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Abstract — The Multiphysics Object Oriented Simulation Environment (MOOSE) is an open-source, finite
element framework for solving highly coupled sets of nonlinear equations. The development of the framework
and applications occurs concurrently using an agile, continuous-integration software package. Included in
the framework is an in-code, extensible documentation system. Using these two tools in union with the
repository management tools GitHub and GitLab, a software quality plan was created and followed such that
MOOSE and a MOOSE-based application (BISON) have been shown to meet the American Society of
Mechanical Engineers’ Nuclear Quality Assurance-1 standard. The approach relies heavily on automation
for both testing and documentation. The resulting effort demonstrates that a rigorous software quality plan
may be implemented that incurs a minimal impact on day-to-day development of the sofiware, satisfying the
stringent guidelines necessary to operate the sofiware in a safety function within a nuclear facility.

Keywords — Nuclear Quality Assurance-1 standard, MOOSE, documentation, software quality, testing.

Note — Some figures may be in color only in the electronic version.

I. BACKGROUND AND MOTIVATION

The Multiphysics Object Oriented Simulation
Environment (MOOSE) is an open-source, finite element
framework for creating massively parallel simulation
tools." The framework is designed for solving highly
coupled sets of nonlinear equations, with applications

*E-mail: andrew.slaughter@inl.gov

This material is published by permission of Battelle Energy
Alliance, LLC, for the U.S. Department of Energy under Contract
No. DE-AC07-05ID14517. The US Government retains for itself,
and others acting on its behalf, a paid-up, non-exclusive, and
irrevocable worldwide license in said article to reproduce, prepare
derivative works, distribute copies to the public, and perform pub-
licly and display publicly, by or on behalf of the Government.
This is an Open Access article distributed under the terms of the
Creative Commons Attribution-NonCommercial-NoDerivatives
License (http://creativecommons.org/licenses/by-nc-nd/4.0/),
which permits non-commercial re-use, distribution, and reproduc-
tion in any medium, provided the original work is properly cited,
and is not altered, transformed, or built upon in any way.

ranging from nuclear fuel performance” to neutronics® to
thermal, hydraulic, and mechanical simulations for rock
fractures.* The development process of the framework and
derivative applications, such as BISON (Ref. 5), use an
agile, continuous integration development process® that
meets the software quality standards as defined by the
American Society of Mechanical Engineers’ Nuclear
Quality Assurance-1 (NQA-1) standard.’

This paper aims to summarize the various compo-
nents of the development process employed by MOOSE
and BISON to meet the NQA-1 standard for software
development. To meet the standard, three aspects are
compulsory for the process:

1. It must fit within an agile, continuous-integration
software design strategy.

2. It must add value to the development process
with minimal burden on the average software developer.

3. It must be easily extended to any MOOSE-based
application.
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The first aspect is necessary since MOOSE uses an
established, automated, continuous-integration development
process that allows for concurrent framework (MOOSE) and
application development (e.g., BISON) (Refs. 6 and 8). This
strategy has proven successful and is well liked by the devel-
opers, thus it has not been altered significantly. The second
aspect requires any changes to the existing methodology to be
useful, in general, and require minimal effort. Finally, to
further reduce the burden of qualifying software, the process
used is extendable to any MOOSE-based code (e.g., BISON)
to allow for new codes to be deployed in a safety function in
a rapid, sustainable fashion.

The second and third aspects are the primary result of
the work presented. Implementing a quality program is
costly and time consuming. The process developed for
MOOSE and BISON provides a clear development strategy
that adds value to the projects and meets a rigorous software
quality standard. Moreover, the strategy can be implemen-
ted by any MOOSE-based application without difficulty.

This paper is organized into six sections. Section II
describes the overarching software quality assurance plan
(SQAP). Section III describes the continuous integration,
verification, enhancement, and testing (CIVET) software:
the automated, continuous-integration system. Section IV
highlights unique features of the underlying documentation
system (MooseDocs) used for creating in-code software doc-
umentation, including the NQA-1 content. Section V details
the in-code documentation necessary to automate the docu-
ments needed to meet the NQA-1 standard, and Sec. VI offers
closing remarks.

