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Topics

• Need for software citation 

• Principles of software citation 

• Venues for sharing and publication 

• Best practices for reproducibility
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Overview Repositories 61 Stars 141 Followers 23 Following 15

Pull requests Issues Gist

Customize your pinned repositories

Learn how we count contributions. Less  More

Pinned repositories 

SLACKHA/pyJac

Creates C and CUDA analytical Jacobians for chemical
kinetics ODE systems

 Python  8  7

PyTeCK

Automatically test chemical kinetic models using
experimental data

 Python  2

irrev_mech

Python utility that converts Chemkin‑format chemical
reaction mechanism with reversible reactions into one
with only irreversible reactions

 Python  5  2

WSSSPE/meetings

Products from Working towards Sustainable Software for
Science: Practice and Experiences (WSSSPE) activities

 TeX  15  34

pr‑omethe‑us/PyKED

Python interface to the ChemKED database format

 Python  1  4

Niemeyer‑Research‑Group/pyMARS

Python‑based (chemical kinetic) Model Automatic
Reduction Software
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Jump to 

May 2017

Created 15 commits in 3 repositories
Niemeyer‑Research‑Group/paper‑GPU‑swept‑rule‑1D …

kyleniemeyer/cv 4 commits

WSSSPE/meetings 4 commits

Show more activity
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Modern science and engineering 
research depends on software. 

91%

2009 survey: 91% of scientists  
consider software “ important” 

or “very important” to 
research1.

[1] Hannay et al. (2009) How do scientists develop and use scientific 
software? SECSE’09. http://dx.doi.org/10.1109/SECSE.2009.5069155 

But, 40–70% of software used is not cited2,3.
[2] Pan et al. (2015) Assessing the impact of software on science: A bootstrapped learning of 

software entities in full-text papers. J Informetrics 9:860–71. https://doi.org/10.1016/j.joi.2015.07.012

[3] Howison et al. (2016) Software in the scientific literature: Problems with seeing, finding, and 
using software mentioned in the biology literature. J Assoc Inf Sci Technol 2016;67:2137–55. 

https://doi.org/10.1002/asi.23538 



Citing software & data is 
important.

Using different versions of software and data 
changes our answers. 

Without proper citations,  
your work is not reproducible. 

Also, academia relies on citations for credit.  
(for better or worse)
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Software citation principles
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Software citation principles

Arfon M. Smith1,*, Daniel S. Katz2,*, Kyle E. Niemeyer3,* and
FORCE11 Software Citation Working Group

1 GitHub, Inc., San Francisco, California, United States
2 National Center for Supercomputing Applications & Electrical and Computer Engineering
Department & School of Information Sciences, University of Illinois at Urbana-Champaign,
Urbana, Illinois, United States

3 School of Mechanical, Industrial, and Manufacturing Engineering, Oregon State University,
Corvallis, Oregon, United States

* These authors contributed equally to this work.

ABSTRACT
Software is a critical part of modern research and yet there is little support across the

scholarly ecosystem for its acknowledgement and citation. Inspired by the activities

of the FORCE11 working group focused on data citation, this document

summarizes the recommendations of the FORCE11 Software Citation Working

Group and its activities between June 2015 and April 2016. Based on a review of

existing community practices, the goal of the working group was to produce a

consolidated set of citation principles that may encourage broad adoption of a

consistent policy for software citation across disciplines and venues. Our work is

presented here as a set of software citation principles, a discussion of the motivations

for developing the principles, reviews of existing community practice, and a

discussion of the requirements these principles would place upon different

stakeholders. Working examples and possible technical solutions for how these

principles can be implemented will be discussed in a separate paper.

Subjects Digital Libraries, Software Engineering

Keywords Software citation, Software credit, Attribution

SOFTWARE CITATION PRINCIPLES
The main contribution of this document are the software citation principles, written fairly

concisely in this section and discussed further later in the document (see Discussion).

In addition, we also motivate the creation of these principles (see Motivation),

describe the process by which they were created (see Process of Creating Principles),

summarize use cases related to software citation (see Use Cases), and review related

work (see Related Work). We also lay out the work needed to lead to these software

citation principles being applied (see Future Work).

