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ABSTRACT KEYWORDS

The increasing importance of empirical analysis in economics highlights Data; econometrics
the need for efficient ways to bring these skills to the classroom. R teaching; reproducibility;
Markdown is a new technology that provides a solution by integrating  Statistics teaching
writing, statistical_ work and comp_utation into a singlg .clocument.. R JEL CODES
Markdown benefits students and instructors by streamlining teaching, A22; B4; C8
research, and collaboration. The authors report on their use of R

Markdown in undergraduate teaching, including core courses, electives,

and senior theses. They discuss the costs and benefits of adoption, and

explain the advantages of R Markdown in teaching reproducibility of

empirical work, avoiding time-consuming and error-prone “cut and paste,”

and facilitating a one-stop solution for importing, cleaning, manipulating,

visualizing, and communicating with data.

Doing economics means doing data analysis. Hamermesh (2013) demonstrates that top publishing
in economics has changed over time, documenting an “empirical turn” in economic research and
publishing. Outside of academia, the shift toward using data to improve decisions has been even
more pronounced (see Wegener and Sinha 2013; Brown, Chui, and Manyika 2011; BHEF 2017).
The empirical turn in economics has been matched by an increase in the offerings of colleges
teaching econometrics or employing the skills of econometricians in electives (Johnson, Perry,
and Petkus 2012), and matched by an increase in the demand for empirical skills by employers."
It is therefore incumbent on instructors to consider new ways to teach such empirical skills.
Recognizing this need, Conaway et al. (2018) propose a framework for an empirical capstone
course for economics majors that integrates econometric methods taught in prior classes.

Teaching empirical skills, however, can come at a high cost in time and effort for students and
instructors, especially in courses in which these skills are tools rather than the specific aim of a
course. Fortunately, new technologies can help streamline empirical work to make teaching,
research and collaboration with students easier and more efficient. We suggest the combination
of RStudio and R Markdown to accomplish these goals.’

Economic education researchers have articulated the need for understanding data analysis,
applying reproducibility protocols, and learning empirical methods in team-based learning.
Building on Hansen (2001), Allgood and Bayer (2016) identify essential competencies of students
graduating with an economics major. Of particular interest to us is the first essential competency
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that “[s]tudents should know how to ask an economic question, gather information and resour-
ces, form an explanatory hypothesis, collect data that can be used to test the hypothesis, analyze
the data, draw conclusions, and suggest future research” (p. 106).

To engage completely with the competency proposed by Allgood and Bayer requires that stu-
dents make all of their work fully reproducible. Reproducible student work benefits both students
and instructors. When students make their work reproducible, they learn how to organize their
work, how to make the results of the work transparent, and how to make it easier for others to
interpret their work. Students therefore learn hands-on skills that are valuable outside of the eco-
nomics classroom as literate programming and reproducible research make students more effect-
ive and employable after graduation. In a broader view, it gets students to engage in the methods
of economics as a social science in which results are valid only to the extent that they are repro-
ducible. Reproducible work also benefits instructors, as it is much easier to find and correct
errors and guide students in their research when everything they have done is documented and
transparent.

We propose R Markdown as the best tool for reducing the barriers to entry-level coding for
undergraduate students, thereby enabling reproducible empirical work and marking an important
step toward attaining the first essential competency articulated by Allgood and Bayer (2016). R
Markdown allows the integration of data processing, analysis, table, and figure creation, and
document write-up in a single document and thereby avoids the time-consuming and error-prone
copy-and-paste workflow inherent in most existing methods (Baumer et al. 2014). For the
instructor, R Markdown facilitates the production of class materials and eases grading. In an
empirical course, instructors often need to produce many documents: empirical examples to use
in class, slides for lecture, class or lab exercises, and homework assignments and solutions. R
Markdown documents easily create all of these formats, reducing the time cost of producing dif-
ferent materials. In addition, the use of R Markdown makes all of this work inherently reprodu-
cible. In fact, it is difficult to do work in R Markdown that is not reproducible. R Markdown also
“plays nicely” with tools like GitHub, RStudio Server, and RStudio Cloud, which makes it well
calibrated for teaching and collaboration. For example, in RStudio Cloud and RStudio Server, an
instructor can share projects with students or students can share projects among themselves,
which enables collaboration on projects.3 As a final benefit, R Markdown and RStudio are both
open source and free, vastly expanding access for students while in school and beyond.*

We illustrate the use of R Markdown in a variety of courses at four different campuses to
show that R Markdown is an efficient way of teaching reproducible empirical methods at the
undergraduate level. Drawing from our own experiences, we share our strategies for incorporating
R Markdown and reproducibility into courses that range from core econometrics courses, to elec-
tives, to senior seminars. We share student reactions and how to avoid certain pitfalls when intro-
ducing R Markdown. We also address common criticisms of switching from other packages, such
as Stata and SPSS, to R Markdown and argue that using R Markdown remains a robust
alternative.

Literature: Replicability, reproducibility, and empirical pedagogy

Our focus in this article is on reproducibility, which requires that the original results of a study
can be repeated, as distinct from the issue of replicability, which involves verifying the robustness
of a result to changes in data or methodological decisions. Important research findings in eco-
nomics have often failed both basic reproduction and replication, the most notorious of which
has become the “spreadsheet error” underpinning Reinhart and Rogoff (2010). In the process of
trying to reproduce the original results, Herndon, Ash, and Pollin (2014) discovered data errors
and omissions that, once corrected, failed to produce the original results.
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In recent years, reproducibility and replicability have become significant concerns in economic
research (Camerer et al. 2016; Christensen and Miguel 2016; Berry et al. 2017; Chang and Li
2015) and affiliated social sciences (OSC 2015). Recent work has attempted to provide tools for
diagnosing what a specific reproduction or replication achieves or fails to achieve and whether it
invalidates or supports the original paper (Clemens 2017). For example, we need to be able to
discuss whether and how a replication finds the same sign for a coefficient as previous research,
but a different magnitude or level of statistical significance. With respect to reproducibility, the
availability of original data and code and sufficient documentation enables other researchers to
reproduce the original work and subsequently calibrate a potential replication properly. These
concerns are part of a broader movement toward greater transparency and integrity in the social
sciences, as embodied in organizations such as the Berkeley Initiative for Transparency in the
Social Science, and the Association for Integrity and Responsible Leadership in Economics and
Associated Professions, among others.

