is made up of interconnected topics that build on one another.
Therefore, this study focuses on student performance and activities in one of the core civil
engineering courses, Statics, to investigate in-course progressive learning in regard to three
aspects: performance retention, critical topics of progressive learning, and progressive
course interaction. The study aims to examine how progressive learning is reflected in
performance retention, identify critical topics that govern student performance progression,
and explore whether active student participation can serve as an indicator of progressive
learning and its relation to overall student performance.

The study’s outcomes will provide instructors a reference on how to identify pro-
gressive learning patterns and critical topics in a course instruction timeframe. This can
potentially contribute to the development of strategies to manage course activities at both
macro and micro levels, identify at-risk students, provide extra support for those strug-
gling with critical topics, and offer course guidance based on progressive learning and
performance retention. This study does not consider the relation between students’ so-
cioeconomic conditions and student performance and does not factor in the psychological
states of the students or instructor.

3. Background of Statics

Statics is one of the first core engineering courses that students enroll in after taking
prerequisite courses in foundational mathematics and sciences [16,17]. This course provides
a knowledge foundation for advanced courses such as dynamics, strength of material,
and structural analysis [18]. Additionally, educators have cited weakness in Statics as a
significant cause of difficulties for students in progressing on follow-up courses [19,20],
which can extend students’ time to graduate [21]. As such, Statics plays a crucial role
in their engineering educational path of students. Our university’s institutional data
support these findings [20], with its historical data indicating a high percentage of students
with DWIF (i.e.,, D grade, withdrawal, incomplete, failure) ratings from Statics, which
further causes delays in student progression toward degree completion. Based on the
discussed backgrounds and deduced reasons, this research selects Statics as the course
under investigation to accomplish the research objective.

3.1. Statics Topics and Their Interrelations

Statics topics are built upon one another, implying possible interrelations among
students’ performance, knowledge retention and in-course topic development. Figure 1
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illustrates topics generally included in a Statics course, such as force vector, free body
diagram (FBD), equilibrium of particles of rigid bodies, moments of forces, truss, frames,
internal forces. These topics provide sequential knowledge development and progression
that require knowledge gained from previous topics to comprehend and apply to forth-
coming topics. Adequate understanding must be developed by students to connect the
gained knowledge to new situations [22]. Therefore, an insufficient understanding of earlier
topics may hinder the learning of subsequent topics in a progressive fashion. For example,
without appropriate knowledge of FBDs and equilibrium equations (EEs), which many
students find difficult [23], it is almost impossible to properly develop problem-solving
steps (involving FBD and EEs) and solve problems related to trusses, frames and machines,
friction, and internal forces.

Free-body Diagram, Moment,Varignon's Load Simplification,
Force Vector
Equilibrium Theorem, Couple Distributed Loads

:”,

- ) FBD, Equilibrium, )
I'russ, Frames, Internal Forces:
6 N Two Force Member, - .
Friction . Shear and Moment
Support
5
\ 4
~~~~~~ » Topic Dependency
Centroid Moment of Inertia 9

—>» Teaching Sequence

Figure 1. In-course topic connections within Statics.

The in-course topic relations and their interdependencies (Figure 1) are natural given
the roles of the preceding topics in Statics. The first four topics in Figure 1 help students
develop reasoning and logical skills related to physical systems, interpret the interactions
between forces and bodies, and apply mathematical operations [24-26]. These skills are
then used in the subsequent knowledge development in topics five to seven, where they
are studied in actual engineering systems. A strong understanding of the previous topics
is needed to comprehend topics eight and nine, which prepare students to analyze and
design cross sections in accordance with anticipated forces for structural elements to resist,
a concept that is eventually covered in a future course.

3.2. Hypothesis

Based on the previous discussion, we set a hypothesis. Given in-course topics that
require sequential knowledge development, progression will be observable through perfor-
mance in student activities and evaluations, where meaningful patterns, trends, insights
and implications can be found. To test this hypothesis, our data analyses and discussions
focus on the following three aspects: (1) progressive learning as reflected in performance
retention; (2) the identification of critical topics that have more significance than others to
student learning progression, if in-course topics are related; and (3) student active partici-
pation as an indicator of positive progressive learning. We decided to investigate the third
aspect additionally because, after working on this educational research over three years,
we realized that many (challenged) students tend to procrastinate rather than actively
and punctually participating in course activities throughout the semester. If knowledge
progression is critical, this surrogate measure may provide meaningful insights.
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4. Data Collection
4.1. Data Source and Attributes

This study collected data from Statics courses within the civil engineering program
at a state public university in the western United States. To ensure consistency in data
processing and analysis, this study used data from the same instructor from the course
over five semesters. The curricular content remained the same, minimizing potential biases
with multiple instructors and differences in their teaching styles, methods, and evaluations.
