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Abstract

This article reports on a study investigating how com-
putational essays can be used to help students in higher
education STEM take wup disciplinary epistemic
agency—cognitive control and responsibility over one's
own learning within the scientific disciplines. Compu-
tational essays are a genre of scientific writing that
combine live, executable computer code with narrative
text to present a computational model or analysis. The
study took place across two contrasting university con-
texts: an interdisciplinary data science and modeling
course at a large research university in the Midwestern
United States, and a third-semester physics course at a
large research university in Scandinavia. Over the
course of a semester, computational essays were simul-
taneously and independently used in both courses, and
comparable datasets of student artifacts and retrospec-
tive interviews were collected from both student
populations. These data were analyzed using a frame-
work that operationalized the construct of disciplinary
epistemic agency across the dimensions of program-
ming, inquiry, data analysis and modeling, and com-
munication. Based on this analysis, we argue that
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computational essays can be a useful tool for fostering
disciplinary epistemic agency within higher education
science due to their combination of adaptability and
disciplinary authenticity. However, we also argue that
educational contexts, scaffolding, expectations, and stu-
dent backgrounds can constrain and influence the ways
in which students choose to take up epistemic agency.

KEYWORDS

computational essay, computational modeling, data science,
epistemic agency, inquiry

1 | INTRODUCTION

For centuries, science learning was essentially a process of collecting and curating sets of facts
(Livingstone, 2010; Rudolph, 2005), and traces of this philosophy still live on in conservative
modes of science teaching today (Stroupe, 2014). With the rise of ambitious science teaching,
however, this paradigm has shifted toward an educational philosophy that gives students
greater control, responsibility, and agency over their own science learning (Miller et al., 2018;
Stroupe, 2014; Windschitl et al., 2012). This trend has inspired a wave of science education
research on how teachers can empower students to take up this epistemic agency, especially
within precollege science education. For example, the field has seen the development of cultur-
ally relevant and critical pedagogy (Calabrese Barton & Tan, 2010; Miller et al., 2018), commu-
nities of students explaining, debating, and critiquing ideas (Berland, 2011; Berland et al., 2015;
Berland & Crucet, 2016; Berland & Reiser, 2011), and, within higher education, a focus on
authenticity in scientific laboratory work (Brownell et al., 2012; Cooper, 1994; Holmes, 2020;
Holmes & Wieman, 2016, 2018; Kloser et al., 2011; McFadden & Fuselier, 2020). This shift has
also been instantiated into curriculum and education standards reform, such as the Next Gener-
ation Science Standards (Miller et al., 2018; NGSS Lead States, 2013).

Despite this progress, much of the teaching in higher education STEM remains fixed within
a traditional model of instruction that greatly limits the agency students have over their own
learning (Apkarian et al., 2021; Henderson & Dancy, 2009; Hora, 2015; Hurtado et al., 2012;
Lombardi et al, 2021; Manduca et al, 2017; Norwegian Ministry of Education and
Research, 2017; Stains et al., 2018; Teasdale et al., 2017; Viskupic et al., 2019). However, in
recent years, a trend has emerged that offers promising new opportunities for helping students
take up epistemic agency: the increasing adoption of scientific computation in education
(Caballero & Merner, 2018; Young et al., 2019). By scientific computation, we mean the use of
computational tools (usually computer code) to create and run computational models and data
analyses.

We are interested in exploring the ways these computational tools may be leveraged to pro-
mote students’ epistemic agency. More specifically, we are interested in understanding the
opportunities computation may offer for helping students take up epistemic agency within dif-
ferent scientific disciplines; the tools, techniques, and best practices that can help in this
endeavor; and the challenges that emerge along the way.
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In this article, we report on the development of one such tool, called a computational essay,
and its implementation in two contrasting university contexts: an interdisciplinary computa-
tional modeling and data science course at major research university in the Midwestern
United States, and a third-semester physics course at a major research university in Scandina-
via. Over the course of a semester, computational essays were simultaneously and indepen-
dently used in both of these universities and courses, and comparable datasets were collected
from each implementation. Using this data, as well as our own experiences as practicing com-
putational scientists and educational designers, we have operationalized the construct of episte-
mic agency for computational science education and have used it to analyze the affordances
computational essays provide for fostering disciplinary epistemic agency.

2 | THEORY AND MOTIVATION

This study builds off the theoretical construct of epistemic agency, which has garnered increas-
ing interest in the science education research literature over the last three decades. Here, episte-
mic agency refers to the ways in which students, teachers, or social groups take on and
distribute cognitive authority—that is, the responsibility for creating and evaluating new
knowledge (Calabrese Barton & Tan, 2010; Damsa et al., 2010; Scardamalia, 2002; Scardamalia
& Bereiter, 1991; Stroupe, 2014). When students take up epistemic agency, they take control
and ownership of their own processes of learning and inquiry, becoming epistemic agents: “indi-
viduals or groups who take, or are granted, responsibility for shaping the knowledge and prac-
tice of a community” (Stroupe, 2014, p. 492). Within science education, granting students
epistemic agency involves positioning them as constructors of new scientific knowledge, rather
than reproducers of established scientific knowledge, and giving them opportunities to engage
in (and shape) epistemic practices that parallel those used by practicing scientists (Hardy
et al., 2020; Ko & Krist, 2019; Miller et al., 2018; Stroupe, 2014; Stroupe et al., 2018).

For the purposes of this study, we are specifically interested in how epistemic agency manifests
within the context of different scientific disciplines, which we refer to as disciplinary epistemic
agency. Our conceptualization of disciplinary epistemic agency is built on three foundational pillars
of educational philosophy taken from research in science education and the learning sciences.

2.1 | Disciplinary epistemic agency is tied to authentic scientific
practices

Drawing on the work of Ko and Krist (2019), Stroupe (2014), and Lehrer and Schauble (2007), our
conceptualization of disciplinary epistemic agency is built on a practice perspective of science learn-
ing. This perspective posits that learning science involves learning the key theories and principles that
scientists use to make sense of the world, the epistemological foundations that they use to evaluate
knowledge, social practices for using and communicating ideas, and the tools and resources needed
to do scientific work (Stroupe, 2014). Thus, one key element in supporting students’ epistemic agency
is enculturating them in practices used by actual scientists, such as experimental designs (Brownell
et al., 2012; Kloser et al., 2011), aids to measurement (Dounas-frazer et al., 2016; Dounas-Frazer &
Lewandowski, 2016), mathematical and statistical models (Watkins et al., 2012), laboratory practices
(Cooper, 1994; Dounas-Frazer & Lewandowski, 2018; Holmes, 2020; Sandi-Urena et al., 2012), scien-
tific communication (Blakeslee, 1997; Kloser et al., 2011; Moskovitz & Kellogg, 2005), and scientific
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computation (Magana et al., 2016; Odden et al., 2019). Ideally, these practices will be acquired within
a social community wherein students will be able to share results, questions, difficulties, and critiques
with one another, analogous to the professional communities formed by practicing scientists (Irving
et al., 2017, 2020; Ko & Krist, 2019; Lehrer & Schauble, 2007; Stroupe, 2014).

2.2 | Disciplinary epistemic agency requires opportunities for
scientific inquiry

Our second pillar relates disciplinary epistemic agency to the construct of scientific inquiry.
Building on the work of Chinn and Malhotra (2002) and Ko and Krist (2019), we assert that real
agency—that is, having some degree of actual control of learning rather than the illusion of
control—requires some degree of open-endedness in the problem under investigation (Chinn &
Malhotra, 2002; Holmes, 2020; Wieman, 2015). To be epistemic agents, students need the free-
dom to choose the direction of their project or investigation and change that direction as new
information is discovered or challenges arise—making decisions for how to proceed, how to
navigate roadblocks, and when to stop or continue (Holmes et al., 2020; Ko & Krist, 2019). They
must also have the freedom to solve challenges in different ways depending on preference,
knowledge, and skills. Thus, another key element in supporting students’ disciplinary epistemic
agency is positioning them such that they have opportunities to engage in scientific inquiry,
especially on questions that they find interesting and relevant (Chinn & Malhotra, 2002).

2.3 | Disciplinary epistemic agency is tied to shared knowledge
creation

Building on the work of Damsa et al. (2010), we see disciplinary epistemic agency as theoretically
tied to a knowledge creation perspective, the idea that “learning takes place through collaborative
activities whose aim is to create new knowledge through work on shared objects” (Damsa
et al., 2010, p. 146). Thus, disciplinary epistemic agency involves students being active partici-
pants in a social knowledge-construction process, within which the participants have cognitive
responsibility for managing and monitoring their own learning (Scardamalia, 2002;
Stroupe, 2014). When taken to its limit, this perspective advocates that students take responsibil-
ity not just for their own learning, but also for the decision of what to learn, how they are going
to learn it, and how they will judge if they have been successful or not (Stroupe et al., 2018).

In summary, we conceptualize disciplinary epistemic agency in science education has having
the following hallmarks: first, that students are making an effort to ask and answer open-ended,
personally meaningful questions; second, they are constructing new knowledge using authentic
scientific practices; and third, they are evaluating the quality of that knowledge construction in
dialogue with others in their local communities (e.g., teachers or students in their classrooms).

