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Abstract

Developing high quality scientific computing software for oceanography is chal-
lenging. Our study looks to quantify the success that has been achieved in this
domain with the goal of identifying areas for improvement. We compared 30 sci-
entific computing software tools. The tools are subdivided into the categories
of R packages, Matlab toolboxes and oceanographic model frameworks. Our
analysis showed that R packages and oceanographic model frameworks have
advantages in qualities related to development; Matlab toolboxes have the best
installability; Matlab toolboxes and R packages did well in showing correctness
and verifiability. The quality of the oceanographic frameworks suffered because
of poor installability. For quality improvement, recommendations include re-
ducing the manual steps for installation of oceanographic model frameworks,
adding a specific section with examples and their expected output to the doc-
umentation template for R packages, consolidating existing projects into fewer
software products, adopting the process and tools used by other successful sci-
entific communities and reaching out to the broader open source community
for assistance. For documentation, we suggested a software requirements spec-
ification, a design document, a programmer’s manual, submission guidelines, a
coding standard and literate programming. For tools, we suggested the use of
version control software, GitHub and doxygen.
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1 Introduction

Scientists often develop their own software because of the need for domain specific knowl-
edge during development (Wilson et al., 2013). However, many of these scientists are
self-taught and lack a complete knowledge of software development best practices (Kelly,
2013). To help these scientists, Wilson et al. (2013) gives a list of general advice. Although
the advice is certainly useful, it is based on the authors’s personal experiences within their
own domains. The advice might not apply equally to software development in other specific
scientific communities.

A first look at the state of practice in a specific scientific community is provided by
Gewaltig and Cannon (2014). The work of Gewaltig and Cannon focuses on the computa-
tional neuroscience domain. Gewaltig and Cannon (2014) provide a high level comparison
of existing neuroscience software packages, but little data is given on the specific metrics
for the comparison. By building on the idea of studying the software in specific scientific
communities, while incorporating detailed measurements, we hope to identify the current
state of practice in the oceanography communities.

We selected to study oceanography software because of the large amount of sophisticated
numerical software developed for this field. Moreover, we hope to contribute in a small way
to this critically important research community. We recognize the central importance of
oceanography software for a scientific understanding of global warming, extreme weather
events, utilization of marine food resources and the history and future of our planet. We
did a similar study of psychometrics software, as summarized in Smith et al. (2015).

In our project, we are targeting 30 scientific computing software packages, including
software developed within different local communities and education institutions. The
software options were selected objectively from the combination of four external authori-
tative lists: Tech.plym.ac.uk (2014) and Woodshole.er.usgs.gov (2014), which summarize
software toolboxes written in Matlab; CRAN (2014b), which presents 4 R packages, and
Paul G. Myers, who provided 16 oceanographic model frameworks (personal communica-
tion, November 2013).

Combining our own ideas and suggestions from Wilson et al. (2013) and Gewaltig and
Cannon (2014), we made a software quality grading sheet, which allowed us to measure
each software package with respect to certain software qualities. In this paper, we use
the software engineering term software qualities, to refer to properties of software such as
installability, reliability, maintainability, portability and so on (see Section 2.2 for more
details). When we speak of “software qualities,” we mean the union of these properties.
After grading each software package, we used AHP (Saaty, 1994) to quantify the ranking
between packages via pair-wise comparisons.

The software packages are only analyzed with respect to software engineering qualities.
We will not make comparisons based on functionality. We have made this choice since we
do not have the domain expertise to judge the functionality of the software. Fortunately,
our lack of domain knowledge is an advantage, since it means we can be objective. We
do not have any initial biases; we can and reach our conclusions through a systematic and
objective grading process.
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The details of our method and the selected software packages are presented in Sections 2
and 3, respectively. Information on how the R packages, Matlab toolboxes and Oceano-
graphic model frameworks compare to each other is given in Section 4. Recommendations
and conclusions can be found in Sections 5 and 6.

2 Method

This section begins with an overview of the overall process we used to select, measure and
compare oceanographic software. This is followed by definitions of the terminology used to
construct our software quality grading sheet, including the definitions of the relevant soft-
ware qualities. This section ends with background information on the Analytic Hierarchy
Process (AHP), since it forms an important part of our ranking process.

2.1 Overall Process

The process used for the current study is that same as that used in Smith et al. (2015).
The steps are as follows:

1. Choose the scientific computing related domain. Here we chose oceanography as our
domain, since software development is active in this community, as evidenced by the
software lists referenced in the previous section. Moreover, we can benefit by having
access to the code, since the majority of oceanography software is open source and
non-commercial.

2. Select 30 software packages from the authoritative lists. For the oceanographic do-
main this is the combination of four lists mentioned in Section 1. We selected 4 R
packages hosted by CRAN, 10 Matlab toolboxes and another 16 oceanographic model
frameworks. Within each category the software packages were selected randomly.

3. Create a software quality grading template based on software engineering qualities
(see Section 2.2) . We employed the same template as used by Smith et al. (2015).

4. Grade each of the selected software package using the software quality grading sheet.
We did an experiment with different people grading the same software, to see if the
rankings are reproducible. The result showed that people’s standards of grading may
vary, but the overall ranking of software remained stable, due to the use of relative
comparisons, rather than absolute measures.

5. Apply AHP (see Section 2.4) on the grading sheet. As was explained under the pre-
vious bullet, people may have different standards about grades; therefore, AHP was
employed to smooth out the differences through its emphasis on relative comparison.

6. Analyze the AHP results for different weights between the qualities, to account for
different quality priority profiles.
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2.2 Software qualities

The definitions of software qualities come from Ghezzi et al. (2002). The qualities are
presented in the order of a typical measurement exercise. Information on how the quality
will be measured in the current study is given, where relevant.

• Installability is a measure of the ease of installing the software. This quality is
measured by the amount and quality of information provided by developers. High
installability implies detailed and well organized installation instructions, simplicity
for the user and an automated installation process.

• Correctness and Verifiability measure the amount of confidence a user can place in
the behaviour of the software. Software that reuses trustworthy libraries builds more
confidence than when the software uses self-developed libraries. Judging correctness
requires a complete, consistent and unambiguous specification of the requirements.
A well explained example (with input, expected output and instructions) is helpful
too, so that users can verify that the software produces the expected results on their
own machine.

• Reliability measures how dependable the software is. Reliable software has a high
probability of meeting its stated requirement under a given usage profile over a given
span of time. Given that we are not domain experts, in our study we can only do a
surface measure of reliability.

• Robustness considers whether the software can gracefully recover from unexpected
input.

• Performance is a measure of the time and storage resources required by the software.
Since we are not domain experts, we did not measure performance directly. In stead,
we looked for whether there was evidence that performance was considered. Potential
evidence includes a makefile (or other source file) that shows evidence of employing
a performance profiler.

• Usability is a measure of the ease of using the software. This quality is related to
the user interface and to the quality of the training material provided to users. With
respect to the user interface, we look to see whether the interface has a consistent
look and feel for the platform it is on and whether the principle of visibility (Herr,
2002) has been respected. Visibility means that the user can easily find the interface
elements that provide the functionality that they need. With respect to training
material, we look for documentation to include a user manual, a getting started
tutorial, and standard examples (with input and expected output). Usability is also
improved if the software has a good user support model (e.g. forum).

• Maintainability is a measure of the ease with which the software can be corrected or
updated. Maintainability benefits future developers, as opposed to current users. To
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measure this quality, we look to for the following: explicit tracking of version history,
change logs, a developer’s guide, issue tracking tools and a concurrent versioning
system.

• Reusability is a measure of the ease of reusing code in another software packages.
We consider a software package to have good reusability when part of the software
is used by another package and when the API (Application Program Interface) is
documented.

• Portability is the ability of software to run on different platforms. For each package,
we determine the intended portability from the developer’s statements and measure
the portability by running the software on the supported platforms.

• Understandability (of the code) measures how quickly and completely a developer
can grasp the implementation of the code. With the time available to measure this
quality, we were only able to do a surface measurement. This was accomplished by
looking at whether the code has consistent indentation and formatting style, whether
constants are hard coded, whether the code is modularized, etc. Understandability
is assumed to be improved by providing a coding standard, or design document.

• Interoperability is defined as whether a software package is designed to work with
other software or external systems. This quality was measured by checking whether
an external system exists and whether an external API document is provided.

• Visibility/Transparency is a measure of the ease of determining the status of the
development of a software package. This quality is measured by looking for docu-
mentation on the development process. Another metric is the examiner’s subjective
feeling about the ease of accessing information about the software package.

• Reproducibility measures whether sufficient information is available that another
party could independently verify the software’s results (Davison, 2012). To follow the
scientific method, and bring confidence in the science, oceanography software should
be reproducible. For reproducibility, documentation of the process of verification and
validation is required, including details of the development and testing environment,
operating system and version number. If possible, test data and automated tools for
capturing the experimental context should also be provided.