Il. SOFTWARE QUALITY ASSURANCE PLAN

The development process for MOOSE and applica-
tions is governed by a change control board (CCB) and
follows a well-designed management plan that is compli-
ant with the NQA-1 standard with respect to software.
This plan is used by both the framework and applications.
Figure 1 is a flowchart of the management plan.

An important aspect of the plan is that it allows for both
solicited and unsolicited change requests to occur (“A” in
Fig. 1). As an open-source project, MOOSE regularly
receives change requests from people outside of the CCB,
and the development process allows for these changes while
adhering to the NQA-1 standard. Another key aspect, as
shown in “B” of Fig. 1, is the iterative development process
that is enabled by automated testing and human review. This
is pivotal for agile development.

The entire process, from testing to the human
reviews, is automated and requires little interaction from

@ANS
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Fig. 1. CCB workflow for MOOSE and application devel-
opment. Shaded regions require human interactions from
CCB, and the letters in red near boxes are used within the
main text to detail important aspects of the diagram.

maintainers. As such, the process is followed naturally
for all proposed changes to the code, and developers are
not required to understand the process to successfully
navigate it. That is, if you are developing MOOSE, you
will be guided through the SQAP. By default, new con-
tributors are marked as unauthorized (“E” in Fig. 1) to
limit the potential for malicious code being executed
automatically.

MOOSE and applications depend on an operating
system and other software libraries that do not follow
an NQA-1 software quality program. These dependencies
are listed as “support software” and are managed by the
CCB by ensuring that combinations of operating systems
and support software are maintained and validated at all
times. All required support software is version locked and
validated before being distributed to end users and
developers.

The minimal impact for developers and the flexibility
within the process is enabled by the automated testing
that occurs using the CIVET and existing GitHub/GitLab
interfaces. Only fully tested and reviewed contributions
can be merged into the code base. Section III details the
automated testing the CIVET used to implement the
workflow presented here.

NUCLEAR TECHNOLOGY - VOLUME 207 - JULY 2021
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[1l. CONTINUOUS-INTEGRATION SYSTEM

The CIVET was designed for concurrent, continuous
integration of a framework (i.e., MOOSE) and derivative
applications. This concept is detailed in Refs. 6 and 8 and
hinges on ensuring that changes to MOOSE are compa-
tible with several supported applications (e.g., BISON).
This compatibility check occurs in “D” of Fig. 1 and is
integrated into the overall SQAP of the framework and
applications. This section will provide an overview of the
CIVET software, highlight the methods used for concur-
rent framework and application development, and eluci-
date the key features for following the SQAP.

The CIVET is a Django-based’ client/server contin-
uous-integration and testing system that operates with
common hosted source code repository systems, such as
GitHub® and GitLab.® The CIVET is written in Python
and contains about 20 000 lines of code. The tool
includes extensive capabilities, including

1. acomprehensive, unified dashboard with the sta-
tus of all tested repositories and recent events

2. a common recipe and script repository to allow
sharing of scripts

3. test target dependencies and priorities

4. scheduled, optional jobs, and dynamic jobs
activated by the type of file altered

5. the ability to pin, cancel, and re-execute jobs

6. auto canceling of outdated tests due to new
content being added

7. test clients that can run anywhere with access to
the server

8. multiple client configurations (e.g., varying
compilers or operating system)

9. required approval for unknown users

10. a work-in-progress mode to disable automatic
testing for rapid collaboration

11. the ability to hide output for nonauthorized users.

The concept of concurrent framework and application
development was the primary motivation for creating the
CIVET, in particular the ability to interleave testing across
many applications and to automatically update application
submodules. For more information regarding the motiva-
tion behind the creation of the CIVET, please refer to Refs.

? https://github.com.
® https://gitlab.com.
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6 and 8. The project is developed and maintained following
a similar process as MOOSE using a Git branching model"°
with continuous integration via change requests.