We acknowledge that this conceptualization of epistemic agency is somewhat restricted, in
that we are taking for granted the goal of teaching students established disciplinary norms,
practices, and methods. Critical scholars have pointed out that there is a tension between stu-
dent agency and external structures like disciplinary norms, as well as curricula and class
contexts—the so-called structure-agency dialectic (Gutiérrez & Calabrese Barton, 2015). These
scholars argue that equitable science education requires educators to position students in such
a way that they can bring in their own ideas, cultures, and interests into science classrooms

5UB01 7 SUOWILLOD BAIeaID a|qedt|dde ayy Aq pausenob ale sajpie YO ‘3sn Jo Sajni 1) Ariq1auljuQ AS|IA UO (SUO N PUOD-pUe-SWLIBIWI0Y B[ IM Aeiq 1 puluo//Sd1Y) SUONIPUOD pue sWwid 1 8y 89S *[£202/20/yT] uo Akl auljuo A8IM ‘UeaH 1jdnd JO aiisu| ueifemioN Aq TZ8T2e8)/200T 0T/I0p/wod A8 |im Aeld1uljuoj/sdiy woly papeojumod ‘0 ‘98.2860T



ODDEN &7 AL J RST*WI L EYJ—S

(Calabrese Barton & Tan, 2010; Kane, 2015) and either explore them using established scientific
methods and ideas or push back on, resist, or transform them (Hardy et al., 2020; Stroupe
et al., 2018; Varelas et al., 2015). Most of this literature, however, comes from precollegiate
science education. Because our study takes place in higher education, we are focusing on disci-
plinary epistemic agency rather than this more expansive theory of the structure-agency dialectic.
When comparing precollege and collegiate science education, there are two key differences
that affect our theorization of epistemic agency. The first is that at the university level students
choose to pursue a particular area of study. This means that most students can be assumed to
have some general baseline interest in the subject matter, tools, and concepts that they are
learning. The second is that university-level science students are training to become scientific
and technical professionals: physicists, chemists, biologists, doctors, data scientists, and so forth.
Although many students will not seek jobs directly in their fields, students in a scientific degree
program are nonetheless required to learn certain skills, concepts, and habits of mind that
underly those professions. These disciplinary norms function as the overall structure within
which students are situated. Within these structures, however, there can be significant room for
student agency: for example, students applying the tools or concepts they are learning to per-
sonally relevant problems, communicating their understandings in a variety of ways to different
audiences, or making key decisions in laboratory work (Holmes, 2020; Wieman, 2015).

2.4 | Epistemic agency and scientific computation in higher
education

Given the relationship between disciplinary epistemic agency and authentic scientific practice, one
might expect agency-based teaching to be the default in higher education STEM. However, in prac-
tice, all three of the above-mentioned pillars of disciplinary epistemic agency are often suppressed
or absent from higher education science, as can be seen from the continued efforts at large-scale
curricular reform across STEM disciplines (Cooper & Klymkowsky, 2013; Henderson et al., 2011,
2012; Thompson et al., 2013) and various national reports (American Association For The Advance-
ment of Science, 2009; Association of American Universities, 2017; Olson & Riordan, 2012). In part,
this is a function of the fact that traditional teaching methods, which emphasize rote, closed-ended
problems, and lecture-based instruction are still widespread at the postsecondary level (Apkarian
et al., 2021; Henderson & Dancy, 2009; Hora, 2015; Hurtado et al., 2012; Lombardi et al., 2021;
Manduca et al., 2017; Norwegian Ministry of Education and Research, 2017; Stains et al., 2018;
Teasdale et al., 2017; Viskupic et al., 2019). There is also the philosophical challenge that as one
advances to higher levels within a scientific discipline, the questions one can ask (and phenomena
one can investigate) become increasingly constrained by the theory, tools, and previous work done
in that discipline. For example, in more advanced physics courses, it quickly becomes apparent that
only a small number of problems can be solved using traditional analytical methods.

For all these reasons, it is perhaps unsurprising that most of the science education research
literature on epistemic agency comes from precollege science education (Hardy et al., 2020;
Ko & Krist, 2019; Miller et al., 2018; Sikorski & Hammer, 2017; Stroupe, 2014; Stroupe
et al., 2018). However, this imbalance points to a significant gap in the literature—there is a
great need for research on how the theories, frameworks, and principles of epistemic agency
can be implemented within higher education science.

In this study, we are specifically interested in the opportunities for epistemic agency inher-
ent to the use of scientific computing in higher education science (Caballero & Merner, 2018;
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Chonacky & Winch, 2008; Young et al., 2019). By scientific computing, we mean the use of
computational tools to solve scientific problems, as exemplified by the disciplines of bioinformatics,
computational physics, computational chemistry, and data science (Denning & Tedre, 2019).

Although examples of scientific computing have been present in higher education science
since the 1960s (Blum, 1971; Ellis & Lang, 1965; Wilson & Redish, 1989), recent advances in
both technology and pedagogy have made it significantly more accessible and useful in higher
education. For example, most widely used programming languages are currently available for
free and are frequently updated with new tools, methods, and packages. The advent of cloud
computing means that computational simulations can be built and run on most computers, or
even mobile devices. Several college-level science curricula have been specifically built around
the practices of computational modeling (Chabay & Sherwood, 2007; Irving et al., 2017; Silvia
et al., 2019). Thus, with the right preparation, students now have unprecedented access to some
of the most cutting-edge tools and practices in modern science.

Scientific computing offers several affordances for fostering disciplinary epistemic agency, as
conceptualized above. First, scientific modeling and data analysis are key scientific practices
(Denning & Tedre, 2019), and the open-source nature of many scientific computing software pack-
ages makes the tools and datasets used by professionals available to students at little or no cost.
Second, once one has acquired certain key skills in programming and modeling, computational
simulations and data analyses are fairly easy to create and modify. This means that students can
choose the degree of complexity or sophistication of projects or investigations, which in turn gives
them agency over how they use computation to create new knowledge. Third, many different types
of analyses can be done with a relatively small set of fundamental techniques such as numerical
integration and regression—for example, numerical integration can be used to analyze equations
of motion in physics, rate equations in chemistry, and population dynamics in biology. This means
that, once they have learned these techniques, students can use them to ask and answer a variety
of different kinds of open-ended questions, potentially driven by their own interests.

However, there has so far been very little empirical research on the affordances of computa-
tion for fostering epistemic agency in STEM teaching and learning, regardless of level or
discipline—a second significant gap in the literature. Thus, we are interested in exploring the
ways computation can be leveraged to create more opportunities for disciplinary epistemic
agency in higher education STEM. As both educators and practicing scientists ourselves, we see
great opportunity in using computation to help our students gain authentic scientific skills,
engage in genuine cycles of scientific inquiry, and create a knowledge-building community.

To explore these possibilities, we have implemented and tested a teaching tool called a com-
putational essay (diSessa, 2000; Odden et al., 2019; Wolfram, 2017) within two separate univer-
sity contexts, collecting comparable data from both. Below, we describe the key features of
computational essays which make them useful tools for supporting student agency and the con-
texts within which the study took place.

3 | EDUCATIONAL DESIGN AND CONTEXT

3.1 | Computational essays: An emerging genre of scientific
communication

Computational essays are a new genre of scientific communication that has emerged within the
last two decades, whose key innovation is the blending of narrative text with live, executable
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computer code in order to present an argument, explain an idea, describe an analysis, or tell a
story (diSessa, 2000; Odden et al., 2019; Odden & Burk, 2020; Odden & Malthe-Serenssen, 2021;
Wolfram, 2017). A typical computational essay shares many of the features of a traditional
essay: a title, introduction, thesis statement, body, discussion, conclusion, references, and possi-
bly graphics, images, or illustrations. However, in a computational essay, a key piece of the
essay's argument comes in the form of blocks of code that simulate a phenomenon or analyze a
dataset. The outputs of these code blocks are woven together with explanatory text to form the
overall narrative of the essay. An excerpt from a student-written computational essay is shown
in Figure 1. We have also provided examples of two computational essays in the Supporting
Information to this article.

Computational essays are frequently used by practicing scientists, data analysts, and techni-
cal professionals to share results and analyses or illustrate computational techniques (Kluyver
et al., 2016; Rule et al., 2018; Somers, 2018). They are often written in computational notebooks,
programming environments that allow users to combine blocks of executable code with text,
equations, images, and embedded videos. One of the most popular types of notebooks is the

Narrative Code
Food Gathering of an Ant Colony

Title and
model visualization

Introduction Background and Motivation

The behavior of ant colonies is extremely fascinating to me so it did not take me long to decide what | wanted o do for this project. I've always had a weird
Interest in insects such as ants and bees mostly becuase, in colonies, very intelligent behavior can arise from very ininteligent parts. Besides humans, ants for
the most complex societies on Earth with many species practicing iture, Insects as Ivestock, ngaging in wars with other colonies,

and forming supercolonies of millons of members. Becuase beh: ple 1thought they could be
modeled using Python and agent based modeiing.

Of the myriad benaviors an ant colony displays, | chose o try and model how 100d Is found and exploited by ant colonies. However, even this varies wikdy
amoung species, so | narrowed it down to a model of relatively short range scavenging using pheremone trails. For example, Carpenter ants fit this description
well and are very common in Michigan.