To this end, Ball and Medeiros (2012) introduce the TIER (Teaching Integrity in Empirical
Research) protocol as a way to foster reproducibility in undergraduate data work. The TIER
protocol prescribes a step-by-step set of instructions for the student to follow in order to ensure
full reproducibility of results. The process assumes students will pass data through multiple pro-
grams like Excel and Stata repeatedly, requiring the student to write and organize multiple scripts
and intermediate data files.

Knittel and Metaxoglou (2018) similarly present a project organizational structure and set of
coding best practices for Stata and LaTeX analysis and write-up. They also describe efficient ways
to pass information among programs (e.g., Stata for analysis, then Excel for table creation, and
finally LaTeX for inclusion in a write-up). The complexity of this system and need for mastery of
multiple tools makes such a system more appropriate for professional economists already familiar
with LaTeX and advanced undergraduates working as research assistants for whom there is suffi-
cient time for a positive return on the initial investment in startup costs.

A number of papers have examined how to introduce empirical, econometric and analytical
skills in senior electives, capstone courses, and team-based learning courses, among others
(Conaway et al. 2018; McGoldrick 2008; Klein 2013; Imazeki 2015); however, their emphasis has
not been on reproducibility. Adding reproducibility to an already full curriculum can create a
heavy burden on both instructors and students. Our article contributes to this literature by focus-
ing on how to ease that burden. We provide tools and methods to teach reproducible empirical
research by increasing the efficiency of instruction, particularly at the undergraduate level. We
have provided a numbered online appendix at simondhalliday.com/efficient_empiricism to pro-
vide supplementary information.

How does R Markdown work?

R Markdown and RStudio make up an integrated environment that combines writing, statistical
work and computation in one document.” An R Markdown document is a combination of ordi-
nary text and statistical code. The text is what we normally call “the paper” (or “prose” in R
Markdown jargon). The statistical code comprises pieces of R code (in R Markdown parlance
they are called “code chunks”) that run the analysis. Figure 1 shows an example of a source R
Markdown file with the output of that source code produced in figure 2.

The example shows a few lines of R code surrounded by plain text. The plain text can include
tags for formatting. In the example, hashtags (#s) are tags for section and subsection headings:
one hashtag for each level of heading. Tags for italics, lists, equations, etc., are also available.
While the text is not “what you see is what you get,” it is highly readable. In our experience, stu-
dents find using R Markdown far easier than other markup languages such as LaTeX or HTML.®
R Markdown can include tags for references linked to a bibliography source file. Our students
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81

82 - ## Ana'lyzing data }section titles y

83 - ### Is debt associated with low growth?

84 -text

85 we will create a box plot of real GDP growth by debt category
(similar to Herndon et al's (2014) Figure 3).

86

87~ " "{r fig.height = 4} P 0w

88 ggplot(wdi,aes(x = factor(debtcat),y = gdpgrowth)) +

89 geom_boxplot ()

90 labs(y="Real GDP growth (in %)", x="Debt (as % of GDP)", - code

91 title="contemporaneous relationship between debt and growth")

) =

a3 9

94 Dpespite using only recent data, our results are quite similar
to those in Herndon et al (2014), i.e. they show very little =text
relationship between debt levels and economic growth. J

|os

Figure 1. Example of a source R Markdown file.

have used these extensively and appreciate the automatic generation of a reference list in the cor-
rect format required for grading.” Furthermore, using the rticles package or another template, the
student’s paper can be formatted to look like a published paper without the student having to put
any work into the formatting.

The “code chunks” in R Markdown can contain any R code. It can be code that retrieves,
merges or appends data; calculates descriptive statistics; estimates regressions; or, as in the above
example, creates a figure. The code can be executed chunk by chunk, which is what normally hap-
pens as researchers build and test their code, or it can be executed all together from start to finish.

The text and code are put together by “knitting” the R Markdown source document. Knitting
the source document executes all of the R code and formats the surrounding text. Knitting pro-
duces an output file in which the text is properly formatted, and which includes any tables and
figures generated by the R code. R Markdown can produce the output file in a variety of formats
including HTML, PDF and MS Word (.docx). Figure 2 shows the knitted version of the R
Markdown shown in figure 1, and it demonstrates how the plain text has now been formatted
and that a figure was produced.

A related virtue of R Markdown for teaching is that RStudio interprets R Markdown docu-
ments in the manner of a laboratory notebook: when you write a code chunk and execute that
code chunk within the R Markdown document, RStudio produces a preview of the output within
the R Markdown document. Students therefore see what the knitted statistical and graphical out-
put will look like prior to knitting the document to see the output of all of their work.

How is R Markdown efficient?

The integrated environment provided by R Markdown and RStudio has several advantages over
traditional systems of package suites. We address some of these with a focus on the benefits to
both students and instructors.

One-stop solution

R Markdown integrates analysis with text, tables, and figures. The entire paper is produced
(including tables and figures) when the source document is knitted. This contrasts with the trad-
itional way of doing empirical analysis which involves switching between statistical (Stata, SPSS,
R), word-processing (MS Word, LaTeX, Google Docs), and perhaps presentation (PowerPoint,
Beamer) software. In a more traditional setup, the analysis is done in the statistical software
and its output is copied and pasted into the word-processing or presentation software. This is
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Analyzing data

Is debt associated with low growth?
We will create a box plot of real GDP growth by debt category (similar to Herndon et al’s Figure 3).

CODE

Contemporaneous relationship between debt and growth

20-

Real GDP growth (in %)
* @ ‘-{}. L] L] L]

20-
0-30% 30-60% 60-00% Above 90%
Debt (as % of GDP)

Despite using only recent data, our results are quite similar to those in Herndon et al (2014), i.e. they show very little relationship between
debt levels and economic growth.

Figure 2. Example of a knitted R Markdown document.

time-consuming and prone to errors. For example, a minor change in the dataset can set off a
cascade of minor changes in all of the tables and figures, which then have to be recopied
and repasted.

From a pedagogical perspective, the integration of text, tables, and figures makes it more likely
that students will experiment with and explore their data more deeply. When tables and figures are
automatically reproduced, students are more likely to see how their results differ, e.g., if they drop
small countries from a sample. This fosters curiosity and learning about the subject they are studying.