The instructor used a consistent rubric system to grade submissions, ensuring uniformity
in assessing student performance. The sample included 222 students across five semesters
(i.e., Fall 2019, Spring 2020, Fall 2020, Spring 2021, and Fall 2021). Fall 2020 had the largest
class size (i.e., 66 students), while Spring 2021 and Fall 2021 had the smallest class size
(i.e., 36 students each). For each student, individual performance scores on homework,
exams, attendance, and final grades were collected along with all submitted and
graded materials.

The course had nine major clusters of sequential topics, which correspond to the
topics in Figure 1. After the completion of significant context (e.g., a cluster of topics),
students submitted homework assignments for assessment of fundamental knowledge and
problem-solving skills. Each exam covered several topics for which students completed
homework assignments. Three cumulative exams took place. Table 1 presents the topic
connections to corresponding homework and exams, with all exams being cumulative. The
overall structure of the course portrays how exams and homework are connected.

Table 1. Topic connections to homework and exam.

Topic Homework Exam 1 Exam 2 Exam 3

—_

Force Vector
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4.2. Data Preparation

The data preparation process involved compiling and filtering scores from different
semesters for follow-up analysis. We compiled data collected over five semesters, consisting
of different score ranges for various student activities, such as homework, exam, and
attendance. For uniform comparison, we scaled all the student activity scores from 0 to 100
and categorized them into three performance categories: low (scores below 70), medium
(scores above 70 and below or equal to 85), and high (scores above or equal to 85). Table 2
displays the classification of the performance categories. Note that the passing grade
(a score of 70) is used to set the low performance category, and the remaining score range
from 70 to 100 is partitioned to two categories.

Table 2. Student performance categorization based on performance score.

Performance Category Performance Score (S)
High S>85
Medium 70 <5< 85

Low S<70




Educ. Sci. 2023, 13,576

50f21

After compiling and processing the data, we identified potential outliers—data that
are not meaningful and potentially introduce undesired trends/statistical inferences—
and removed them. First, we removed data from 27 students who either dropped out
or withdrew from the course. Their incomplete data over nine homework submissions
and three exams would have polluted and hindered our ability to acquire meaningful
information—performance progression throughout the semester. As our study focused on
in-course progressive learning, we considered student data that completed and participated
in the course from beginning to end.

Second, to reduce potential bias in the analysis, we adjusted the homework scores
(by divided them into half) for students who were identified as recurrently using a solutions
manual to complete their homework and failed to perform well in the exam. To identify
such students, we used several criteria as follows:

e  Highly similar sequence between the solution manual and student homework while
there are multiple possible sequences to be taken.

Equation/solution details (e.g., order of values in equations, use of notations).

High similarity of FBD and/or figures between solution manual and homework.
Skipping steps covered in class to solve the problem.

Different notation and sign conventions compared to the instructor’s teaching.

We developed these criteria based on the high similarity between the solutions pro-
vided by the students and those available in solutions manuals. Similarity between a
solution’s manual and a student’s work is obvious in many cases. For example, solutions
manuals usually skip minor but important steps, which its absence is likely to hinder the
solution development process especially for a student learner with a novice’s perspective.
Moreover, students who use a solutions manual do not necessarily follow the class-taught
sign convention in FBD development. The instructor strictly followed the same sign con-
vention in FBD development and emphasized to follow the taught sign convention in FBD
until students go through sufficient practices and thus are able to develop the directions
of unknown forces in FBD in well-estimated true directions. Finally, the similarity in solu-
tions can be easily identified based on the way students express their equations. Certain
problems have multiple options to find their solutions. For example, truss problems can be
solved using various sequences (e.g., order of joints and order of equations per joint). In
addition, an equation may have several combinations of additions, multiplications, and
divisions, and it can be developed with numerical values (e.g., decimals and fractions)
and parameters. When these are too similar for most of the homework problems, such
submissions were marked with a flag for further investigation.

Our years-long observation reveals that high performing students typically do not
encounter flags based on these criteria, while a sizeable portion of the low performing
students do. More specifically, several low performing students performed extremely
well on homework assignments (with higher averages on homework assignments than
high performing students) yet extremely poorly on exams. The course is designed with
considerably more demanding levels of homework problems than those from exams;
therefore, significantly lower performance (e.g., demonstrating levels of understanding
and presenting problem-solving steps) on exams than on homework assignments, despite
considering exam pressure, are not reasonable.

Such students who perfectly performed in homework fail to demonstrate any un-
derstanding in exams. Figure 2 provides an example of one of these cases by presenting
a truss problem that a student solved correctly in their homework (Figure 2a) but failed
to solve during the corresponding exam (Figure 2b). Solving a truss problem like the
one in Figure 2a without properly drawing FBD is highly difficult, even for instructors.