Methodology

R A e as e Modeling and
visualization tools

import time

from IPython.display import display, clear output

. Thefrst g 1 had o urscutafterceckang ks an agent based el was how 1 Srctrs afofhe data| neeced. Numpy rays were e oo
Code explanation choioobuthad 10,00 8 it Arher han the wo cimenstonalaays we Ve use i cas. | oped 1 Creete two seperate ey o ioe i of th charactersics

and justification | wanted: A 30 amay for the terain and a 2D array for the ants.

The Terrain Array

This is my function to create a terain array that is used by the rest of the code.

s 2 oty oo sret s st sssins e e | Model building

FIGURE 1 Example of a student-written computational essay from an interdisciplinary data science and course
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open-source Jupyter notebook (Kluyver et al., 2016), which supports over 40 programming
languages and was the programming environment used for all computational essays included in
this study. Other tools that support computational essays include Mathematica (Wolfram, 2017)
and the MATLAB Live Editor, both of which are available under commercial license.

Computational essays, by their nature, provide several affordances for supporting disciplin-
ary epistemic agency, on top of the general computational affordances described above. First,
the process of writing a computational essay is itself an authentic scientific practice. In order to
write a computational essay on a scientific topic or problem, one must use code to perform a
computational analysis or simulation (a key scientific practice) and explain the steps, results,
and relevance of that simulation in writing (another practice). Furthermore, the goal of a com-
putational essay is to convince a reader of the validity of some argument or analysis, which pro-
vides opportunities to develop the practice of scientific argumentation (Berland, 2011;
Berland & Reiser, 2011).

Second, computational essays can help scaffold open-ended, inquiry-based work (Odden &
Malthe-Serenssen, 2021). Students can write computational essays on a myriad of topics, poten-
tially based on their own interests or completely novel questions. They also can choose how
they wish to answer the question, how to address challenges or roadblocks along the way, and
how much evidence to provide in support of their argument. In this way, computational essays
incorporate certain elements of writing assignments from the humanities, where students have
the freedom to construct an argument and the evidence to support it, while also retaining the
replicability of computational science simulations.

Third, computational essays are a genre designed for communication and collaboration, pro-
viding an ideal medium for shared knowledge creation. Computational essays allow students to
share their ideas, analyses, and critiques in much the same way that professional scientists do
(Rule et al., 2018). Because students can collaborate on both computational analyses and writ-
ing, they thus provide an ideal “shared object” for the building of new knowledge (Damsa
et al., 2010). The portability and modifiability of code also open the potential for students to test,
reuse, and build off of each other's work, in much the same way that professional scientists
share knowledge in the scientific community.

Despite these many potential benefits, there has as yet been little study on the use of compu-
tational essays in education, aside from some exploratory work from physics education (Odden
et al., 2019; Odden & Burk, 2020; Odden & Malthe-Serenssen, 2021). There has also been little
empirical research on how computational essays might help foster disciplinary epistemic
agency for science learners, regardless of educational level. Our current study aims to address
this gap in the literature by empirically exploring the affordances of computational essays for
helping students take up epistemic agency. Thus, our research questions are as follows:

1. What opportunities can computational essays provide for science learners to take up disci-
plinary epistemic agency?

2. What kinds of factors affect student uptake of disciplinary epistemic agency when writing
computational essays?

3.2 | Computational essay implementation

Based on these research questions, we have studied the use of computational essays in two
separate university contexts: an interdisciplinary computational modeling and data science
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course from a large research university in the Midwestern United States (hereafter MWU), and
a 3rd-semester physics course from a large research university in Scandinavia (hereafter ScU).
Both of these courses independently used computational essays during the fall semester of
2019. Although the authors of this article, who are also instructors and designers for the respec-
tive courses, had been in contact prior to this semester, at the time of data collection the educa-
tional designs (which had been developed during previous semesters) were already established.
That is to say, no new interventions or activities were introduced into either course for the
purposes of this study, and all data collection took place external to the classroom context.

At the Scandinavian University, computational essays were used as the basis for a mid-
semester computational modeling project, situated roughly two-thirds of the way through the
semester. The goal of the assignment was to give students the opportunity to try their hand at
defining and investigating a problem using computational modeling, then present their results
to their peers in a scientifically authentic way: computational essays, followed by oral presenta-
tions. Prior to this course, most participating students had taken an introductory course in
object-oriented scientific programming, as well as one or more physics and math courses that
included a computational modeling component. However, this project was the first time most
students had had the freedom to define their own investigation questions.

The assignment itself required students to essentially perform a mini computational
research project on a topic of their choosing. Students, working singly or in pairs, were first
asked to choose a simulated physics system they wished to investigate, which could be built
from scratch, adapted from a previous assignment, or built off of several example simulations
provided to the students. Then, they were asked to define a question that they felt they could
answer using their computational simulation, including considering any necessary assumptions
or simplifications they would need to make to answer this question. Next, they were asked to
augment (or build from scratch) a computational simulation to answer their chosen question.
Finally, they were required to write a computational essay summarizing their question and
results, including the computational code used in their simulation, within a Jupyter notebook,
and submit that essay for assessment. These essays were then graded pass/fail using a lenient
grading rubric (also provided to students) that evaluated the investigation question, code, phys-
ics in the simulation, conclusions, and written report. Immediately prior to submission, stu-
dents also orally presented their assignments to a small group of their peers in mock research-
group meetings.

At the Midwestern University, computational essays were used as the basis for an individ-
ual, end-of-semester, project-based summative assessment for an introductory, interdisciplinary
data science and modeling course. Students in this course were not expected to have any previ-
ous programming experience, and over the semester they had learned basic Python program-
ming skills; how to build, run, and interpret computational models; and how to manipulate,
analyze, and visualize datasets. Notably, every assignment in the course was written in a
Jupyter notebook, and the course included explicit and implicit instructions on code documen-
tation and notebook use.

The actual assignment at MWU required students to begin by defining a question they
would try to answer using the modeling and data analysis techniques they had learned in their
course. Due to the interdisciplinary nature of the course, students had no restrictions on the
types of questions they could ask, and could draw their questions from any discipline or inter-
est. Next, they were asked to find or gather a dataset (or choose a model) that could be used to
answer their question. After performing their analysis, students wrote a computational essay
summarizing their questions, methods, and results, which was submitted for assessment.
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Assignments were graded using a rubric, also provided to the students, that emphasized compu-
tational modeling and communication of questions and results. MWU students also orally pres-
ented their project results to their peers, using their essays as the basis for their presentation
slides; however, in contrast to ScU, these presentations were also factored into project grading.

As can be seen from these descriptions, the two implementations shared certain key fea-
tures. Both required students to define a question that would try to answer using a computa-
tional model or analysis; create a model that could be applied to their dataset or chosen topic;
and use computational methods to answer their question. Both required students to communi-
cate their questions and analyses in the computational essay format, and use that computa-
tional essay as the basis for an oral presentation to their peers. Both implementations
additionally provided students with several forms of scaffolding in the computational essay-
writing process, such as an assignment description, a copy of the rubric used to grade the
essays, example essays written by staff or previous students, and help-sessions run by instruc-
tional staff. And, both implementations placed significant weight on the processes of inquiry,
computational modeling, and scientific communication, rather than canonical correctness of
models (which was not included in either assessment rubric).

However, there were also certain key differences in implementation. For example, at ScU
all projects were physics-focused, since computational essays were situated within a physics
course, and students were explicitly required to use physics principles from the course within
their projects. Students at ScU had the option to do the project in pairs, whereas all MWU stu-
dents completed their projects individually. As compared with MWU, at ScU students were pro-
vided significantly more example essays, written by faculty and previous students and posted in
a publicly-accessible online showroom (Center for Computing in Science Education, 2019).
Whereas MWU students were all required to define novel investigation topics, at ScU students
were provided with suggestions for questions to pursue in case they had difficulty coming up
with a question on their own. These questions were accompanied by “seed” programs that they
could build off if they chose, which consisted of stripped-down simulations of physics phenom-
ena that were specifically designed to run without error but provide limited insight into the
physical system in order to give students opportunities for exploration.

At MWU, student backgrounds varied considerably, and so essay topics covered subjects
from the natural sciences, social sciences, statistics and mathematics, and beyond. MWU stu-
dents were provided with fewer example essays but were given a template notebook to build off
of which specified the structure of the resulting essay (including headers like Background and
Motivation, Methodology, Discussion and Conclusions, and References). Students at MWU
were also given more oversight throughout their projects: prior to starting their project, MWU
students were required to submit a project proposal describing the question they planned to
investigate and were given feedback on the feasibility of their chosen topic. A few weeks before
the project deadline, students then presented a project update to their peers showcasing what
they had accomplished up to that point. Project updates not only served as a motivator to
encourage students to begin work on their projects, but also indic to instructors if students were
on a path that might not lead to positive project outcomes. Essays from MWU also tended to
come in two “flavors” or sub-genres: modeling essays, which used a computational or mathe-
matical model to investigate a physical phenomenon, and data-driven essays which used statisti-
cal and computational techniques to analyze large datasets, whereas essays from ScU were
exclusively in the modeling sub-genre.