Using the above qualities, we built a grading sheet, as shown in Appendix A and at the
following url: https://github.com/adamlazz/DomainX. Each selected software package
was marked using this sheet. As an example, Table 1 shows how the quality of installability
was measured.

2.3 Software classification

We captured the status of each software project using the following definitions:
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Question (Allowed responses)

Are there installation instructions? (Yes/No)
Are the installation instructions linear? (Yes/No)
Is there something in place to automate the installation? (Yes∗/No)
Is there a specified way to validate the installation, such as a test suite? (Yes∗/No)
How many steps were involved in the installation? (Number)
How many software packages need to be installed before or during installation?
(Number)
Run uninstall, if available. Were any obvious problems caused? (Unavail/Yes∗/No)

Table 1: Installability metrics, where Unavail means uninstall is not available and the
superscript ∗ means that this response should be accompanied by explanatory text.

• Alive: Software package, related documentation or website has been updated within
the last 18 month.

• Dead: The last update of the above information was 18 month ago or longer.

• Unclear: No clear information related to the date is given.

The categories of our selected software are given by Gewaltig and Cannon (2012). This
paper is an older version of Gewaltig and Cannon (2014). We have chosen to use this
earlier classification system because it is simpler and the extra category from Gewaltig and
Cannon (2014) does not occur in our selected software.

• Public: Software that is ready for use by the public.

• Private: Software that is designed for a specific group of people.

• Concept: Software that is simply aimed at demonstrating algorithms or concepts.

2.4 Analytic Hierarchy Process

AHP gives us a technique for prioritizing qualities and comparing between software pack-
ages, even though the methods of measuring each quality are very different. There are
no common units that allow for the measurement of one quality, say maintainability and
comparing it to another, such as portability. However, the central idea of AHP is that for
a pairwise comparison of criteria or alternatives, it is possible to determine their relative
weighting. Pairwise comparisons allow decision makers to focus on only two qualities at
a time. Rather than use their judgement for a complete ranking of the qualities, they
only need to compare two at a time and let the mathematics behind AHP produce the
final priority ranking. Similarly when ranking the software packages for a given quality,
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it is only necessary to compare the relative success between two packages at a time. An
overview of AHP can be found in Triantaphyllou (1995).

By using AHP, people can evaluate n options (the 30 software packages in our case) with
respect to m criteria (the 13 software qualities in our case). The criteria are prioritized
based on the relative comparisons between their importance to form an m × m decision
matrix. There is a row for each criterion. The columns follow the same ordering with
respect to their correspondance to the criteria. The next step is to build, for each of the
criterion, a pairwise analysis between the options. This forms, for each criterion, an n× n
matrix a. Following the same pattern as the decision matrix, the rows and columns of a
correspond to each option. Each entry in a shows the relative success, in achieving the
given criterion, of the option corresponding to the row versus the option corresponding
to the column. Therefore, the diagonal entries for a, and the decision matrix, are all
equal to 1. The entries in the lower triangle of the matrix are usually the reciprocals of the
corresponding entries in the upper triangle. A scale from 1 to 9 is used for assigning weights
for the entries of the decision matrix and the matrix a, as summarized in (Triantaphyllou,
1995).

We do not present a definitive ranking of qualities in this paper, since this ranking will
vary between projects. One project may prioritize maintainability, while another might
prioritize portability. We will however investigate, in Section 4.14, the consequences of
using different quality priority profiles on the overall quality ranking.

In our project, we focus on ranking the 30 software options for each of the 13 software
qualities given in Section 2.2. We do this by making objective measures, as discussed in
Section 2, of each quality for each option. Each measurement corresponds to a score from
one to ten. We turn these scores to pair-wise scores using the following steps:

1. We have 2 scores A and B.

2. If A = 10 and B = 1 or A = 1 and B = 10, the value that is 10 is reset to 9.

3. When A ≥ B, Pair-wise score = A−B + 1.

4. When A < B, Pair-wise score = 1/(B − A + 1).

For example, if installablity of two software packages A and B are marked as 8 and 2,
respectively, then the pair-wise score for A versus B is 7, which means that the software
A is strongly favoured for this quality. The comparison of B versus A will result in 1/7.

3 Selected Software

We selected the software packages so that we can have a clear view of the difference between
oceanographic model frameworks, Matlab toolboxes and R packages hosted by CRAN. The
30 selected oceanographic software packages are summarized in Tables 2–4. Some summary
points about the data are as follows:
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• All of them are public software.

• 4 of them are developed using R and hosted by the CRAN community (Table 2); 10 of
them are stand alone Matlab toolboxes (Table 3); and 16 of them are oceanographic
model frameworks, maintained by different communities (Table 4).

• 14 of the oceanographic models use FORTRAN; 1 of them use C and 1 of them uses
both C++ and Java.

• All the software packages from CRAN are considered as alive, using the definition
given in Section 2.3. 4 of the Matlab toolboxes are alive and 6 are dead. For the
oceanographic model frameworks, 15/16 are alive and 1/16 is dead. The selected
R packages and oceanographic model frameworks seem to be better maintained by
their communities than the Matlab toolboxes.

• Source code for all R packages and Matlab toolboxes are available. 2 out of 16
oceanographic model frameworks provide partial source code, while all the others
provided full source code.

Name Released Updated Status Language

oce Kelley (2014) 2009 2014 Alive R
seacarb Gattuso et al. (2014) 2003 2014 Alive R
ocean Jones (2014) 2013 2014 Alive R
OceanView Soetaert (2014) 2014 2014 Alive R

Table 2: CRAN (R) software packages

Name Released Updated Status Language

SeaGrid USGS (2013) Unclear 2013 Alive Matlab
GSW McDougall and Barker (2013) 2009 2013 Alive Matlab
STAPLOT Byrne (1999) Unclear 1999 Dead Matlab
sbPOM Jordi (2012) 2009 2012 Dead FORTRAN, Matlab
WAFO WAFO (2011) 1993 2011 Dead Matlab
ADCP Côté et al. (2011) Unclear 2011 Dead Matlab
JLAB Lilly (2012) 2012 2012 Dead Matlab
RSLICE Evans (2007) 2005 2007 Dead Matlab
TSG-QC IRD (2013) 2010 2013 Alive Matlab
M Map Pawlowicz (2013) 2005 2013 Alive Matlab

Table 3: Matlab Toolboxes
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Name Released Updated Status Source code Language

NEMO NEMO (2014) 1988 2014 Alive Available FORTRAN
GOLD NOAA-GFDL
(2012)

2012 2012 Alive Available FORTRAN

MOM NOAA-GFDL
(2014)

2004 2014 Alive Available FORTRAN

MPAS Team (2013) 2013 2013 Alive Available FORTRAN
GOTM Umlauf et al.
(2013)

Unclear 2013 Alive Available FORTRAN

MITgcm MITgcm (2013) Unclear 2013 Alive Available FORTRAN
CICE COSIM (2013) 1998 2013 Alive Available FORTRAN
ADCIRC Luettich and
Westerink (2013)

2008 2013 Alive Available FORTRAN

ROMS ROMS (2014) 2003 2014 Alive Available FORTRAN
BOM Berntsen and
Avlesen (2011)

2002 2011 Dead Available FORTRAN

MOHID MOHID (2014) 2004 2014 Alive Partial FORTRAN
ODV ODV (2014) 2006 2014 Alive Partial C++/Java
SUNTANS Fringer et al.
(2013)

2011 2013 Alive Available C

ESCM Eby (2013) 2003 2013 Alive Available FORTRAN
HYCOM HYCOM (2013) 2000 2013 Alive Available FORTRAN
FVCOM FVCOM (2013) 2011 2013 Alive Available FORTRAN

Table 4: Oceanographic model frameworks

4 AHP results

In this section, the AHP results will be presented for each quality. In the charts that
follow, red bars (using vertical lines) stand for R packages, blue bars (using slashes) stand
for Matlab toolboxes, and green bars (using horizontal lines) stand for oceanographic model
frameworks. The detailed grading results are given in Appendix B and are available on-line
at https://github.com/adamlazz/DomainX.

4.1 Installability

So as to not have problems caused by a pre-existing build system, each software package was
installed on its own virtual machine. During the installation process we checked whether
there are install instructions and whether these instructions are organized linearly. We also
did the following: checked for the use of automated tools for installation, looked for test
cases for validation, counted the number of steps required for installation, and counted
the number of external libraries needed. At the end of the installation and testing, if an
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uninstaller was available, we ran it and assessed how successfully the software was removed.
Figure 1 shows the AHP result for installability. Some key findings between the different

types of software are as follows:

Figure 1: AHP result for installability (Packages that were not installed successfully are
marked with an *)

• R packages hosted by CRAN: The selected R packages did well on the quality of instal-
lability. The explanation for this, in part, is the presence of the CRAN community’s
general installation instructions (CRAN, 2014a) for all the packages it maintains.
Unfortunately, in some case links to the general instructions were not given in the
software package page. This may cause confusion to beginners. In other cases, such
as for oce, the software installation information is given on its own website. Most of
the packages installed easily and automatically, except for oce, which needed a few
steps to be done manually. The uninstall process went well in all cases. A draw back
of R packages for installability is that none of the packages provide a standard suite
of test cases specifically for the verification of the installation.