1. Importance: Software should be considered a legitimate and citable product of

research. Software citations should be accorded the same importance in the scholarly

record as citations of other research products, such as publications and data; they

should be included in the metadata of the citing work, for example in the reference list

of a journal article, and should not be omitted or separated. Software should be cited on

the same basis as any other research product such as a paper or a book, that is, authors

should cite the appropriate set of software products just as they cite the appropriate set

of papers.

How to cite this article Smith et al. (2016), Software citation principles. PeerJ Comput. Sci. 2:e86; DOI 10.7717/peerj-cs.86

Submitted 24 June 2016
Accepted 23 August 2016
Published 19 September 2016

Corresponding author
Daniel S. Katz, d.katz@ieee.org

Academic editor
Silvio Peroni

DOI 10.7717/peerj-cs.86

Copyright
2016 Smith et al.

Distributed under
Creative Commons CC-BY 4.0

Smith AM, Katz DS, Niemeyer KE, FORCE11 Software Citation Working 
Group. (2016) Software citation principles. PeerJ Computer Science 2:e86 

https://doi.org/10.7717/peerj-cs.86

https://doi.org/10.7717/peerj-cs.86


7

A software citation should 
include a method for 

identification that is machine 
actionable, globally unique, 

interoperable, and recognized 
by at least a community of the 

corresponding domain experts, 
and preferably by general 

public researchers.

UNIQUE

IDENTIFICATION

Software citations should 
facilitate access to the 
software itself and to its 
associated metadata, 
documentation, data, and 
other materials necessary 
for both humans and 
machines to make 
informed use of the 
referenced software.

ACCESSIBILITY

Software should be considered 
a legitimate and citable product 
of research. Software citations 
should be accorded the same 
importance in the scholarly 
record as citations of other 
research products; they should 
be included in the metadata of 
the citing work, such as a 
reference list. Software should 
be cited on the same basis as 
any other research product such 
as a paper or a book.

IMPORTANCE

Unique identifiers and metadata 
describing the software and its 
disposition should persist 
—even beyond the lifespan of 
the software they describe.

PERSISTENCE

Software citations should facilitate giving 
scholarly credit and normative, legal 

attribution to all contributors to the software, 
recognizing that a single style or 

mechanism of attribution may not be 
applicable to all software.

CREDIT AND ATTRIBUTION
Software citations should facilitate identification of, 
and access to, the specific version of software that 

was used. Software identification should be as 
specific as necessary, such as using version numbers, 

revision numbers, or variants such as platforms.

SPECIFICITY

SOFTWARE 

CITATION 

PRINCIPLES

Software is a critical part of modern research...

... yet there is little support for its acknowledgement and citation



Principles
1. Importance: software as important as other research products 

2. Credit & attribution: citations should facilitate scholarly credit and 
attribution to all contributors 

3. Unique identification: citation should include machine actionable, 
globally unique, interoperable, and recognized identification method 

4. Persistence: Unique identifiers and metadata should persist 

5. Accessibility: Citations should facilitate access to software and 
associated metadata 

6. Specificity: Citations should facilitate identification of, and access to, 
specific version of software used

8



When to cite?
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Cite software/data if used directly 
and important to research results. 



How to cite?
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Author(s)/developer(s) 

Name/description

DOI or other unique/persistent identifier

Location (e.g., GitHub repo)

Version number/commit hash

Smith AM, Katz DS, Niemeyer KE, FORCE11 
Software Citation Working Group. (2016) Software 
citation principles. PeerJ Computer Science 2:e86 
https://doi.org/10.7717/peerj-cs.86

Starr J, et al. (2015) Achieving human and 
machine accessibility of cited data in scholarly 
publications. PeerJ Computer Science 1:e1 
https://doi.org/10.7717/peerj-cs.1 

(If there’s a paper describing it, cite that too)

https://doi.org/10.7717/peerj-cs.86
https://doi.org/10.7717/peerj-cs.1


Where to cite?
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In the text with the references/bibiography.

PYTECK: A PYTHON-BASED AUTOMATIC TESTING PACKAGE FOR CHEMICAL KINETIC MODELS 83

the models of shock tubes and rapid compression machines.

Implementation of PyTeCK

PyTeCK is packaged as a standard Python package using setup-
tools, and consists of three primary modules:

1. parse_files contains functions to read
the YAML-encoded experimental data file using the
PyYAML module. Smaller functions comprise this pro-
cess to enable easier unit testing.