Additional details on the course contexts and computational essay implementations can be
found in Silvia et al. (2019) and Odden and Malthe-Serenssen (2021). For the purposes of
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illustration, we have also included copies of example computational essays from both MWU
and ScU, as well as copies of their respective grading rubrics, in the Supporting Information of
this article.

4 | DATA COLLECTION AND ANALYSIS
4.1 | Data collection

Based on our research questions, this study used a mixed-methods approach (Creswell
et al., 2003) that combined collection and analysis of a large number of computational essay
artifacts with in-depth student interviews from both institutions. Our goal with this research
design was to explore the uses of these tools from both a “top-down” and “bottom-up”
perspective—that is, capture a broad picture of how computational essays were used at the two
institutions (artifact analysis, top-down), as well as a nuanced picture of student approaches to
and reflections on the task (interview analysis, bottom-up). By combining these two forms of
data, we aimed to triangulate the large-scale trends in how students took up disciplinary episte-
mic agency across the two institutional contexts with the students’ own perceptions of and
reflections on agency in the task.

Accordingly, we gathered the following forms of data.

Artifacts: Completed computational essays from all consenting students or pairs of students.
Forty-five of these essays came from MWU, and 58 from ScU. All MWU essays were in English
and done by individual students. At ScU, 49 of the 58 essays were in Norwegian, and 20 of the
58 were from students working in pairs. All essays were anonymized by deleting any names or
identifying information. The majority of artifacts collected from MWU students were data-
driven essays, while ScU essays were exclusively model-based.

Interviews: In addition to collecting completed essays, we interviewed a subset of students
(14 from MWU, 12 from ScU) using a similar interview protocol at both institutions to try to
capture students’ motivations and inquiry processes in their own words. All interviews were ret-
rospective, held around the time students completed and presented their projects. The protocol
included questions about the students’ academic and programming background; their comfort
with programming; their reflections on the ways programming could contribute to science
learning; a description of the way they approached the computational essay writing task as well
as their motivation for their project topic and challenges they faced; and their explicit reflec-
tions on feelings of creative freedom and ownership over the learning process. All interviews
also included a component in which students walked the interviewer through the different
parts of their essay (displayed on the students' laptop). During recruitment, we made an effort
to capture a wide variety of student backgrounds, demographics, and project topics. All MWU
interviews, and two of the ScU interviews, were in English; the remaining 10 interviews were in
Norwegian. All interviews were transcribed and anonymized (using pseudonyms), although
interviewed students were linked to their specific essays in the artifact dataset.

4.2 | Data analysis

Data analysis for this project proceeded in several stages. We began by creating an analytic
framework that operationalized the construct of disciplinary epistemic agency for use in
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analyzing computational assignments like computational essays. We then qualitatively applied
this framework to the computational essay dataset, after which a secondary quantitative analy-
sis was performed on the resulting scores. Finally, we used the results of this analysis to select
specific interviews, chosen based on assigned levels of disciplinary epistemic agency, for further
qualitative analysis.' In this way, our data collection and analysis procedure follows a mixed-
methods concurrent nested design (Creswell et al., 2003) in which multiple forms of data are col-
lected simultaneously, a particular theoretical perspective drives the methodological and analy-
sis choices of the study, and the quantitative analysis is nested within a larger-scale qualitative
design in order to capture different grain-sizes of information.
We elaborate on each of these analysis steps below.

4.2.1 | Analytical framework for disciplinary epistemic agency in
computational essays

Our first step was creating an analytical framework for disciplinary epistemic agency, in the
form of a codebook that could be directly applied to the collected computational essays and the-
matically applied to interviews. We based this codebook on the epistemic agency literature, our
own design philosophies/decisions in the courses, and our experiences as professional
researchers in computational science and data science.

Our explicit goal with this codebook was that it would capture most of the ways in which
students could display disciplinary epistemic agency in their finalized computational essays.
That is, we were aiming to “cast a wide net” in order to capture interesting distinctions and
nuances in the ways students approached the task, knowing that different students would prior-
itize different elements (such as programming, investigation question, modeling, and writing or
presentation), and also realizing that the two institutions likely supported students in different
ways. For this reason, we designed the codebook on a scale of 0-2, with 0 being deficiency in
that category, 1 being sufficient to receive a passing grade according to the respective grading
rubric, and 2 indicating that the student had gone above-and-beyond the course expectations
and taken up agency within this category. Thus, higher scores were meant to capture increased
levels of student effort in different aspects of the process of constructing, evaluating, and com-
municating knowledge using authentic scientific practices.

This codebook went through multiple rounds of revision, as discussed below. Our final
codebook included the following categories (elaborated in Table 1):

Programming and data processing (P): This category focused on ways in which students
took up agency through the practice of scientific programming. Specifically, some students
spent effort on making their code run efficiently and elegantly (subcategory P1), which is
an important practice when writing long or complex computational simulations. Other stu-
dents made a visible effort to make their code organized, readable, and documented (sub-
category P2). Still other students took ownership over the coding process by using
programming tools and packages in their projects that had not been covered within their
courses (subcategory P3).

Investigation (I): This category focused on ways in which students took up agency through
the scientific inquiry process. Specifically, some students spent effort on defining novel ques-
tions for their investigations (subcategory I1), which is a critical part of scientific inquiry. Other
students made an effort to develop their investigations beyond initial, surface-level results,
resulting in multi-step investigative narratives (subcategory I12). Still other students made a clear
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effort to provide detailed discussion and interpretation of the results of their analyses, including
reflections on understandings gained or connections with real-world systems (subcategory I3).

Modeling and data analysis (MD): This category focused on ways in which students took up
agency through the processes of scientific modeling and data analysis. Specifically, some stu-
dents paid explicit attention to the sophistication and realism of their model or analysis (sub-
category MD1). These students often produced unique visualizations and/or detailed analyses
of their chosen phenomena. Other students paid explicit attention to addressing limitations or
assumptions inherent to their modeling or data analysis techniques (subcategory MD2), a key
part of any scientific endeavor. Still other students spent effort consulting multiple external
sources and using these to improve their models or analyses (subcategory MD3).

Communication (C): This category focused on ways in which students took up agency
through the scientific communication process by fully using the communicative capabilities of
computational notebooks. Specifically, some students spent extra effort in explaining and justi-
fying the meaning and structure of their code in the text of their reports (subcategory C1). Other
students spent visible effort in polishing their written reports, sometimes deliberately writing in
a particular genre (like scientific paper or personal essay; subcategory C2). Still other students
made a deliberate effort to use graphics, plots, and illustrations in their written reports to either
communicate key findings or simply generate visual interest (subcategory C3).

Taken together, these categories and subcategories operationalize the three pillars of disci-
plinary epistemic agency discussed above within the context of scientific computation. In refer-
ence to the practice pillar, all four categories represent authentic scientific practices that are
used whenever professional scientists perform and present computational analyses. In reference
to the inquiry pillar, inquiry was deliberately included as a category within the rubric, and we
paid explicit attention to the ways in which students defined and pursued their investigation
questions. In reference to the final pillar of shared knowledge creation, the definition, investiga-
tion, and presentation of a novel question to a reader represent a clear example of this kind of
social knowledge construction. Finally, across all these categories, the primary focus was on vis-
ible markers that students had made a deliberate effort to take ownership over this category,
rather than judgments on correctness of contents or practices.

4.2.2 | Application of codebook to student artifacts

After creating an initial draft of this codebook, our analysis proceeded as follows: First, we
engaged in iterative coding on a subset of the data, composed of roughly 20% of the essays
(19 in total: the 9 English essays from ScU plus 10 randomly chosen essays from MWU) in order
to refine our codebook and establish initial estimates of inter-rater reliability. These initial
rounds of coding resulted in several small-scale changes and clarifications to the codebook
(resulting in the final codes shown in Table 1), and also revealed the necessity of sharing addi-
tional information about the course contexts between coders to clarify some of the
evaluations made.

For the purposes of illustration, Figures 2-5 show excerpts from computational essays in the
dataset that would lead to high scores in each of the 12 categories.

To evaluate inter-rater reliability, we initially used the standard Cohen's Kappa statistic.
However, after inspection of the results from the initial rounds of coding, we realized that
despite substantial percent agreement (>70%) across hundreds of ratings in different categories,
the IRR statistic was low (<0.6). Upon further investigation, it turned out that the value was
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Programming and Data Processing

P1: Code efficiency and elegance

def potential energy(self, x):
if self.moon == True:
return -(self.G*self.m_M*self.m)/(self.moon_surface M + x)
else:
return -(self.G*self.m E*self.m)/(self.r@ + x)

P2: Code organization and self-description

# define a function that takes in two arrays, time and points, and retur
ns a function that maps them
def points_poly(time_data, points_data, poly power):

parameters = np.polyfit(time_data, points_data, poly_power)

poly_fcn = np.polyld(parameters)

return poly_ fcn

def spring_graphs(data, actual_time, track_number, points_function):
This function takes in the dataframe, the actual time from comp, the
baseline sim time, the track number (whatever they are set up as in
the
insight file), and the name of the points function for the event.