• Matlab toolboxes: The overall results of the installability of Matlab toolboxes is as
good as for the R packages. Most of them have well organized installation instruc-
tions and automated installers. 5 out of 10 toolboxes did not provide an automated
installer, but given the nature of Matlab this is not a major issue. Users can gen-
erally include a new toolbox simply by placing the relevant files directly into their
search path. The installability of Matlab is certainly aided by the fact that it is a
commercial product. 2 out of 10 Matlab toolboxes (GSW and JLab) provided a stan-
dard test suite specifically for the verification of the installation. The other toolboxes
apparently did not to consider this issue.
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• Oceanographic model frameworks: The results of installability in the oceanographic
model frameworks were uneven. For the good examples shown in the Figure 1, they
provided everything that we are looking for. The situation for test suites is better
than for the other types of software; 7 out 16 frameworks (e.g. NEMO, MOM,
etc.) provided relevant data and methods to validate the installation process. The
software that ranked lower was because of unorganized installation instructions (3
out of 16), too many steps involved in installation (3 out of 16 had over 10 steps)
and too many libraries (4 out of 16 used over 5 libraries) to be manually installed.
Little information about the libraries is given during the installation of most software,
which caused significant trouble during our experiment. Due to our limited time and
the fact that we are not oceanographic domain experts, we were not able to install 10
out of 16 oceanographic model frameworks. These packages are marked with a * in
Figure 1. As shown on many user forums, for example ROMS’s user forum, problems
occurring during installation is a significant issue for a large number of users. Paul
G. Myers (personal communication, July 2014) mentioned that the oceanographic
community is relatively small; therefore, the installation procedure for new users is
usually conducted by a supervisor that is already well established in the community.
People outside the community will have problems in installing the software. As a
point of comparison, we have done a similar measurement for the state of the practice
in the domain of psychometric software (Smith et al., 2015), where we are also not
domain experts. All 30 selected software packages from that domain were installed
successfully, and 24 out of 30 software tools were installed without any trouble. The
installation process of oceanographic model frameworks is an area for improvement
within the oceanography community.

4.2 Correctness and Verifiability

We used several metrics to assess correctness and verifiability. First we checked for the use
of trustworthy libraries. Second we looked for the presence of a requirements specification.
The specification did not have to be written in a rigorous or formal style, as long as
it documented the physical and mathematical models used in the software. (If we had
required a formal requirements specification, the number of projects providing one would
have been zero.) The third step was to look for the use of any confidence building tools
or techniques, such as literate programming, automated testing, symbolic execution, or
assertions in the code. The final step was to run (if possible) any examples provided in the
documentation on a virtual machine, to verify that the output matches the documented
expectations.

The results for correctness and verifiability of the oceanographic domain are shown in
Figure 2, with the comparison as follows:

• R packages hosted by CRAN: A wide range of results were observed for the 4 R
packages. On the positive side, CRAN facilitates correctness and verifiability, as
evidenced by oce and OceanView. This success is partly attributable to the CRAN
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Figure 2: AHP result for correctness and verifiability

Repository policy. This policy, along with the requirement of documenting depen-
dencies and reverse dependencies between extensions, aids in building a collection
of trustworthy R extensions. Another positive for CRAN is the quality and com-
pleteness of the documentation, which is a consequence of the requirement of Rd
(R documentation) files. Rd is a markup language that can be processed to cre-
ate documentation in LATEX, HTML and text formats (R Core Team, 2014). On the
negative side, the CRAN policies and tools are not enough to guarantee correctness
and verifiability, as evidenced by seacarb and ocean. The developers of R extensions
have to include certain sections of documentation, but the content of these sections
is up to them, which means considerable variability in quality. Further variability in
quality is a result of the CRAN policy that vignettes are optional. The two high-
est scoring R packages were the only two where vignettes were included. Vignettes
provide additional documentation in a more free format than the Rd documentation
allows. Vignettes can act as user manuals, tutorials, and extended examples. Many
vignettes are written with Sweave (Leisch, 2002), which is a Literate Programming
(LP) (Knuth, 1984) tool for R. All the R packages have examples on how to use the
software, but half (seacarb and ocean) did not provide expected output data.

• Matlab toolboxes: Many of the Matlab toolboxes provided inadequate information
for building confidence in the correctness and verifiability of the software packages.
We found that only GSW, ADCP and TSGQC mentioned that they used existing
libraries during development. In their defence, they all reused the computational
framework provided by Matlab. Only 3 out of 10 provided a requirement specification
and 4 out of 10 provided a reference manual. 8 packages presented standard examples
and half of them also showed the expected output. GSW, WAFO and ADCP were
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the best Matlab examples.

• Oceanographic model frameworks: The results for oceanographic frameworks were
mostly fine, but there were no stand out examples. 4 out of 16 mentioned standard
libraries were used; 6 of the them provided requirement specification documents and
14 had reference manuals to build up confidence. 3 out of 16 provided standard
examples, but the rest of them often lacked proper instructions, explanations and
data.

Little evidence of verification via testing was found among the three classes of soft-
ware. From the oceanographic model frameworks the notable exceptions were FVCOM
and GOTM, which include large sets of model verification simulations. Unfortunately, the
model verifications do not seem to be part of automated regression tests. From CRAN,
the best example of testing is the diagnostic checks done on each of the R extensions. To
verify that the extensions will work, the R package checker, R CMD check, is used. The
tests done by R CMD check include the following: R syntax checks, Rd syntax and com-
pleteness checks and, if available, example checks, which verify that the examples produce
the expected output (R Core Team, 2014). Although these checks are valuable, they focus
on syntax not on semantics. As observed by Wickham (2011), the development practices
of R programmers does not usually appear to include automatically re-running test cases.

For the 30 packages considered, Literate Programming (LP) tools, which can facilitate
code verification, were only used in two of the R packages. Unfortunately, in both cases LP
was not used to assist with code verification. As was also observed in Smith et al. (2015) for
psychometrics software, literate R documentation focuses on examples to illustrate the use
of the extension, not on showing the R implementation along with its explanation. In the
spirit of Knuth’s original work, LP can be used to document the code to convince a human
reader of the correctness of the implementation (Knuth, 1984). In scientific computing, LP
can be used to improve verifiability by maintaining the documentation and code together
in one source (Nedialkov, 2010), but the CRAN community does not appear to follow this
approach.

4.3 Reliability (Surface)

The reliability of each software package was checked by installing and running it on a
virtual machine using the instructions given with the software. We checked if the software
breaks during installation or during initial tutorial testing. Installability has already been
presented in Section 4.1. The difference here is that we are not measuring the quality of
the installation process or instructions, but rather the results of the installation and initial
testing. For practical reasons, our measure of reliability has to be considered as a surface
measure, since we only have time for a small set of test cases. The results for reliability
of the oceanographic domain are shown in Figure 3, and the comparison between different
types of software are as follows:
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Figure 3: AHP result for reliability

• R packages hosted by CRAN: For all of the R packages there was no problem during
installation, although there was one problem during the initial tutorial testing. For
ocean one of its functions could not be found. The overall result is positive for this
type of software.

• Matlab toolboxes: Most Matlab toolboxes did extremely well in this quality. For 6
out of 10 toolboxes, no problem happened either during installation or during initial
tutorial testing. There was only 1 problem during installation – SeaGrid did not
support running on R2010b (Win64). For those packages that ranked lower, the
reason is that they failed to provide enough instructions for tutorial testing, or to
present the input data.

• Oceanographic model frameworks: This type of software has problems in reliability
because of the difficulty in installation. As mentioned previously, we had problems
installing 10 out of 16 software tools. (We invested between 4 and 8 hours of time
in attempting to install each of the challenging software package). The problems
are often caused by too short of a description about installing the NETCDF library,
compilation aborts and different kinds of makefile error. Similar problems are listed
on the community’s user forum (e.g. ROMS’s user forum), which shows reliability
in installation is indeed a problem for this type of software.

