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Understanding Context: Propagation and Effectiveness of
the Concept Warehouse in Mechanical Engineering at
Five Diverse Institutions and Beyond — Results from Year 4

It has been shown that active learning strategies have a positive effect on student retention,
engagement, and performance, and can reduce the performance gap for underrepresented
students [1-8]. One form of active learning, concept-based learning, is used to “foster students'
understanding of deeper concepts rather than just factual knowledge” [3]; the effectiveness of
this approach has also been well established. Despite the evidence, many faculty continue to
stress algorithmic problem solving without attending to student conceptual understanding. The
biggest challenge to improving STEM education is not developing additional instructional
practices, but finding ways to get faculty to adopt the evidence-based pedagogies that already
exist.

A primary goal of our project is to propagate the Concept Warehouse (CW) into Mechanical
Engineering (ME) and other disciplines, and to study how that propagation occurs. The CW is an
online innovation tool that was initially developed for the Chemical Engineering community, and
includes ConcepTests, Concept Inventories, and Instructional Tools. A portion of our work
focuses on content development in mechanics, and includes statics, dynamics, and to a lesser
extent strength of materials. We are also studying how different contexts affect the uptake of the
CW within the mechanics community. Our IUSE project objectives are to:

1. Extend the use of the Concept Warehouse (CW) to Mechanical Engineering (ME) and
grow by 50,000 student users from diverse populations. To achieve this objective, we
will:

a.  Develop content [at least 300 new ConcepTests] for Statics and Dynamics.

b.  Continue development of ME research-based Instructional Tools (e.g., Inquiry-
Based Activities and Interactive Virtual Laboratories) that help students develop
conceptual understanding.

c.  Serve as a repository for Concept Inventories that can be used by ME (and other)
instructors.

d.  Provide extensive learning analytics for users who wish to perform research, test or
develop new Concept Inventories or ConcepTests, and/or use them to inform
classroom instruction.

2. Investigate the propagation of the CW as it expands into ME, with a specific focus on
understanding aspects of the educational systems that influence the propagation of the
CW in five diverse institutional settings. Aspects of the educational systems include
institutional context; instructor histories, beliefs and practices; student histories and
practices; and the affordances and constraints of the technological innovation itself.

3. Conduct educational research on effectiveness of validated instructional practices across
five diverse institutions. This research will identify ways to support engagement and
conceptual learning of diverse populations of students, within the contexts of the
educational systems (i.e., institutional contexts, instructor and student histories, beliefs
and practices, and the innovation — the CW).



4. Promote and track propagation of the enhanced CW via targeted community building in
ME. This will be accomplished through workshops, implementation of an Action
Research Fellows Program, collaboration with professional societies in ME and outreach
efforts to two-year colleges.

5. Continue to develop and refine a sustainability plan for continued expansion of the CW.

In the past year, we have focused on (a) analyzing extensive interviews with faculty members to
investigate aspects of the educational systems that influence the propagation of the CW in five
diverse institutional settings, (b) a multi-institutional “Common Questions Study” expanded
from last year, (c) student metacognitive responses to complex concept questions, (d) machine
learning of constructed responses, (d) continued development and review of concept questions,
and (e) development of adaptive instructional tools.

Ecosystems Metaphor for Propagation

In this project, we use an ecosystem metaphor to understand the propagation of an instructional
tool, the Concept Warehouse [9]. This metaphor reflects a socio-cultural perspective that is local,
idiosyncratic, historic, and context- and climate-centered [10]. Using this metaphor we develop a
model (Fig. 1) to address the ways a technology-based tool, the Concept Warehouse, propagates
in diverse settings and to how students use the tool in their learning. The ecosystem model goes
beyond previous research using the Diffusion of Innovations framework [11] which does not
adequately account for the ways in which instructional and learning practices are socially
situated within specific educational ecosystems, nor how those systems influence the ways in
which practices are taken up by individuals and groups.
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Figure 1. Model of the educational ecosystem for a single institution.



Educational ecosystems are complex, and changes in any aspect of the system lead to other
aspects responding, often in unanticipated ways [12], [13]. Not only do initial decisions to use
the tool reflect instructors’ system-embedded goals and trajectories of practice, the ways in
which they use and adapt the tool change the ecosystem, leading to new insights, learning, shifts
in practice and even modification of initial goals.

Instructors Trajectories of Practice

We continue to analyze instructor interviews, focusing on 12 cases, all of whom participated in
the Concept Warehouse Community of Practice (CoP). We have completed analysis that
introduces the idea of an instructor’s trajectory of practice, an alternative construct to understand
the diverse ways that faculty utilize educational technology and student-centered instructional
practices. This construct leverages our theoretical model [9] to understand the role of contexts
(including their institutions, courses, students, personal history and pandemic-related
adaptations) in their use of the Concept Warehouse’s multiple affordances. Using a case study of
five instructors, we compare use of the Concept Warehouse both before and after participating in
professional development activities (workshops and/or a community or practice). These
trajectories are tool-mediated where instructors gained understanding of student learning and
assessment from their responses in the Concept Warehouse. They are also community mediated
where the project’s CoP provided extra-institutional support for deepening practice. Instructors
use of the tool and interactions with the community depended on their instructional contexts. We
argue a shift in perspective, valuing variability over conformity, is fundamentally needed to
support diversity goals.