P3: New packages and coding tools

Note: A few resources are important to mention here. This is my first project using the Random Forest
Classification module from scikit-learn, and this article by Usman Malik was phenomenally helpful in setting

everything up:

https://stackabuse.com/random-forest-algorithm-with-python-and-scikit-learn/
(https://stackabuse.com/random-forest-algorithm-with-python-and-scikit-learn/)

And, of course, the scikit-learn documentation was also very helpful, along with Google's Machine Learning
Crash Course:

https://scikit-learn.org/stable/documentation.html (https://scikit-
learn.org/stable/documentation.html)

FIGURE 2 Excerpts from computational essays indicating high levels of disciplinary epistemic agency in
programming and data processing

being suppressed by the “paradox” inherent to Cohen's Kappa, in which categories with high
agreement will produce low Kappa values (Feinstein & Cicchetti, 1990). For example, categories
that produced nearly 100% agreement caused the Kappa statistic to go to 0. For this reason, we
instead chose to use a ‘“paradox-resistant” IRR statistic, Gwet's AC2 (Gwet, 2014),
benchmarking the degree of inter-rater reliability using the procedure described by
Gwet (2014).

Using AC2 as our metric, the first two authors, TOBO and DWS, then repeatedly coded and
modified the codebook until we reached “very good” agreement based on this benchmarking
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Inquiry

I1: Investigation question

1.0.1 Introduction

This computational essay aims to explore the plausibility of on-site radiation shielding from a
magnetic multipolar system. More specifically, the investigation focuses on a system consisting
of one or more pairs of Helmholtz coils in different geometric configurations with the purpose of
deflecting charged particles on the outside of a given perimeter, and at the same time keeping the
magnetic field inside the perimeter close to zero.

12: Investigative narrative
1.2 METHODOLOGY

We will look at two models that explain how the movement of energy in the body, more specifi-
cally in glucose and fat storage with compartmental modelling. One model is depicting the gen-
eral traditional and more common idea of energy movement in body. The second model will
simulate the right movement of energy that is more prominent in the medical field. Lastly, we

1.3 Simplest Model: All Calories Are The Same

In our first step, we will model our problem with these assumptions in our mind: 1. We only
consider carbohydrate and dietary fat intake since protein has very little amount of Cal per gram,
1.4 Realistic Model: Carbs Burns First, Fat Burns Later

This model is inspired by Dr. Fung’s study of metabolism of human body where the energy move-
ment in body actually is affected by the presence of insulin which manipulates the preference of

I3: Discussion and interpretation of results

3 Discussion

In our model, we use an element of randomness to simulate the path the lightning would take. In
the real world, we do not have this random factor. We assume homogenous air mass with no wind,
pollution or other things that could affect the path of a lightning. Even though a lightning strike
looks random for us, it will always choose the path of least resistance.

In our simple model, if we would disregard the random element, the highest point would always
win, since it covers the shortest distance to the V=1-boundary - the only contributor to voltage.
The Poissons’/Laplace equation works like a blur effect, and the shorter distance gives the biggest
rate of voltage change, and therefore the biggest voltage different from the lightning. The result: a
boring straight line from the rod to cloud.

FIGURE 3 Excerpts from computational essays indicating high levels of disciplinary epistemic agency in
inquiry

scale (AC2 > 0.85). Thereafter, the dataset was split based on institution and every remaining
essay was independently coded by two researchers, with discrepancies being resolved through
discussion. All remaining MWU essays were independently coded in batches by DWS and
TOBO. Prior to discussion, percent agreement ranged from 72% to 86% (increasing with each
batch) and AC2 scores ranged from 0.87 to 0.9, consistently meeting the “very good” threshold
of agreement. All remaining ScU essays were independently coded in batches by TOBO and a
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Modeling and Data Analysis

MD1: Model development and data exploration
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MD2: Assumptions and limitations

First we will however briefly investigate to what extent the gravity will have an affect on the a particle in a
cyclotron. Since the acceleration period of a particle is very short, we do not expect it to have a significant
effect. We will for simplicity assume that the gravity is uniform inside the accelerator with a value of

g = —9.81 m/s? in the z-direction, wich form our ordinary experience seems to be a good assumption. The
ford

One major problem with our model is our disregard of frictional forces. In a real cyclotron, altough there is a
vaccum there will inevitably be frictional forces due to the production of heat in the materials and other
interactions. We have also disregarded the fact that in reality the magnetic fields produced by the
electromagnets and the electric field over the gap does not necessarily have only one directional componet
or beeing completly uniform. With today’s technology this is however not necessarily the greatest concern.

MD3: External Sources

| References
Amadeo, K. (2019, November 16). Universal Health Care in Different Countries, Pros and Cons of Each. In The
balance. Retrieved from https://www.thebalance.com/universal-health-care-4156211
(https://www.thebalance.com/universal-health-care-4156211)
Berwick, D. M., & Hackbarth, A. D. (2012). Eliminating waste in US health care. Jama, 307(14), 1513-1516.
CDC. (2003, July). National Health and Nutrition Examination Survey. In CDC. Retrieved from
https://www.cdc.gov/nchs/data/nhanes/databriefs/adultweight.pdf

| (https://www.cdc.gov/nchs/data/nhanes/databriefs/adultweight.pdf)

|

FIGURE 4 Excerpts from computational essays indicating high levels of disciplinary epistemic agency in
modeling and data analysis

graduate researcher who had previously taught other computationally-focused courses in the
ScU physics department. Prior to discussion, percent agreement ranged from 67% to 75%, with
AC2 scores ranging from 0.74 to 0.88, reaching the “good” and “very good” thresholds of
agreement.

After all essays had been analyzed, we performed several secondary, quantitative analyses
on the resulting codes. These included examinations of overall levels of agency across multiple
dimensions: aggregate, split by institution, and split by type of essay (modeling vs. data analy-
sis). This allowed us to evaluate the prevalence of different categories of agency in the data, in
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Communication

C1: Code explanation and justification

First, I import the modules numpy and matplotlib, and thereafter set some parameters for plots,
to make them more esthetically appealing. The original program used jit from numba to speed ut
the processing, but as jit stopped working once I started extending the simulation, I have chosen
to forego this attempt at better efficency.

import numpy
import matplotlib.pyplot as mpl

C2: Writing genre and polish
Contents

1. Background and Motivation
1. Methodology

21.nw 1) Background and Motivation

2.2. Clal pata science has broad applications to sports, and new analytics can be utilized by teams, broadcasting
networks, and league management. In this project we explore two applications of data science to answer two
questions:

C3: Graphics, images, and illustrations

20
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FIGURE 5 Excerpts from computational essays indicating high levels of disciplinary epistemic agency in
communication

order to address our first research question by seeing whether certain categories were over-
or under-represented. In some cases, the trends revealed by these analyses seemed con-
nected to the specific design decisions made in the computational essay implementations
described above. Unpacking these trends helped us address our second research question.
The statistical significance of differences between the two institutions was evaluated using
Fisher's exact test, which is appropriate for categorical data where certain categories may
have low counts.
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4.2.3 | Selection and analysis of interview case studies

After analyzing the essays, we triangulated these results with narrative case studies of specific
interviewed students in order to both validate our codebook with interview data and provide a
more detailed illustration of the different ways in which students demonstrated agency through
this project. For this part of the analysis, we isolated the codes for all interviewed students and
chose three groups of students who displayed differing patterns of agency uptake (while also
aiming to capture a mix of narratives across the institution, gender, and group composition).
We then reviewed their interviews and essays to try to reconstruct the story of their essay-
writing process and capture their reflections on creativity and agency within the project. Stu-
dent narratives were compared with the assigned codes for their essay in order to look for
points of overlap or conflict between the narratives and assigned categories. The student reflec-
tions from these cases allowed us to both gauge the degree of intentionality behind the trends
we had noticed in our artifact analysis (further helping address our first research question) and
hear students' own reflections on the factors or decisions that led to these trends (addressing
our second research question).

5 | RESULTS
5.1 | Overall trends in the computational essay dataset

In this section, we unpack the large-scale trends revealed by this analysis and describe potential
connections to essay characteristics and educational design decisions across the two featured insti-
tutions. Figure 6 shows a heat map of all computational essay scores, disaggregated by institution
and color-coded according to level of demonstrated agency (darker = higher score). Note that in
this figure, we have highlighted the three groups whose narratives are featured in Section 5.2.

51.1 | Aggregate trends

When we combined all essays from both ScU and MWU into one group, our analysis revealed
several interesting large-scale trends and patterns in the way students demonstrated disciplin-
ary epistemic agency. These trends are visible in Figure 7, which shows the number of students
in the entire dataset who received scores of 0, 1, and 2 in each category.

As can be seen in Figure 7, in most categories/subcategories the majority of students dem-
onstrated a level of performance that would be considered sufficient for a passing grade (1 or 2).
This result can also be seen in Figure 6, which shows that only a few essays demonstrated low
levels of disciplinary epistemic agency across multiple categories. This result, however, is not
necessarily surprising as both institutions provided students with substantial scaffolding and
support, including rubrics that specified the criteria necessary for a passing grade.” The only
category with a significant number of 0 scores was “External Sources” (MD3); however, this
was likely due to the fact that students at the Scandinavian University were encouraged but not
explicitly required to cite external sources. This effect can also be seen in Figure 8.