4.4 Robustness (Surface)

The robustness of each package was checked by running it for situations the developers
may not have anticipated. We checked whether the software can gracefully handle garbage
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input, with a graceful response including the issuing of an appropriate error message. For
the packages that accept text files, one robustness test was to modify the expected end
of line character. Like reliability, this is also an example of surface checking of a quality.
With reference to Figure 4, the comparison between the different types of software for the
quality of robustness is as follows:

Figure 4: AHP result for robustness

• R packages hosted by CRAN: 3 out of 4 R packages hosted by CRAN handle unex-
pected input reasonably; they provide information or warnings when the user inputs
invalid data. One package, Seacarb, did not check the validity of its inputs; we no-
ticed that it allows users to input negative salinity. R packages do not use text files
as input file; therefore, a change of format in a text file is not a issue for them.

• Matlab toolboxes and oceanographic model frameworks: half of the selected Matlab
toolboxes and 1 oceanographic model framework did well on robustness. ODV had a
problem when we tried to open an invalid input file. For the rest of software packages
that ranked lower, they either did not provide the correct format of input data or
we were unable to run the software, since we were unable to properly install it. If
we had been able to install more of the oceanographic frameworks, their robustness
measures would likely have increased.

4.5 Performance (Surface)

We checked performance by looking for evidence of a profiler, or whether the package is
optimized for different environments. The results are shown in Figure 5, with the result
comparison as follows:
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Figure 5: AHP result for performance

• R packages hosted by CRAN: No evidence related to performance was found in the
selected R packages.

• Matlab toolboxes and oceanographic model frameworks: 2 Matlab toolboxes and 12
oceanographic model frameworks have different compilation option for different envi-
ronment, which showed their consideration for optimizing their programs for different
platforms.

4.6 Usability (Surface)

We asked seven questions to assess usability: i) Is there a getting started tutorial? ii) Is
there a well-explained standard example? iii) Is there a user manual? iv) Does the appli-
cation have the usual “look and feel” for the platform it is on? v) Are there any functions
that are not easily visible through the interface? vi) Are expected user characteristics
documented? vii) What is the user support model? The results for usability of the oceano-
graphic domain are shown in Figure 6. With respect to a comparison between types of
software, we saw the following:

• R packages hosted by CRAN: The overall results for R are reasonably good. All
of the R packages gave detailed explanations for their examples and provided well-
organized user manuals. This minimum level of usability is ensured by the CRAN
repository policy and the required use of Rd files. Usability is further improved by
the use of Sweave vignettes. Of the R examples, oce is the best. However, only half
of them provided getting started tutorials. The common user support model is an
email address. oce and ocean also add support through GitHub.
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Figure 6: AHP result for usability

• Matlab toolboxes: Matlab toolboxes all did about the same with respect to this
quality. 9 out of 10 had getting started tutorials; all of them provided explanations
for their examples and 7 of them had good user manuals. For the user support model,
only 1 of them (sbPOM) provided a user forum, and only WAFO uses Google code
and an FAQ in addition to email support.

• Oceanographic model frameworks: Oceanographic model frameworks performed sim-
ilarly to the Matlab toolboxes. MOHID is the best example here. Overall the model
framework software did better than the other categories with respect to the user
support model. 3 out of 16 had an FAQ. 6 out of 16 provided user forums and 3 of
them employed Google code or GitHub. 2 of the packages (NEMO and ADCIRC)
have organized in-person user meetings.

4.7 Maintainability

Maintainability was measured by looking for evidence that there is a history of multiple
versions of the software. If the software has been maintained through several iterations,
this is a good sign that it is maintainable. Other indications of maintainability include
instructions on how to contribute code, and the presence of a change log. If there was a
change log, we identified the most common types of maintenance (corrective, adaptive or
perfective). Maintainability was also measured by the tools used in the software devel-
opment. For instance, what issue tracking tool was employed? Does it show that major
bugs have been fixed? We also looked at the concurrent versioning system in use, as this
is important to both industry and open source project (Wilson et al., 2013). The software
design was also inspected to determine if the modular decomposition is based, at least
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on the surface, on likely changes, as advocated by Parnas (1972). In a similar spirit, we
looked for evidence of code clones, since maintaining similar code in more than one place
is challenging.

The results for maintainability are shown in Figure 7. The conclusion we draw from the
data are as follows:

Figure 7: AHP result for maintainability

• R packages hosted by CRAN: oce is a very good example for this type of software;
other R packages ranked slightly lower. 3 out of 4 packages provided a history of
multiple versions of the software and 1 of them gave information about how to make
contributions. 2 out of 4 provided change logs; 2 out of 4 indicate use of an issue
tracking tool (GitHub) and concurrent versioning systems (GitHub). All of them
consider maintainability in code with no obvious evidence of code clones.

• Matlab toolboxes: Matlab toolboxes did fine with respect to this quality and showed
a very consistent result. 4 out of 10 provided a history of multiple versions; only
RSLICE provided details on how to make contributions to the software package; 6
of the packages provided change logs. The common type of maintenance is correc-
tive and perfective. Only WAFO used an issue tracking tool (Google code) and 3
toolboxes employed SVN as their concurrent versioning system.

• Oceanographic model frameworks: Oceanographic model frameworks tended to do
better than the other two types of software in maintainability. 12 out of 16 provided
the version history of their software, 9 out of 16 gave information about how to
contribute and provided change logs. 9 of them clearly showed that they made use
of issue tracking tools, and 10 of them employed a concurrent versioning system.
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Developers outside a given software community will likely find it easier to contribute
to oceanographic model frameworks than to the Matlab toolboxes.

4.8 Reusability

Reusability was measured by looking for any evidence that a portion of the software is
used by another package. Other evidence of reusability is also looked for, such as a care-
fully documented Application Program Interface (API). The results for reusability of the
oceanographic domain are as follows ( Figure 8 shows the AHP results):

Figure 8: AHP result for reusability

• R packages hosted by CRAN: R packages have great reusability. There are clear evi-
dences that 2 out of 4 selected packages have been reused by other software packages
hosted by CRAN. Also, the reference manual required by CRAN can serve as an API
document, which helps others to reuse the package.

• Matlab toolboxes and oceanographic model frameworks: Only NEMO showed evi-
dence that it has been reused by other projects. For all the other software packages,
only 6 of them provided API documents.

4.9 Portability

Portability was measured by checking which platforms the software is advertised to work
on, assessing how people are expected to handle portability, and whether evidence in the
documentation shows portability has been achieved. The results for portability, based on
the AHP result shown in Figure 9, are as follows:
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Figure 9: AHP result for portability

• R packages hosted by CRAN: R packages handle portability consistently well. They
all kept different versions of the software for different platforms. Also, software check-
ing results from CRAN showed that the software worked well on different platforms.

• Matlab toolboxes: Little evidence was available to show that portability has been
achieved. Only 2 of the selected Matlab toolboxes handled portability by branches
in the repository. However, this cannot really be considered as a negative if the
developers are not interested in targeting other environments.

• Oceanographic model frameworks: The portability measure for oceanographic model
frameworks is positive. 11 out of 16 packages used different makefile variables to
achieve portability. Portability was clearly considered in designing most of these
packages.

4.10 Understandability (Surface)

To measure understandability we focused on code formatting style, existence of the use of
coding standards and comments, identifier and parameters style, use of constants, mean-
ingful file names, whether code is modularized and whether there is a design document.
Figure 10 summarizes the AHP results. The differences between the communities are as
follows:

• R packages hosted by CRAN: R packages did fine on this quality. The common
problem in R packages is that no coding standard is provided and there are limited
comments in the code. The understandability of the R packages could be improved by
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Figure 10: AHP result for understandability

using Sweave for literate programming. As discussed in Section 4.2 for the quality of
verifiability, R has the tools for maintaining the code and its documentation together,
but this does not appear to be a common practice within CRAN.

• Matlab toolboxes: Matlab toolboxes did consistently well on this quality. Their main
problem is a lack of coding standards and the absence of a design document.

• Oceanographic model frameworks: 7 out of 16 projects here presented coding stan-
dard, and 4 out of 16 provided design document (not strictly), which ensured better
average understandability over the other two types of software.

4.11 Interoperability

Interoperability was measured by looking for the following: an external systems the soft-
ware communicates with, a workflow that uses other software, and a documented API. The
main findings for interoperability are as follows (Figure 11 shows the AHP results):

• R packages hosted by CRAN: R packages had positive performance on this quality
because of the nature of R and the requirement of documentation for CRAN. There is
no obvious evidence that these software packages communicate with external system,
but it is very clear that 3 out of 4 have existing workflows that use other R packages.

• No sign of interoperability was found in the Matlab toolboxes.

• Oceanographic model frameworks: 2 out 16 packages can communicate with external
systems; half of the packages have workflows that use other software. The problem
with this type of software is that no API is documented.
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Figure 11: AHP result for interoperability

4.12 Visibility/Transparency

Visibility was measured by looking for documentation of the development process. A
subjective score was also assigned as a visibility metric based on our experience searching
for the information we needed for grading the software. This score reflects the relative ease
for users to find useful informations from the software website and documentation. The
results for visibility (transparency) follow (Figure 12 shows the AHP scores):

• R packages hosted by CRAN and Matlab toolboxes: No software packages provided
information about the development process. However, packages like oce provided a
decent way to present information about the software, which made it easy for us to
check it in comparison to other software packages. The good R and Matlab packages
have well organized websites with examples and instructions.