Without having FBDs, it becomes too complicated to keep track of forces from joints in
subsequent joint analyses; however, the student did this homework problem perfectly
without presenting proper work. Additionally, the notations and sign conventions used
to solve this homework problem were different from what the instructor taught. Despite
these irregularities, the student developed perfect numerical answers to the homework
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problem. However, when this work was checked against our criterial mentioned above, the
student homework solution did not pass several of the criteria. In contrast, reviewing the
same student’s work on a truss problem on an exam (Figure 2b), it is clear that the student
failed to demonstrate any level of understanding. The student failed to develop a correct
FBD, and thus failed to develop proper equations and left the solution incomplete.
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Figure 2. Example of a student work: (a) homework; (b) exam.

It is essential to note that homework data does not reflect the true understanding of
the students. For the sake of analysis, we did not eliminate such data because it would
completely eliminate a big portion data corresponding to the low-performing students,
which are critical for our research. To better reflect their insufficient understanding, we
penalized the scores of such homework and divided them by half. All the data we present
henceforward are after the penalization of scores and removal of students who dropped
the course.

5. Analysis, Results, and Discussion

To achieve the objective of the research, we analyzed student progression using home-
work and exam data collected over multiple semesters. Homework and exams serve as
fundamental tools to reinforce and measure student learning. Homework evaluates student
learning on individual topics or a cluster of topics, whereas exams comprehensively assess
student learning on cumulative topics covered across multiple homework assignments.
This paper delves into three aspects of progressive learning: performance retention, critical
topics, and progressive course interaction.
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Exam 1

Exam 2 H2 ‘ M2

5.1. Performance Retention

This section examines the first aspect of our analysis, which is the reflection of pro-
gressive learning in performance retention. We take a systematic analysis of student
performance across exams and homework. As shown in Figure 3, we first split students
into three groups based on their scores in the first exam (i.e., High, Medium, and Low).
Then, we further split each group into three sub-groups based on their scores for the second
exam. Finally, we split each sub-group based on their scores for the third exam. This
splitting strategy enables us to observe performance retention across different exams. For
example, a student who maintained high performance over the three exams would be in
the H1-H2-H3 group. Similarly, students who constantly underperformed in all exams
would be in the L1-L2-L3 group.

Scores
H: High (= 85) M: Medium (2 70 and < 85) L: Low (<70)

H1 M1 L1

L2 H2 | M2 | L2
[\ R A A [N

ANS /] AN \ AN

Exam 3 w3 M3|L3 | IH”3|IVlI3 3 ‘H3|M3‘L3| Hé/ MS‘Lé |H3‘M3‘L‘3 ‘ |H3 M3 ‘L‘3 Hé‘M?.‘ L; ‘Ha'Ma L3| Ha n;ia ‘L3

Figure 3. Illustration of approach for analysis of performance retention.

We applied the same splitting strategy for the homework scores as we did for the
exams. Since there are nine homework assignments in the data, we group them into three
sets (i.e., set 1: homework one to four, set 2: homework five to six, and set 3: homework
seven to nine). Each set corresponds directly to subsequent exams, as shown in Table 1. To
reduce the number of subgroups generated during the splitting strategy, we computed the
average score for each set.

Using this approach, we first divided 195 students into three groups based on their
scores (i.e., high, medium, and low) on exam 1 and homework set 1 separately; we further
carried out two additional splitting processes to account for exam 2 and homework set 2,
and exam 3 and homework set 3. The splitting strategy generated 27 groups for both
exams and homework. The following subsections present and discuss the findings from
the groups regarding performance retention and its implications for exams and homework.

5.1.1. Exam Performance Retention

Figure 4 illustrates the exam-wise performance progression of all the students, where
the inner, middle, and outer circles correspond to exam 1, exam 2, and exam 3, respectively.
The categories within the circles correspond to the number of students that obtained
High (H), Medium (M), and Low (L) scores for each exam.
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Figure 4. Exam-wise performance retention.

The analysis of Figure 4 reveals the following insights about performance retention,

which we analyze based on the initial performance (scores on exam 1) to observe the
progression along the rest of the course (exams 2 and 3).

High scores on exam 1: Out of the 80 students in this group, 65 (81.2%) maintained
a high score on exam 2; and of these 65 students, 50 (76.9%) maintained a high score
in exam 3. Not a single student in this group failed the course; 70% obtained a final
grade of A; and 90% obtained a final grade of B or better. These findings demonstrate
that a high proportion of students who developed a good understanding early on are
more likely to retain the same level of high performance and successfully complete
the course without failing. This indicates that performance retention is clearly found
among students who build a good understanding from the beginning. In other
words, early-on understanding is critical in this course for knowledge progression
and retention.