From the instructor’s perspective, the integration of R Markdown greatly streamlines the cre-
ation of materials for teaching empirical topics. Code that is written in R Markdown to show an
example in class can simply be knitted into slides or documents to provide to students as notes
or posted as a Web page. An exercise used in class can be changed slightly to import different
data and knitted as a homework assignment. The instructor saves a great deal of time spent pro-
ducing different materials with related content.

Grading also is easier because exercises can have the instructions and questions in the same
document as the students’ answers and the code they used to compute the answers. This makes it
much easier to locate the source of errors and find areas of misunderstanding than in the case
where an instructor reads a written assignment and has to go back to a separate code file to try
to find why mistakes appear. And if reproducibility is a component of the grade, this becomes
almost a non-issue.

R Markdown is reproducible

R Markdown makes data analysis inherently reproducible because every step in the analysis is
documented using code that is part of the source R Markdown document, and therefore part of



EFFICIENT EMPIRICISM (&) 247

the “paper.” There is no other program that manipulates or analyzes the data—everything is done
within R Markdown. Therefore, if provided with the data, a third party who is unfamiliar with
the project could use the source R Markdown document to see how the analysis was conducted
and independently reproduce the work.

Our students take it as a given that, e.g., if they decide to drop small countries from their
cross-country sample, it must be documented. R Markdown makes this a non-issue. The code to
drop those countries must be part of the document; otherwise, the tables and figures would be
incorrect. In fact, students who are first introduced to empirical work through R Markdown usu-
ally can’t imagine doing it any other way. If instructors wish to highlight the problem of reprodu-
cibility in traditional methods, they can assign students to attempt to reproduce results from
papers that are not documented in this way, as one of the authors discusses in a case
study below.

We emphasize to our students that the data their R code uses must be in its original form, i.e.,
not having been manipulated previously by hand or by other programs. Fortunately, it is becom-
ing common practice to retrieve data from standard databases using code. For example, the
World Development Indicators can now be retrieved using the wdi package, FRED and other
financial data using quandl, Census data using tidycensus and acs, and IPUMS data (including
CPS) can be directly retrieved using ipumstr.

For the instructor, the assessment of reproducibility also becomes almost automatic. We take
as given that all student work must be fully reproducible. To enforce this, student work must be
reproduced. We have required reproducibility of student projects using other packages in the
past, and it can be very time-consuming to piece together the code files and get them to run to
verify the results in the paper. R Markdown makes reproducing student work relatively trivial.
Students turn in their R Markdown file. The instructor opens it and runs it. If the students used
this code to produce their paper, there is little reason that it should produce anything different
when the instructor runs it.

RStudio is well-calibrated for collaboration

The combination of RStudio and R Markdown is well-calibrated for collaboration between the
instructor and students, and among students themselves in research teams. R Markdown and
RStudio improve teaching and maximize the efficiency of the instructor’s time by lowering costs
to the instructor via effective debugging and error-detection tools and by easing collaboration
through RStudio Server and, more recently, RStudio Cloud.

RStudio has very good syntax error-detection capabilities, letting the student know that an
error exists (existence), where an error originates (origin), and what likely kind of error it is
(diagnosis). The authors have all experienced cases where a student has forgotten an opening or
closing parenthesis or quotation mark, misplaced a comma, or made a similar error of syntax.
When instructors become heavily involved in the detection and diagnosis of errors, valuable one-
on-one instructor time gets consumed.

RStudio also provides an RStudio Server edition (free to educational institutions) that students
can access with their university log-in credentials through a Web browser, and more recently
a cloud version as well. With RStudio Cloud and RStudio Server, an instructor can share
projects with students or students can share projects among themselves, which enables easy
collaboration on projects. RStudio can also be integrated with GitHub to enable collaboration
and version control. We have also found that using RStudio Server expedites initial take-up
with students later installing R and RStudio on their own devices once they are comfortable
with the software.
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RStudio, R, and R Markdown are free

Last, R, R Markdown, and RStudio are all free. Students must pay for tuition, textbooks, related
educational materials and software. Finding ways of alleviating constraints on them has become a
priority both for faculty and for college administrations.® The free and open source model also
makes R and R Markdown increasingly the software of choice for many businesses,” making our
students more marketable after graduation.'

What are the costs and alternatives?

Whenever an instructor wishes to adopt a new computer language or technology, there are costs
involved in learning and adapting existing courses to use the new technology that must be
weighed against the benefits. Although we believe the benefits to efficiency discussed above far
outweigh the costs, these costs still need to be addressed. Here we delineate some of the common
objections we have encountered. We also discuss some existing alternatives and explain why we
believe the combination of R Markdown and RStudio are superior to other currently avail-
able options.

Learning to code

Perhaps the key hurdle in teaching reproducible empirical methods is the need for some degree
of coding skills. Writing code is a skill set of its own, and within the context of an economics
course, it is a means to an end rather than the main focus. R Markdown allows students to be
introduced to coding gradually, and to be fully integrated into the content of the course, rather
than taught as a separate topic. At the beginning of the course, students can be provided with
pre-written R Markdown that contains the code they need to perform tasks; we provide examples
of such templates in our supplementary information Online Appendix H.

The integrated nature of the R Markdown format allows the code to be combined with com-
ments about what each line does as well as longer explanations in the prose outside of the code
chunks that explain the purpose of the code in the overall analysis. At this stage, students may be
expected only to run the code and see the results. Instructors can then proceed to having the stu-
dents change small parts of the code, such as adding new variables to a regression model or mak-
ing changes to a dataset. Step-by-step, the students become familiar with the code, enough to be
able to write code chunks to perform the basic tasks required by an analysis.

In table 1, we list the competencies students may need when coding empirical analyses. The
elementary set of competencies includes loading the data, producing descriptive statistics, and
estimating a regression. Each of these competencies can be achieved by one line of code in most
statistical packages. R Markdown integrates the code and the output of the code into the narrative
of the analysis. Just as students are accustomed to editing their prose, they naturally become
accustomed to editing their code and seeing how results change. The ability to adapt, reuse, and
combine code allows them to do increasingly sophisticated analyses.

In programs such as Stata, analysis can be conducted with dropdown menus that then trigger
a display of the code that would perform the same task. This code can then be copied and pasted
into a script file (a Stata .do file). Although this provides significant aid in learning code syntax,
it is not clear whether learning a sequence of dropdown manipulations is any less burdensome
than learning the code itself.