Figure 7 also shows that for certain subcategories (e.g., all of the Inquiry subcategories) high
levels of student agency were often the default rather than the exception. A qualitative review
of the collected computational essays supports this conclusion. For instance, many of the essay
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FIGURE 6 Heat map of disciplinary epistemic agency codes, disaggregated by institution and highlighting
students featured in narratives. Darker colors indicate higher levels of demonstrated agency

topics were personally relevant to the students. This fact was often made clear by explicit refer-
ences in the introduction (e.g., an essay on baseball statistics which began “I have always
enjoyed playing and watching baseball. It is a data-driven sport that...”) or the topic of the essay
(e.g., “Could we use the concept of a rail gun to make a Space Elevator?”). Some essays also dis-
played clear markers of student agency throughout the narratives: for example, many essays
from the Norwegian dataset included an analysis of the approximate cost of electricity for simu-
lated tasks, like the aforementioned railgun-driven space elevator. Because Norway's economy
is heavily energy-driven, this emphasis likely represents an example of students’ home culture
being integrated into the computational essay task.

We see a tentative connection between several of these trends and the scaffolding and expec-
tations provided for the students. For example, students at MWU were explicitly required to
define their own investigation question (including finding their own dataset if they were doing
a data-driven project) and could not complete their project without doing so. For these students,
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the only reason that they would receive a “1” in the corresponding subcategory (I1) would be if
they either failed to include their question in their essay or had a particularly ill-defined ques-
tion. We explore these connections in greater detail in the next section.

Returning to our first research question, these results show that when writing computational
essays, the ma students in this study population successfully took up agency within the areas of cod-
ing, inquiry, modeling, and communication. In other words, every subcategory showed high levels of
agency in at least 20% of the dataset, as can be seen from Figures 2 and 3, indicating that every one
of our theoretically defined categories of disciplinary epistemic agency was represented in the dataset.
Furthermore, as can be seen from Figure 6, nearly every student in the dataset had at least one area
in which they demonstrated high levels of agency, and many demonstrated high agency across multi-
ple categories. However, there were clearly differences in uptake of disciplinary epistemic agency
between these two institutions, differences that could be due to course context, expectations, scaffold-
ing, or other factors. To unpack these differences, we must disaggregate the dataset by institution.

5.1.2 | Differences between the two institutions

By splitting the dataset by institution, we were able to make more direct comparisons between
the degrees of agency demonstrated by the students across these two educational contexts. A
normalized histogram of the codes, split by institution, is shown in Figure 8.

Looking at this comparison, we can make several observations. Several subcategories appear
to be fairly isomorphic across the two institutions (e.g., P3, 12, I3, C1, and C3). We suggest that
these similarities indicate points of alignment between the two educational designs: for exam-
ple, both encouraged students to spend time presenting and justifying their analysis using both
a mix of text and code (C1) and graphics, images, and illustrations (C3). Similarly, both designs
encouraged students to present their results in a narrative form (12), including discussion of rel-
evant project results (I3). However, neither design explicitly required students to learn new pro-
gramming tools for the project (P3) although some students did, in fact, do so.

Other categories show clear differences across the two institutions: these include P1, P2, I1,
MD2, and MD3. All five of these differences were evaluated to be statistically significant
according to Fisher's exact test, as shown in Table 2. We interpret these differences as reflecting
differences between the two educational designs. For example, ScU students demonstrated
higher overall levels of agency on Code Efficiency and Elegance (P1) and Assumptions and Limi-
tations (MD2). We suspect that the higher degree of agency in code efficiency (P1) is likely due
to the fact that most of the ScU students had taken an object-oriented programming course dur-
ing their first semester, giving them a foundation in efficient computing prior to the course in
question. In contrast, most of the MWU students were learning to code for the first time and
consequently had likely not yet developed the same levels of programming skill. Similarly, the
ScU students’ emphasis on assumptions and limitations likely stemme from the fact that ScU
students were evaluated on their justifications of the reasonability of their results, whereas the
MWU were not evaluated on this point. Furthermore, all of the ScU essays were of a modeling
type, which naturally lends itself to discussions of assumptions made within the model.

The three subcategories where MWU shows greater student agency (P2, 11, and MD3) also
seem to result from differences in the two educational designs. As previously discussed, all
MWU students are required to define their own investigation question, which likely explains the
greater emphasis on the Investigation question subcategory (I1). ScU students, in contrast, were
given the option to work off of a set of predefined questions, and many students chose this option
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TABLE 2 Significance of differences in epistemic agency scores between MWU and ScU, evaluated using
Fisher's exact test

Category p-value (Fisher's exact test)
P1: Code efficiency and elegance 0.00442
P2: Code organization and self-description 0.00280
P3: New packages and coding tools 0.89420
I1: Investigation question 0.00002
12: Investigative narrative 0.80332
13: Discussion and interpretation of results 0.87839
MD1: Model development and data exploration 0.18509
MD2: Assumptions and limitations 0.04831
MD3: External sources 0.01576
C1: Code explanation and justification 0.60013
C2: Writing genre and polish 0.19365
C3: Graphics, images, and illustrations 0.71448

Note: Statistically significant p values are bolded (p < 0.05).

(resulting in a lower score in this category). We suspect the greater emphasis by MWU students
on Code organization and self-description (P2) is due to the fact that MWU students work within
the Jupyter Notebook framework from the first day of class and are presented with numerous
assignments that model best-practices for notebook use and code documentation. ScU students,
on the other hand, have less training in documenting code, and many ScU students reported this
project as their first exposure to Jupyter notebooks. Finally, MWU students are explicitly required
to include external sources in their essays (MD3) including citing any external dataset included
in their work. At ScU, the use of external sources was encouraged but not required to pass.

These results help address our second research question: that is, they show that factors like
differences in implementation and scaffolding can influence (or direct) student uptake of agency
in certain categories. From one perspective, this is unsurprising: if one provides students with the
option to build off of a suggested investigation question, there will naturally be fewer students
who define their own, more novel questions. Similarly, if students have a strong background in
code documentation or object-oriented programming, it seems reasonable to expect that this will
be reflected in the choices they make (and the way they demonstrate agency) in their projects.
And, criteria included in the respective grading rubrics clearly will affect student behaviors. How-
ever, these results imply that educators must be cognizant of these factors when implementing
open-ended, project-based assignments like computational essays. If, for example, they wish to
assess students on certain aspects of programming, inquiry, modeling, or communication, it is
important to take into account student background, comfort, scaffolding, and grading criteria.

5.2 | Case studies of varying approaches to taking up disciplinary
epistemic agency

We now present the narratives of three groups of students who took up agency in this project in
different ways. These cases are meant to both provide both an illustration of key features of
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TABLE 3 Summary of computational essay case study groups

Student Student university Computational
pseudonym(s) and major(s) essay topic Categories of demonstrated agency
Amy and ScU; Electronics, Lightning safety External sources; writing genre and
Alexis Informatics, and in cars polish; graphics, images, and
Technology illustrations
Iggy MWU; Computer Baseball Investigation question; external sources
Science statistics
Margaret and ScU; Materials Science  Railgun All categories except code efficiency and
Edward and Physics dynamics elegance, and new packages and coding

tools

computational essays and showcase the varied approaches students took to this project. We
summarize key features of these three cases in Table 3.

52.1 | Amy and Alexis focus on communication at the expense of
computation

Amy and Alexis were engineering majors at the Scandinavian University, taking the physics
course as part of their electronics, informatics and technology bachelor's degree. They based
their project, which investigated lightning safety in cars, on one of the “seed” programs pro-
vided to ScU students. The program in question computationally simulated a lightning strike
on flat ground, using certain electricity and magnetism concepts taught in the course, and one
of the suggested investigation questions propose that students use the simulation to investigate
whether a car was actually a safe place to shelter during a lightning strike.

In their interview, the pair reported that they had been quite curious about this topic, and
so had spent extensive time reading and writing about it. Their essay clearly reflected this inter-
est, featuring an extensive and detailed theoretical introduction including several eye-catching
graphics illustrating different aspects of lightning safety in cars. However, when the pair
reached the step of computationally modeling how lightning would strike a car, they struggled
to find a way to implement a car-like structure within the simulation they were building
on. Additionally, assignment guidelines stated that students could expect to spend approxi-
mately 10 hour on their project, and the pair realized that they had already reached that quota
in the course of their background reading and writing. So, with the project deadline
approaching, they left the provided code mostly untouched, pasted in a graphic from the text-
book showing how they expected the simulation should look, and wrote a short summary and
conclusion.

The pair described this decision as follows (translated from Norwegian):

Amy: We wanted to actually try to program it so that it would show how lightning
would strike our car. How lightning would strike it and then go around and down
instead of through, but we don't know if we had any, yeah...

Alexis: It's only 10 hours you're supposed to use, we used more, but yeah...
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Amy: Yeah, and we had a lot of other things to do, so then it was like, okay, we can
rather... And we found this picture in the textbook, so it was really this that we were
trying to simulate, but I don't know. Maybe if we had had a little more time, or... then
we could have tried to get a bit further.

In the end, the pair fulfilled the necessary criteria to successfully pass the project. However,
they also pursued a suggested investigation question instead of defining their own and made
minimal modifications to their code, demonstrating low levels of agency (scoring a 0 or 1 out of
2) across several major categories (Programming and Data Processing, Investigation, and two-
thirds of the subcategories of Modeling and Data Analysis). The students’ description of their
difficulties with (and ultimate abandonment of) the computational modeling parts of the pro-
ject align with this characterization. At the same time, the students clearly spent a great deal of
time and energy researching and writing about their chosen topic, and their scores in Writing
Genre and Polish, Graphics, Images and Illustrations, and External Sources reflected this. This
case, then, serves as an example of students who, due to constraints of time and background,
used the computational essay project to reproduce and communicate existing textbook-based
knowledge.