• Oceanographic model frameworks: Oceanographic model frameworks did better than
the other two categories with respect to presenting useful information to the user. 4
out of 16 oceanographic model frameworks provided information about the develop-
ment process, although this information was not very detailed.

4.13 Reproducibility

Reproducibility was assessed by looking for the following: a record of the environment used
for development and testing, test data for verification and automated tools to capture the
experimental context. The AHP results for reproducibility are given in Figure 13.

All the R packages provided a record of the environment for testing. R packages also
benefit from the use of Sweave for the vignettes (if present), since LP can be used to
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Figure 12: AHP result for visibility (transparency)

Figure 13: AHP result for reproducibility

document reproducible results by maintaining the code and its documentation together.
Little relevant information was given by the Matlab toolboxes; NEMO provided information
about the testing environment and MITgcm provided not only testing records but also test
data and some scripts that help to capture the data. However, most software packages do
not seem to have considered reproducibility.
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4.14 Overall Quality

We first use the same weight for each quality in our AHP table, as shown in Figure 14.
In this case, oceanographic model frameworks ranked slightly lower for the reason that we
were not able to run 10 of them successfully, which meant their reliability and robustness
was not accurately measured.

Figure 14: Summary (All qualities have the same weight)

To minimize the influence of the installability problem mentioned above, we gave re-
liability and robustness a weight of 1, while all other qualities were set to 9. Figure 15
shows the AHP results. As for the previous analysis, the best examples are oce, MITgcm
and NEMO, but the overall results do not favor R as strongly as they did in the previous
analysis.

5 Recommendation

Although for practical reasons it may not be feasible, or necessary in all cases, our rec-
ommendations are written with the intention that all software packages are aiming for
the highest possible success on each quality. Individual projects will need to determine
for themselves whether there is any justification for quality improvement efforts. The
recommendations begin with specific thoughts on each of the qualities. This is followed
by a discussion of potential strategies that could potentially improve multiple qualities.
The strategies proposed are intended to emulated the success achieved by other scientific
software projects.
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Figure 15: Summary (Reduced weight for reliability and robustness)

5.1 Recommendations to Improve Each Quality

We found that all the selected software did well on the quality of robustness. However, for
the other qualities, there are examples that show room for improvement. Recommendations
for each quality are listed below.

• Installability: Developers should give detailed install instructions and a standard
suite of test cases for verification of installation. Specifically for the oceanographic
model frameworks, the amount of work to be done manually should be reduced
and more detailed information about installing prerequisite library should be given.
MITgcm is a good example for future developers to start from.

• Correctness and Verifiability: The way CRAN organized reference manuals, require-
ment specifications, and information about the libraries used is worth learning. This
positive aspect of CRAN was even more strongly supported in our survey of psy-
chometrics software (Smith et al., 2015). More test data and instructions for test
examples should be given for each type of software. Package Oce gives detailed ex-
amples with output figure on its own website; other packages can learn from this.
A specific recommendation for CRAN would be to add a specific section in their
documentation template for packages to present their example/output.

• Usability: CRAN should require a detailed getting started tutorial for each software
tool, in addition to the user manual. Developers who wish to see a good getting
started tutorial should look to GSW. Matlab toolboxes and R packages should provide
a better user support model than simply email support. For user support, NEMO
and ROMS are the good examples.
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• Maintainability: For open source project, concurrent versioning and issue tracking
tool are strongly suggested (Wilson, 2006). Github was successfully used in develop-
ing 4 out of 30 packages; it also has an issue tracking tool within it. People within
oceanography domain should make greater use of Github in the development process.
Information like change log or how to contribute should also be presented.

• Reusability: A well documented API should be given. Packages like MAPS-Ocean
employed doxygen to generate API document. Developers can make use of similar
tools if they want to publish API documents.

• Understandability: Coding standards and design documentation should be provided
for all packages. NEMO is an example of good practice that others can follow. NEMP
not only gives a coding standard, but also provides a development policy. This kind
of documentation can make developers within a community cooperate consistently.
Developers should write comments in their R packages. Ideally, Sweave could be used
to write literate documentation, as discussed in the next section.

• Visibility and Transparency: Projects that look forward to the involvement of future
developers should provide the development process in their developer guide. Matlab
toolboxes should organize a better way to present information (introduction of soft-
ware, relevant document, code, user support, etc.). Oce, MITgcm and ROMS are
good examples to follow. The way they organized their website makes it easy for
users to find information.

• Reproducibility: Software developers should start tracking the environment used for
development and testing, to make the software result more reproducible. There was
no evidence that any packages made use of automated tools to capture experimen-
tal context. One option to consider in the future is Madagascar (2014). MITgcm
provided a script for running the data automatically. Developers could follow this
example to improve their software’s reproducibility.

5.2 Strategies to Emulate the Success of Others

For achieving truly impressive software quality for oceanographic software, the hard part
has already been completed. A rich collection of software is already available, representing
a significant investment of time and energy. The oceanography community has developed
sophisticated models and has implemented complex algorithms. The only part that seems
to be missing, for many of the examples considered, is a complete software development
process and infrastructure. In particular, a process and an infrastructure that supports
software installation, automated testing, and contributions from new developers. Instal-
lation in particular, is particularly noteworthy for the oceanographic model frameworks
studied. Since we could not complete this critical first step for many packages, we were
unable to fully evaluate the software. In the case of potential software users, if they cannot
install it, then they cannot reap the rewards of all the hard work that has preceded them.
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Excellent examples of fully worked out software development processes and infrastruc-
tures can be found in scientific computing. For instance, GRASS (GRASS Development
Team, 2014), an open source Geographic Information System (GIS), scored very highly
for all software qualities when it was assessed following the same methods used in this
study (Lazzarato et al., 2015). The success of GRASS should in part be attributed to
its extensive documentation, which includes a full requirements specification, design docu-
mentation through a programmer’s manual (written in the doxygen format), explicit code
submission rules and coding standards. The GRASS website includes documentation to
help new developers get started, including instructions on code compilation, how to get
involved and a list of feature requests.

Another success story for scientific computing software is VTK (VTK Team, 2014) by
KitWare. In a study comparing medical imaging software following the same methods
as described in this paper, VTK was one of the top performers (Kapil et al., Submitted
2014?). As was the case for GRASS, VTK uses doxygen for automatic extraction of docu-
mentation from the code. VTK does particularly well at installability across a wide variety
of platforms. This success is attributable to the number of different options for VTK in-
stallation. VTK can be installed using a package manager, such as MacPorts for OS X,
or via freely downloading Anaconda (https://store.continuum.io/cshop/anaconda/),
a scientific Python distribution that already includes VTK and other scientific software
packages. In addition, VTK can be compiled from source using Kitware’s CMake, a cross-
platform, open-source build system. Another Kitware tool that improves the quality of
VTK is CDash, which is an open source, web-based software testing server that aggre-
gates, analyzes and displays the results of the submitted tests. Using CDash, VTK is
automatically tested nightly with the results immediately available to the development
community.

The relatively smaller size of the oceanography development community compared to
GRASS and VTK means that emulating the success of these products will be challenging.
VTK is sponsored by multiple national laboratories, including Los Alamos and Sandia Na-
tional Laboratories and GRASS has been developed by a large number of federal US agen-
cies, universities, private companies, and a worldwide network of developers. To achieve
the same success it is likely necessary for oceanography developers to either increase the
size of their community, or adopt strategies that facilitate a smaller community acting as
a larger one. Some potential ideas, which are not mutually exclusive, are as follows:

1. Admittedly a naive suggestion, and one that only an outsider to the community
would likely make, but on the surface it seems that a larger development community
would be formed by combining some of the existing projects. Although functionality
was outside of the scope of this study, a survey of the various software packages sug-
gests repetition exists. To increase the size of the development community multiple
projects could be consolidated into one, with portions of the “abandoned” projects
reused in the consolidated one.

2. Another strategy would be to focus energy and time on developing information for
new developers, including a programmer’s guide, design documentation, submission
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guidelines and coding standards. Along with the documentation would need to come
a set of development tools for version control, document generation (like doxygen),
submission verification and test automation. GRASS and VTK both have fully
worked out software documentation and tool infrastructures. The presence of docu-
mentation and tools means that a smaller community can be effective. For example,
this is the strategy adopted by the R community. As observed for psychometrics
software (Smith et al., 2015), the CRAN policy, Rd files and Sweave, allow a con-
scientious individual developer (or small team) to produce software of the quality of
much larger teams.