Furthermore, to make the work as wholly reproducible requires that the Stata .do file and any
prose that analyzes the data be wrapped together by a batch file that runs the file producing the
output and the file producing the prose, e.g., a LaTeX file. Such a process requires instructing stu-
dents on batch scripting in addition to teaching them about the language itself (this process is
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Table 1. Coding empirical analysis competencies.

Basic:
Loading data
Calculating descriptive statistics
Estimating a regression model
Medium:
Creating new variables
Selecting observations/variables
Creating a graph/visualization
Advanced:
Merging/joining data
Summarizing data by groups
Reshaping data

advocated by Gentzkow and Shapiro [2014] for professionals and advanced research assistants,
but we think it is infeasible for medium to large undergraduate classes).

R Markdown and RStudio reduce the cost of teaching and learning coding skills that are
necessary for empirical coursework in economics and beneficial for the job market. Specifically, a
student using templates for initial code can immediately see the output she creates, and works
incrementally on existing code she knows will obtain new output. This feature is critical because
student experience writing computer code varies substantially, with many students having no
prior experience.

The learning curve

Until recently, R lacked an easy to use a dedicated integrated development environment (IDE).
The IDE provides access to a command line window, a script or R Markdown window (with tabs
for different files the user is working on), the environment window with tabs for history and
GitHub access, and the context window with tabs for files/folders, packages, plots produced by
commands, help for commands, and the viewer for interactive output. With the release of
RStudio in 2011, R became much more accessible, providing an intuitive and user-friendly way
for users to write and execute code, browse data, manage files, search help, view plots, do version
management, and more, all inside one application."'

In addition to RStudio, the transition to R has recently been made much easier through the
introduction of many useful and user-friendly packages such as tidyverse, mosaic, and stargazer.
The first two provide convenient functions for data manipulation, exploration, and visualization,
while the latter creates automatically formatted regression tables (Pruim, Kaplan, and Horton
2017; Wickham 2017; Hlavac 2018). We provide additional suggestions about the recommended
packages for teaching R and R Markdown in supplementary information Online Appendix C,
highlighting the value of the tidyverse, stargazer and mosaic packages (with student capabilities as
described in table 1 and program capabilities as in supplementary information Online Appendix
J). The remedy package also makes teaching the syntax of R Markdown easier as it provides
menus to show the syntax required for particular formatting, therefore easing student learning.

Stata and dyndoc

Most of the authors are Stata users and gleefully anticipated the release of Stata’s markdown
options that were included with the Stata 15 release. We have investigated the features available
in Stata and we were able to produce viable documents. However, we conclude that Stata’s mark-
down falls short of its R Markdown alternative for a number of reasons. First, Stata’s dynamic
document, dyndoc, is not integrated into Stata’s development environment. For example, Stata’s
do-file editor is not built to handle dyndoc documents. The do-file editor treats everything as
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Stata code. This is good for the code part of the document (the code chunks), but it is not good
for the prose. The do-file editor does not have spell check, does not even recognize the tags, i.e.,
it does not help with closing the tags (which RStudio automatically can do with parentheses,
square brackets, braces, and more).

Second, some of the dyndoc tags are clumsy. For example, the start and end of a code chunk
use two lines each; including graphs requires one code-chunk to create a graph, and another
code-chunk to include it into the document.

Third, unlike R Markdown, dyndoc does not produce a pdf. Instead, a separate command,
putpdf, which uses a completely different markup language, is required to produce a pdf docu-
ment. This is in sharp contrast to the ability of R Markdown to create many output types.

Fourth, dyndoc does not support LaTeX, BibTeX or even outreg. Lacking these tools will be a
deal-breaker for many users. Fifth, dyndoc does not support publishing HTML to the Web.
Stata’s dyndoc lacks the one-button experience of publishing HTML that exists in RStudio.
Moreover, the HTML created by dyndoc is not self-contained (it needs any image/figure files).
This makes sharing the document cumbersome, unlike the self-contained HTML created by R
Markdown. Finally, dyndoc does not support code-folding, tables of contents or themes. This is
mostly esthetic, and one can certainly customize the HTML style sheet, but in contrast, R
Markdown makes creating slick-looking documents very easy.

We freely admit that some capabilities that exist, e.g., in Stata, are not as readily accessible in
R and R Markdown. A common objection that Stata users have made in the past has concerned,
e.g., the easy specification of robust standard errors using the code, “robust” at the end of a
regression specification. Although this was once more challenging in R and required that the user
implement a variety of other packages, now user-written packages (e.g., estimatr) have emerged
to deal with these issues because R is open source and customizable. A user will often find a
command or function that they want to use is not as freely available in R, but that it may be
under development or recently available as a new package.

Class size

The class size in the set of case studies discussed below ranges from 10 to 35. But R Markdown
and R are taught in a variety of settings with much larger class sizes. For example, at Duke
University in the introductory statistics classes, which all use R and R Markdown, the class size
ranges from 80 to 120 students. Class sizes are similar at other colleges and universities that teach
with R and R Markdown; e.g., Smith College has an introductory statistics class that teaches
between 75 and 85 students and UCLA has similarly large class sizes.

Furthermore, at the institution where one of us teaches, Python (a popular introductory
programming language) is taught in a class of 90-120 students in introductory computer science.
Although we acknowledge the benefits of smaller class sizes, and especially small labs, for teach-
ing R Markdown and R, we believe that the technology can be scaled. Admittedly, if a class has
several hundred students, then teaching reproducible coding may be infeasible, which would be
true for R, Stata, or SPSS.

Case studies

Each of the case studies below was undertaken at a liberal arts college. The class sizes vary and
we comment on them for each case. We specify the role of R and R Markdown and the expected
entry level of competency for each course. Each of the courses has been influenced to some
degree by the concerns of reproducibility in social science research and the instructors have used
the TIER protocol (or some variation thereof). We indicate whether a textbook was used for the
course’s main materials and if additional supplements were used. The syllabi of the courses are
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available in supplementary information Online Appendix A. As R and RStudio are under contin-
ual development, we also comment on the resources we have used to assist in student learning
and provide additional resources in the Online Appendices.

