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WIP: Towards a standard rubric to compare concept inventory responses to long-
form solutions

Abstract

A common philosophical discussion among STEM educators is if students are obtaining both
good conceptual understanding and problem-solving skills in math, physics, and/or engineering
principles. To better understand where students make strides or need help in both of these skills,
three faculty collaborated to develop a 7-part rubric to quickly evaluate student long-form
Dynamics solutions scoring each part for correctness, conceptual error, or procedural error.

In addition, each long-form exam problem was paired with a concept problem from the AIChE
Concept Warehouse and assigned at the three different institutions. Each instructor assigned and
graded the long form exams using their original grading format and then regraded each one using
the newly created 7-part rubric to determine the transferability and adaptability for different
instructors teaching and exam styles.

This paper presents the preliminary analysis of student long-form solutions paired with responses
to concept problems testing similar topics. The concept problems are scored as correct or
incorrect, and the long-form solutions are graded according to the standardized rubric.

For a small set of data, results indicate students can correctly answer concept problems while still
showing conceptual misunderstandings in how to draw Free Body Diagrams or incorrectly
setting up equilibrium equations. In addition, student “solution flow” indicates that students take
many different paths to their long-form final answer and their concept problem answer. Along
the way, there are procedural and conceptual errors in all sections of the rubric. The rubric shows
a structured process to categorize errors and track student mistakes that can be related to student
understanding. The next step will be to complete a full data analysis of each class to determine if
and where students show connections between their long-form problem-solving process and
conceptual understanding of in dynamics concept questions.



Introduction

There has been significant work done to create concept inventories and the vast areas they cover
is an indication that engineering faculty would agree that their graduates should leave their
programs with strong conceptual understanding of engineering topics. The concept inventories
include the well known Force Concept Inventory (FCI) that was developed in 1992 [1]. There is
also a Statics [2], [3] Strength of Materials, [4] and Dynamics concept inventory [5] that were
created following the FCI. Currently, a new inventory is in development to focus on Rigid Body
Dynamics [6]. A Heat and Energy concept inventory began development in 2009 [7] and is
continually being adjusted as well [8]. There are also concept inventories in electrical
engineering [9], [10], [11], civil engineering [12], engineering graphics [13], and engineering
economics [14]. This list is hardly exhaustive and is always expanding.

These concept inventories are often used to try to assess student conceptual understanding which
utilizes intuition and understanding often without the need to work through a solution. In
addition to conceptual understanding, faculty are trying to support and understand the
development of solid problem-solving skills for their students. However, the connection between
these two forms of knowledge is not simple and are not always aligned. The two forms can
develop to support each other, but they are not necessarily learned in parallel or consistently
supported in every classroom.

Prior research has shown that students have an ability to learn pattern matching skills to
successfully solve long-form problems without a clear understanding of the underlying principles
they are applying [15]. However, conceptual understanding has been shown to provide students
with the flexibility to apply their skills and transfer the knowledge to solve novel problems [16],
[17], [18], [19]. The tension between conceptual understanding and problem-solving skills brings
up important questions about how both are developed, assessed, and whether success in one
relates to success in the other.

Research in mathematics education has shown that procedural knowledge alone is not enough for
developing conceptual understanding [19]. Instead, studies indicate that developing both
conceptual and procedural knowledge together tends to support deeper learning and the ability to
apply the knowledge across different contexts [20].

Interestingly, it has been shown that the order in which conceptual or procedural knowledge is
taught does not have a major influence on the outcome. One example from a study of 10"
graders found the order in which the method was taught, conceptual first vs. procedural first, did
not have a strong impact on post-test results [21]. This suggests that it is not the instructional
order that impacts the development, but rather how the knowledge is integrated or assessed.