3. The size of the development community could be increased by reaching out to the
broader open source community. For instance, if a MacPorts developer (or other
package manager) were convinced to write a portfile for the oceanography software,
this would greatly improve installability. Hosting more of the oceanography software
on GitHub, as mentioned in the previous section, could also make a difference, since
this is a popular site for all kinds of open source developers.

The processes and tools mentioned previously for software development are relatively
mainstream. A less frequently used strategy for improving verifiability, understandability
and reproducibility for scientific software that deserves attention is Literate Programming
(LP) (Knuth, 1984). An LP tool (Sweave) is used by CRAN, but the aim is teaching the
use of the code to new users, not to convincing other developers that the implementation is
correct (Smith et al., 2015). Examples of LP to improve the quality of scientific computing
software can be found in Nedialkov (2006) and Pharr and Humphreys (2004). Specific
documentation and code examples that highlight the quality improvements possible using
LP, together with a Software Requirements Specification (SRS) template, can be found in
Smith et al. (Submitted 2014).

6 Conclusion

R packages and oceanographic model frameworks have advantages in qualities related to
development. The quality of the R packages are consistently high because of the require-
ments set by CRAN. On the other hand, the quality of the oceanographic model frameworks
varied according to the different expectations between different development communities.
Matlab toolboxes have the best installability; Matlab toolboxes and R packages did well in
showing correctness and verifiability. The R packages and oceanographic model frameworks
seem to be better maintained by their communities than the Matlab toolboxes.

In our report we made recommendations including reducing the manual steps for instal-
lation of oceanographic model frameworks, and adding to CRAN a specific section with
examples and their expected output. We suggested consolidating existing projects into
fewer software products, adopting the process and tools used by GRASS and VTK and
reaching out to the broader open source community for assistance. Our suggestions for
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documentation included software requirements specification, design documentation, pro-
grammer’s manual, submission guidelines, and a coding standard. For tools, we suggested
the use of version control software, GitHub and doxygen. For those that want to move
outside of mainstream for improving verifiability, understandabilty and reproducibility, we
suggested considering LP.

We understand that development communities set their goals differently depending on
the number of developers, or amount of funding they have. We do not want to leave
the impression that the software that ranked lower is necessarily bad software. In some
cases, the context in which the software will be used, and the type of users that will use
it, mean that aiming for a “high” grade would be a waste of resources. Our goal was
to summarize suggestions based on the common issues we observed in the experimental
results. In doing this we implicitly assumed that all of the products are aiming for high
results for all measures. Developers can take this information and decide for themselves
which measures to target for improvements based on the priorities of the oceanographic
community.
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Appendices

A Full grading template

The table below lists the full set of measures that are assessed for each software product.
The measures are grouped under headings for each quality, and one for summary informa-
tion. Following each measure, the type for a valid result is given in brackets. Many of the
types are given as enumerated sets. For instance, the response on many of the questions
is one of “yes,” “no,” or “unclear.” The type “number” means natural number, a positive
integer. The types for date and url are not explicitly defined, but they are what one would
expect from their names. In some cases the response for a given question is not necessarily
limited to one answer, such as the question on what platforms are supported by the soft-
ware product. Case like this are indicated by “set of” preceding the type of an individual
answer. The type in these cases are then the power set of the individual response type.
In some cases a superscript ∗ is used to indicate that a response of this type should be
accompanied by explanatory text. For instance, if problems were caused by uninstall, the
reviewer should note what problems were caused.

Table 5: Grading Template

Summary Information

Software name? (string)
URL? (url)
Educational institution (string)
Software purpose (string)
Number of developers (number)
How is the project funded (string)
Number of downloads for current version (number)
Release date (date)
Last updated (date)
Status ({alive, dead, unclear})
License ({GNU GPL, BSD, MIT, terms of use, trial, none, unclear})
Platforms (set of {Windows, Linux, OS X, Android, Other OS})
Category ({concept, public, private})
Development model ({open source, freeware, commercial})
Publications using the software (set of url)
Publications about the software (set of url)
Is source code available? ({yes, no})
Programming language(s) (set of {FORTRAN, Matlab, C, C++, Java, R, Ruby, Python,
Cython, BASIC, Pascal, IDL, unclear})

Installability (Measured via installation on a virtual machine.)
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Are there installation instructions? ({yes, no})
Are the installation instructions linear? ({yes, no, n/a})
Is there something in place to automate the installation? ({yes∗, no})
Is there a specified way to validate the installation, such as a test suite? ({yes∗, no})
How many steps were involved in the installation? (number)
How many software packages need to be installed before or during installation? (number)
Run uninstall, if available. Were any obvious problems caused? ({unavail, yes∗, no})
Overall impression? ({1 .. 10})

Correctness and Verifiability

Are external libraries used? ({yes∗, no, unclear})
Does the community have confidence in this library? ({yes, no, unclear})
Any reference to the requirements specifications of the program? ({yes∗, no, unclear})
What tools or techniques are used to build confidence of correctness? (string)
If there is a getting started tutorial, is the output as expected? ({yes, no∗, n/a})
Overall impression? ({1 .. 10})

Surface Reliability

Did the software “break” during installation? ({yes∗, no})
Did the software “break” during the initial tutorial testing? ({yes∗, no, n/a})
Overall impression? ({1 .. 10})

Surface Robustness

Does the software handle garbage input reasonably? ({yes, no∗})
For any plain text input files, if all new lines are replaced with new lines and carriage
returns, will the software handle this gracefully? ({yes, no∗, n/a})
Overall impression? ({1 .. 10})

Surface Performance

Is there evidence that performance was considered? ({yes∗, no})
Overall impression? ({1 .. 10})

Surface Usability

Is there a getting started tutorial? ({yes, no})
Is there a standard example that is explained? ({yes, no})
Is there a user manual? ({yes, no})
Does the application have the usual “look and feel” for the platform it is on? ({yes, no∗})
Are there any features that show a lack of visibility? ({yes, no∗})
Are expected user characteristics documented? ({yes, no})
What is the user support model? (string)
Overall impression? ({1 .. 10})

Maintainability

Is there a history of multiple versions of the software? ({yes, no, unclear})
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Is there any information on how code is reviewed, or how to contribute? ({yes∗, no})
Is there a changelog? ({yes, no})
What is the maintenance type? (set of {corrective, adaptive, perfective, unclear})
What issue tracking tool is employed? (set of {Trac, JIRA, Redmine, e-mail, discussion
board, sourceforge, google code, git, none, unclear})
Are the majority of identified bugs fixed? ({yes, no∗, unclear})
Which version control system is in use? ({svn, cvs, git, github, unclear})
Is there evidence that maintainability was considered in the design? ({yes∗, no})
Are there code clones? ({yes∗, no, unclear})
Overall impression? ({1 .. 10})

Reusability

Are any portions of the software used by another package? ({yes∗, no})
Is there evidence that reusability was considered in the design? (API documented, web
service, command line tools, ...) ({yes∗, no, unclear})
Overall impression? ({1 .. 10})

Portability

What platforms is the software advertised to work on? (set of {Windows, Linux, OS X,
Android, Other OS})
Are special steps taken in the source code to handle portability? ({yes∗, no, n/a})
Is portability explicitly identified as NOT being important? ({yes, no})
Convincing evidence that portability has been achieved? ({yes∗, no})
Overall impression? ({1 .. 10})

Surface Understandability (Based on 10 random source files)

Consistent indentation and formatting style? ({yes, no, n/a})
Explicit identification of a coding standard? ({yes∗, no, n/a})
Are the code identifiers consistent, distinctive, and meaningful? ({yes, no∗, n/a})
Are constants (other than 0 and 1) hard coded into the program? ({yes, no∗, n/a})
Comments are clear, indicate what is being done, not how? ({yes, no∗, n/a})
Is the name/URL of any algorithms used mentioned? ({yes, no∗, n/a})
Parameters are in the same order for all functions? ({yes, no∗, n/a})
Is code modularized? ({yes, no∗, n/a})
Descriptive names of source code files? ({yes, no∗, n/a})
Is a design document provided? ({yes∗, no, n/a})
Overall impression? ({1 .. 10})

Interoperability

Does the software interoperate with external systems? ({yes∗, no})
Is there a workflow that uses other softwares? ({yes∗, no})
If there are external interactions, is the API clearly defined? ({yes∗, no, n/a})
Overall impression? ({1 .. 10})
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Visibility/Transparency

Is the development process defined? If yes, what process is used. ({yes∗, no, n/a})
Ease of external examination relative to other products considered? ({1 .. 10})
Overall impression? ({1 .. 10})

Reproducibility

Is there a record of the environment used for their development and testing? ({yes∗, no})
Is test data available for verification? ({yes, no})
Are automated tools used to capture experimental context? ({yes∗, no})
Overall impression? ({1 .. 10})
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B Summary of Measurements

A question mark (?) is used to indicate where a measurement’s value was unclear.

