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Impact of Integrating Computation into Undergraduate
Curriculum: New Modules and Long-Term Trends

Abstract

Computational methods have become increasingly used in both academia and industry. At the
University of Illinois Urbana Champaign, the Department of Materials Science and Engineering
(MSE), as part of a university-funded educational innovation program, has integrated
computation throughout its undergraduate courses since 2014. Within this curriculum, students
are asked to solve practical problems related to their coursework using computational tools in all
required courses and some electives. Partly in response to feedback from students, we have
expanded our current curriculum to include more computational modules. A computational
module was added to the freshman Introduction to Materials Science and Engineering class; thus,
students will be expected to use computational tools from their first year onwards. In this paper,
we survey students who are currently taking courses with integrated computation to explore the
effects of gradually introducing students to programming as well as both macro- and micro-scale
simulations over multiple years. We investigate the improving confidence level of students, their
attitude towards computational tools, and their satisfaction with our curriculum reform. We also
updated our survey to be more detailed and consistent between classes to aid in further
improvements of our MSE curriculum.

1 Introduction

Computational tools have become indispensable for materials science both in research and
industry. According to the 2009 survey by Thornton et al.!, and the 2018 followup by Enrique et
al.2, employers that hire Materials Science and Engineering (MSE) students value computational
materials science education and desire 50% of their hires to have a computational MSE
background . Additionally, they believe MSE graduates should at least be aware of what
simulations used in their field and what is computationally feasible?. They also highlighted a gap
between industry and what is taught in class - while students are typically taught molecular and
atomic-scale simulations in class, employers are more interested in macroscopic, continuum
models’.

As a result of these surveys, faculty started an initiative project to address the shortcomings in our
MSE curriculum. This project, under a Strategic Instructional Initiatives Program (SIIP) of the
College of Engineering, seeks to establish a collaborative environment to incorporate
computational modules into classes and enhance instruction. This was inspired by Henderson et
al.>*>% and more information can be found in our earlier publications”$%10:11,



Our previous studies measure the effectiveness of our computational curriculum reform.
Mansbach et al.® found that students’ grades and performance on exams improved after adding
computation to their coursework. Zhang et al.!? surveyed students and found that they desire
earlier and more computational content, preferably starting in their first year of instruction.
Followup surveys by Lee et al.!' found that graduating students became comfortable with using
computational tools to solve MSE problems and more than half of students believed that the
addition of computation helped them understand the course content.

In this paper, we first describe our curriculum and the new computational modules we have
developed and integrated into our classes. To measure the effectiveness of the new computational
modules, we investigate both the comfort of students with using the computational tools and how
relevant the module is to the course. Given the maturing of our curriculum, we then compare
survey results to investigate the temporal trends of students’ comfort with the computational
tools, their opinions on computation in general, and their satisfaction with the current MSE
curriculum.

2 Curriculum and Computational Modules

The courses involved in the curriculum reform include all required undergraduate courses and
some semi-required and elective courses as listed in Table 1. Each course has two computational
modules, except for MSE 182 (1), MSE 422 (1), and MSE 406 (3). These modules cover content
directly applicable to the course, as listed in Table 2. This is the first year where there has been a
module focused on the use of visualization software, such as OVITO. The specific tools that are
used in the computational modules are:

e OVITO? for atomic visualization (first year using this software)

e OOF2'3, using the nanohub.org'* interface, for finite element methods (FEM)

e MATLAB " for scientific computing e.g. fitting data and solving differential equations
e LAMMPS'® for molecular dynamics (MD)

ThermoCalc'” (CALPHAD) for computing phase diagrams

Quantum Espresso '® for density-functional theory (DFT) calculations

While the curriculum has mostly stayed constant and is described in earlier work”-'?, two
additional modules have been developed over the last two years for classes, MSE 182 and MSE
422, that had previously lacked computation. Using OVITO, since Fall 2019, students in MSE
182 were asked to visualize the diamond cubic structure of Si and sketch various planes. Then,
they compared the OVITO image to real STEM images and labeled corresponding columns of
atoms. After that, they created an animation showing a Si supercell rotating 360 degrees. While
there are no other modules focused on OVITO, students are expected to use OVITO or other
visualization software, e.g. to analyze their MD results. Thus, students will use the skills from
this module again later in the curriculum. This also marks the first computational module added



Table 1: All MSE classes involved in this paper. Semi-required classes are required for some focus
areas. MSE 404 is the general course number for Laboratory Studies in MSE, but in this paper,
will only refer to Computation in MSE.

