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W ithin the world of science, com-
putation is now rightly seen as 
the third vertex of a triangle, 
complementing observation and 

theory. However, it has yet to reach the maturity 
of the experimental sciences in terms of reproduc-
ibility. Nowhere else in science can someone so 
easily publish observations that claim to prove a 
theory or illustrate a technique’s success without 
giving a careful description of the methods used in 
sufficient detail so that others can attempt to re-
peat the experiment. In most branches of science, 
it’s not only expected that publications contain 
such details, it’s also standard practice for other 
labs to attempt to repeat important experiments 
soon after they’re published. Although this might 
not lead to significant new publications, it’s viewed 
as a valuable piece of scholarship and a necessary 
component of the scientific method.

Scientific and mathematical journals are filled 
with pretty pictures of computational experi-
ments that the reader has no hope of repeating. 
Even brilliant and well-intentioned computational 
scientists often do a poor job of presenting their 
work in a reproducible manner. They often define 
their methods vaguely, but even if the methods 
are carefully specified, the reader would have to 
implement them from scratch to test them. Most 
modern algorithms are so complicated that there’s 

little hope of doing this properly. Many computer 
codes have evolved over time to the point where 
even the person running a program and publish-
ing the results knows little about some of the 
choices made during the implementation. And 
such poor records are typically kept of exactly 
which version of the code or parameter values 
were used that even a paper’s author can find it 
impossible to reproduce the published results at a 
later time. Regrettably, I speak from ample first-
hand experience here.

As Jonathan Buckheit and David Donoho 
point out in their classic paper on reproducible 
research (see www-stat.stanford.edu/~donoho/
Reports/1995/wavelab.pdf), the scientific method 
and style of presenting experiments in publica-
tions that we currently take for granted in the 
experimental sciences were uncommon before 
the mid 1800s. Today, they’re a required aspect 
of respectable research, and experimentalists are 
expected to spend a fair amount of time keeping 
careful lab books, fully documenting each ex-
periment, and writing their papers to include the 
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details needed to repeat experiments. The com-
putational sciences might need a paradigm shift 
of the same nature.

The idea of “reproducible research” in scientific 
computing is to archive and make publicly avail-
able all the codes used to create a paper’s figures 
or tables, preferably in such a manner that readers 
can download the codes and run them to repro-
duce the results. As Buckheit and Donoho put it, 
“An article about computational science in a sci-
entific publication is not the scholarship itself, it is 
merely advertising of the scholarship. The actual 
scholarship is the complete software development 
environment and the complete set of instructions 
which generated the figures.” They present this as 
a distillation of the insights of Jon Claerbout, an 
exploration geophysicist who has been a pioneer 
in this direction since the early 1990s.1

The development of very high-level program-
ming languages has made it easier to share codes 
and generate reproducible research. Historically, 
many papers and textbooks contained pseudocode, 
a high-level description of an algorithm intended 
to clearly explain how it works but that won’t run 
directly on a computer. Today, we can write many 
algorithms in languages such as Matlab or Python 
in a way that’s both easy for the reader to com-
prehend and is fully executable, with all details 
intact.2 In this article, I survey a set of Python 
tools for facilitating reproducible research on fi-
nite volume methods for hyperbolic conservation 
laws using the Clawpack software.

Objections and Obstacles
A natural objection to making code freely avail-
able for reproduction is that it takes a lot of work 
to clean it up to the point where someone else can 
just use it, let alone read it. Although this is cer-
tainly true, it’s still well worth doing, not only in 
the interest of good science but also for the selfish 
reason of being able to figure out later what you 
did and build on it further.

Those of us in academia should get in the habit 
of teaching good programming, documentation, 
and record-keeping practices to our students and 
then demand it of them. We owe it to them to 
teach a set of computational science skills that will 
certainly become increasingly necessary in aca-
demic research environments and that are already 
highly valued in industrial and government labs. 
Learning this skill will also improve their chances 
of building on their own work after they graduate 
and of future students being able to use their con-
tributions rather than starting from scratch, as is 
too often the case today.

Although ideally all published programs would 
be nicely structured and easily readable with am-
ple comments, as a first step, it would help simply 
to provide and archive the working code that pro-
duced the results described in a paper. Even this 
takes more effort than you might think, though. 
It’s important to begin expecting this as a natu-
ral part of the process so that researchers feel less 
like they have to make a choice between finishing 
off one project properly or going on to another 
where they can more rapidly produce additional 
publications. The current system strongly en-
courages the latter.

Requiring our students to do this might be a good 
place to start, provided we recognize how much 
time and effort it takes. Perhaps we should be more 
willing to accept an elegant and well-documented 
computer program as a substantial part of a the-
sis, for example. This isn’t unreasonable—a the-
sis in mathematics, like a research paper in this 
field, typically contains long and detailed proofs of 
theorems that are unreadable to all but a handful 
of experts around the world. Many readers will be 
interested in the results without working through 
all the details, but the details should be provided. 
It’s also expected that the student will spend con-
siderable time perfecting these details and writing 
them up. Constructing a computer program isn’t 
so different from constructing a formal proof. 