2. simulation contains the Simulation class
and relevant functions for initiating, setting up, and
running cases, and then processing the results.

3. eval_model uses the previous two mod-
ules to set up simulations based on experimental
data, and then runs simulations in parallel using the
multiprocessing module.

The next three sections explain the implementation of
each primary module. PyTeCK also includes the module
detect_peaks, based on the work of Duarte [Duarte2015], for
detecting peaks in targeted quantities (e.g., pressure, temperature)
to determine the ignition delay time. Supporting modules in
PyTeCK include exceptions for raising exceptions while read-
ing YAML files, utils that initializes a single Pint-based unit
registry [Grecco2016], and validation that provides quantity
validation functions.

PyTeCK relies on well-established scientific Python soft-
ware tools. These include NumPy [vanderWalt2011] for large
array manipulation, SciPy [Jones2001] for interpolation, Pint
[Grecco2016] for interpreting and converting between units,
PyTables [Alted2002] for HDF5 file manipulation, Cantera
[Goodwin2016] for chemical kinetics, and pytest [Krekel2016]
for unit testing. Travis-CI [Travis2016] also provides continuous
integration testing.

PyTeCK is available under an open-source MIT license via
a GitHub repository [Niemeyer2016b]. It can be installed using
setuptools by downloading the source code files and execut-
ing python setup.py install. More mature versions of
PyTeCK will be distributed on PyPI (Python Package Index).

Parsing ChemKED files

The PyTeCK module parse_files parses experimental data
encoded in the ChemKED (chemical kinetics experimental data)
format proposed by this paper. ChemKED builds on XML-based
ReSpecTh of Varga et al. [Varga2015a], [Varga2015b]—which in
turn builds on the PrIMe data format [Frenklach2007], [You2012],
[PrIMe2016]—but is written in YAML instead of XML. While
XML is a powerful markup language, YAML offers a number
of advantages: parsers and libraries exist for most programming
langauges, it supports multiple data types and arrays. YAML files
are also intended for data and more readable by humans, which
allows easier composition and could encourage adoption.

The code block below shows a complete example of an
autoignition dataset for an hydrogen/oxygen/argon (H2/O2/Ar)
mixture, taken from Figure 12 (right) of Chaumeix et al.
[Chaumeix2007]:

---

file-author:
name: Kyle E Niemeyer
ORCID: 0000-0003-4425-7097

file-version: (1, 0)

reference:
doi: 10.1016/j.ijhydene.2007.04.008
authors:

- name: N. Chaumeix
ORCID:

- name: S. Pichon
ORCID:

- name: F. Lafosse
ORCID:

- name: C.-E. Paillard
ORCID:

journal: International Journal of Hydrogen Energy
year: 2007
volume: 32
pages: 2216-2226
detail: Fig. 12., right, open diamond

experiment-type: Ignition delay
apparatus:

kind: shock tube
institution: CNRS-ICARE
facility: stainless steel shock tube

common-properties:
pressure: &pres

value: 220
units: kilopascal

composition: &comp

- species: H2
InChI: 1S/H2/h1H
mole-fraction: 0.00444

- species: O2
InChI: 1S/O2/c1-2
mole-fraction: 0.00566

- species: Ar
InChI: 1S/Ar
mole-fraction: 0.9899

ignition-type: &ign

target: pressure
type: d/dt max

datapoints:
- temperature:

value: 1164.48
units: kelvin

ignition-delay:
value: 471.54
units: us

pressure: *pres
composition: *comp
ignition-type: *ign

- temperature:
value: 1164.97
units: kelvin

ignition-delay:
value: 448.03
units: us

pressure: *pres
composition: *comp
ignition-type: *ign

- temperature:
value: 1264.2
units: kelvin

ignition-delay:
value: 291.57
units: us

pressure: *pres
composition: *comp
ignition-type: *ign

- temperature:
value: 1332.57
units: kelvin

ignition-delay:
value: 205.93
units: us

pressure: *pres
composition: *comp
ignition-type: *ign

- temperature:
value: 1519.18

KE Niemeyer, “PyTeCK: a Python-based automatic 
testing package for chemical kinetic models”. 