Number | Name Level Type

182 Introduction to MatSE Freshman Required
201 Phase and Phase Relations Sophomore Required
206 Mechanics for MSE Sophomore Required
401 Thermodynamics of Materials Junior Required
402 Kinetic Processes in Materials Junior Required
406 Thermal and Mechanical Behavior of Materials Junior Required
304 Electronic Properties of Materials Junior Semi-required
404 Laboratory Studies in MSE: Computation in MSE Senior Semi-required
422 Electrical Ceramics Junior/Senior Elective
440 Mechanical Behaviors of Materials Junior/Senior Elective

to a freshman course, so students will now be exposed to computational tools from the first year
of their undergraduate curriculum.

Table 2: All computational modules in SIIP classes. The classes marked with * have computational

modules which were added after 2017.
Course | Visualization | FEM | MATLAB | MD | CALPHAD | DFT

182%* X
201 X X
206 X X
304 X
401
402
404
406
422%
440 X X
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Since Spring 2019, there has also been a module in MSE 422, which uses LAMMPS to explore
the 1onic conductivity of CeO,. Using classical force fields, they first calculated the defect
formation energy of an oxygen vacancy and used that to calculate the equilibrium vacancy
concentration. Next, they calculated the diffusion coefficient, estimated the ionic conductivity,
and finally, calculated the activation energy for diffusion.

3 Expanded Survey

To help us with our curriculum reform, we have updated the pre- and post-course surveys to
pinpoint areas of improvement in the current computational curriculum. These questions seek to



measure the performance of the computational modules both to increase student comfort with
computational tools and to aid students’ understanding of related course material in their classes.
We hope to use the results of these surveys to improve integration of computational modules and
pinpoint weaknesses. The current questions are:

e Do you think computational tools are important for materials science and engineering?
(Very Important — 1 2 3 4 5 — Very Unimportant)

e Do you think computational materials science skills are important for your post-graduation
career?
(Very Important — 1 2 3 4 5 — Very Unimportant)

e In general, do you think the computational experiences you have had in MatSE classes are
beneficial to you?
(Very Beneficial — 1 2 3 4 5 — Not Beneficial at All)

e Should there be more or less computational material in MatSE classes?
(Much More — 1 2 34 5 — Much Less)

e Which of the following computational methods do you think is the most difficult one?
e What do you think is the best time to start learning computational skills in MatSE classes?

e Do you think that Computational Module __ is relevant to the course syllabus? (This
question will be asked for each computational module in the class.)
(Very Relevant — 1 2 3 4 5 — Not Relevant at All)

e Do you think the computational modules help you understand the related course materials
in your class?
(Very Beneficial — 1 2 3 4 5 — Not Beneficial at All)

e Do you understand the objective of the computational modules?
(Understand Very Well — 123 45 — Don’t Understand Very Well)

Furthermore, to reduce bias, we have made questions that measure student comfort with
computational modules more detailed. Instead of asking whether or not students are familiar with
various computational tools, we will now ask students about their comfort in applying the
computational tools to specific class-related problems.

e If you were asked to visualize and compare different crystal structures, how comfortable
would you be using the following approaches ?

Draw (pencil and paper)

(Very comfortable — 1 2 3 4 5 — Very uncomfortable)
Ovito (or a similar software)

(Very comfortable — 1 2 3 4 5 — Very uncomfortable)

These new questions will be standardized across all classes and asked at the beginning and end of
the semester. The results will then be used for the further development of new modules and
improvements of the existing ones.



4 Effectiveness of New Modules

To measure the effectiveness of the new modules, we surveyed students at the end of the semester
to measure their perceived comfort levels with the computational tools, and if the modules were
useful when placed in context with the class as a whole. For MSE 182, we asked students to
answer the following three questions:

e QI: If you were asked to visualize and compare different crystal structures, how
comfortable would you be using OVITO or similar software?
(Very comfortable — 1 2 3 4 5 — Very uncomfortable)

e Q2: Do you think the computational modules help you understand the related course
materials in MatSE 1827
(Strongly agree — 1 2 3 4 5 — Strongly disagree)

e Q3: Do you understand the objective of the computational modules?
(Strongly agree — 1 2 3 4 5 — Strongly disagree)
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Figure 1: Students’ feedback on the computational module in MSE 182. There were 82 responses
to this survey, which was taken at the end of the semester.

Their responses are shown in Fig. 1. While Lee et al.!! found that only a third of graduating
seniors believed that the computational modules were helpful in understanding the course
material, here, 66% (p-value < 10~°) of students believed that to be the case. Results may be
skewed by relevancy because graduating seniors were years separated from modules taken in their
sophomore and junior years while this survey was taken at the end of the semester. Additionally,
41% of students were comfortable (chose either option 1 or 2) using OVITO to visualize crystal
structures. Because this module is the first one focused on OVITO, it is unclear if students have
become more comfortable after the class or not. More open-ended problems given to the students,
for them to explore this tool on their own may be needed to alleviate this.