Econometrics

The class is an upper-level elective. The prerequisites for the class are an entry-level statistics
class, as well as a 200-level course in quantitative methods, where students are introduced to basic
regression work using Microsoft Excel. Therefore, all students have seen regressions and basic sta-
tistics, although their competency in these skills spans a wide range. Generally, about half of the
students have had at least some experience with R, primarily through a statistics class in applied
regression. Very few have any previous experience with R Markdown. Class size is limited to 16
in order to make use of an available computer lab with that number of machines (class size
ended at 15). With some flexibility, the format of the course alternates one class period of lecture
with one class period of applied work in the computer lab.

In lecture classes, the instructor uses the R NoteBook format of R Markdown, so that explana-
tions of the concepts can be combined with code to illustrate them. The R NoteBook format is
very useful for class as one chunk of code at a time can be run and the results are seen immedi-
ately. The R Markdown code is written so that it can be knitted into slides using the slidy pack-
age. This allows students to follow along with the exercise in class and see the code being used,
and then knit the document and have the notes available for study afterward.

For the applied lab assignments, students hand in hard copies of their R NoteBook file in
HTML or Word format rather than the R Markdown (.Rmd) file itself. The code is all shown in
blocks, with the questions and student answers in text. The R NoteBook format facilitates grad-
ing, as the structure of the exercises is standardized and the code is visible, making it easy to see
where misunderstandings arise. With a little strategy, instructors can format the R Markdown file
to make the assignments easy to read. For example, the R Markdown file can be formatted with
specific places for student answers and these can be formatted into boldface to make them easier
to find.

The semester culminates in student projects completed in groups of two to three students.
These projects are required to be conducted in R Markdown and to be fully reproducible from
raw data to final results. To introduce students to this idea, their first assignment is to reproduce
the results from a paper written by students from the previous semester. The instructor chooses
some of the best papers from the previous semester as a way of setting expectations high. Out of
2 semesters and 19 total projects, there was only one project in the first semester that the
instructor was not able to reproduce, and this was due to not being able to get the right files
from the students after they had left for winter break.

Behavioral economics

The class is an upper-level elective with between 20 and 35 students. The prerequisites for the
class are intermediate microeconomics and a combined one-semester introduction to statistics
and econometrics that concludes with multiple regression. The instructor expects that students
will be beginners with R, but some students enter with proficiency. Exercises in R and R
Markdown were paired with relevant economic data to consider questions in economics and
behavioral economics. Students confronted different data in lab exercises (experimental data,
household data, and macro data), giving them the opportunity to think about the kind of data
they should like to analyze in their team research projects.

Having used R and R Markdown in these contexts, students were equipped to reproduce the
results from published papers. After being assigned to teams, students decided on papers they
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wanted to reproduce and for which they would provide a new experimental design.'” In most
cases, students were able to reproduce fully the results of the paper; in other situations, the
instructor had to re-tailor their research either because they had taken on a project that was in
fact too hard to reproduce in the time available or because some portion of the data was unavail-
able to the students. In supplementary information Online Appendix H we provide a full list of
all papers that could be reproduced along with some comments about the full or partial reprodu-
cibility of each paper. In all cases, R Markdown enabled student engagement with reproducibility
through an easy workflow, students being able to work on the project in their own time on their
own devices, and through the one-stop-shop nature of R Markdown.

Having reproduced (partially or fully) the published results, students better understand how
important reproducible research is mainly as a consequence of struggling to reproduce published
research with published reproduction documents. They are also motivated to think about how
they could improve existing research (were funds and time available to do so) and provide a rep-
lication study along with addressing a new research question while also explaining how they
would ensure reproducibility of their replication. The opportunity to improve existing research
and to create new research questions was the final important pillar of the students’ team projects:
what would they do if they could implement their own survey, run their own experiment, or
design their own study? How would they test their data? Many students come up with fascinating
alternatives to existing studies and demonstrate their ability to think about the research process
and about their participation in a community of researchers promoting transparent and reprodu-
cible research.

Advanced topics in housing economics

The class is a senior-level elective seminar capped at 15 students. Students are required to have
completed intermediate “core” courses in the economics major in microeconomics, macroeco-
nomics, and econometrics.

Past iterations of the course were primarily aimed at helping students develop their own
research proposal, but experience showed that the students were not well-prepared for their inde-
pendent research project. Students had never collected, managed, and analyzed large datasets.
They tended to use MS Excel to clean and manage their data, and moved between several soft-
ware packages for data cleaning, analysis, write-up, and bibliographic management. This led to
mistakes (some known and others likely unknown), and students were frustrated by suggestions
of exploring the sensitivity of their results when doing so required so many steps. The most
recent iteration sought to help students to prepare better for the independent research project
and to expose them to the important academic and ethical debates surrounding reproducible
research through the use of a reproduction project.

The reproduction project is based on the primary results of Harrison and Rubinfeld (1978)
and the subsequent articles, Gilley and Pace (1996) and Pace and Gilley (1997). These papers per-
form a hedonic regression to explore the effect of air pollution on housing prices in Boston in
the 1970s. Students were asked to reproduce some of the more accessible results of the papers fol-
lowing the TIER protocol (Ball and Medeiros 2012). That is, they had to get the computer to pro-
duce the correct numbers and show how they made the computer produce those numbers.

Students reacted in diverse ways to the learning experience. Some students voluntarily imple-
mented the TIER protocol and used similar tools and techniques in their subsequent independent
research project. Others were happy to jettison the new tools and return to their old habits.
However, more than one student regretted abandoning the R Markdown suite when, late in their
own research project, they encountered problems similar to those posed in the labs the previous
term. They found themselves facing the more difficult task of correcting the problem without the
code to enable reproducibility or the efficiency in package suite or workflow that R Markdown
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offers. One student told me afterward at the senior research poster presentation, “You tried to
warn me, but I didn’t listen. I would advise future students to learn from my mistake!” Another
commented, “It was pretty easy to take the work from my paper and make the poster because I
had all of the code necessary to produce everything!”

Business analytics

The class is an upper-level elective with between 25 and 35 students—mostly economics majors.
The prerequisites include either an introductory econometrics course or a statistics course that
covers regression analysis.