Extensive testing is performed for each change merged
into the MOOSE development branches. This testing can take
several hours to complete, and merges occur many times
per day. Performing the complete set of tests for each merge
quickly becomes a bottleneck. The CIVET solves this pro-
blem by intelligently pinning, canceling, and if necessary,
restarting jobs as merges occur so that two merges are being
tested at all times with the goal of minimizing the time to
merge. Figure 2 gives an example of four development
merges and how the CIVET attempts to maintain the progress
of the first merge testing and the latest, nonfailing merge
testing. Notice that testing #3 continues after failing. In this
case, testing will continue to be performed to the extent
possible for the failing merge to provide the most information
about failures as possible. But knowing that #3 will not merge
because of the failure, the CIVET restarts #2 to continue to
attempt to keep open two passing paths for testing. This logic,
as stated, aims to minimize the simultaneous testing and
maximize the time to merge on the development branch and
is entirely automated. GitLab introduced a similar feature,
named merge trains,'" to tackle this problem directly within
the merge requests rather than within the development branch
as done in the CIVET.

MOOSE and applications follow a traditional Git branch-
ing model as defined by Ref. 10. Support for concurrent

Merge #1
Testing #1
Starts
Memge #2
Testing #2
Starts
Merge #3
Testing #2 -~ Testing #3 Q
Stops Starts e
Testing #2 o) Testing #3 =
Restarts [€]  Falis —
Tesfing #3
Continues
Merge #4
Testing #2 | _ Testing #3 | ___| Tesing #4
Stops i Stops ! Starts

Merge £1to |
master
Testing #2 |i<~~~| Tesing #4 v
Restarts Falls

Fig. 2. Illustration of the CIVET auto-cancel feature
designed to minimize testing on the development branch
of MOOSE and maximize the merge rate by keeping the
oldest and latest passing merges running. The vertical
direction shows events occurring over time, and the
horizontal arrows indicate the trigger of event cancella-
tion or restart. This feature assumes that resources are
limited and additional testing jobs are available.
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framework/application development is accomplished using
the CIVET via Git submodules and an “integration branch”
named “next” that serves as a staging area for changes to the
framework that result in application failures. Merges occur
into the next branch and then from next into “devel,” with the
latter being automatic. The integration branch is described in
detail in Ref. 6. Originally, an integration branch was created
temporarily, but now this branch is permanent and named the
next branch. In MOOSE, the development branch described
in the SQAP and highlighted as “C” in Fig. 1 is comprised of
the next and devel branches together, where the next branch
serves as a permanent integration branch. The next branch in
this context differs from the traditional definition'? in that the
history is preserved; mistakes or failed ideas are removed
using a revert. Figure 3 is an illustration showing a subset of
the complete SQAP process. The first block comprises the
iterative development process that occurs within a change
request, the second two blocks are the development branch,
and the final block is the stable branch.

The final step, “Master Branch Testing” in Fig. 3,
includes application submodule updates that are critical to
the concurrent framework/application development strat-
egy. Figure 4, at the time of writing, is the interapplication
dependency of applications tested at Idaho National
Laboratory (INL). For example, as shown in Fig. 4, the
application Grizzly depends on Blackbear, which depends
on MOOSE. When a merge is made into the master branch,
Blackbear and Grizzly are tested against this new version of
MOOSE. If either application compiles and passes testing,
the MOOSE submodule is updated within these applica-
tions. Similarly, a merge to the master branch of Blackbear
will trigger Grizzly testing. If it passes, a submodule update
of Blackbear within Grizzly automatically occurs.

The updating of dependent applications is a key feature
of the system. The integration branch is central to the imple-
mentation; it allows for changes to the framework that
impact an application to be staged. Using the integration
branch, the applications are updated to operate with the
proposed framework changes, and the associated submodule
is updated to the integration branch. This guarantees that the

Pull Request 28 Review

Pull Request Testing Next Branch Testing ; 5
Precheck, dog, opt, pthreads, Brecheck dte; ol paraliely | 55 (DevelBranchTesting) -5 | Master Branch festing

- Documentation, code Update application
T3 sepiaton ::IZ":::“ L il‘;‘f‘ Iec coverage submodules and websitels)
1;% FAIL | 55 FALL | A FAL_| oAS
L] ¥ ] ¥

]

sl Merge to next

Actions Requiring Human Interaction

#1234 next | #1234 next next next next next

|
devel | devel devel devel devel devel devel

master master master master master master

Automatic Actions Performed by CIVET

Fig. 3. Development process for MOOSE implemented
using the CIVET.
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Fig. 4. Application dependency graph of private- and
public-tested applications at the time of writing.

stable branch of all applications operate, at all times, with the
submodule(s) contained within the application.