B.1 Installability

Name II II linear AI Inst valid # of Steps # S/w lib Uninst

oce Yes Yes Yes No 2 4 No
seacarb Yes (Cran) Yes Yes No 2 1 No
ocean Yes (Cran) Yes Yes No 2 5 No
OceanView Yes (Cran) Yes Yes No 2 4 No
SeaGrid Yes Yes Yes No 2 1 No
GSW Yes Yes Yes Yes 5 1 No
STAPLOT Yes Yes Yes No 7 1 No
sbPOM Yes No Yes No 17 minimum 9 No
WAFO Yes Yes Yes No 5 0 No
ADCP Yes Yes N/A No 2 1 No
JLAB Yes Yes N/A Yes 2 0 No
RSLICE Yes N/A N/A No 2 1 No
TSG-QC Yes Yes N/A No 8 4 No
M Map Yes Yes N/A No 2 1 No
*NEMO Yes Yes Yes Yes 7 6 ?
*GOLD Yes No Yes No 22 1 ?
*MOM Yes Yes Yes Yes 5 3 ?
*MPAS Yes Yes Yes Yes 7 7 ?
*GOTM Yes Yes Yes Yes 6 9 ?
MITgcm Yes Yes Yes Yes 6 1 No
*CICE Yes No Yes Yes ? 0 ?
*ADCIRC Yes No Yes No 8 ? ?
*ROMS Yes Yes Yes No 9 7 ?
BOM Yes Yes Yes No 3 minimum 1 No
MOHID Yes Yes Yes No 1 0 No
ODV Yes Yes Yes No 1 1 No
SUNTANS Yes Yes Yes No 7 2 No
ESCM Yes Yes Yes Yes 8 2 No
*HYCOM Yes Yes Yes No about 22 1 ?
*FVCOM Yes Yes Yes No 10 minimum ? ?

Table 6: Installability – II: Installation instructions available, II linear: Linear installation
instructions, AI: Automated installation, Inst valid: Tests for installation validation, #
S/W lib: Number of software/libraries required for installation, Uninst: Any uninstallation
problem?, *: Software that was not installed successfully.
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B.2 Correctness and Verifiability

Name Library SRS Evidence Example

oce Yes (Cran) Yes Manual Yes
seacarb No No Manual No output given
ocean Yes (Cran) Yes Manual No output given
OceanView Yes (Cran) No Manual Yes
SeaGrid ? No No ?
GSW Yes (IAPWS-09) Yes Manual Yes
STAPLOT ? No No Yes
sbPOM ? No No ?
WAFO ? Yes Manual Yes
ADCP Yes Yes Manual Yes, no output given
JLAB ? No Manual Yes, no output given
RSLICE ? No No Yes, no input data
TSG-QC Yes (M Map, seawater) No No Yes
M Map ? No No Yes
NEMO Yes (OASIS and IOIPSL) No NEMO Book ?
GOLD ? No No ?
MOM ? Yes Elements of

MOM 5
?

MPAS ? No API ?
GOTM ? Yes Manual ?
MITgcm ? Yes Manual ?
CICE ? No Manual No
ADCIRC ? Yes No ?
ROMS Yes Yes Manual ?
BOM ? No Manual No standard example
MOHID ? No Manual Yes
ODV ? No API General example
SUNTANS ? Guide Guide ?
ESCM Yes, MOM No Manual No
HYCOM ? Yes Manual ?
FVCOM Yes (GOTM) No Manual ?

Table 7: Correctness and Verifiability – Library: Use of standard libraries, SRS: Software
requirements specification, Evidence: Evidence to build confidence?, Example: Standard
example explained.



CAS-15-02-SS 39

B.3 Reliability, Robustness and Performance

Name Install Test Wrong I/P handling Format Perf

oce No No Yes Yes ?
seacarb No No No N/A ?
ocean No Yes Yes N/A ?
OceanView No No Yes N/A ?
SeaGrid Yes ? ? N/A Yes
GSW No No No N/A ?
STAPLOT No No Yes N/A ?
sbPOM No N/A ? N/A Yes
WAFO No No Yes N/A ?
ADCP No No ? N/A ?
JLAB No No Yes N/A ?
RSLICE No N/A Yes N/A ?
TSG-QC No No Yes N/A ?
M Map No No No N/A ?
NEMO Yes ? ? N/A Yes
GOLD Yes ? ? N/A ?
MOM Yes ? ? N/A Yes
MPAS Yes ? ? N/A Yes
GOTM Yes ? ? N/A Yes
MITgcm No Yes ? N/A Yes
CICE Yes ? ? N/A Yes
ADCIRC Yes ? ? N/A Yes
ROMS Yes ? ? N/A Yes
BOM No N/A ? N/A Yes
MOHID No No Yes N/A ?
ODV No No No N/A ?
SUNTANS No No ? N/A ?
ESCM No N/A ? N/A Yes
HYCOM Yes ? ? N/A Yes
FVCOM Yes ? ? N/A Yes

Table 8: Reliablity, Robustness, And Performance – Install: Software break during instal-
lation, Test: Software break during initial tutorial testing, Wrong I/P handling: Handling
of wrong input by software, Format: Can the software gracefully handle a change of the for-
mat of text input files where the end of line follows a different convention?, Perf: Evidence
that performance was considered?



CAS-15-02-SS 40

B.4 Usability

Name Tut Ex UM Look/feel Vis UC User support

oce Yes Yes Yes Yes Yes No Email, github
seacarb No Yes Yes Yes Yes No Email
ocean No Yes Yes Yes Yes Yes Email, git
OceanView Yes Yes Yes Yes Yes No Email
SeaGrid Yes Yes No ? ? No Email
GSW Yes Yes Yes Yes Yes No Email
STAPLOT Yes Yes No Yes No No Email
sbPOM Yes Yes No Yes Yes No Email, forum
WAFO Yes Yes Yes Yes Yes No Email, FAQ, Google code
ADCP Yes Yes Yes Yes Yes No Email
JLAB No Yes Yes Yes Yes No Email
RSLICE Yes Yes Yes Yes No No No
TSG-QC Yes Yes Yes Yes No No Email, tech support
M Map Yes Yes Yes Yes Yes No Email
NEMO Yes Yes Yes ? ? No FAQ, User meeting, forum
GOLD Yes Yes Yes ? ? No Email,Googlecode
MOM Yes Yes Yes ? ? No Email, git
MPAS Yes Yes Yes ? ? No Email, git
GOTM No No Yes ? ? No Email
MITgcm Yes Yes Yes Yes Yes No Email
CICE No No Yes ? ? No FAQ,Email
ADCIRC Yes Yes Yes ? ? No User Meeting, Email
ROMS Yes Yes Yes ? ? No Forum, Email, FAQ
BOM No No Yes Yes Yes No Email
MOHID Yes Yes Yes Yes No No Email, forum
ODV Yes Yes Yes Yes No No Forum, Email
SUNTANS Yes Yes Yes Yes Yes No SourceForge, Email
ESCM Yes No Yes Yes Yes No Email
HYCOM Yes Yes Yes ? ? No Email, forum
FVCOM Yes Yes Yes ? ? No Email, forum

Table 9: Usability – Tut: Getting started tutorial, Ex: Standard example, UM: User
manual, Look/feel: Usual look and feel of software, Vis: Lack of visibility (Norman’s
principle), UC: User characteristics documented.
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B.5 Maintainability

Name VH RC Log MT Issue Bugs VS Evidence Clone

oce Yes Yes Yes C/P Github Yes Github Yes No
seacarb Yes No Yes P ? ? ? Yes No
ocean Yes No No ? git ? git Yes No
OceanView No No No ? ? ? ? Yes No
SeaGrid No No No ? ? ? Svn No No
GSW Yes No Yes C/P ? ? ? No No
STAPLOT No No Yes P ? ? ? No No
sbPOM No No Yes C/P ? ? ? Yes No
WAFO Yes No Yes P Google No SVN Yes No
ADCP No No No ? ? ? ? Yes No
JLAB No No Yes C/P ? ? ? No No
RSLICE No Yes Yes C/P ? ? ? No No
TSG-QC Yes No No ? ? ? SVN Yes No
M Map Yes No No ? ? ? ? Yes No
NEMO Yes Yes Yes C/P Trac Yes SVN Yes No
GOLD No No No No Google Yes Google Yes No
MOM Yes Yes No ? YouTrack, git Yes git Yes No
MPAS Yes Yes No ? git No git Yes No
GOTM Yes Yes Yes ? ? ? ? Yes No
MITgcm Yes Yes Yes C/P ? ? CVS Yes No
CICE Yes Yes No ? Trac ? ? Yes No
ADCIRC No Yes Yes C/P ? ? SVN Yes No
ROMS Yes No Yes C/P Trac Yes SVN Yes No
BOM Yes No Yes C/P ? ? ? No No
MOHID Yes Yes Yes C/P CodePlex ? svn Yes No
ODV Yes No Yes C/P ? ? ? ? ?
SUNTANS No No No ? Sourceforge No SVN,CVS No No
ESCM Yes No Yes C/P ? ? ? Yes No
HYCOM Yes Yes No ? Google ? Google Yes No
FVCOM No No No ? ? ? ? Yes No