For MSE 422, we asked students to answer the following three questions:

e QI: You are comfortable with explaining MD to your classmates.
(Strongly agree — 1 2 3 4 5 — Strongly disagree)

e Q2: You are comfortable with conducting a project that requires usage of MD in your

future career.
(Strongly agree — 1 2 3 4 5 — Strongly disagree)

e Q3: You think the computational module in 422 (lecture plus homework) is relevant to the
course syllabus.
(Strongly agree — 1 2 3 4 5 — Strongly disagree)
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Figure 2: Students’ feedback on the computational module in MSE 422. There were 21 responses
to the survey.

Their responses in Fig. 2 show that after taking the class, more than 25% of students were
comfortable explaining MD to their classmates, and less than 20% of students were comfortable
using MD in a future project. These results are in agreement with Lee et al.!! who compared the
confidence of sophomores and seniors and found that while sophomores had 0% confidence in
using MD, almost 50% of graduating seniors were confident. We therefore conclude that students
become more confident in MD as they are exposed to it more frequently between the start and end
of the MSE curriculum. Due to graduate student enrollment in MSE 422 and flexible scheduling
of junior-level electives, it is difficult to draw further conclusions about their comfort as they
progress through the curriculum. Additionally, 50% of students thought that the content in the
computational module was relevant to the course, which is larger than the 33% reported by Lee et.
al’s!! survey of graduating seniors across the entire curriculum. Using their feedback, we can
conclude that the new computational module was well-integrated into the curriculum.



S Temporal Trends

Our previous surveys show the increasing confidence in using computational tools between both
the entry and exit surveys, given at the start and end of their SIIP courses”-'*!! and more broadly,
between the entry survey of MSE 201 and in their senior year!'. We also found that senior
students are the most likely to want to start learning computation tools in their freshman year, but
students are generally satisfied with the current amount of computation in their classes'!.

To expand our understanding of the long-term effects of our curriculum reform, we measure how
students’ opinions toward computational tools have changed throughout the years. We compare
surveys from 2016-2020 and split the results into three sections: (1) students’ comfort with using
computational methods, (2) students’ general attitude toward computational tools, and (3)
students’ satisfaction with the amount of computational modules in the MSE curriculum.

5.1 Comfort with Computational Tools

Students were asked several survey questions to rate their comfort in using a variety of
computational methods to perform representative calculations from their course. To measure their
comfort with FEM methods, students were asked one of the following questions:

e MSE 206: If you were asked to determine the bending of a beam under loads, how
comfortable would you be using Finite Element (e.g. OOF2)?
(Very comfortable — 1 2 3 4 5 — Very uncomfortable)

e MSE 406: If you were asked to determine the stress field ahead of a crack tip, how
comfortable would you be using Finite Element (e.g., OOF2)?
(Very comfortable — 1 2 3 4 5 — Very uncomfortable)

Figure 3 shows the students’ comfort with using FEM in MSE 206 and MSE 406 in 2016, 2017,
2018, and 2019. In two years, we see that the percentage of students who are are least neutral
(who select from options 1-3) towards using FEM in MSE 206 increases slightly from 28% to
33% (p-value = 0.25). Because this is the first class where students are exposed to FEM, changes
in comfort levels are expected to be small. More strikingly, the percentage of students who are
very uncomfortable drops drastically from 59% to 34% (p-value = 1.7 x 10~*). Given that MSE
206 is the first class where students are exposed to FEM, these results imply that as our curricular
changes are becoming more mature, students are perceiving themselves as more confident with
computational tools without any further exposure. Even though the module itself has not changed
throughout the years, this change could be a result of additional experience with emphasizing
connections with the coursework and greater understanding of common student pitfalls, leading to
updated instructions. The low statistical significance may be a result of the instructor and the
teaching assistant for the course changing throughout the years, so no instructor has four years of
experience.

For MSE 406, although the number of students who are at least neutral drops from 65% in 2016
to 42% (p-value = 1.0 * 10~%) in 2018, it rises back up to 73% (p-value> 0.25) in 2019. This can
be explained by looking at the scores for the first midterm exam as shown in Table 3. (We are
using midterm scores rather than final grades because the grades were scaled so that the
distribution would be similar for different years.) While the questions asked have not
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Figure 3: Students’ comfort level in MSE 206 and MSE 406 over time. Data from 2016 is from
Kononov et al’. From left to right, there are 75, 58, 70, 76, 67, and 55 students surveyed for each
class. There is graduate student enrollment and survey responses in 400-level classes.

fundamentally changed, there is a noticeable decline in score and an increased standard deviation
between 2016 and 2018. This implies that students’ performance became more heterogeneous, so
there were many students in those years who had low scores in the class and therefore low
confidence levels in their overall class performance. This lower confidence in the class as a whole
may have led to lower confidence in using the computational tools. Because the survey is taken
anonymously, we cannot directly measure correlation between students who performed more
poorly in the class and their perceived confidence in using computational tools. The low statistical
significance between 2016 and 2019 is due to two competing processes: slightly lower scores and
increased experience with teaching the class with the incorporated computational modules.