The overarching goal of this research is to connect the relationship between students’ problem-
solving skills and their conceptual understanding of different Dynamics concepts. This will
include analyzing how students solve long-form problems created by the instructors paired with



concept problems from the Dynamics Concept Inventory [22]. The objective of this work-in-
progress paper is to present an initial step towards studying this relationship through the
development of a standardized scoring rubric for evaluating student long-form problem
solutions. This rubric allows consistency in evaluating these problems across instructors and
provides preliminary analysis of student problem-solving skills paired with concept problem
response [5], [22].

Rubric Development

Over the last two academic years, three faculty at three different institutions met online to
discuss the major elements that they use to assess homework and exam problems in their
Dynamics courses. As discussions began the focus was narrowed to assessment of Newtonian
based solutions, as opposed to solutions using energy methods. Three key solution elements were
initially isolated as parts of the solution that should be evaluated as part of the developing rubric.
These included the ability to:

1) Draw Free Body Diagrams
2) Write Equilibrium equations and
3) Solve the problem using proper algebra skills.

Next, they met to select long-form exam problems and paired these with previously developed
concept problems[22] that examine students’ understanding of the underlying concepts used in
the long-form problem. An example of the paired concept and long-form problem are shown
below in Figure 1. The concept problem examines the understanding of the difference between
force and weight through a pulley mechanism. The long-form problem was selected because it
requires students to illustrate an understanding of this same concept through their long-form
solution. Note that the methods used to solve the long-form problem successfully could be used
to solve the concept problem to arrive at the correct solution to the concept problem. Conversely,
the intent of the concept problem is for students to be able to quickly answer it based on their
intuition and knowledge of the system.



A) Selected concept problem adapted from Concept Warehouse (CW3244)

Given: (CW3244) Both systems shown have massless and frictionless pulleys. On the left, a 10 N weight and a
50 N weight are connected by an inextensible rope. On the right, a 50 N force pulls on the rope.

Find: Which of the statements is true immediately after unlocking the pulleys.

Sol'n: 1. In both cases the acceleration of the 10 N block will be zero.

. The 10 block on the left will have a larger upward acceleration.

2
3. The 10 block on the right will have a larger upward acceleration.
4. The tension in the rope on the left iz 40 N.

5

. In both cases, the 10 N block will have the same upward acceleration.

B) Common exam problem statement

Given: (GDR SP2025) Blocks A (my = 10 kg) and B (mp = 4 kg) are connected as shown. At the instant
shown, the velocity of block A is 277 to the left. Consider the mass of the pulleys to be negligible.

Find: Determine

1. the tension in the rope at this instant,
2. the acceleration of each mass at this instant, and
3. how fast will blocks A and B be traveling 3 seconds later.

(Neglect the mass of the pulleys)

Figure 1: Paired Concept and Long-form problem
Figure 1A) is a recreation of a multiple-choice concept problem that evaluates students’
understanding of the difference between force and weight. While Figure 1B) is the paired
long-form problem from a faculty’s exam.



These paired problems were incorporated into each faculty’s exams and exam schedule —
no alteration was made to an individual’s course schedule or grading schema. The concept
problems were treated as extra credit for low point values relative to the rest of the exam:
generally, 2-4 points. After administering the exam, each exam was graded by the corresponding
faculty, and then re-graded using the rubric to assess common errors. After everyone had
assigned and graded the problem, the faculty met to discuss the results of grading with the initial
rubric. During the discussion, expectations for what students should include to solve the problem
successfully were discussed based on the three sections of the developing rubric: Free Body
Diagrams, Equilibrium Equations, and Algebra Skills. Topics discussed included: 1) what
constitutes a procedural error versus a conceptual error in each section, and 2) if a procedural
error was made in one part of the problem, how should OTHER parts of the problem be assessed
(i.e. does the error carry forward?). After discussion, the initial three rubric sections were
expanded into seven categories to provide more granularity and clarity when identifying areas of
procedural and conceptual error.

The final rubric used for grading the long-form solutions includes seven key categories.
These are:

1) Coordinate Systems (CS), 5) Other Equations (OthEqn),
2) Free Body Diagrams (FBD), 6) Algebra (ALG) and
3) Acceleration Diagrams (AD), 7) Final Answer (FA).