5.2.2 | Iggy defines a novel question but performs a surface-level analysis

Iggy was a second-year computer science student at the Midwestern University with an interest
in data science. When the time came to choose a project, he initially struggled to settle on a
topic, but eventually decided on an analysis relating to his interest in baseball:

Iggy: When we got to the project brainstorming phase, I'm not a very creative person,
it was something that, it took a lot of days just sitting there and being, “No, no. That's
not creative.” But my biggest interest is baseball. My goal down the line for a career...
[...] I'd like to do Sabermetrics, data analysis, looking at different stats, building algo-
rithms, looking for patterns and such in a baseball context. Looking up how do we get
the best players, or the best team based on a data-driven look than a scouting look. So
I'wanted to do something like that for my project.

Based on this interest, he chose to analyze several of the most commonly used baseball statistics
to see which was most correlated with a team's winning percentage. In his essay, after down-
loading and loading in several teams' datasets from baseball-reference.com, he calculated and
plotted the correlation coefficient between different teams' win percentages and 10 different
variables such as batting average, offensive strikeouts, and offensive walks. After summarizing
these statistics, he concluded his essay with a summary of the various correlations and a brief
discussion of the difference between correlation and causation.

Iggy's essay received exclusively 1s on all categories, with the exception of Investigation Ques-
tion and External Sources (where it received 2s). Thus, this essay provided an example of an
assignment in which the student had fulfilled all of the criteria, but only demonstrated agency in
two areas: the question he chose to investigate, and the sources used to investigate it (including
his chosen dataset). When interviewed, Iggy explicitly reflected on this point, describing how the
most difficult parts of the project had been finding an appropriate question and dataset:
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Interviewer: Okay. So you mentioned that the hardest part was choosing a topic.
What made that so hard?

Iggy: Kind of like I just said, aside from the fact that I'm really not a creative mind,
being able to find data that we can use for our topic is one of the hardest things
because we have an open internet with lots of different information and data on it,
but to find exactly what we are looking for, something that we can modify to be what
we are looking for can be a challenge, especially for what I was doing which was
looking at inning by inning scores of baseball games.

Once he had identified his question and dataset, Iggy deliberately chose a simple, surface-level
analysis for the remainder of his project:

Interviewer: So what motivated you to go this route of just looking at, I think you
said, ten different statistics, and looking at correlation and then making that the main
focus of the project, rather than potentially other... How did you decide on that route?

Iggy: To be honest, it was the simplest way to do it. I did not want to make anything
harder than it had to be. So with this project, which was basically just trying to find
which statistic is the strongest, there wasn't really any methods we learned in class I
could think of, going through everything, that measures strictly correlation.

Iggy's reference to not being a “creative mind”, along with his explicit reference to looking for
“the simplest way to do it” exemplify a student who chose to engage in a limited amount of
knowledge production and communication, within self-defined boundaries.

5.2.3 | Margaret and Edward build a detailed model of railgun dynamics
based on real-life examples

Margaret and Edward were second-year students at the Scandinavian University, majoring
in materials science and physics respectively. For their project, the pair decided to build off
of one of the provided simulations, which analyzed the motion of a projectile being
launched out of a railgun. However, rather than using one of the suggested investigation
questions, they instead chose to explore the effects of various phenomena they had learned
about in a mechanics course they had taken the previous semester. As Edward explained
during their interview

Edward: We did not really know how to formulate a good question in the start, but
we knew we wanted to use the railgun as a model. Without being too unrealistic we
wanted a realistic use of the railgun. We wanted to use the things we learned in
mechanics of PhysMech [introductory mechanics] to model how it would move and
forces would act upon the projectile. That's basically what we tried to do.

To pursue this question, the pair began by researching actual railguns to try to find physically
meaningful parameters for their simulation. They summarized their findings in the introduc-
tion of their essay, embedding a dramatic video clip of an actual railgun firing for illustration.
They then built up a simple model of a railgun using well-documented and well-explained code,
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much of which was compartmentalized in functions. During their interview, they explicitly
referenced this emphasis on good coding practices:

Margaret: We wanted coding that was efficient, even though sometimes I felt, at
least, that we were not that good in programming and we could write a program that
would be even more efficient, but our focus was on making the program as efficient as
possible.

Once they had created a simple working model, they refined it in several ways: implementing a
function to allow them to find the appropriate angle necessary to launch the projectile a speci-
fied horizontal distance, implementing air resistance into their model, and exploring the effects
of the Coriolis force on projectile trajectory. They illustrated their results with multiple plots,
and explicitly discussed their efforts to provide useful illustrations for readers:

Edward: We wanted to present the visualization, the different distances it reached,
because you could see the effect of the air resistance, which is quite big when the speed
is such a high number, right?

In their conclusion, they discussed the assumptions they made along the way, the limita-
tions these assumptions put on the analysis, and provided an extensive list of works cited from
a variety of sources.

Edward: Then we talked a little about results and then about the real life implica-
tions that might actually happen. [...] Of course there's a lot of problems because of
the forces on the... [rails] yeah, and also the temperature as well, which develops in
such a fast cannon, of course. Also a lot of upsides because you can shoot it as many
times as you want. You don't need heavy ammunition or... there's no chemistry
involved, no explosions, right? It would be a lot easier if they get it to work. And then
sources, of course, at the end. They didn't really say they want sources, so we just put
the links to the videos and we didn't really talk about them, but it's there.

This case exemplifies the students who engaged deeply with the process of knowledge produc-
tion and communication, taking up agency across all four major categories included in our
analysis. The students defined a novel question, based on a real-life context, and built a sophis-
ticated multi-step model to investigate it. Their code was well explained, structured, and docu-
mented. Their essay explicitly attended to readability and polish, including multiple types of
visualizations (videos and plots) to illustrate phenomena and results. As a result, their essay
received scores of 2 on all categories, save for code efficiency and elegance (since several parts
of the model used copy-and-pasted code) and new packages and coding tools (since they only
used tools that had been taught in the course).

These three narratives complement our large-scale analysis of the computational essay arti-
facts, illuminating several features that were difficult to access using that dataset. First, the nar-
ratives suggest that students were aware that there were several different aspects of the
computational essay assignment that they could choose to focus on. For example, Margaret and
Edward made clear distinctions between their efforts to define an investigation question, pro-
duce efficient code, discuss and situate their results, and produce clear visualizations. Second,
they illustrate how different groups of students used this freedom to engage in varying degrees
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of knowledge production and communication. For example, Amy and Alexis focused primarily
on reproducing and communicating knowledge they had found in a textbook, whereas the
other two featured groups made varying efforts to discover and communicate new results.
Finally, these results provide evidence that at least some of the differences in agency we had
noted were intentional on the part of the students. For example, both Amy and Alexis and Iggy
chose to downplay several aspects of their investigations due to a combination of time con-
straints and simple lack of interest. In contrast, Margaret and Edward seemed to consciously
make a decision to spend time and effort on many of the categories featured in our analysis.

6 | DISCUSSION AND IMPLICATIONS

Returning to our first research question, we argue that computational essays can provide signifi-
cant opportunities for students to take up disciplinary epistemic agency in higher education
STEM. They allow students to define novel, personally relevant questions; answer them with
scientifically authentic models or analyses; run these models or analyses using code of vary
degrees of efficiency and sophistication; and communicate their results in an authentic way.
Our artifact analysis showed that each of these aspects was well-represented across the two
studied institutions, although different students in our study naturally gravitated toward differ-
ent aspects of computational essays, as can be seen from Figure 6. Our interview analysis sug-
gests that the students themselves were cognizant of some or all of these aspects and made
specific choices as to which aspects to focus on.

Addressing our second research question, our analysis also shows that factors like student
background, assignment expectations, time pressure, and student interests can have a signifi-
cant impact on the ways in which students take up disciplinary epistemic agency when writing
computational essays. In terms of student background, students at ScU had experience with
object-oriented programming which likely led to the greater emphasis on code efficiency; at
MWU, students had a stronger background in code documentation and notebook use, leading
to a greater emphasis on code organization and description. In terms of assignment expecta-
tions, students at MWU were explicitly expected to define novel research questions and consult
(cite) external sources leading to significantly higher levels of demonstrated agency across these
categories, whereas students at ScU were asked to interpret results and justify reasonability
leading to a greater emphasis on model assumptions and limitations. Additionally, our case
study narratives show how student interest, combined with factors like time pressure, can influ-
ence students' choices to take up agency in different parts of the essay writing process. Theoreti-
cally, these differences demonstrate how disciplinary epistemic agency is a product of a variety
of different factors: student motivation and interest, student background, the educational envi-
ronment, and the specifics of the task the student is working on. All of these factors influence
the scientific practices available to the students, their opportunities to engage in inquiry, and
the standards by which they evaluate the knowledge being created.