The course has three learning objectives: ability to manipulate data (downloading, merging
and reshaping data); ability to analyze data (this includes exploratory data analysis, visualization,
as well as machine-learning algorithms such as regression, nearest neighbor, naive Bayes and
decision trees); and, the ability to formulate questions that can be answered using data (e.g.,
improve marketing, pricing, investing capital, customer satisfaction, fraud detection, etc.). We pay
special attention to validating predictions using the train and test regimen common in data sci-
ence and machine-learning fields.

Working with R Markdown is a key component of the class. In fact, each class topic is orga-
nized around one R Markdown document. Students bring laptops to class and open the relevant
R Markdown document. The document includes text that explains what we are doing and the
code that implements what needs to be done, so students do not need to switch back and forth
among applications. Students execute the code along with the instructor and see the results on
their own screens. The R Markdown document includes many in-class exercises where the
instructor pauses and asks students to write their own code—usually an application of the mater-
ial just covered. This is a highly engaging way for students to interact with the material.
Assessment in the course is also done via R Markdown. Both problem sets and exams are done
as R Markdown documents. Students are sent R Markdown documents with questions and usu-
ally a link to data. Students answer questions by doing the relevant analysis, writing code and
interpreting results, all in one R Markdown document, demonstrating the efficiency in workflow
and instruction of R Markdown. Students are generally very comfortable typing exams on their
own laptops. They are allowed to use any notes, even search the Internet, therefore simulating a
real-world environment.

The learning outcomes on the part of students are very positive—both in terms of course eval-
uations and student performance in subsequent courses. For example, students who take this
course seem to write more sophisticated senior theses, largely because they have the ability to
manipulate a greater variety of data, and combine these data in interesting ways.

Thesis, seminars, and special studies advising

We have used R Markdown and reproducible research protocols in senior theses, seminars, and
semester-long special studies.

The students at one college are all required to write a senior thesis. One of us led a seminar in
environmental and resource economics that consisted of nine students."” The college has an open
curriculum with few strict prerequisites. Therefore, the students varied greatly in their back-
grounds with only one student in the group having taken econometrics. Most students had little
prior computer experience. There was no prerequisite of having taken an environmental econom-
ics course.

Because of the inequality in backgrounds among the students, class time was mixed between
reading and analysis of papers in environmental economics and learning research methods,
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including data wrangling and tidying, exploratory analysis and visualization, and, as needed, some
basic econometrics.

The variety in student backgrounds resulted in a wide variety of papers. The primary require-
ment was that the papers be empirical in the sense that they had to use data to support an argu-
ment, although this did not have to take the form of formal econometric analysis. Some students
made arguments using creative data visualization methods. The ggplot2 package (part of the tidy-
verse) provides impressive tools for producing informative and attractive visual representations of
data (Wickham 2017). A few students used regression techniques to refine the visual analysis. All
nine papers were fully reproducible, an impressive performance starting from students having
very little computer or data experience coming into the course. The documentation for all proj-
ects is available in supplementary information Online Appendix C: Examples of Reproducible
Research Projects.

One of the instructors has used R and R Markdown to supervise special studies. The special
studies involved students first reproducing the work in published papers; then applying the meth-
ods they learned to new data. One student used Carr and Mellizo (2013) as the basis for her spe-
cial studies where she worked with the 2004 Workplace Employment Relations Survey), then
extended the analysis to some initial analysis of the 2011 wave of the survey (with slightly differ-
ent questions). A second student was interested in the Alaska Permanent Fund and she worked
on extending the work of Hsieh (2003) with new Consumer and Expenditure Survey data,
although her analysis could not reproduce the complexity of the original author’s work (the full
work was beyond the scope of an undergraduate special studies).

Student performance

The key outcome of teaching courses with R Markdown is that student work is fully reprodu-
cible—all data manipulations are well documented by default. This is very different from our
experience teaching similar courses without R Markdown. For example, in introductory econo-
metrics we took student regression results as a given—never knowing for sure what manipula-
tions lead to these results or whether the coefficients the students reported were the actual
coefficients.

Although we don’t have any evidence of causal effects (as students self-select to our courses),
observationally we tend to see stronger performance in subsequent courses. This is true particu-
larly for senior theses, as students who are familiar with coding and R Markdown tend to write
more sophisticated theses because they can combine and manipulate data in new and interesting
ways. Also, informal comments we have received from students about their job market outcomes
indicate that knowing R helped them differentiate themselves from other economics majors.
Student comments collected in supplementary information Online Appendix I also suggest that
students appreciated learning R and valued the opportunity to use it for labs, research, and data
visualization.

Conclusion

The increasing importance of empirical work to economics requires that we carefully assess the
tools available to make this work as efficient as possible. In arguing for the use of R Markdown
and RStudio, we highlighted the significant gains in terms of workflow, reproducibility, teaching,
collaboration and monetary cost.

Through understanding the useful aspects of R, RStudio and R Markdown, we can think more
clearly about the ways in which we practice data analysis in economics in a transparent and
reproducible manner. In being so equipped, students can undertake high-quality data visualiza-
tion and analysis. Getting students to engage in reproducible research also permits students to
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practice their new skills, to become a genuine part of a research community through testing
others’ work, and to unleash their creativity through devising new ways to think about their own
research questions for the future.

Notes

1. Biddle and Hamermesh (2016) nonetheless show that good theorists obtain a wage premium over
nontheorists.

2. R Studio is the IDE—the program showing the command line, scripting files, folder structure, tables, and
plots—that most R professionals use to interact with R and R Markdown. R Markdown is a file format
one can use in R Studio that acts as a lab notebook, working file for a term paper, thesis or team project,
and more.

3. A more sophisticated alternative that is taught at Duke University by Mine Cetinkaya-Rundel in a first
statistics class, and which is used by some of the authors with research assistants, is to use GitHub with
RStudio to enable collaboration and version control.

4. One alternative to R and R Markdown would be the potential of using Jupyter Notebooks with Python.
Although this pairing satisfies the concerns we have about accessibility, they are not taught or geared
toward the instruction of econometrics and statistics, whereas R and R Markdown are strongly geared
toward quick adoption and to education of statistics, data visualization, and econometrics.

5. R Markdown and RStudio are separate pieces of software, but we don’t know anyone who uses R
Markdown but not RStudio. The environment can be a desktop application or online via an RStudio
Server that allows students to do their work via an Internet browser through a server hosted on campus
or with RStudio Cloud, an open RStudio Server hosted by the RStudio company online (currently in the
alpha stage of development).