4) Equilibrium Equations (EqEqn),

For each category, the scoring was done using the following classifications:
a) Correct
b) Procedural error (such as math, unit, transcription, or calculation errors)
c) Conceptual error

During the rubric development phase, discussions on how to categorize different types of errors
came up. For example, not following coordinate systems or acceleration diagrams when setting
up equilibrium equations constituted a conceptual error for that category. However, writing
equilibrium equations that followed an incorrectly declared coordinate system did NOT count as
a conceptual error — because the students are consistent with their own work. Other examples of
conceptual errors included:

1) Coordinate systems not starting from fixed reference
2) Incorrect number of tensions on the FBD
3) Not including weight on the FBD

After these discussions and the rubric creation, each instructor re-graded their exams following
the seven rubric categories using the three-scoring options. The instructors kept track of the type
of procedural errors made and included notes for the conceptual errors that were made. The



results in this paper will include the totaled results for some of the rubric categories and an
illustration of tracking the flow of these errors to the conceptual problem answers.

Results

The results come from three universities, including two large public R1 universities, in
the South and Midwest, and a public M1 institution in the Midwest. Due to the small class size in
one of the instructors’ courses, only a small (randomly selected) number of student exams were
selected from the other two instructors’ classes for the analysis to support the proof-of-concept
for the rubric. The results include a preliminary analysis of a small data set from the problem
shown in Figure 1 that will consider student performance on the concept problem and their
corresponding solution to the long-form problems using the rubric.

Also included in this section is an illustration of the flow of a long-form solution from
rubric category 1 to 7 ending at the concept problem response to illustrate how errors in one
section of the rubric “track™ to other sections of the rubric as a student solves a long-form
problem. This flow illustration starts to track how those errors may be connected to correctly
answering a concept problem.

The three instructors assigned the long-form problem and paired concept problems on
their normal in-class exams in an introductory second year Dynamics course. The students were
not required to answer the questions in a particular order, so it is possible students could answer
the concept problem first and then work out the long-form problem, or they could work out the
problem first and then answer the concept problem.

Preliminary Analysis of Concept Answer and Rubric Category Scoring

Initial analysis of the connections between students’ concept answers and different rubric
categories is ongoing, but the preliminary analysis will show this relationship for some of the
rubric categories. In the tables below, results are organized in terms of students having answered
the concept problem correctly or incorrectly and then those groups are broken into the three
score options for one rubric category (Category 7 — Final Answer is shown in Table 1).
Currently, the results have been quantified for 4 categories of the rubric: Final Answer,
Coordinate systems, Free Body Diagrams, and Equilibrium Equations. This provides an
overview of how students are performing in different areas of the problem-solving process and
attempts to draw connections to their response to the concept problems.

The use of the rubric provides a systematic way to break down errors in long-form
solutions and relate those errors to concept problem performance. One of the central questions to
this study is whether students who correctly answer a concept problem also arrive at the correct
numerical solution on a long-form problem, or conversely, whether students who correctly
answer the long-form problem demonstrate correct conceptual understanding.



Category 7: Concept-Final Answer Analysis

Table 1 presents the preliminary results for the final answer relationship. It shows that
for our data set, 23.8% of our students were able to answer the concept problems correctly, while
76.2% answered incorrectly — close to guessing. Of those that answered the concept problem
correctly, 20% got the correct final answer to the long-form problem without making any
procedural errors. However, of the 76.2% of students who answered the concept problem
incorrectly, 12.5% were able to arrive at the correct long-form problem answer, but the
remaining 68.8% made procedural errors in arriving at their final answer. So, the other rubric
categories will allow us to track where those errors are made to see the places of errors that are
leading to a poor performance.