Medium scores on exam 1: Out of the 55 students in this group, 46 (83.6%) achieved
the same or better levels (i.e., medium or high) of performance on exam 2; out of these
46 students, 39 (84.7%) achieved a medium or high score on the final exam 89% of the
students in this group successfully passed the course, with 11% of the students in this
group failing. More specifically, 16% obtained a final grade of A, which is significantly
less than that of the students who received high scores on exam 1 while 61.8% of the
students in this group received a grade of B or better for the final grade. These results
indicate that students who develop an acceptable level of understanding early on either
maintained or improved on that performance. Most of them achieved acceptable final
grades and successfully completed the course without failing. However, depending
on their follow-up progression, some students in this group may still fail the course or
achieve a high final grade.

Low scores on exam 1: Out of the 60 students in this group, 37 (61.6%) obtained a
low score on exam 2; out of these 37 students, 35 (94.5%) maintained the low score
in exam 3. Moreover, 67% of the students in this group failed the course, and only
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3% obtained a final grade of A. From exam 1 to exam 2, about 30% of the students
improved their performance. However, from exam 2 to exam 3, only 5% improved their
performance. This indicates that low performance on exam 1 is strongly associated
with the continuous low performance, and low performance on exam 2 is extremely
strongly associated with the continuous low performance. This suggests that building
a weak understanding from the beginning makes it difficult for them to recover or
properly learn. Although some students may overturn low performance on exam 1 and
achieve satisfactory or high final grades, the number of such students is insignificant.

5.1.2. Homework Performance Retention

Figure 5 illustrates the homework-wise performance progression of all the students,

where the inner, middle, and outer circles correspond to homework set 1, 2, and 3, respec-
tively. Within each circle, students are categorized based on their performance for each
homework set, and the numbers of the students in the categories are displayed.

906
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Figure 5. Homework-wise performance retention.

The analysis of Figure 5 reveals the following insights about performance retention,

which we analyze based on the initial performance (scores on homework set 1) to observe
the progression along the rest of the course (homework sets 2 and 3).

High scores on homework set 1: From the 128 students in this group, 82 (64.1%) main-
tained a high score on homework set 2; from these 82 students, 64 (78.1%) maintained
a high score on homework set 3. Approximately 80% of the students in this group
passed the course, and 42% obtained a final grade of A. These findings demonstrate
that students who develop a good understanding from the beginning retain the same
level of high performance till the end, and most of them successfully complete the
course without failing. This result generally corroborates our findings related to exam
performance retention that performance retention is clearly found among students
who build a good understanding from the beginning. However, there is a notable
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number of students, worth noting, who had a significant drop in performance to
low homework performance from homework set 2. An additional, separate analysis
indicates that many students from this group performed poorly on exam 1. Although
we are unable to prove this with hard evidence or data, these students may have
learned completion of homework without a proper understanding of the material is
not helpful for their exam performance and overall knowledge retention, and stopped
using extra resources (e.g., solutions” manual) to complete their homework.

e  Medium scores on homework set 1: In total, 44 students were identified to initially be
in this group. As this is the medium performing group, the spread of the performance
on the next homework sets covers more broadly than the other groups. Considering
the performance in homework set 2, the 44 students are distributed to 24, 14, and 6
in low, medium and high groups (L2, M2, and H2), respectively. A larger proportion
is found in the low performance (L2) group from M1. The same true considering the
third homework set: there are more students in L3 than the other groups, M3 and
H3. From this student distribution in subsequent homework sets, we claim a medium
level performance presents challenges to improve performance in subsequent learning;
however, it is not impossible to improve as a small portion of students were able to
improve their performance while majority struggled with lower performance. From
this group (M1), 22% of the students received an A grade, 32% failed the course, and
68% passed the course. Given the importance of initial topics of statics serving the
fundamental basis of later topics, these results are deemed reasonable.

e  Low scores on homework set 1: From the 23 students in this group, 20 (86.9%) main-
tained the same level of performance at a low score on homework set 2; from these
20 students, 17 (85%) maintained a low score on homework set 3. Moreover, 44% of
students in this group—a significant portion—failed the course and only 19% obtained
a final grade of A. These findings demonstrate that on homework, almost all students
who develop a poor understanding early on retain the same level of low performance
on subsequent assessments, and almost half of the students fail to pass the course. This
corroborates exam retention findings that performance retention negatively builds
among students who attain a poor understanding from the beginning.

This is important to note that the homework results and corresponding analyses may
not be highly consistent with the trends/insights identified by the exam analysis and
reveal less insightful results. This is, however, within an acceptable variation considering
several factors: (1) retake students tend to pay less attention to homework, (2) a number
of unethical homework submissions are found, (3) homework is highly demanding with
many problems in each homework assignment and more difficult, requiring effort and
time to complete; these reasons may have produced a small level of irregularity in data
(score) distribution. Examples of irregularity between homework and exam are cases where
(1) well performing students often have low homework scores while demonstrating very
well through attempted problems in exams and (2) low-performing students sometimes
have high homework scores.