Proceedings of SciPy 2016. 
http://conference.scipy.org/proceedings/

scipy2016/kyle_niemeyer.html

Model N
sp

N
reac

Lind. Troe SRI P-log Cheb. Ref.

H
2

/CO 13 27 ⇥ [65]
GRI-Mech. 3.0 53 325 ⇥ ⇥ [58]
USC-Mech II 111 784 ⇥ ⇥ [66]
iC

5

H
11

OH 360 2172 ⇥ ⇥ ⇥ ⇥ ⇥ [67]

Table 1: Summary of chemical kinetic models used as benchmark test cases. All models
contain third-body reactions with enhanced third bodies. The “Lind.”, “Troe”, “SRI”, “P-log”,
and “Cheb.” columns indicate the presence of Lindemann, Troe, and SRI falloff; logarithmic
pressure interpolation; and Chebyshev pressure-dependent reactions, respectively. Two re-
actions with photons were removed from the Sarathy et al. [67] model since neither Cantera
nor pyJac supports such reactions.

5. Results and discussion

The Python [59] package pyJac implements the methodology for producing analytical
Jacobian matrices described in the previous sections, which we released openly online [60]
under the MIT license. pyJac requires the Python module NumPy [61]. The modules used
to test the correctness and performance of pyJac are included in this release, and addition-
ally require Cython [62], Cantera [54], PyYAML [63], and Adept [64]; however, these are not
required for Jacobian/rate subroutine generation. In addition, interpreting Cantera-format
models [54] requires installing the Cantera module for any purpose, while pyJac includes
native support for interpreting Chemkin-format models [53].

In order to demonstrate the correctness and computational performance of the generated
analytical Jacobian matrices, we chose four chemical kinetic models as test cases, selected
to represent a wide spectrum of sizes, classes of fuel species, and types of reaction rate pres-
sure dependence formulations (e.g., Lindemann/Troe/SRI falloff formulations, Chebyshev,
pressure-log). Table 1 summarizes the chemical kinetics models used as benchmarks in this
work, including the H

2

/CO model of Burke et al. [65], GRI-Mech 3.0 [58], USC-Mech version
II [66], and the isopentanol model of Sarathy et al. [67].

For both the correctness and performance tests, stochastic partially stirred reactor (PaSR)
simulations generated thermochemical composition data covering a wide range of tempera-
tures and species mass fractions. Appendix C contains a detailed description of the PaSR
methodology and implementation; in addition, the pyJac package contains the PaSR code
used in the present study. We performed nine premixed PaSR simulations for each fuel, with
the parameters given in Table 2. Each simulation ran for five (isopentanol) or ten (hydrogen,
methane, and ethylene) residence times (⌧

res

) to ensure reaching statistical steady state.

5.1. Validation

In order to test the correctness of the Jacobian matrices produced by pyJac, we initially
compared the resulting analytical matrices against numerical approximations based on finite
differences. However, while these commonly provide numerical approximations to Jacobian
matrices, potential scaling issues due to large disparities in species mass fractions and as-
sociated net production rates can cause challenges in selecting appropriate differencing step

23

KE Niemeyer, NJ Curtis, & CJ Sung. “pyJac: analytical 
Jacobian generator for chemical kinetics” (2017) 
Computer Physics Communications, 215:188–203. 

https://doi.org/10.1016/j.cpc.2017.02.004 

http://conference.scipy.org/proceedings/scipy2016/kyle_niemeyer.html
http://conference.scipy.org/proceedings/scipy2016/kyle_niemeyer.html
https://doi.org/10.1016/j.cpc.2017.02.004


Sharing software (and data) openly  
has clear benefits to others and yourself

A paper that isn’t accompanied by the software or 
data produced is just advertising.1 

People find reproducible results more trustworthy… 

…and cite you more!2 

Reduce duplicated effort and increase impact.