This study responds and adds to the existing literature on epistemic agency in science educa-
tion in several key ways. First, and foremost, our results demonstrate that computation can be a
powerful tool for fostering disciplinary epistemic agency in higher education science. Computa-
tional essays in particular can amplify several of the affordances of computation while also
bringing in opportunities for agency in scientific communication. Moreover, our results show
that these kinds of interventions can be implemented at scale: each of the two courses presented
enrolled over 200 students, all of whom participated in the respective computational essay-
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focused course projects. These results are, in themselves, novel; as noted above, there are gaps
in the literature around epistemic agency in relation to both computation and higher education
STEM,; our study begins to address this gap.

One implication from these results is that science instructors looking to incorporate more
opportunities for student agency into their teaching might consider integrating computation
into their courses. For example, in physics, certain modeling-based curricula like the Matter &
Interactions curriculum (Chabay & Sherwood, 2007), Projects and Practices in Physics (Irving
et al., 2017), and C2STEM (Hutchins et al., 2020) have been shown to provide students with
enough training in computation to be able to construct, analyze, and present simple computa-
tion models in the course of a single semester. For instructors who have already taken this step,
we propose that they can use our operationalization of disciplinary epistemic agency to consider
which areas of their course could be “opened up” to provide room for student agency. As dis-
cussed, this will necessarily be a function of student background and interest. However, because
all analyzed aspects of the computational essay writing process—coding, inquiry, modeling and
data analysis, and presentation—are authentic to the discipline of science, even if instructors
choose to focus on one or two of these aspects, they will still be providing students with oppor-
tunities to productively engage with authentic scientific practices.

Second, more broadly, our results suggest that there is ample room in postsecondary science
education for interventions and educational environments designed around disciplinary episte-
mic agency, outside of laboratory courses. This result, too, is novel, as much of the existing liter-
ature on epistemic agency in science education focuses on epistemic agency as a function of
either K-12 educational standards, choices made by teachers when designing learning environ-
ments, or laboratory work. For example, Ko and Krist (2019) provide a framework for how K-12
teachers can create curricula aligned with the Next Generation Science Standards that open up
room for epistemic agency; Stroupe (2014) provides several case studies of different K-12
teacher approaches that fostered varying degrees of epistemic agency; Stroupe et al. (2018) ana-
lyzed the interactions between a professional research team and a middle school teacher and
class when trying to design these types of learning environments; and Miller et al. (2018) call
out specific questions and contradictions when trying to implement the NGSS in a way that
supports student agency. Because the context of our study is both international and within
higher education, in this study, we are moving beyond an NGSS-focused conceptualization of
epistemic agency.

Moreover, our results complement the existing literature on epistemic agency in higher edu-
cation by extending the current focus beyond laboratory environments (e.g., Holmes, 2020;
McFadden & Fuselier, 2020). When combined with that research base, our results suggest that
there are multiple areas of higher education science that could be reconceptualized to focus on
fostering student agency. Open-ended, project-based work is, in many ways, more authentic to
professional science than standard textbook problems or highly structured, “cookbook”-style
activities, whether they be experimental or computational (Holmes, 2020; Holmes &
Wieman, 2016; Wieman, 2015). This authenticity is based on the fact that projects like these
allow students to go beyond the reproduction of established scientific knowledge. Rather, they
allow students to make analyses, observations, and discoveries that may well be completely
new, using the authentic tools of the discipline. Clearly, both computational and laboratory
spaces in higher education are well-suited to this kind of educational redesign.

Third, our results speak to the fact that assignment design can and should be a key aspect of
supporting student agency. This, again, is not well-addressed in the epistemic agency literature,
since most studies focus on teacher decisions, curriculum or lesson design, and implementation
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of standards. Yet, this study raises a point of tension that must be acknowledged when design-
ing assignments that are meant to support student agency: even as they enable student agency
in some ways, the structure and expectations of such assignments will always constrain student
agency in others. For example, in both versions of the computational essay assignment students
were required to produce a certain type of artifact (the computational essay), using certain types
of tools (code and text), while demonstrating mastery over certain techniques (coding and data
analysis/physics modeling).

We, however, do not see these constraints as being incompatible with disciplinary epistemic
agency. Although these constraints provide a set of boundaries, well-designed assignments can
still leave students with significant freedom in what kinds of new knowledge they choose to
produce, how they produce it, and how they communicate it within those boundaries.
Returning to our conceptualization of disciplinary epistemic agency, we argue that the critical
question is whether students are being given the opportunity, choice, and cognitive authority to
produce new knowledge and judge the quality of that knowledge, or whether they are com-
pelled to engage in knowledge reproduction. Thus, although students writing computational
essays are required to use certain computational methods and produce a specific style of arti-
fact, within those boundaries they are given significant authority to decide what knowledge
they would like to produce, judge the quality of their results, and determine how best to com-
municate their findings.

We note that a key fea of computational essays is their multi-modal nature; that is, they
blend together various representations of scientific knowledge, including text, code, equations,
images, graphs and plots, data tables, and more. We argue that this multi-modal nature is criti-
cal to fostering disciplinary epistemic agency because it gives students the potential to choose
which areas they wish to focus on. When combined with a set of assignment expectations and
assessment criteria that give students multiple viable paths to success, this multi-modality can
be an important design principle for agency-focused assignments.

There are, of course, some clear limitations to this study. First, there is the fact that we have
presented data from only two courses, from two institutions, from a single semester. A greater
variety of data would certainly help us to strengthen and refine the claims we have made here,
especially regarding the connections between educational context and disciplinary epistemic
agency demonstrated by students. Second, many of our conclusions about student agency are
based on our own judgments as practicing scientists and data analysts. They thus represent a
top-down view of the phenomenon under study—a phenomenon that is, at its core, individual
to learners. This top-down view is to some degree coherent with our theoretical framework,
since one of the key aspects of disciplinary epistemic agency is authenticity to scientific disci-
plines. However, we must be cognizant that students come from a variety of backgrounds, and
what may appear to us as, for example, a mediocre project may in fact have been very challeng-
ing (and required a great deal of agency) for the student who produce it.

Third, much of our analysis comes from the evaluation of student artifacts, which naturally
has the limitation of only showing a finished product. We thus had limited insight into the stu-
dents’ thought processes as they pursued the majority of these projects. We tried to offset this
limitation, to some degree, by interviewing subsets of students to ask about their thought pro-
cesses. However, even these interviews are retrospective and do not reflect the rich messiness of
the inquiry process. Furthermore, our dataset for this study includes artifacts and interviews
from both individual students and pairs, with little distinction made between the two. We argue
that the choice to combine these data was justified because our research questions and methods
focus on the affordances of computational essay assignments for supporting student agency.
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Accordingly, our analysis focused primarily on the computational essays themselves, with inter-
views serving to triangulate and unpack key features noted in the artifact analysis. However,
we acknowledge that the experience of working with a partner on this kind of project certainly
differs from that of working individually, and this undoubtedly affects the ways students take
up disciplinary epistemic agency when writing computational essays. Our present analysis was
not designed to capture these kinds of distinctions; however, future work on this project will
explore the student experience of writing these types of essays, which will allow us to address
this important element of student agency.

Finally, we must acknowledge the effects of self-selection bias in our dataset. We were only
able to collect artifacts from a subset of students taking each course. It is possible, even likely,
that the students who consented to let us use their work were those who were most secure or
proud of the work they had done. Thus, we suspect our results might overestimate the spectrum
of agency present in the courses as a whole.

Despite these limitations, we find these results encouraging. Broadly speaking, the results
from this project suggest that computation can be an important tool in the ongoing effort to
make science learning more authentic to the scientific disciplines and grant students more
agency in their learning.

7 | CONCLUSION

It has long been known that the structures within schools set the expectations for student and
teacher roles, which determine what kinds of knowledge are valuable, who holds that knowl-
edge, and how it is constructed (Stroupe, 2014; Warren & Rosebery, 1995). In this regard, we
argue that computational essays, when used for open-ended, inquiry-based, student-driven pro-
jects, may act as a structure to help students take up disciplinary epistemic agency in higher
education science. Courses and institutions that wish to use this structure will almost certainly
need to make adjustments to the current paradigm of teaching in higher education STEM, such
as a decreased focus on students achieving one singular outcome or right answer. However,
given the potential benefits of allowing students to experience authentic scientific inquiry, using
authentic scientific methods, and learning an authentic mode of scientific communication,
these seem like relatively minor tradeoffs—especially if computational essays are used as a sin-
gle assignment within a larger course.

Although we have presented two examples of computational essay implementations, we are
greatly interested in seei more. Computational essays have been discussed, at least theoretically,
for the last two decades (diSessa, 2000; Somers, 2018; Wolfram, 2017). Now, however, we are
finally seeing what it looks like when this genre begins to make its way into educational con-
texts. Because professional scientists frequently use computational essays for communication of
research methods and results, we predict that their use in education will only increase in
upcoming years. We see computational essays as a solid foundation for bringing in more princi-
ples of ambitious science teaching into the higher education sphere, and are excited about the
possibility that computational essays may act as a site for this type of change.
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ENDNOTES

! A larger-scale analysis of the interviews is beyond the scope of this article, but is planned for a subsequent
publication.

2 We note, however, that this analysis only includes data from consenting students, which could also create a
self-selection bias (i.e., students who failed the project may have been less likely to consent to data collection).
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