The analysis of exam and homework performance scores in exam performance reten-
tion and homework performance retention sections indicates clear associations between
course topics and student performance in progressive learning. In other words, compre-
hension and application of previously learned topics play an important role in successfully
learning subsequent topics. Students’ retention of performance scores reflected the progres-
sive learning throughout the course, which support our hypothesis. In Statics, performance
consistency is essential for successful learning. Therefore, students who learn and perform
well from the beginning tend to build on that positive performance and succeed in the
course. In contrast, the students who fall behind build on that negative performance and
hardly recover.
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5.2. Critical Topics

The investigation of critical topics focuses on identifying the course contents/topics
that may lead to students’ course failure when insulfficiently or inadequately learned. Insuf-
ficient learning can result in various progression paths as shown with the 27 cases from the
prior analyses on homework and exams. Examples of challenged students include students
who exhibit low performance throughout the semester; students who have satisfactory
perform at the beginning but perform differently over time; and students who demonstrate
low performance at the beginning, then catch up with slight improvement in performance,
but eventually fail to recover. If critical topics exist and they are not properly understood,
these may hinder student learning progression and catch-up efforts due to being so critical
in learning of subsequent topics. Existence of such topics should have clear effect on
subsequent learning, and accordingly this investigation is to identify critical topics in the
student’s learning paths.

The investigational approach especially focused on identifying critical topics for
students who exhibited low performance and failed the course, as their learning conditions
are the most sensitive to critical topics, resulting in course failure and as medium or high-
performing students completed the course satisfactorily and may not substantially be
challenged by critical topics. In doing so, we divided the students based on their exam
performance first, as described in the Exam Performance Retention section. Further, we
identified groups that contained students that failed to pass the course.

The above analyses yielded four groups from where students failed the course, and
the four groups are “L1-L2-L3,” “M1-L2-L3,” “L1-L2-M3,” and “L1-M2-L3” groups, which
contained 35, 6, 2, and 4 students, respectively. Due to the low sample size in some of
the groups, we first combined and analyzed all failing students into a single group—a
single group that includes all students who failed the course—and then we separately
analyzed low performing students (“L1-L2-L3"”), where we have a comparatively large
sample size. This group not only offers the largest sample size but also represents the group
that was challenged the most significantly with continuously low performance. This will
allow us to find critical topics of all the failing students as well as for the students who
consistent exhibited a low performance. The identification of critical topics pertains to per-
formance progression analysis by score and identification of points over time progression
where students noticeably fall behind and are unable to catch up or perform poorly. Such
points can be considered as critical points where reinforcement can substantially benefit
students in successfully taking and succeed in the course and instructors in providing
course instructions that naturally fill loopholes and thus better managing the course and
its students.

In observation of student homework progression by score, we use as a comparison
baseline the homework scores for high-performing students (students with high scores on
all exams), as they represent the ideal case for learning, which was the cases for the largest
portion (64 students) out of the 27 groups. This baseline is important because it removes
the effect of drops in performance given by difficult topics, for which even high-performing
students may struggle. The use of the baseline comparison allows relative comparisons
of the concerned student group with the ideal student group so that we can monitor how
much knowledge gaps are created along with their learning paths over time.

In the next two subsections, we present the analysis results for all the failing students
and the continuously low-performing students.

5.2.1. Critical Topics for All Failing Students

This section analyses the homework scores for all the failing students compared to
the student group, high-performing students (H1-H2-H3), with ideal learning progression
over the semester. Figure 6 illustrates the progression in homework scores for both groups
and further offers an important measure for performance progression. The vertical lines
indicate the gap in scores between the groups, which explain differences in learning and
performance. The failing students obtained acceptable scores from homework 1 to 4.



Educ. Sci. 2023, 13,576

12 of 21

Based on the plots and their relative changes from homework 1 to 4, the two groups show
similar patterns, that is the lines have similar patterns. However, there are two noticeable
differences: (1) the absolute grades of the ideal group range from 85.0 to 95.3, which is
considered as high performing while those of the failing students are between 73.6 and 82.1,
which is a low C grade to a low B grade at best, based on the standard grading scale, and
(2) the gaps between the two groups are gradually widened, which is further discussed in
the following paragraph.
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Figure 6. Homework performance progression of all failing students and H1-H2-H3 students.

Starting at homework 5, the failing students experienced a sharp decline in homework
scores compared to high performing students. The data indicates that, after this initial
decline, the students do not recover but continue to perform poorly until the end of
the course.