Table 1: Comparing concept inventory performance to calculating the correct final
answer

Shown here are the results of the types of errors students made in the Final Answer section
based on the students’ performance in answering the concept problem. Either the final answer
was correct, or there was a procedural error. In this category, there was no classification for
conceptual errors, since any errors here are typically from calculations, transcriptions, or other
procedural errors.

Percent of Each Category
| | | | | |
Concept Correct Incorrect
23.8% 76.2%

Final Correct Incorrect DNA Correct Incorrect DNA
Answer 20.0% 80.0% - 12.5% 68.8% 18.8%

Error Procedural | Conceptual Procedural| Conceptual

Type 100.0% - 100.0% -

These results indicate that the answer to our central question: “Is it possible for students
who correctly answer concept questions to arrive at the correct numerical solution to a long-form
problem?” would be “Yes”— but not many do. In addition, some students who incorrectly answer
the concept problem can still arrive at the correct numerical answer to the long-form problem.
With the limited data that we analyzed, the results are mixed. We cannot conclude that there is a
one-to-one correlation between getting the correct answer and answering the concept question
correctly. In fact, this is exactly what we might expect from an average Dynamics class.

This leads to the next questions for this study: “1) What type and where are the mistakes
students are making such that they are not getting to the correct long-form problem answer?”” and
“2) How do those mistakes relate to answering the concept problem?”



Category 1: Concept-CS Analysis

The first category in the rubric includes selecting a coordinate system which is a
foundational step for setting up correct directions and descriptions of the motion. Table 2
includes the correlation between students’ response to the concept problem and their ability to
select an appropriate coordinate system to solve this problem.

Table 2: Comparing concept inventory performance to selecting the correct coordinate
system

Shown here are the results of the types of errors made in the Coordinate System section in
comparison to a students’ performance in answering the concept problem. In addition,
incorrect answers in the rubric category are further broken down into procedural or conceptual

errors
Percent of Each Category
Concent Correct Incorrect
. 23.8% 76.2%
cs Correct Incorrect DNA Correct Incorrect DNA
60.0% 0.0% 40.0% 62.5% 37.5% 0.0%
Error Procedural | Conceptual Procedural| Conceptual
Type -- -- 16.7% 83.3%

This table illustrates that 23.8 % of the students answered the concept problem correctly—
the same as shown in Table 1. However, of those students, 60% were able to correctly select an
appropriate coordinate system to help them solve the problem. The other 40% did not even
attempt to indicate a coordinate system. An error here might have been to have a coordinate
system that did not start from a fixed reference frame. In addition, 76.2% of the students who
incorrectly answered the concept problem, 62.5% were still able to select an appropriate
coordinate system. Those who made errors in selecting a coordinate system, 83.3% made
conceptual errors and the remaining 16.7% made procedural errors.

The relationship between coordinate system and concept problem response shows that the
small percentage of students who answered the concept problem correctly, did not seem to have
issues in selecting an appropriate coordinate system. In addition, though a large percentage of
students answered the concept problem incorrectly, they were still able to select a coordinate
system appropriate to solving the long-form problem. This is encouraging because this is one of
the key items necessary to solve long-form problems correctly and communicate a solution to
others.

Category 2: Concept-FBD Analysis

Next, the free-body-diagram category seemed to be a clear step in the solution process
where students could make conceptual errors that lead to misunderstandings of dynamics



concepts. The results relating error types in the FBD category to concept problem performance
are summarized in Table 3.

Here, of the 23.8% of students answering the concept problem correctly, only 40% of the
students are drawing FBDs properly. A similar percentage of the students that answered the
concept problem incorrectly were able to draw a proper FBD. The majority in both groups had
incorrect FBDs, and it seems most of the errors were conceptual, versus procedural. Some of the
conceptual errors regarding this problem include:

e Wrong number of tensions
e Doesn’t use pulley FBD to relate tension in ropes

Did not count number of ropes

1 Normal force

Only 1 tension on Block B

Table 3: Comparing concept inventory performance to free body diagram performance
Shown here are the results of the types of errors made in the Free Body Diagram section in
comparison to a students’ performance in answering the concept problem. In addition,
incorrect answers in the rubric category are further broken down into procedural or conceptual

errors
Percent of Each Category
Concent Correct Incorrect
B 23.8% 76.2%
FBD Correct Incorrect DNA Correct Incorrect DNA
40.0% 60.0% 0.0% 37.5% 62.5% 0.0%
Error Procedural | Conceptual Procedural| Conceptual
Type 33.3% 66.7% 30.0% 70.0%

