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Summary. We present the format for a workshop on introductory computer
programming, which was held at the 2015 American Society for Horticultural
Science (ASHS) Annual Conference in New Orleans, LA. The main workshop
objective was to familiarize attendees with basic computer programming, including
data structures, data management, and data analysis. The workshop used the
general programming language R, though the concepts and principles presented are
transferable across programming languages. Given the increased importance of
statistical analysis in the agricultural sciences, the workshop was well attended.
Participants appreciated the opportunity to improve their computational literacy
and supported follow-up workshops like this at future ASHS events. We have
released the presentation and the companion R script online.

obust data management and
statistical analysis have be-
come increasingly important
in horticultural science. Greater com-
plexity in experimental design as well
as the rise in “-omics” technologies
(e.g., genomics, metabolomics, phe-
nomics) have required the use of
computers to execute customized
and sophisticated analyses that draw
from a large amount of information.
Computers must also meet the de-
mand to store and curate large
amounts of data generated through
experimental equipment, sensors, or
surveys. The amount of these data
across all scientific disciplines has
been expanding exponentially since
the 1990s, and often requires uni-
form curation and detailed documen-
tation to share and analyze across
research groups (Howe et al., 2008).
This uniformity in both data curation
and analysis improves repeatability
and allows others to make use of the
data and data products to further
support scientific discovery.
Many computer programs are
available to perform statistical analysis.
Programs vary based on their user
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interface (text, graphics); program lan-
guage, including C (Bell Laboratories,
Murray Hill, NJ), R (University of
Auckland, Auckland, New Zealand),
or Python (Centrum Wiskunde &
Informatica, Amsterdam, The Nether-
lands); and licensing (proprietary,
open source). Although requests for
statistical computing skills in job post-
ings have increased broadly since
2005, growth in R programming skills
increased over 400%, underscoring
this software’s significance in data-
oriented positions. In comparison,
there was just a 25% increase in post-
ings seeking SAS (SAS Institute, Cary,
NC) skills during this period (Indeed.
com, 2016). R uses a text-based or
command-line interface, and is com-
piled through its own computing lan-
guage, also called R, which promotes
consistent style and documentation.
In addition to the command-line in-
terface, R offers a graphical user in-
terface and an integrated development
environment that makes R accessible
to beginners and powerful for ad-
vanced users (Rstudio, Boston, MA).
R has attracted a strong interest in the
biological sciences due to its open-
source nature and active development
community that spans many sectors
and disciplines. Such open-source
software is free of charge with anyone
able to participate in software devel-
opment and contribute program pack-
ages containing custom functions and
operations (Ihaka and Gentleman,
1996). Numerous packages exist rele-
vant to the agricultural sciences, such
as those for data management [dplyr

(Wickham, 2015)], elaborate graphing
[ggplot2 (Wickham, 2009)], analysis
of genomic data [Bioconductor
(Huber et al., 2015)], or mixed linear
model analysis [lme4 (Bates et al.,
2015)]. Despite the open access to
R and its many resources, program-
ming in R requires a large early in-
vestment to learning about software
development in a general program-
ming environment by users.

We designed a 90-min workshop
to introduce horticultural scientists to
basic computer programming with R
to help beginning users navigate this
learning curve. This workshop was
inspired by the data management
education methods developed by
Data Carpentry (Teal et al., 2015a).
We created a slide presentation as
well as an R script that was distrib-
uted to participants to facilitate their
learning during the workshop. The
workshop specifically addressed the
following points: data structures and
workflow; how to find help and install
additional packages from open-source
software; and how to import, subset,
and export data. The workshop oc-
curred on 4 Aug. 2015 at the ASHS
Annual Conference in New Orleans,
LA, sponsored jointly by Computer
Applications in Horticulture and
Graduate Student working groups.

Methods

Workshop participants installed R
version 3.1.3 from the R Project for
Statistical Computing before attend-
ing and downloaded workshop mate-
rials (R Project, 2015; Susko and
Brym, 2015). The R code developed
and distributed for the workshop fol-
lows the presentation closely (Fig. 1).
The code contained the same ques-
tions and examples as well as more
detailed, step-by-step instructions. We
provided green and red post-it notes
for participants to put on their com-
puters to indicate when exercises were
complete or if help was needed. The
post-it notes identified individuals that
required one-on-one attention and
ultimately ensured milestone concepts
were reached as a group.