Table 3: Midterm Grades in MSE 406 from 2016 and 2019.
Year | Mean Score | Standard Deviation

2016 77 13
2017 65 18
2018 59 16

2019 71 15




5.2 Attitude Towards Computational Tools

To understand students’ attitudes toward computational tools, in general, we asked the following
question:

e [ think computational materials science skills are important for my post-graduation career.
(Strongly Agree — 1 2 3 4 5 — Strongly Disagree)
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Figure 4: Students’ attitudes towards computational materials science skills from 2014-2019. Data
from 2014-2016 is from Kononov et al.”, and data from 2017 is from Zhang et al.'?. There are 53,
63, 43, 68, 46, 70, 57, 77, 39, 67, 57, and 82 students, per category, from left to right.

Figure 4 shows the students’ responses split between introductory and advanced classes.
Introductory-level classes are defined as 100 and 200 level classes, while advanced classes are
300 and 400 level classes. We see that students continue to believe that computational skills are
important after graduation with no temporal trends. 80% of students in 2014 believe that
computational methods are important (chose option 1 or 2) to their post-graduate careers
compared to 79% of students in 2019. Similarly, their attitudes do not change between
introductory and advanced classes. Across the six years, 80% of students in both introductory and
advanced classes believed that computational tools were important for their post-graduation
careers. Since students enrolled in advanced classes, excluding the graduate students or transfer
students, have already taken other courses with computational modules, our results imply that



further exposure to computational tools, which come with step-by-step instructions on how to use
the software and focus on solving straightforward, practical problems, does not impact students’
perception of the importance of these tools for their post-graduate career. The modules, therefore,
may benefit from more open-ended exploration of the software so that students can get a greater
understanding of the limits of the computational tools.

5.3 Satisfaction with Computational Modules in Curriculum

We also surveyed students on their satisfaction with the amount of computation in the MSE
curriculum. To do so, we asked students the following question:

e [ would like to use computation in my MatSE classes...
(Much More — 1 234 5 — Much Less)
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Figure 5: Students’ attitudes towards the amount of computation in MSE classes from 2014-2019.
Data from 2014-2016 is from Kononov et al.’, data from 2017 is from Zhang et al.'?, and data
from 2018 is from Lee et al.!!. There are 116, 111, 116, 133, 163, and 138 students surveyed each
year, ordered from left to right.

Once again, we trace students’ responses from 2014-2019 shown in Figure 5. We see that
students are generally satisfied with the amount of computation in their course with 38% of
students in 2019 responding that they thought that the amount of computation already
implemented into their classes was suitable, and less than 10% of students wanting a decrease in
the amount of computation. Temporally, the number of students who want more computation
(chose option 1 or 2) in their coursework decreases from 64% in 2014 to 34% in 2018 (p-value <
107%) and 54% in 2019 (p-value = 7.8 * 10~3). The increase between 2018 and 2019 may have
occurred due to the new inclusion of freshmen in the survey. The freshmen have only been



exposed to one module in MSE 182 rather than the two in MSE 201, which had previously been
the first course with integrated computational tools in the MSE curriculum. We conclude that
exposure to the computational modules is fulfilling students’ desire for more computation in their
MSE classes, but that more modules are still desired. We are exploring whether modules can be
added to more MSE classes and plan to expand the number of modules in MSE 182 and MSE
422, which currently only have one.

6 Conclusion

Since the survey of employers of MSE students by Thornton et. al.!, our department has
integrated computational modules into core classes. In response to feedback by students who
have wanted more and earlier computation in their classes, we have added new modules in MSE
422 and MSE 182, which now integrates freshmen into our curricular reform.

Now that computational modules have been included for many years, we explored the long-term
temporal trends of student confidence with computational tools, their opinions about
computational modules in general, and their satisfaction with the amount of computation in their
curriculum. As the curriculum is becoming more mature, we found that students are becoming
more comfortable with computational tools without additional exposure. Because we are only
surveying students at the end of the semester, feedback is collected weeks after the modules have
been completed. To more accurately measure students’ comfort levels, feedback during and
directly after computational modules should be collected. Furthermore, we are only measuring
students’ perception of their comfort levels with the computational modules, and not their
comfort levels directly.

Students have continued to believe that computational skills are important for their
post-graduation career, but surveys of alumni will be needed to directly measure any impact.
Additionally, because our results rely solely on surveys, measuring the direct impact of the
computational tools on student learning will necessitate a more thorough analysis of students’
performance in their classes. Furthermore, students continue to desire more integrated
computation in their coursework, so more modules will need to be developed. To aid in this
process, we have expanded our current survey to further probe the performance of our
computational modules, and we will report on the results once they are available.
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