To expand the previously discussed results, we conducted an in-depth analysis of the
gaps in scores between the failing and high performing students. Figure 7 presents the
score differences (the vertical gaps in Figure 6) between these two groups of students across
homework assignments which is computed by subtracting the failing students’ scores from
the high performing students’ scores individually for each homework. To better illustrate
the variation in score differences, the plot includes the slope values between each pair of
homework. A positive slope value indicates that the gap in scores increased whereas a
negative value indicates the gap decreased.

The results in Figures 6 and 7 reveal the following insights:

e Based on Figure 7, from homework 4 to homework 5, the gap in scores for the failing
students experienced the most drastic increase.

e  Based on Figure 6, from homework 5 to the following homework assignments, there is
no significant increase in performance, which implies that the students continue to
suffer at a low grade.

e  The failing students maintained a constantly low performance on homework 5 to 9 at
62.0,49.6, 49.6, 56.3, and 47.3, respectively.

e  On homework 8, their performance improved; however, on homework 9, again,
a significant drop in performance occurs.

The first observation reveals that students who fail are struggling significantly with
homework 5, which covers topics such as free-body diagram, equilibrium, two force
member, and support. These concepts are essential takeaway from a Statics course and are
necessary in further subsequent chapters, including trusses, frames and machines, friction,



Educ. Sci. 2023, 13,576

13 of 21

and internal forces. The second and third observations support this, showing consistently
low homework performance in the following homework assignments. These findings are
in line with the instructor’s subjective observation, which was based on the instructor’s
experience over the period of data collection and analysis.
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Figure 7. The progressive performance difference of failing students compared to H1-H2-H3 students.

In addition, we conducted a set of f-tests to analyze the nine homework scores of
the all failing students and H1-H2-H3 group. Table 3 displays the p-values and statistical
significance for the differences in homework scores. The results indicate that, based on
the observed data, the differences in homework scores for the all failing students and
H1-H2-H3 group are statistically significant, with the exception of homework 1. One pos-
sible explanation for the lack of statistical significance for homework 1 could be that it
requires the recall of prerequisite concepts in Newtonian physics and calculus. As student
performance on these concepts can vary widely, it may have led to more variability in
the scores for homework 1 compared to the other homework assignments. This increased
variability could have made it more difficult to detect statistically significant differences
between the groups on this particular assignment.

Table 3. Analysis of statistical significance of homework scores between all failing students and
H1-H2-H3.

All Failing Students vs. H1-H2-H3 p-Value Significant
Homework 1 p=0.078 No
Homework 2 p <0.01 Yes
Homework 3 p <0.01 Yes
Homework 4 p <0.001 Yes
Homework 5 p <0.001 Yes
Homework 6 p <0.001 Yes
Homework 7 p <0.001 Yes
Homework 8 p <0.001 Yes

Homework 9 p <0.001 Yes
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In light of these findings, we conclude that (1) topics covered up to homework 4 form
the foundation of Section 5. The instructor’s opinion corroborates this, as the foundational
knowledge of forces, concept of FBD and equilibrium (with a focus on particles in ear-
lier chapters), moments and distributed loads are essential components to the learning
of the equilibrium of a rigid body, the major topic covered in homework 5. Moreover,
understanding these concepts is essential to compute reactions prior to conducting further
structural/system analysis (e.g., trusses, frames and machines, friction, and internal forces).
In other words, topics covered up to homework 5 provide the foundation of understanding
and succeeding in the topics covered in homework 6 and 7.

Homework 8 covers centroid, which does not critically depend upon knowledge
from the previous topics and is typically considered as a relatively easy topic; therefore,
accordingly, we observed a slight increase in performance in homework 8, which still is
low performance. A further drop in performance is found from homework 8 to 9, which
is easily explained by the topics of centroid being the requirement of the learning of the
moment of inertia from homework 9.

As presented and discussed with the analyses, students who fail to build an appropri-
ate understanding of key topics, such as free-body diagram, equilibrium, two-force member,
and support, struggle to solve problems on later topics. Thus, this demonstrated that the
lack of understanding of these core topics critically affects students’ learning progression,
and their outcome inevitably results in them failing the course. In sum, we conclude
that topics up to homework 4 considerably critical to the learning of topics covered in
homework 5. The topics covered in homework 5 is progressively critical to the subsequent
topics. In addition, the topics covered in homework 8 is critical to the learning of topics
covered in homework 9.

5.2.2. Critical Topics for Continuously Low-Performing Students

This section analyzes critical topics for students who exhibited low performance on all
exams (L1-L2-L3) and eventually failed the course. The goal of this analysis is to identify
critical topics for continuously low performing students and compare them against those
for all the failing students discussed in the previous section. Figure 8 shows that contin-
uously low performing students maintained acceptable performance until homework 2,
but significantly decreased their performance in subsequent homework, and this trend
continued until the end of the course.
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Figure 8. Homework performance progression of L1-L2-L3 and H1-H2-H3 students.