12

[2] Piwowar HA, Vision TJ. (2013) Data reuse and the open data citation advantage. PeerJ 1:e175 https://
doi.org/10.7717/peerj.175

[1] Jon Claerbout & Martin Karrenbach (1992) “Electronic Documents Give Reproducible Research a New 
Meaning”, http://sepwww.stanford.edu/doku.php?id=sep:research:reproducible:seg92 

https://doi.org/10.7717/peerj.175
https://doi.org/10.7717/peerj.175
http://creativecommons.org/licenses/by/4.0/
http://sepwww.stanford.edu/doku.php?id=sep:research:reproducible:seg92
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Sharing software (and data) openly  
is now really easy

Software/scripts Data Papers

14



Example: pyJac 
Creates C and CUDA analytical Jacobian matrices for chemical kinetics ODE systems

• Source code at github.com/SLACKHA/pyJac  
has README with basic usage 

• Full documentation website with API docs, installation guide, and 
examples: slackha.github.io/pyJac/  

• Functional and performance testing suites built-in 

• Software paper published with full theory details (doi.org/10.1016/
j.cpc.2017.02.004) 

• full source of paper also available via niemeyer-research-
group.github.io/pyJac-paper/ 

• Data, figures, and figure scripts from paper available openly via Figshare: 
https://doi.org/10.6084/m9.figshare.4578010 

15

https://github.com/SLACKHA/pyJac
http://slackha.github.io/pyJac/
https://doi.org/10.1016/j.cpc.2017.02.004
https://doi.org/10.1016/j.cpc.2017.02.004
https://niemeyer-research-group.github.io/pyJac-paper/
https://niemeyer-research-group.github.io/pyJac-paper/
https://doi.org/10.6084/m9.figshare.4578010


JOSS: Journal of Open 
Source Software

• http://joss.theoj.org/  

• “Developer-friendly journal for 
research software packages” 

• Affiliate of Open Source Initiative 

• Open access, no fees

16

“If you've already licensed your code and 
have good documentation then we expect 

that it should take less than an hour to 
prepare and submit your paper to JOSS.”

http://joss.theoj.org/
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Make software available in repository 
with OSI-approved license ! :

https://opensource.org/licenses

Author short Markdown 
paper: paper.md "

Submit to JOSS by filling 
out short form #

Editor assigns ≥1 reviewers, 
who review submission $

Reviewer(s) raise comments and 
issues following guidelines % :

http://joss.theoj.org/
about#reviewer_guidelines 

Authors fix issues &

Paper published & 
receives JOSS DOI ⚡

JOSS 10.21105/joss.#####

JOSS Under review

JOSS Submitted

Editor accepts paper, 
authors archive software ✔



JOSS paper submission
18



JOSS paper reviews
19



JOSS paper review
20



Journal of Open Research 
Software (JORS)

• Open access, peer-reviewed journal for “software metapapers” 
describing research software with high reuse potential 

• Also publishes papers on aspects of creating, maintaining, and 
evaluating open-source software 

• Fee: £100 (waivable)

21

http://openresearchsoftware.metajnl.com/

http://openresearchsoftware.metajnl.com/


We should all care about 
using best practices

• We all write code or use software 
(yes, even experimentalists). 

• Good programmers are 10x  
more productive than average.1 

• Research software frequently has errors— 
perhaps 5–100% of the time.2

[1] Sackman, H., W.J. Erikson, and E. E. Grant. 1968. "Exploratory Experimental Studies Comparing Online and Offline 
Programming Performance." Communications of the ACM 11, no.1, 3-11. and reviews by Steve McConnell. 
[2] Soergel DAW. Rampant software errors may undermine scientific results [version 2; referees: 2 approved]. 
F1000Research 2015, 3:303 (https://doi.org/10.12688/f1000research.5930.2) 
[3] https://software-carpentry.org/ 

practices3

22

https://doi.org/10.12688/f1000research.5930.2
https://software-carpentry.org/


• accelerate long-term development 

• avoid duplicate work 

• increase reproducibility 

• increase verification 

• avoid headaches

Using good practices can 
help us…

23
iStockPhoto



Writing documentation and commenting 
code helps users and co-developers

• All projects are collaborative, so be nice to your team. 
Your most common collaborator is your future self! 

• Helpful code comments say why something happens,  
not just what happens.

# Gets radius 
get_radius(object)

# Calculate the radius, needed  
# to determine surface area. 
get_radius(object)

Not helpful: More helpful:

24

• Annotating your code reduces the number of bugs!