Table 10: Maintainability – VH: Versions history available, RC: Information on reviewing
and contributing, Log: Change log available, MT: Maintenance type, Issue: Issue tracking
tool, Bugs: Majority of bugs fixed, VS: Versioning system used, Evidence: Any evidence
that maintainability was considered in design, Clone: Evidence of code clones, C: Correc-
tive, P: Perfective, A: Adaptive
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B.6 Reusability

Name S/W reused by any package Any evidence of reusability

oce Yes Yes
seacarb Yes Yes
ocean No Yes
OceanView No Yes
SeaGrid ? No
GSW ? Yes, API
STAPLOT ? No
sbPOM ? No
WAFO ? No
ADCP ? No
JLAB ? Yes
RSLICE ? Yes
TSG-QC ? No
M Map ? No
NEMO Yes Yes
GOLD ? No
MOM ? No
MPAS ? Yes
GOTM ? No
MITgcm ? Yes
CICE ? No
ADCIRC ? No
ROMS ? No
BOM ? No
MOHID ? No
ODV ? Yes
SUNTANS ? No
ESCM ? No
HYCOM ? No
FVCOM ? No

Table 11: Reusability
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B.7 Portability

Name Platforms Port in code Port not imp Evid in doc

oce Win, Linux, Mac Branch in repository No Yes
seacarb Win, Linux, Mac Branch in repository No Yes
ocean Win, Linux, Mac Branch in repository No Yes
OceanView Win, Linux, Mac Branch in repository No Yes
SeaGrid Win, Linux Branch in repository No Yes
GSW Win, Linux, Mac No No No
STAPLOT Win, Linux, Mac No No No
sbPOM Linux Make file variable No Yes
WAFO Win, Linux, Mac No No No
ADCP Win, Linux, Mac No No No
JLAB Win, Linux, Mac No No No
RSLICE Win, Linux, Mac No No No
TSG-QC Win, Linux, Mac Branch in different folder No No
M Map Win, Linux, Mac No No No
NEMO Linux Make file variables No Yes
GOLD Linux No No No
MOM Linux Make file variables No Yes
MPAS Linux Make file variables No Yes
GOTM Win, Linux, Mac Make file variables No Yes
MITgcm Linux Make file variable No Yes
CICE Linux Different Make file No No
ADCIRC Linux No No Yes
ROMS Linux Make file variables No No
BOM Linux Make file variables No Yes
MOHID Win, Linux, Mac Not for current version No No
ODV Win, Linux, Mac Branch in repository No Yes
SUNTANS Linux No No No
ESCM Linux Make file variables No No
HYCOM Linux Make file variable No Yes
FVCOM Linux Make file variable No Yes

Table 12: Portability – Platforms: Platforms specified for the software to work on, Port in
code: How portability is handled (if source code given), Port not imp: Portability explicitly
identified as not important, Evid in doc: Convincing evidence present in documentation
for portability.
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B.8 Understandability (of code)

Name Frmt Std Id Constant PC Algo Mod Para SC DD

oce Yes No Yes No No Few Yes Yes Yes Yes
seacarb No No Yes No No No Yes Yes Yes Yes
ocean Yes No Yes No Yes No Yes Yes Yes Yes
OceanView Yes No Yes Yes Yes No Yes Yes Yes No
SeaGrid No No Yes No Yes No Yes Yes Yes No
GSW Yes No Yes No Yes Yes Yes Yes Yes Yes
STAPLOT Yes No Yes No Yes No Yes Yes Yes No
sbPOM Yes No Yes No Yes No Yes Yes Yes No
WAFO Yes No Yes No Yes Yes Yes Yes Yes No
ADCP Yes No Yes No Yes Yes Yes Yes Yes No
JLAB Yes No Yes No Yes Yes Yes Yes Yes No
RSLICE Yes No Yes No Yes No Yes Yes Yes No
TSG-QC Yes No Yes No Yes No Yes Yes Yes No
M Map Yes No Yes No Yes Yes Yes Yes Yes No
NEMO Yes Yes Yes No Yes No Yes Yes Yes No
GOLD Yes No Yes No Yes No Yes Yes Yes No
MOM Yes No Yes No Yes No Yes Yes Yes No
MPAS Yes Yes Yes No Yes No Yes Yes Yes Yes
GOTM Yes No Yes No Yes No Yes Yes Yes No
MITgcm Yes Yes Yes No No No Yes Yes Yes Yes
CICE Yes Yes Yes No Yes Yes Yes Yes Yes No
ADCIRC Yes Yes Yes No Some No Yes Yes Yes No
ROMS Yes No Yes No Yes No Yes Yes Yes No
BOM Yes No Yes No Yes No Yes Yes Yes No
MOHID Yes Yes Yes No Yes No Yes Yes Yes No
ODV Yes No Yes No Yes No Yes ? Yes Yes
SUNTANS Yes No Yes No Yes No Yes Yes Yes No
ESCM Yes No Yes No Yes No Yes Yes Yes No
HYCOM Yes Yes Yes No No No Yes Yes Yes Yes
FVCOM Yes No Yes No Yes No Yes Yes Yes No

Table 13: Understandability (of code) – Frmt: Consistent Identation and formatting,
Std: Explicit coding standard, Id: Distinctive, meaningful identifiers name, Constant:
Constants (other than 0 or 1) hard coded, PC: Proper comments, Algo: Reference to
algorithm used, Mod: Code is modularised, Para: Parameters are in same order, SC:
Descriptive names of source code files, DD: Design document present.



CAS-15-02-SS 45

B.9 Interoperability

Name External package Workflow uses other s/w API

oce No Yes Yes
seacarb No No Yes
ocean No Yes Yes
OceanView No Yes Yes
SeaGrid No No No
GSW No No Yes
STAPLOT No No No
sbPOM No No No
WAFO No No No
ADCP No No No
JLAB No No No
RSLICE No No No
TSG-QC No No No
M Map No No No
NEMO Yes Yes No
GOLD No No No
MOM ? Yes No
MPAS ? ? No
GOTM No Yes No
MITgcm No No No
CICE ? ? No
ADCIRC No Yes No
ROMS No No No
BOM No No No
MOHID No Yes, plugin software No
ODV Yes No No
SUNTANS No Yes No
ESCM No Yes, MOM No
HYCOM No No No
FVCOM No Yes No

Table 14: Interoperability – External package: Software communicates with external pack-
age, Workflow uses other s/w: Workflow uses other software, API: External interactions
(API) defined.
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B.10 Visibility/Transparency

Name Dev process defined Ease of ext exam

oce No 10
seacarb No 8
ocean No 8
OceanView No 8
SeaGrid No 8
GSW No 9
STAPLOT No 8
sbPOM No 8
WAFO No 9
ADCP No 8
JLAB No 7
RSLICE No 7
TSG-QC No 8
M Map No 8
NEMO No 8
GOLD No 7
MOM Yes, continuous integration 8
MPAS Yes 9
GOTM No 7
MITgcm Yes 9
CICE Yes 7
ADCIRC No 8
ROMS No 8
BOM No 7
MOHID No 8
ODV No 7
SUNTANS No 8
ESCM No 7
HYCOM No 8
FVCOM No 8

Table 15: Visibility and Transparency – Dev process defined: Development process defined,
Ease of ext exam: Ease of examination relative to other software (out of 10).
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B.11 Reproducibility

Name Dev env record Test data for verification Auto tools

oce Only for testing No No
seacarb Yes, testing No No
ocean Yes, testing No No
OceanView Yes, testing No No
SeaGrid No No No
GSW No No No
STAPLOT No No No
sbPOM No No No
WAFO No No No
ADCP No No No
JLAB No No No
RSLICE Yes, but not very detailed No No
TSG-QC No No No
M Map No No No
NEMO Only for testing No No
GOLD No No No
MOM No No No
MPAS No No No
GOTM No No No
MITgcm Yes Yes Yes, test scripts
CICE No No No
ADCIRC No No No
ROMS No No No
BOM No No No
MOHID No No No
ODV No No No
SUNTANS No No No
ESCM No No No
HYCOM No No No
FVCOM No No No

Table 16: Reproducibility – Dev env record: Record of development environment, Test
data for verification: Availability of test data for verification, Auto tools: Automated tools
(like MADAGASCAR) used to capture experimental data.