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Similar to the previous section, we expanded the analysis of homework performance
progression by examining the gaps in scores between high performing and continuously
low performing students. Figure 9 presents the results of this analysis. Significant drops
in performance are found from homework 2 to homework 3 and from homework 4 to
homework 5. Moreover, the transition from homework 7 to homework 8 is the only point
that exhibits a slight improvement in score differences; however, the improvement is
minimal and the score is still poor at 46.7.
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Figure 9. The progressive performance difference of L1-L.2-L3 students compared to H1-H2-H3 students.

Likewise, we conducted a set of t-tests for the L1-L2-L.3 and H1-H2-H3 groups as well.
Table 4 displays the p-values and statistical significance for the differences in homework
scores. Based on the analysis of the observed data, the results suggest that all of the
homework scores are statistically significant, and the p-values are comparatively lower,
except for homework 1. As previously stated, a plausible reason for the absence of statistical
significance in homework 1 could be attributed to its reliance on recalling prerequisite
concepts in Newtonian physics and calculus.

Table 4. Analysis of statistical significance of homework scores between groups L1-L2-L3 and
H1-H2-H3.

L1-L2-L3 vs. H1-H2-H3 p-Value Significant
Homework 1 p=0.072 No
Homework 2 p <0.001 Yes
Homework 3 p <0.001 Yes
Homework 4 p <0.001 Yes
Homework 5 p <0.001 Yes
Homework 6 p <0.001 Yes
Homework 7 p <0.001 Yes
Homework 8 p <0.001 Yes

Homework 9 p <0.001 Yes
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The results of this section are generally similar to those of the previous section except
for one noticeable difference that the L1-L2-L3 student group additionally suffered early
on with homework 3, and it may be further associated with their continuous struggle
that accumulated throughout subsequent homework. Incremental deficit of knowledge
accumulated through homework affects their progressive learning, which results in a sharp
decline in performance on homework 5. Similar to the results for all failing students
discussed in the previous section, the continuously low performing students slightly
improved their performance in homework 8, which covers a relatively easy topic (centroid).

Homework 3 covers topics such as moment, Varignon’s theorem, and couple. Knowl-
edge and problem-solving skills acquired from learning these topics are implicitly and
explicitly utilized on subsequent topics such as two-force members, support, truss, and
internal forces. Students who fail to build a solid understanding of these topics early on,
struggle to solve problems on later topics, and their performance significantly declines.
Thus, the lack of understanding of topics such as moment, Varignon'’s theorem, and couple
critically affected the learning progression of continuous low-performing students to build
on a solid foundation early on, which lead them to have low performance all the way
until the end of the course. In addition to looking at the subsequent topics, in the view
of prerequisite topics of the homework 3 topics, it is critical that students have a strong
background in required physics and mathematics (e.g., vectors and calculus) to learn these
new topics.

Generally, the findings of this analysis with the L1-L2-L3 group generally support
all findings from the previous group (all failing students); therefore, we conclude that the
same critical topics are valid for this group also. In addition, additional struggle (critical
topic) was identified early on with low performance on homework 3.

5.3. Progressive Course Interaction

This section analyzes the effect of the students’ interaction with the course on their final
semester grades. We analyze course interaction from two perspectives, active participation
in course activities and attendance.

5.3.1. Active Participation

During the course period, the instructor offered extra problem-solving activities after
several lectures as an incentive for students to enhance their learning. Participation in this
activity was of one’s own volition, and accomplishing it effectively leads to the acquisition
of enhanced knowledge. Notably, the proficient execution of the task engenders learning,
independent of the motivational factors at play. A total of 46 students participated in
the bonus problem-solving activity, with 24 participating once, 11 participating twice,
and 11 participating three times or more. Figure 10 presents the distribution of final
grades based on the number of times a student participated. The average final grade
of the students who participated once was 77.87, with a median of 83.7. Students who
participated twice had an average final grade of 90.27, with 54.5% receiving a final grade
over 90. Students who participated three or more times achieved an average final grade
of 96.63, which translates to an ‘A’ in the traditional grading scheme. Figure 10 also shows
that the variability in the final grade decreases as the frequency of participation increases,
indicating high reliability in high performance. Although students who participated once
could still get a low final grade, participating more than once was significantly associated
with achieving higher grades. Overall, the data suggests that the frequency of student
participation has a significant effect on their final grade.

Participation in additional activities requires a willingness to learn and a genuine
understanding of topics, which is viable through progressive learning. Students who
participated multiple times achieved excellent final grades for the course. Thus, progressive
participation in additional activities is a solid indicator of excellent course performance.
This participation may be understood as a surrogate measure for student persistency in
continuously active learning without procrastinating. Students who procrastinate are often
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passive in participating in such activities because of inability to complete problems given
by the extra problem-solving activities.
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Figure 10. Frequency of participation and final grade.