A second objection to publishing computer code 
is that a working program for solving a scientific 
or engineering problem is a valuable piece of in-
tellectual property, and there’s no way to control 
its use by others once it’s made publicly available. 
Of course, if the research goal is to develop gen-
eral software, then it’s desirable to have as many 
people using it as possible. However, for a scientist 
or mathematician primarily interested in study-
ing some specific class of problems who developed 
a computer program as a tool for that purpose, 
there’s little incentive to give this tool away free to 
other researchers. This is particularly true if the 
program has taken years to develop and provides 
a competitive edge that could potentially lead to 
several additional publications in the future. By 
making the program globally available once the 
first publication appears, other researchers can po-
tentially skip years of work and start applying the 
program to their own problems immediately. In 
this sense, providing a program is fundamentally 
different than carefully describing an experiment’s 
materials and techniques; it’s more like inviting ev-
ery scientist in the world to come use your care-
fully constructed lab apparatus free of charge.

This argument has considerable merit in some 
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ming. The hope is to illuminate the algorithms 
that produced the published results within the 
computer code’s documentation. When docu-
menting mathematical programs, for example, 

it’s convenient to be able to include mathemati-
cal descriptions in the code’s comments, written 
in LaTex and readable (as typeset mathematics) 
along with the code.

import clawtools
from clawtest import *

# special data structure for Clawpack parameters:
data = clawtools.ClawData()
data.tfinal = 0.75 # final time
data.nout = 1 # output solution only at final time

# List parameters for tests to be performed:
grids = [1,3] # set of grids to test
limiters = [0,3] # set of limiters (mthlim values) to test
mxvals = array([30,60,120]) # mx values
myvals = array([30,60,120]) # my values
area = pi # area of circle, for L1 norm

table = {} # dictionary of data and results for each test

for mthlim in limiters:
   data.mthlim = mthlim
   for igrid in grids:
      # Write the value igrid into data file setprob.data:
      data.igrid = igrid;
      data.write(‘setprob.data’)
      # create a dictionary to hold the data and results for this test:
      table[(mthlim,igrid)] = {}

      this_table = table[(mthlim,igrid)] # short name
      this_table[‘mxvals’] = mxvals # grid resolutions to test
      this_table[‘myvals’] = myvals
      this_table[‘ave_cell_area’] = area / (mxvals*myvals)
      this_table[‘errors’] = empty(len(mxvals)) # filled with results below

      for itest in range(len(mxvals)):
         data.mx = mxvals[itest]; mx = data.mx # short form
         data.my = myvals[itest]; my = data.my # short form
         data.write(‘claw2ez.data’) # write mx,my,tfinal,nout

         # run Fortran code:
         clawtools.runclaw()

         # compute errors:
         errors = compute_errors(frame=data.nout)
         # approx 1-norm of error:
         errorsum = abs(errors).sum()
         error1 = errorsum * this_table[‘ave_cell_area’][itest]
         this_table[‘errors’][itest] = error1

# Create Tables 1--3 and Figure 2 of this paper:
make_latex_table(table, limiters, grids, fname=‘errortables.tex’)
make_error_plots(table, limiters, grids, fname=‘errors.png’)

Figure 3. The Python script clawtestsubset.py for running 16 test problems. The full module clawtest.py for all 24 test 
cases, which also includes other functions, appears at www.clawpack.org/links/cise09.
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We recently developed a general Python script 
(mathcode2html.py) to convert source code in 
many languages (and data files) into HTML docu-
ments, with any comment statements delimited by 
begin_html and end_html treated as HTML code. 
When used in conjunction with jsMath (www.math.
union.edu/~dpvc/jsMath/), this lets the author in-
clude simple LaTex equations in the comments that 
will be properly typeset in the resulting HTML 
version of the code. Some wiki-like formatting tools 
allow links to be included in the computer code in 
a manner that’s fairly readable in the raw code and 
yet easily converted into the appropriate links in the 
HTML version. We’ve included a more specialized 
version of this script, clawcode2html.py, with 
the latest Clawpack bundle for documenting and 
cross referencing the code and examples.

Literate programming and reproducible re-
search in computational science often go hand in 
hand, and people have developed other approaches 
and systems for implementing some combination of 
these goals. A few notable projects are the CWEB 
system (www-cs-faculty.stanford.edu/~knuth/cweb. 
html), Noweb (www.eecs.harvard.edu/nr/noweb/), 
Sweave,8 AMRITA (www.amrita-cfd.org), and 
Madagascar (www.rsf.sourceforge.net/Main_Page). 
Nelson Beebe9 provides a bibliography of papers 
on literate programming, and a Web search on re-
producible research produces many other projects 
and papers on this topic.

The tools described in this article have one 
advantage, I believe, over the more ambitious ap-
proaches described in some of the works just cited: 
our tools require relatively little infrastructure 
and can be added on to existing projects incre-
mentally rather than requiring a fresh start and 
commitment to a particular large-scale software 
framework. Although all programs would ideally 
be designed from the beginning in a literate and 
reproducible manner, this isn’t likely to happen 
soon, and legacy codes from decades ago will be 
with us for some time to come. However, appro-
priate tools can greatly enhance these older codes, 
as I’ve attempted to illustrate with Clawpack. 
In my own work, I plan to use these tools in the 
future to facilitate writing papers in a more re-
producible manner, with the specific version of 
the code used recorded via a Subversion revision 
number, the data files and Python scripts used to 
run the tests archived on a Web page, and new al-
gorithmic features encapsulated in programs with 
human-readable documentation.

These tools have already gone through 
several iterations and major rewrites (see www.
clawpack.org/links/cise09 for pointers to more 

recent versions of these tools), but I believe the 
efforts we’re now investing in this will pay off 
handsomely in the future. With luck, the result-
ing tools will be easy enough to use on a daily 
basis that our future research will quite naturally 
be reproducible with little extra effort. I hope 
that some of these tools, with minor modifica-
tions, will also prove useful for research in other 
branches of computational science.�
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