Category 4: Concept-Equilibrium Equations Analysis

The next rubric category that was analyzed is one of the most critical steps in the long-
form solution process, but also in illustrating a conceptual understanding of a problem —
transferring those vectors on the FBD into equations of equilibrium. Interestingly, most students
were able to get the equations correct regardless of how they answered the concept problem. It
should be reiterated that the rubric does not carry forward errors that may have happened in a
previous rubric category. However, the error type made in this category are all conceptual
showing that the students who are making mistakes are having a hard time conceptually
transferring the vectors from the FBD into a complete set of properly formed equilibrium
equations. Some examples of the descriptions of errors include:



¢ Did not follow FBD
e Sign on T and ax do not match FBD
e Set each FBD equal to accel for Block A

Table 4: Comparing concept inventory performance to the ability to write a complete set
of equilibrium equations

Shown here are the results of the types of errors made in the Equilibrium Equations section in
comparison to a students’ performance in answering the concept problem. In addition,
incorrect answers in the rubric category are further broken down into procedural or conceptual

errors
Percent of Each Category
Concent Correct Incorrect
. 23.8% 76.2%

EQEQNS Correct Incorrect DNA Correct Incorrect DNA
q 60.0% 40.0% 0.0% 62.5% 18.8% 18.8%
Error Procedural | Conceptual Procedural| Conceptual
Type 0.0% 100.0% 0.0% 100.0%

Solution Flow Diagram

The flow diagram shows how student-work progresses through each part of the long-form
solution process as defined by the rubric and how this path relates to concept problem response.
To visualize how one error may have influenced another, each type of error (procedural &
conceptual) was tracked from one rubric category to the next: see Figure 2. The ideal relationship
would show that students who answered each section of the dynamics rubric correctly would be
able to answer the concept problem correctly, but the results indicated that this relationship does
not exist as shown in the tables above, particularly Table 3. Correct answers on the different
rubric items does not necessarily result in a correct answer on the concept problem. Figure 2
shows an overall view of how students collectively progress from one part of the long-form
solution process to the next. This is a high-level view of the flow, but a more detailed look at the
flow for an individual student offers more insight into the effects of errors throughout the
process.
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Figure 2: Flow diagram of scores for each rubric category.
Each of the seven sections of the grading rubric (CS, FBD, AD, EqEqn, OthEqn, ALG, FA)
are shown in the general flow (left to right) that students take from one rubric category to the
next, and then to the concept inventory (CI) question answer.
Each rubric category is scored as (C) - Correct, (PE) - Procedural Error, (CE) - Conceptual
Error, (I) — Incorrect, or (DNA) - Did not Attempt.

Figures 3 and 4 show the same image in Figure 2 with the paths of two students (solid
and dashed lines) through the solution process overlaid. Figure 3 illustrates that there are
multiple ways to get to the correct Final Answer (FA) and correct answer on the Concept
Inventory (CI) problem.
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Figure 3: Two paths to answering the concept problem correctly
The two lines here indicate paths of two different students through solving the problem and
answering the concept inventory question correctly. Notice the divergence in drawing the
FBDs but then the convergence in writing equilibrium equations.

Interestingly, the student path indicated with the dashed line shows that students can make errors
in drawing their FBDs while still arriving at the correct answer for the concept inventory
problem. In addition, the student path indicated with the solid line indicates that an error in
drawing acceleration diagrams does not influence their understanding of the concept.