5.3.2. Attendance

The course consisted of 29 to 30 lectures, depending on the number of holidays in a
semester. Student attendance is a direct reflection of student participation and an indirect
reflection of punctual learning, which is important for progressive learning in which
subsequent lectures build on one another. Given this, participation by a means of student
attendance is measured and presented with regard to the three-student performance groups
(i.e., low, medium and high).

Figure 11 illustrates the distribution of attendance scores for students who achieved
low, medium, and high final-grades. Students who achieved high and medium semester
final grades had an average attendance score of 98.30 and 95.97, whereas low-performing
students had an average attendance score of 75.05. Figure 11 also shows a smaller variability
(dispersion) of the attendance score with higher final grades. As data indicate, many
students who failed the course were inconsistent in attending lectures. In Statics, topics
have higher levels of inter-dependencies, which imply that missing lectures negatively
impacts progressive learning. Regularly attending lectures is important for students to
successfully complete the course.
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Figure 11. Semester final grade and attendance score.
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6. Discussion

While previous studies have examined progressive learning connections in a course-
to-course fashion, our study focused on in-course progressive learning patterns. Given the
limited literature on in-course progressive learning, we evaluate and contrast our findings
on in-course progressive learning to existing literature on course-to-course progressive
learning relations.

Our findings demonstrate that insufficient mastery of a particular topic leads to
suboptimal performance in related subsequent topics. This is consistent with research on
prerequisite course relations in grand scheme, which has shown that poor performance on
prior courses negatively affect student performance [27,28].

Additionally, our results indicate that engage in progressive participation in additional
activities perform well in the course. This is aligned with the positive effects of bonus
points on final course performance [29] and the motivating effect of enhance learning [30].

Overall, our study sheds light on in-course progressive learning patterns and can assist
educators in identifying knowledge gaps and designing course material to bridge topic
connections. Additionally, integrating insights on progressive learning from a course into
contemporary e-learning materials and tools that consist of greater student acceptability,
such as ease of use, user interface, system quality [31], service learning [32], and quality
assessment standard [33] can possibly improve student learning [34]. Moreover, it is
worth noting that diverse e-learning platforms may elicit varying opinions from students
regarding their efficacy and usability [35].

7. Conclusions

This research presented a three-year effort from data collection to various analyses
aimed at uncovering students’ progressive learning within a course with sequentially built
internal course topics. To quantitatively investigate the relations between course topics and
student performance, the research utilized all graded and additional resources collected
from the course, including homework assignments, exams, participations, and extra class
activities. By analyzing the collected assessment data, we particularly studied three aspects
(i.e., performance retention, critical topics of progressive learning, and progressive course
interaction) to bring forth three valuable insights.

First, with regard to the performance retention analysis, we provided a mechanism
and detailed analysis procedures to monitor student performance retention with respect
to progressive learning using course assessment materials (e.g., exams and homework).
Our analysis clearly demonstrated that the internal course topics’ relations exist and are
clearly reflected in student performance in a meaningful manner. An important takeaway
from our data and results is that students who progressively learn and perform well from
the beginning build on that performance positively, and the opposite is true for students
who do not. Second, we identified several critical topics that more profoundly impact
student knowledge retention and thus performance. The analysis provided a mechanism
to reveal critical topics in which failing students start to fall behind to a substantial degree
where recovery becomes unlikely. In addition, we identified several points to relate to
the core causes of this problem, which support the presence of critical topics. Third, our
analysis provided strong evidence for the association between student participation and
successful completion of the course, particularly in a course where progressive learning is
important. We found that active student participation is a pathway to enhance learning
and thus achieving excellent final grades.

Opverall, the findings of this study provide valuable insights that can be leveraged in
future implementation. Educators can adopt or utilize the approaches presented in this
study to quickly provide diagnoses and remedial exercises to students to address concep-
tual lapses in other STEM courses where progressive learning is essential. Additionally,
educators can encourage and promote active student participation in courses, which can
enhance student learning and ultimately lead to better performance outcomes. Lastly, the
insights provided by this study have practical implications for improving student perfor-
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mance and retention in STEM fields, which can ultimately benefit individuals, institutions,
and society as a whole.

There are a few potential limitations to consider in relation to the findings of this
research. First, the study primarily relied on quantitative data analysis, which may not
fully capture the subjective experiences and perspectives of students or educators. Second,
the study did not explicitly explore the potential impact of external factors, such as student
demographics or socio-economic status, on the observed relationships between course
topics and student performance. To address these limitations, it would be valuable to
explore the impact of student engagement and motivation on their performance in courses
with sequentially built internal course topics. This could involve collecting qualitative data
through surveys or interviews to gain a deeper understanding of students’ experiences and
perspectives. Moreover, it may be beneficial to conduct similar studies in other disciplines
beyond STEM courses to determine the generalizability of the insights gained in this study.
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