6. R Markdown follows standard markdown syntax as defined by Gruber (2012), which was designed with
readability in mind.

7. Students can copy and paste the bibliographic information provided by Google Scholar into their
bibliography file and use the labels provided by Google or define their own labels.

8. For example, one of the colleges in the case studies has an ongoing commitment to encouraging the use
of open educational resources to alleviate costs to students.

9. The 2015 Microsoft acquisition of Revolution Analytics (an R implementation firm), and the 2018 IBM
acquisition of Red Hat (a Linux implementation firm) are examples of the value businesses put on open
source products. More generally, the 2017 Burning Glass Technologies report (https://www.burning-glass.
com/wp-content/uploads/The_Quant_Crunch.pdf.) highlights the need for data science skills, particularly
R, Python, SQL, and SAS. A systematic tracking of the popularity of various statistical software using job
postings on indeed.com mentioned in scholarly articles also shows a steep rise in R and Python at the
expense of SAS and SPSS (see http://r4dstats.com/articles/popularity). For more examples of businesses
using R, see https://www.northeastern.edu/levelblog/2017/05/31/big-companies-using-r-data-analysis/.
http://r4stats.com/articles/popularity/.

10. For example, after taking the behavioral economics course using R and R Markdown, one student was
hired as a paid intern; then asked to take a leave of absence from her studies to work for the company
for a year in their research and development department. This is but one of many instances in which
similar events occurred for instructors of these courses.

11. To be sure, there are now a variety of other IDEs for R, but we believe that RStudio is the best IDE for
beginners. One strong competitor is Jupyter Notebook that can be used with R as well as other
programming languages, such as Python, Julia and Scala. RStudio also can be paired with Python and
Stata within code chunks. Each offers a variety of benefits, but we recommend RStudio for beginners.

12. Students did not engage in replication because, as a result of the class being a behavioral economics class,
students were looking at laboratory data and were unable (due to time constraints) to create their
own data.

13. Two of us do research in and teach environmental economics, so this research seminar should not be
confused with the class described earlier.

Disclosure statement

No potential conflict of interest was reported by the authors.


https://www.burning-glass.com/wp-content/uploads/The_Quant_Crunch.pdf
https://www.burning-glass.com/wp-content/uploads/The_Quant_Crunch.pdf
http://r4stats.com/articles/popularity
https://www.northeastern.edu/levelblog/2017/05/31/big-companies-using-r-data-analysis/.http://r4stats.com/articles/popularity/
https://www.northeastern.edu/levelblog/2017/05/31/big-companies-using-r-data-analysis/.http://r4stats.com/articles/popularity/

256 (%) T.DVORAK ET AL.

ORCID

Simon D. Halliday () http://orcid.org/0000-0002-0297-6088

References

Allgood, S., and A. Bayer. 2016. Measuring college learning in economics. In Improving quality in American higher
education: Learning outcomes and assessments for the 21st century, ed. R. Arum, J. Roksa, and A. Cook, 87-134.
San Francisco, CA: John Wiley & Sons.

Ball, R, and N. Medeiros. 2012. Teaching integrity in empirical research: A protocol for documenting data man-
agement and analysis. Journal of Economic Education 43 (2): 182-89. doi: 10.1080/00220485.2012.659647.

Baumer, B., M. Getinkaya-Rundel, A. Bray, L. Loi, and N. J. Horton. 2014. R Markdown: Integrating a reprodu-
cible analysis tool into introductory statistics. Technology Innovations in Statistics Education 8 (1): 1-29.

Berry, J., L. C. Coffman, D. Hanley, R. Gihleb, and A. J. Wilson. 2017. Assessing the rate of replication in econom-
ics. American Economic Review 107 (5): 27-31. doi: 10.1257/aer.p20171119.

Biddle, J. E., and D. S. Hamermesh. 2016. Theory and measurement: Emergence, consolidation and erosion of a
consensus. NBER Working Paper 22253. Cambridge, MA: National Bureau of Economic Research.

Brown, B., M. Chui, and J. Manyika. 2011. Are you ready for the era of “big data”? McKinsey Quarterly 4 (1):
24-35.

Business-Higher Education Forum (BHEF). 2017. Investing in America’s data science and analytics talent: Call for
action. Business-Higher Education Forum, PwC. http://www.bhef.com/sites/default/files/bhef 2017_investing in_
dsa.pdf (accessed July 17, 2018).

Camerer, C. F., A. Dreber, E. Forsell, T.-H. Ho, J. Huber, M. Johannesson, M. Kirchler, J. Almenberg, A. Altmejd,
T. Chan, et al. 2016. Evaluating replicability of laboratory experiments in economics. Science 351 (6280):
1433-36. doi: 10.1126/science.aaf0918.

Carr, M. D., and P. Mellizo. 2013. The relative effect of voice, autonomy, and the wage on satisfaction with work.
The International Journal of Human Resource Management 24 (6): 1186-1201. doi: 10.1080/
09585192.2012.706818.

Chang, A. C, and P. Li. 2015. Is economics research replicable? Sixty published papers from thirteen journals say
“Usually Not.” Finance and Economics Discussion Series 2015-83. Washington, DC: Board of Governors of the
Federal Reserve System. doi: 10.17016/FEDS.2015.083.[10.17016/FEDS.2015.083]

Christensen, G. S., and E. Miguel. 2016. Transparency, reproducibility, and the credibility of economics research.
NBER Working Paper 22989. Cambridge, MA: National Bureau of Economic Research.

Clemens, M. A. 2017. The meaning of failed replications: A review and proposal. Journal of Economic Surveys 31
(1): 326-42. doi: 10.1111/joes.12139.

Conaway, B., C. Clark, J. J. Arias, and J. Folk. 2018. Integrating econometrics: A modern undergraduate economics
capstone experience. Journal of Economic Education 49 (3): 260-70. doi: 10.1080/00220485.2018.1464986.

Gentzkow, M., and J. M. Shapiro. 2014. Code and data for the social sciences: A practitioner’s guide. https://web.
stanford.edu/~gentzkow/research/CodeAndData.xhtml. (accessed July 17, 2018)

Gilley, O., and R. K. Pace. 1996. On the Harrison and Rubinfeld data. Journal of Environmental Economics and
Management 31 (3): 403-5. doi: 10.1006/jeem.1996.0052.