An important aspect of this process is that the integration
and testing go beyond standard unit and regression testing and
include documentation testing as well. Even documentation
for an application can depend on the framework documenta-
tion, ensuring both the application and the application doc-
umentation are current and accurate at all times. This is an
important ability when considering qualifying codes, which
are based on each other, to meet the NQA-1 standard. The
system that handles documentation (MooseDocs) is discussed
next in Sec. IV.

IV. MOOSEDOCS: IN-CODE DOCUMENTATION SYSTEM

Writing and maintaining comprehensive documentation
is a challenging task, in particular open-source software often
lacks proper documentation. A 2017 survey performed by
GitHub found that “documentation is highly valued, fre-
quently overlooked, and a means for establishing inclusive
and accessible communities” all the while 93% of those
surveyed stated that project documentation was incomplete
or confusing.®

Exacerbating the document dilemma is software
required to meet NQA-1 (Ref. 7) software development
standards. This adds an extensive set of standards that
must be followed for development, as well as a long list of
associated content. Acquiring an NQA-1 certification can
take years of effort and can be a significant financial burden.

MOOSE is not immune to documentation shortcom-
ings. While the reasons for the lack of documentation for
any code project vary widely, the problems within
MOOSE were caused by two primary problems: lack of

¢ https://opensourcesurvey.org/2017.
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'listing src/kernels/Diffusion.h

InputParameters validParams<Diffusion>();

class Diffusion : public Kernel

InputParameters validParams();

onst InputParameters & parameters);

(framework/include/kernels/Diffusion.h)

Fig. 5. Example use of the “listing” command within
(upper) markdown file that results in (lower) a rendered
copy of source code.

a developer-focused system for writing content and no
means to enforce documentation creation.

A modern solution to these problems is to treat
documentation as code.'® There is no standard means
for implementing such a concept, especially within the
context of the NQA-1 agile development process detailed
in Sec. II. To meet the needs outlined in Sec. I, namely
that documentation must add value and be a minimal
burden to the developer, an in-code documentation sys-
tem called MooseDocs was created that conforms to an
agile, continuous-integration development process.

MooseDocs is a standalone Python tool within MOOSE
that includes the ability to convert markdown to HTML,
LATEX, and presentations. The entire system is extension
based and includes a parallel, multipage parsing system. By
design, the ability to create new input and/or output formats
exists, and applications can create custom extensions to
meet specific needs. MooseDocs differs from other source
code documentation systems, such as Doxygen'* and
Sphinx,'® in that it is not intended for documenting source
code. In fact, Doxygen is used for the C++ within MOOSE.
The core of MooseDocs is simply a means for rendering
markdown and was originally based on MkDocs (Ref. 16);
this dependency was removed to meet the performance and
extensibility needs for the MOOSE project.

At the time of writing, MooseDocs included 22 exten-
sions (all contained within the main repository) that range
from implementing traditional markdown syntax to creating
dynamic plots to building complete traceability documents
for NQA-1. The main purpose of an extension is to provide
a convenient and simple way to build verbose and consistent
documentation. For example, the “listing” extension enables
code snippets to be embedded by pulling directly from the
repository, as shown in Fig. 5.

The source code for MooseDocs is a part of the
MOOSE repository® and is composed of about 12 000

NUCLEAR TECHNOLOGY - VOLUME 207 - JULY 2021

lines of Python. Since the code is a part of the MOOSE
repository, all changes to MooseDocs follow the devel-
opment process outlined in this paper. MooseDocs relies
on the standard Python library as much as possible, but
does require two external libraries. The live, local render-
ing uses the “livereload” package,'” and the configuration
files that dictate the operation of the system use the
“PyYAML” package.'® Two extensions, which are
optional, rely on additional outside packages. The
“graph” extension requires Plotly'® and pandas,® and
the “bibtex” extension requires Pybtex.?!