Results

Our workshop had =25 at-
tendees, the vast majority of which
were new to R computing. We first
gave a brief background on R, in-
cluding the software’s open-source
nature and introduced the large and
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active R user community that pro-
vides programming development and
troubleshooting resources. We em-
phasized ideas universal to program-
ming workflow and then translated
those concepts into R code (Fig. 2).
This problem-solving strategy of
thinking what you want the computer
to do first and then translating that
workflow into R is an important step
for beginners. Using the introductory
code as a platform, we discussed the
basics of the R computing language,
including data structures, syntax, and
troubleshooting strategies that are
critical for performing statistical anal-
ysis. The basic material emphasized
best practices for scientific comput-
ing, namely writing code for people
to interpret rather than for computers
to execute (Wilson et al., 2014).

Throughout the workshop,
we posed interactive programming
questions to participants (Table 1).
The style of questions was a mix of
conceptual and computational con-
tent. Conceptual questions asked par-
ticipants to explain what a piece of
code was doing, whereas computa-
tional questions asked participants to
write code to practice syntax or solve
a problem. The most complicated
example constituted asking partici-
pants to subset their dataset into
different groups based on the values
of one variable to expedite a process
commonly prone to errors and slow
execution when performed manu-
ally. Despite the limited amount of
time available for the workshop, this
capstone question exposed partici-
pants to the general workflow for

#Now that you have a vector of numbers, let's do something with them. A1l of
them, fast! we can perform operations on many different numbers using a for Toop.
A for loop simply gives a condition to do something, and does it until the

condition is no longer satisfied.

#In R, we use the letter "i" to denote the ith element (number in our case) in a

vector

#Let's print everything in our vector x using a for Toop.

for (i in x){
print(i)

#Notice the curly brackets and indented text within the Toop. These are necessary

for success

#!!lQuestion!!! Can you print i times 27

#Modify the print statement function, so that i is multiplied by 2.

Fig. 1. Example of the companion R computing language (University of
Auckland, Auckland, New Zealand) code for the “for loops” section of the
workshop. This R-code is available online (Susko and Brym, 2015).

Introduction

Basic Programming | R

Input data

Make results

Select stuff in data

Do stuff to data

Add new stuff to results

data = input(file)
results = c()
for (stuff in data) {

STUFF = 5 st )
results =

Fig. 2. Comparison of basic programming ideas in plain English and the R
computing language (University of Auckland, Auckland, New Zealand). The
broad goal for a data management problem is presented on the left, whereas the
translation into R code is presented on the right. The full presentation is available

online (Susko and Brym, 2015).
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working with and importing data,
how to subset, and how to export
results.

Participant feedback was largely
positive, though many participants
indicated that more time would have
been beneficial for more examples
to help reinforce concepts. For fu-
ture workshops to introduce R pro-
gramming, we recommend half- to
2-d sessions to allow for sufficient
depth of materials and adequate time
for practice applying the concepts
learned. In addition, many open-source
scientific programming resources are
available for future use from Data
Carpentry including: quick reference
sheet (Teal et al., 2015b), self-guided
student materials (Teal et al., 2015c¢),
and teaching materials for instructors
(Teal et al., 2015d).

Discussion

Since the first published appli-
cations of personal computing to
horticultural education, instructing
proper computing techniques has be-
come ever more important (White
et al., 1990). As computing in the
agricultural sciences becomes more
central to analyzing experimental
data, the need for education on
proper programming techniques will
continue to be essential. The growing
size of horticultural datasets means
that manually executed graphical in-
terface software is quickly becoming
less reproducible for large datasets
and prone to user error associated
with clicking and dragging. Addition-
ally, the variety of data-driven re-
search questions in horticulture may
be better served by open-source soft-
ware with active contributors and de-
velopers across multiple disciplines to
provide novel insights on statistical
problems. Open-source general pro-
gramming software, such as R, im-
proves both repeatability and flexibility
of analyses through in-depth docu-
mentation and customization of pro-
grams for data analysis. Improving
proficiency in techniques for computer
programming and data management is
an important contemporary challenge
for science. All scientists should be able
to produce well-documented data and
repeatable analysis that can be easily
shared and used for future research. As
sharing and drawing meaningful con-
clusions from growing datasets be-
comes integral to the advancement
of science, we hope this workshop
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WORKSHOP

presents resources and facilitates
dialog for the future of computing
in horticulture.
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values in “x” that are greater than 3? Greater
than or equal to 3? Not equal to 32
versions of “elfearData” you imported?

you only see one number?

Table 1. Basic R computing language (University of Auckland, Auckland, New Zealand) programming prompts and acceptable answers posed during the workshop

presentation.
In assigning “for” loop output to a variable, why do

R programming prompt posed to participants
Can you print i multiplied by 2 using a “for” loop?

What if you wanted to perform an operation on
What differences do you see between the three
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