We all like to save versions of our work…

25
http://www.phdcomics.com/comics/archive.php?comicid=1323



Version Control Systems let you record 
changes and recover old versions

Other benefits 

• Lab notebook:  
a record of who changed what, when, and why 

• Off-site backup: on remote server 

• Collaborative tool: co-authors can share changes  
and detect or resolve conflicts 

This is not new: 

• Concurrent Version System (CVS) (1986–2008) 

• Subversion (2000) 

• Git (2005)
26



Git is a modern version control system 
that will change your life

• very fast 

• distributed (everyone has entire history, locally) 

• trivially easy branching, 

• and merging, 

• rebasing, 

• bisecting…

“Git is a knife whose

handle is also a knife”1

1Philip Guo http://ixd.ucsd.edu/home/f16/index.php 
27



Branching

master
new-function

crazy-experiment

28



Merging

29

master
new-function

Combination of  
commits from  
both branches



Automated testing can prevent many 
catastrophes

• How do you know your code  
works if you don’t test it? 

• Legacy code: “code without tests”1 

• Unit tests: individual pieces work 
Integration tests: the pieces work together  
Regression tests: results haven’t changed by mistake 

• Easy to measure “code coverage” of test suite.  
Aim to always increase it.

still
again?

1Michael Feathers Working 
Effectively with Legacy Code (2004) PyKED30



Developers warn against having unit 
tests without any integration tests

twitter/@ThePracticalDev twitter/@withzombies

31



Continuous Integration automatically runs 
entire test suite after every proposed change.

Easy and free  
to set up!

Cantera

RMG

32



Must-see references
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Effective Computation in Physics: 
Field Guide to Research with Python 
Anthony Scopatz & Kathryn D. Huff,  

O’Reilly Media (2015).

Software Carpentry 
http://software-carpentry.org/ 

Community Page

Best Practices for Scientific Computing
Greg Wilson1*, D. A. Aruliah2, C. Titus Brown3, Neil P. Chue Hong4, Matt Davis5, Richard T. Guy6¤,

Steven H. D. Haddock7, Kathryn D. Huff8, Ian M. Mitchell9, Mark D. Plumbley10, Ben Waugh11,

Ethan P. White12, Paul Wilson13

1 Mozilla Foundation, Toronto, Ontario, Canada, 2 University of Ontario Institute of Technology, Oshawa, Ontario, Canada, 3 Michigan State University, East Lansing,

Michigan, United States of America, 4 Software Sustainability Institute, Edinburgh, United Kingdom, 5 Space Telescope Science Institute, Baltimore, Maryland, United
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University of London, London, United Kingdom, 11 University College London, London, United Kingdom, 12 Utah State University, Logan, Utah, United States of America,

13 University of Wisconsin, Madison, Wisconsin, United States of America

Introduction

Scientists spend an increasing amount of time building and
using software. However, most scientists are never taught how to
do this efficiently. As a result, many are unaware of tools and
practices that would allow them to write more reliable and
maintainable code with less effort. We describe a set of best
practices for scientific software development that have solid
foundations in research and experience, and that improve
scientists’ productivity and the reliability of their software.

Software is as important to modern scientific research as
telescopes and test tubes. From groups that work exclusively on
computational problems, to traditional laboratory and field
scientists, more and more of the daily operation of science revolves
around developing new algorithms, managing and analyzing the
large amounts of data that are generated in single research
projects, combining disparate datasets to assess synthetic problems,
and other computational tasks.

Scientists typically develop their own software for these purposes
because doing so requires substantial domain-specific knowledge.
As a result, recent studies have found that scientists typically spend
30% or more of their time developing software [1,2]. However,
90% or more of them are primarily self-taught [1,2], and therefore
lack exposure to basic software development practices such as
writing maintainable code, using version control and issue
trackers, code reviews, unit testing, and task automation.

We believe that software is just another kind of experimental
apparatus [3] and should be built, checked, and used as carefully
as any physical apparatus. However, while most scientists are
careful to validate their laboratory and field equipment, most do
not know how reliable their software is [4,5]. This can lead to
serious errors impacting the central conclusions of published
research [6]: recent high-profile retractions, technical comments,
and corrections because of errors in computational methods
include papers in Science [7,8], PNAS [9], the Journal of Molecular
Biology [10], Ecology Letters [11,12], the Journal of Mammalogy [13],
Journal of the American College of Cardiology [14], Hypertension [15], and
The American Economic Review [16].