Another commonly used extension, the “autolink”
extension, enables other pages to be automatically linked
across markdown files. For example, using [Kernels/
index. md] will automatically link to the associated page
for the MOOSE Kernels system and use the linked page
heading, as shown in Fig. 6. The supplied name to the
markdown file does not need to be complete: The exten-
sion will automatically locate the page that ends with the
supplied path and error if multiple or no pages are
located. This fuzzy look-up feature is ubiquitous within
the various MooseDocs extensions and allows documen-
tation writers to focus on writing.

For MOOSE, all content is created using markdown,
and these files are a part of the repository so developers
can create content using their preferred editor and add it
to the repository using standard git commands.
MooseDocs includes a live, local serve option that auto-
matically updates with file changes. This allows devel-
opers to write documentation while viewing a live
rendering. The system has configurable content manage-
ment that allows for an arbitrary number of rendered
outputs to be created, each with differing content. This
feature is used to allow for applications to include doc-
umentation from the framework and each other, thus
avoiding rewriting documentation for shared features.
The entire system is testable itself. For example, the
“syntax” extension enforces that each registered object
within MOOSE (i.e., any code that has input file syntax)
has documentation. If the content is not provided in
a change request, the continuous integration testing fails.

The [Kernels/index.md] is designed for implementing residual calculations.

The <a href="../syntax/Kernels/index.html">Kernel System</a> is designed
for implementing residual calculations.

Fig. 6. Example use of the “autolink” extension that
enables markdown syntax that includes links to (upper)
other pages that is converted to link with (lower) the
correct page heading in the rendered HTML.

4 https://github.com/idaholab/moose/tree/next/python/MooseDocs.
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A flexible, extendable documentation system is cri-
tical for meeting the needs of a rigorous software quality
program that satisfies the NQA-1 standard. As detailed in
Sec. V, MooseDocs was extended to yield a low-impact
methodology for meeting the NQA-1 standard and fol-
lows the SQAP detailed in previous sections.

V. IMPLEMENTATION

It is important to understand that the NQA-1 stan-
dard does not provide a prescribed methodology that
must be followed. Rather, it is a standard that when
satisfied allows an organization to supply an item (in
this case software) to operate in a safety function within
a nuclear facility.” The standard, with respect to soft-
ware development procedures, is centered around trace-
ability: the connection between a requirement, a design,
and a test.”>>*

The development strategy for MOOSE that satisfies
the standard relies on a rigid definition of a requirement.
As detailed in Ref. 22, a software requirement is com-
prised of specific features. Three of these features state
that a requirement must be unambiguous, verifiable, and
traceable. As such, within MOOSE every requirement
must be comprised of at least one test and must be linked
to one or many design documents, as well as an issue.
The test(s) associated with a requirement must all be
contained within a single test specification file. By defi-
nition, each test is verifiable regardless of the type: unit,
regression, etc. The requirement is also naturally unam-
biguous; the test is exercising something specific that no
other test is doing (if this is not true then the test is not
needed). To explain traceability, an example will be
utilized.

MOOSE uses a custom testing system with test speci-
fication for each test to be executed. For example, Fig. 7 is
an example specification with a single test (it is also possible
to provide multiple tests within a single specification).

The example specification in Fig. 7 has two sets of
parameters. The first set of parameters, “type,” “input,”
and “exodiff,” define how to perform the test. In this
case, it defines a regression test. The second set of
parameters, “issues,” “design,” and “requirement,” pro-
vide all the necessary information to define the neces-
sary traceability:

1. Issues: This parameter includes a list of issue num-
bers within the repository management tool (i.e., GitHub).
These issues are what is referred to as a change request.
This can be a bug fix or an enhancement.

@ANS

[Tests]
[test]
type = ’Exodiff’
input = ’recompute_markers_during cycles.i’
exodiff = ’recompute_markers_during_cycles_out.e-s002’

issues = #6663’
design = "Adaptivity/index.md Adaptivity/Markers/index.md"
requirement = "The Adaptivity system shall allow for ‘Marker‘ objects "
"to be recomputed with each adaptivity cycle."
]
u}

Fig. 7. Example test specification for MOOSE.

2. Design: This parameter lists all the markdown
pages within the repository documentation that discuss
the design of the feature being tested. This can include
any number of files and often links to the required object
documentation mentioned in Sec. I'V.