Gruber, J. 2012. Markdown: Syntax. https://Daringfireball.net/Projects/Markdown/Syntax (accessed June 24, 2018).

Hamermesh, D. S. 2013. Six decades of top economics publishing: Who and how? Journal of Economic Literature
51 (1): 162-72. doi: 10.1257/jel.51.1.162.

Hansen, W. L. 2001. Expected proficiencies for undergraduate economics majors. Journal of Economic Education
32 (3): 231-42. doi: 10.1080/00220480109596105.

Harrison, D., and D. Rubinfeld. 1978. Hedonic housing prices and the demand for clean air. Journal of
Environmental Economics and Management 5 (1): 81-102. doi: 10.1016/0095-0696(78)90006-2.

Herndon, T., M. Ash, and R. Pollin. 2014. Does high public debt consistently stifle economic growth? A critique of
Reinhart and Rogoff. Cambridge Journal of Economics 38 (2): 257-79. doi: 10.1093/cje/bet075.

Hlavac, M. 2018. stargazer: Well-formatted regression and summary statistics tables (Web page). Bratislava,
Slovakia: Central European Labour Studies Institute (CELSI). https://cran.r-project.org/web/packages/stargazer/
index.html (accessed July 17, 2018).

Hsieh, C.-T. 2003. Do consumers react to anticipated income changes? Evidence from the Alaska permanent fund.
American Economic Review 93 (1): 397-405. doi: 10.1257/000282803321455377.

Imazeki, J. 2015. Getting students to do economics: An introduction to team-based learning. International
Advances in Economic Research 21 (4): 399-412. doi: 10.1007/s11294-015-9541-0.

Johnson, B. K., J. J. Perry, and M. Petkus. 2012. The status of econometrics in the economics major: A survey.
Journal of Economic Education 43 (3): 315-24. doi: 10.1080/00220485.2012.686782.


https://doi.org/10.1080/00220485.2012.659647
https://doi.org/10.1257/aer.p20171119
http://www.bhef.com/sites/default/files/bhef_2017_investing_in_dsa.pdf
http://www.bhef.com/sites/default/files/bhef_2017_investing_in_dsa.pdf
https://doi.org/10.1126/science.aaf0918
https://doi.org/10.1080/09585192.2012.706818
https://doi.org/10.1080/09585192.2012.706818
https://doi.org/10.17016/FEDS.2015.083
https://doi.org/10.1111/joes.12139
https://doi.org/10.1080/00220485.2018.1464986
https://web.stanford.edu/<gentzkow/research/CodeAndData.xhtml
https://web.stanford.edu/<gentzkow/research/CodeAndData.xhtml
https://doi.org/10.1006/jeem.1996.0052
https://Daringfireball.net/Projects/Markdown/Syntax
https://doi.org/10.1257/jel.51.1.162
https://doi.org/10.1080/00220480109596105
https://doi.org/10.1016/0095-0696(78)90006-2
https://doi.org/10.1093/cje/bet075
https://cran.r-project.org/web/packages/stargazer/index.html
https://cran.r-project.org/web/packages/stargazer/index.html
https://doi.org/10.1257/000282803321455377
https://doi.org/10.1007/s11294-015-9541-0
https://doi.org/10.1080/00220485.2012.686782

EFFICIENT EMPIRICISM (&) 257

Klein, C. C. 2013. Econometrics as a capstone course in economics. Journal of Economic Education 44 (3): 268-76.
doi: 10.1080/00220485.2013.795460.

Knittel, C. R., and K. Metaxoglou. 2018. Working with data: Two empiricists’ experience. Journal of Econometric
Methods 1 (January): 1-12.

McGoldrick, K. 2008. Doing economics: Enhancing skills through a process-oriented senior research course.
Journal of Economic Education 39 (4): 342-56. doi: 10.3200/JECE.39.4.342-356.

Open Science Collaboration (OSC). 2015. Estimating the reproducibility of psychological science. Science 349
(6251): aac4716. Washington, DC: American Association for the Advancement of Science (AAAS). doi: 10.1126/
science.aac4716.

Pace, R. K., and O. W. Gilley. 1997. Using the spatial configuration of the data to improve estimation. Journal of
Real Estate Finance and Economics 14 (3): 333-40. doi: 10.1023/A:1007762613901.

Pruim, R., D. T. Kaplan, and N. J. Horton. 2017. The Mosaic package: Helping students to “think with data” using
R. The R Journal 9 (1): 77-102. doi: 10.32614/R]J-2017-024.

Reinhart, C. M., and K. S. Rogoff. 2010. Growth in a time of debt (digest summary). American Economic Review
100 (2): 573-78. doi: 10.1257/aer.100.2.573.

Wegener, R, and V. Sinha. 2013. The value of big data: How analytics differentiates winners. Brief. Bain &
Company. https://www.bain.com/insights/the-value-of-big-data/bain20_brief_the_value_of_big_data.pdf (accessed
March 19, 2019).

Wickham, H. 2017. Tidyverse: Easily Install and Load the ‘Tidyverse’ (Web page). https://CRAN.R-project.org/
package=tidyverse (accessed July 17, 2018).


https://doi.org/10.1080/00220485.2013.795460
https://doi.org/10.3200/JECE.39.4.342-356
https://doi.org/10.1126/science.aac4716
https://doi.org/10.1126/science.aac4716
https://doi.org/10.1023/A:1007762613901
https://doi.org/10.32614/RJ-2017-024
https://doi.org/10.1257/aer.100.2.573
https://www.bain.com/insights/the-value-of-big-data/bain20_brief_the_value_of_big_data.pdf
https://CRAN.R-project.org/package=tidyverse
https://CRAN.R-project.org/package=tidyverse

	Abstract
	Literature: Replicability, reproducibility, and empirical pedagogy
	How does R Markdown work?
	How is R Markdown efficient?
	One-stop solution
	R Markdown is reproducible
	RStudio is well-calibrated for collaboration
	RStudio, R, and R Markdown are free

	What are the costs and alternatives?
	Learning to code
	The learning curve
	Stata and dyndoc
	Class size

	Case studies
	Econometrics
	Behavioral economics
	Advanced topics in housing economics
	Business analytics
	Thesis, seminars, and special studies advising
	Student performance

	Conclusion
	Disclosure statement
	References