In addition, because software is often used for more than a single
project, and is often reused by other scientists, computing errors can
have disproportionate impacts on the scientific process. This type of
cascading impact caused several prominent retractions when an

error from another group’s code was not discovered until after
publication [6]. As with bench experiments, not everything must be
done to the most exacting standards; however, scientists need to be
aware of best practices both to improve their own approaches and
for reviewing computational work by others.

This paper describes a set of practices that are easy to adopt and
have proven effective in many research settings. Our recommenda-
tions are based on several decades of collective experience both
building scientific software and teaching computing to scientists
[17,18], reports from many other groups [19–25], guidelines for
commercial and open source software development [26,27], and on
empirical studies of scientific computing [28–31] and software
development in general (summarized in [32]). None of these practices
will guarantee efficient, error-free software development, but used in
concert they will reduce the number of errors in scientific software,
make it easier to reuse, and save the authors of the software time and
effort that can used for focusing on the underlying scientific questions.

Our practices are summarized in Box 1; labels in the main text
such as ‘‘(1a)’’ refer to items in that summary. For reasons of space,
we do not discuss the equally important (but independent) issues of
reproducible research, publication and citation of code and data,
and open science. We do believe, however, that all of these will be
much easier to implement if scientists have the skills we describe.

The Community Page is a forum for organizations and societies to highlight their
efforts to enhance the dissemination and value of scientific knowledge.

Citation: Wilson G, Aruliah DA, Brown CT, Chue Hong NP, Davis M, et
al. (2014) Best Practices for Scientific Computing. PLoS Biol 12(1): e1001745.
doi:10.1371/journal.pbio.1001745

Academic Editor: Jonathan A. Eisen, University of California Davis, United States
of America

Published January 7, 2014

Copyright: ! 2014 Wilson et al. This is an open-access article distributed under
the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the
original author and source are credited.

Funding: Neil Chue Hong was supported by the UK Engineering and Physical
Sciences Research Council (EPSRC) Grant EP/H043160/1 for the UK Software
Sustainability Institute. Ian M. Mitchell was supported by NSERC Discovery Grant
#298211. Mark Plumbley was supported by EPSRC through a Leadership
Fellowship (EP/G007144/1) and a grant (EP/H043101/1) for SoundSoftware.ac.uk.
Ethan White was supported by a CAREER grant from the US National Science
Foundation (DEB 0953694). Greg Wilson was supported by a grant from the Sloan
Foundation. The funders had no role in study design, data collection and analysis,
decision to publish, or preparation of the manuscript.

Competing Interests: The lead author (GVW) is involved in a pilot study of code
review in scientific computing with PLOS Computational Biology.

* E-mail: gvwilson@software-carpentry.org

¤ Current address: Microsoft, Inc., Seattle, Washington, United States of
America

PLOS Biology | www.plosbiology.org 1 January 2014 | Volume 12 | Issue 1 | e1001745

“Best Practices for Scientific 
Computing”, G Wilson et al., 

PLOS Biology (2014). 
https://doi.org/10.1371/
journal.pbio.1001745

http://software-carpentry.org/
https://doi.org/10.1371/journal.pbio.1001745
https://doi.org/10.1371/journal.pbio.1001745


WSSSPE
• Working Towards Sustainable Software for 

Science: Practices and Experiences 

• https://
wssspe.researchcomputing.org.uk/ 

• WSSSPE Workshop series: 

• WSSSPE5.2: 24–27 Oct 2017, Auckland, 
New Zealand 

• WSSSPE4: report on arXiv tonight 

• Katz, D.S. et al., (2016). Report on the 
Third Workshop on Sustainable 
Software for Science: Practice and 
Experiences (WSSSPE3). Journal of Open 
Research Software. 4(1), p.e37. DOI: 
http://doi.org/10.5334/jors.118 
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• Anthony Scopatz & Kathryn D. Huff, Effective 

Computation in Physics: Field Guide to Research with 
Python, O’Reilly Media (2015). 

• Software Carpentry: software-carpentry.org/ 

• G Wilson et al., “Best Practices for Scientific 
Computing”, PLOS Biology (2014). doi.org/10.1371/
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• Git for Humans: https://speakerdeck.com/
alicebartlett/git-for-humans
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