3. Requirement: This is the NQA-1 requirement that
the test is verifying to be satisfied.

These three test specification parameters, along with the
associated design documentation, are all that is necessary
for complete traceability between a proposed change,
requirements, and design. Most importantly, these items—
a test specification that includes the motivation behind the
test (issues), a description of the test (requirement), and
a description of the code being tested (design)—add value
to the project regardless of the purpose. For MOOSE, these
items are mandated for all changes, and if not included
result in test failures that prevent merging a proposed
change. From a developer perspective, they have
a minimal impact on production. However, due to the
mandate, traceability is satisfied and the NQA-1 standard
can be met when they are integrated into the entire toolchain
detailed in the SQAP (see Sec. II). From a documentation
maintenance standpoint, placing these three items within the
test specification places all requirement-related information
in a single location, which removes the need to manage
cross referencing between requirement text, design docu-
ments, and the associated testing.

Using these three items, which exist within all the
test specifications of MOOSE, a software quality exten-
sion “sqa” was created within MooseDocs to automati-
cally generate a complete list of the system requirements,
requirements traceability matrix, and the requirements
cross reference.” A portion of the traceability matrix for
MOOSE is shown in Fig. 8. Most importantly, these
aspects of the NQA-1 documentation are always up to
date for every change in the repository. The reader is
encouraged to visit the MOOSE website® to explore

¢ https://mooseframework.org.
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framework: Dirackernels

F1.10.1: The system shall support the coupling of scalar aux variables for the
purpose of sharing data and reporting values.
Specification: dirackernelsfaux_scalar_variable:test
Design: AuxVariables System
Issue(s): #2318

F1.10.2: The system shall support a constant point source implemented as a Dirac
function:
a. in1b,
b. in2D, and
c. in3D.
Specification: dirackernels/constant_point_source:dim
Design: DiracKernels System
Issue(s): #1695; #1696

Fig. 8. Portion of the complete requirements traceability
matrix automatically generated using the “sqa” extension
of MooseDocs.

these complete documents in more detail. The traceability
generated by MooseDocs includes testing information
from all combinations of operating system and support
software that were executed; most tests are executed 60
or more times before integrated into the master branch.

It is important to highlight that MooseDocs is not
a substitute for quality exposition, attention to consis-
tency, and reviews. In fact, all documentation is treated
as code, and it is ultimately the code reviewer’s respon-
sibility to ensure that the complete documentation is in
place for new functionality and that the documentation is
updated in the case of functionality changes. However,
MooseDocs was created to aid in this process through
integrated error checks that are ever expanding. For
example, the “appsyntax” extension allows for parameter
names to be specified in the markdown as [!param/
Adaptivity/Markers/BoxMarker/inside]. The system
will render this as inside if the parameter exists within the
application syntax or error if it is not found.

Of course, these three automatically generated lists
are just a portion the necessary documents for the NQA-1
standard. Recall that in Sec. IV, a key feature of
MooseDocs was that documentation, just like physics
with MOOSE, are inheritable. In general, this is accom-
plished by the aforementioned content management sys-
tem. The concept is extended further for NQA-I1
documents with a custom template extension for
MooseDocs. This allows the framework documentation
of MOOSE to include a complete set of NQA-1 docu-
ments, such as the software test plan, the system design
description, etc. This inheritance allows for applications,
such as BISON, to inherit all the NQA-1 documents,
including the requirements from the framework.
Therefore, if an application follows the same
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development process described in Sec. II, it can automa-
tically create design documents and annotate test specifi-
cations for a complete set of NQA-l-compliant
documentation. The generated documents are comprised
of the application’s specific traceability tables and the
correct links to the framework-level documentation.
This concept allows INL to rapidly deploy any MOOSE-
based application to serve a safety function with
a minimal impact on the software developers.

VI. CLOSING REMARKS

MOOSE and MOOSE-based applications such as
BISON have a well-designed SQAP plan that, when
implemented, allows the codes to continuously maintain
a complete set of NQA-1 documentation, meeting the
standard for software serving a safety function with
nuclear energy systems. The process relies heavily on
a robust automated testing tool, the CIVET, and an in-
code documentation system, MooseDocs, to implement
the SQAP in such a fashion that all developers automa-
tically follow the correct processes. The associated doc-
umentation is always current and accurate for every
change to the framework and/or applications.
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