In Figure 4, two paths are shown for students who arrived at the incorrect concept problem
answer. One student illustrated that they could arrive at the correct numerical answer to the long-
form problem while still showing that they did not quite grasp the concept fully. Alternatively,
the path from the student indicated with the dashed line shows that the student had trouble from
the start and could probably use a little help with both the concept and the problem-solving
process.
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Figure 4: Two paths to answering the concept problem incorrectly
Two paths to answering the concept problem incorrectly. The student solution indicated with
the solid line was able to answer each part of the rubric correctly, including solving for the
final answer, however, the student could not answer the concept problem correctly. Another
student, dashed line, made many conceptual and procedural errors and attempted the concept
problem unsuccessfully.

Discussion

With only a small sample size from each university, we are cautious to make any hard
conclusions from this data. Nevertheless, the rubric proved to be useful as a tool to
systematically identify where and what type of errors show up in the problem-solving process.
As expected, students that had a hard time with certain rubric categories, particularly the FBD
often had a hard time answering the concept problem correctly. However, for this preliminary
data set, an unexpected finding was that a similar percentage of students who answered the
concept problem correctly were also making conceptual errors when drawing their free body
diagrams, suggesting that conceptual understanding as assessed by concept problems may not
fully capture how students apply concepts when solving a long-form problem. However, more
data and analysis are necessary to make any hard conclusions, to tease apart fundamentals in the
long-form problem solving process and understanding of concepts.

These preliminary results also show that the errors in developing the equations of
equilibrium were all classified as conceptual errors rather than procedural. This finding is not
surprising since this step requires students to accurately transfer the vectors from the FBDs into
the equilibrium equations which can be a challenge for students. The consistency in error type
for this category indicates that the rubric is robust enough to support similar results from three
different faculty grading independently.



Finally, these preliminary results suggest that students take all sorts of different paths to
finding the correct or incorrect final answer to a long-form problem and a concept problem. This
variability reflects that students are still developing a strong procedural process for solving
problems early in their academic careers. It may also indicate that conceptual understanding may
take a while to develop and does not always happen at the same time as procedural problem-
solving skills. Additional data is needed to make any strong correlations to the relationship
between procedural problem-solving and conceptual understanding, and to identify specific areas
in the problem-solving process where faculty can reinforce ideas to support conceptual
understanding. These findings can help inform instructional practices to ensure that our students
graduate with both strong problem-solving skills and a deep conceptual understanding of topics.

Conclusion

This study highlights that there are many different paths to arrive at the correct numerical
answer to a long-form problem, and these pathways can reflect different levels of conceptual
understanding. To better evaluate the complexity of these pathways, we created a rubric to
identify different key parts of the solution process and the types of errors that are being made.
The rubric enables for a method of analysis of student reasoning throughout the long—form
solution process to be correlated to student responses on concept problems.

The initial application of the rubric shows promise as a systematic tool to track down
errors in long-form problems. The results were consistent with the places of error that would be
expected for Dynamics students including conceptual difficulty in drawing FBDs and developing
equilibrium equations. This was consistent for multiple instructors at different institutions,
suggesting that the rubric supports consistent evaluation of student work. The team will keep
moving forward with more data analysis and further testing of the robustness of the rubric with a
larger data—set.

Future Work

Ultimately, this study discusses the development of a rubric used to investigate the
connection between long-form problems and concept inventory questions to understand the
development of each form of knowledge and how to evaluate student understanding for each
type. The initial analysis showed conceptual understanding can manifest both explicitly in
concept problems but also implicitly in the problem-solving process. Since it has been shown
that both conceptual and procedural learning can enhance a student’s ability to apply knowledge
to new contexts [16], [17], future analysis will be valuable in identifying points in the problem-
solving process where misconceptions occur. This can begin to identify the connections between
problem-solving skills and conceptual understanding, and when the two forms of knowledge
develop for students. The results will be useful to inform instructional strategies and support
more targeted feedback for students.
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