Common Questions Study

We have pursued a “4 question” research design in both statics and dynamics. In the design, we
recruited instructors teaching at different institutions (8 instructors from 6 institutions for statics;
6 instructors from 5 institutions for dynamics). These instructors selected a common set of four
conceptual questions that they agreed to deliver including explanation, confidence, and
effectiveness follow-ups. The intent is for them to deliver the questions at the time and mode that
best matched their content delivery and use of the tool (e.g., homework, in-class group, in-class
individual). The effectiveness follow-ups were incorporated into the tool earlier in the grant and
include two Likert scale items (“I understood what the question was asking” and “Trying to
answer this question made me think deeply about the course material””) with written explanations
to each item following. After the third question, students were invited to complete a survey
which was developed this Project Year. The survey contained 18 items focusing on practices and
engagement, including cognitive engagement, emotional engagement, value, metacognition. A
subset of these students was invited for interviews. We also developed and deployed an
instructor survey.

Preliminary results from the study of four statics instructors [ 14] mentioned above were as
follows:
e Across all four institutions, and independently of correctness of their answer, female
students consistently reported lower confidence in their answers.



e In general, among students selecting correct responses, about one third to one half
expressed reasoning that was considered ‘correct’. Nevertheless, many ‘incorrect’
answers contained portions of reasoning that suggested that some core ideas were being
expressed, allowing for the possibility of further discussion to build understanding.

Student’s Metacognitive Responses to Complex Concept Questions

In a study on student metacognition conducted, a group of 250 students from six different higher
education institutions were administered a concept question in statics. These institutions included
a community college, a large public land-grant institution, and a university located in a primarily
Spanish-speaking country. The students were required to provide their multiple-choice answer,
an explanation for their answer, their confidence level, and their assessment of the question's
clarity and how it helped them to think deeply about the course material. While most students
across all institutions stated that they comprehended the question, less than half of them selected
the correct answer. A few students expressed that the question was clear, but they were unsure of
how to solve it. Many students pointed out that the conceptual nature of the question prevented
them from using equation-based algorithms to arrive at a numerical solution, resulting in an
absence of deep thinking. Some students believed that a question should have a numerical
solution to be considered "real" engineering, while others thought that such questions helped to
evaluate their conceptual understanding.

Machine Learning of Constructed Responses

In order to analyze the large number of student constructed responses to conceptually
challenging questions in mechanics, we have initiated a collaborative effort with machine
learning researchers. We have completed initial evaluation of large pre-trained generative
sequence-to-sequence language models to automate the laborious coding process of student
written responses. Adaptation of machine learning algorithms in this context is challenging since
each question targets specific concepts which elicit their own unique reasoning processes. This
exploratory work seeks to utilize responses collected through the Concept Warehouse to identify
viable strategies for adapting machine learning to support instructors and researchers in
identifying salient aspects of student thinking and understanding with these conceptually
challenging questions. Initial work [15] explored T5-large and GPT3 transformer based Natural
Language Processing (NLP) models. We are extending this work to study the use of NLP for
linguistic justice. Linguistic justice is defined as equitable access to political or social life
through language [16]. Through text summary and topic modeling utilizing machine learning
tools like Box-of-Words (BoW) and latent Dirichlet allocation, we identify critical aspects of
student narratives of understanding in written responses to mechanics and statics CTs. We seek
to use machine learning to identify different ways students talk about a problem. Through this
process, we hope to help reduce human bias in the classroom and through technology by giving
instructors and researchers diverse narratives that include insight into their students’ histories,
identities, and understanding. These can then be used to connect technological knowledge to
students’ everyday lives.



ConcepTests in Statics and Dynamics

Since the beginning of our grant, there have been 342 ConcepTests developed for statics and 411
questions created for dynamics. Additionally, a subgroup of the Statics team developed 41
strength of materials questions. Currently, the teams are reviewing current questions for clarity,
and plan to continuously improve the current questions. For some of the ConcepTests, students
have provided their agreement with the statement “I understood what this question was asking”,
and “Trying to answer this question made me think deeply about course material”, which will
also be helpful in analyzing the quality of our ConcepTests.

Development of Adaptive Learning Modules

Leveraging work done for a different grant, we have been working on adaptive learning modules
(ALMs) in physics, statics, and dynamics. These will be added to the Instructional Tools tab in
the Concept Warehouse. As shown in Figure xxx, the modules start with a short video letting
students know why the particular topic is important. We also try to highlight underrepresented
engineers and scientists in these videos. Then, we provide content delivery, similar to what might
be given in a flipped course. These are also interactive, with a few short concept questions
embedded within them. Students are then given a ConcepTest to see how well they understood
the content, and then depending on their answers, they will be given a specific Supplemental
Instruction. These are short 2-3 minute videos to help correct any misconceptions. This prepares
them for an Instructional Tool, which delves into the concept more deeply and often includes a
predict-observe-explain cycle. Finally, a summative ConcepTest is given to see how successful
the overall ALM was.
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Conclusions

As our project reaches its end, we will focus on continued analysis of our instructor interviews,
our common questions study and associated survey responses, and finalizing our ConcepTests
and Instructional Tools. Our hope is to provide easily adaptable learning materials to mechanics
faculty, as well as research into how and why educational innovations propagate in the
engineering education community.
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