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Abstract—In a Model Based Systems Engineering (MBSE) in-
fusion effort, there is a usually a concerted effort to define the
information architecture, ontologies, and patterns that drive
the construction and architecture of MBSE models, but less
attention is given to the logical follow-on of that effort: how
to practically leverage the resulting semantic richness of a well-
formed populated model to enable systems engineers to work
more effectively, as MBSE promises.

While ontologies and patterns are absolutely necessary, an
MBSE effort must also design and provide practical demonstra-
tion of value (through human-understandable representations
of model data that address stakeholder concerns) or it will not
succeed. This paper will discuss opportunities that exist for
visualization in making the richness of a well-formed model
accessible to stakeholders, specifically stakeholders who rely on
the model for their day-to-day work. This paper will discuss
the value added by MBSE-driven visualizations in the context
of a small case study of interactive visualizations created and
used on NASA’s proposed Europa Mission. The case study
visualizations were created for the purpose of understanding
and exploring targeted aspects of requirements flow, allocation,
and comparing the structure of that flow-down to a conceptual
project decomposition. The work presented in this paper is an
example of a product that leverages the richness and formalisms
of our knowledge representation while also responding to the
quality attributes SEs care about.
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1. INTRODUCTION
This paper discusses interactive visualizations of Systems
Engineering (SE) data developed and use in the context of
MBSE practiced on NASA’s proposed Europa Mission. We
argue that development of visualizations specifically, and
prioritization of facilitating SE interaction with model data
more generally, deserves more attention in MBSE infusion
efforts. We will use the example of visualizations developed
for the Europa project to motivate and ground our assertion.
In particular, we will discuss interactive visualizations cre-
ated to provide insight and visibility into the requirements
development process for the proposed Europa mission.

With the selection of the Europa Mission for concept and
technology development in June of 2015, the mission became
the first large-scale flagship project at the Jet Propulsion
Laboratory (JPL) to fully adopt an MBSE approach starting
at formulation, endorsed by the top levels of the project, and
intended to support all of our engineering activities or at least
drive them throughout the entire mission [1]. The Europa
project faces the challenge of all early adopters - being on the
cutting edge, building infrastructure as we use it, developing
strategies to do the work we have traditionally done using
new model-based techniques and methodologies. We are
not participating in a shadow effort, tech demo, or pilot; we
have crossed a tipping point and now face a rapid, ongoing
adaptation process.

Of interest here, out of the full scope of MBSE activities for
the Europa project [2], is that our requirements derivation
process is occurring in the model. Our requirements, con-
straints, rationale, verification plans, traceability, and links
to conceptual design are in the model and must now be
implemented. Our application of visualization is in the
domain of supporting the SE requirements derivation process
and reasoning about it through interactive visualizations.

SEs on the Europa project are provided multiple ways to in-
teract with the model depending on their level of comfort with
tools or personal preference: through direct use of our MBSE
tool, through a web interface presenting a predefined set of
editable views into the model data, or both. Consequently,
SEs at the project, flight system, and ground system level are
actually working with the system model as the Single Source
of Truth (SSoT) for the mission. This has already provided
many benefits, such as eliminating the need to manage and
coordinate the distribution and relationships between siloed
latest data. However, it has also revealed some gaps that are
not explicitly discussed in our MBSE visions. Specifically,
the underlying knowledge that there are good reasons why
SEs have traditionally chosen to work with spreadsheets and
viewgraphs, reasons that can cause problems for a large-scale
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Figure 13. Concept-related data provided to users after clicking on a concept in the interactive diagram.

Table

The last feature we will discuss is the table we provide below
the locate, filter, and layout area. This table populates and
updates its displayed data based on which nodes or edges are
clicked in the diagram. The purpose of the table is to give
users more information about the concept of interest and its
related parents/children and is shown in Figure 13.

In the example above, we clicked on the Trajectory Design
concept. The “role” column shows the concept in relation to
the concept clicked that was selected. The concept name, the
concept author (responsible engineer), a link to the model-
generated narrative of the concept, and the maturity of the
concept are also displayed. The maturity is also shown on the
diagram via the color of the node [7].

About the Visualization

While the Concept Hierarchy visualization does not make
use of the width-proportional edge capability found in most
Sankey diagrams (each edge here has a weight of one), it
does convey the magnitude of a concept’s connections with
its neighbors via the height of the concept node. We will see
use of the proportional-width edges in the next case study.

Addressing SE Concerns

This visualization allows us to intuitively comprehend the
nuances in how the concepts relate to each other. We can,
by our visual inference, understand that a concept with many
incoming connections and only a few outgoing connections is
a concept that responds to the needs of a domain from many
sources, and will probably have significant SE work to do in
reconciling the different needs (which may overlap) and then
crafting a reconciled approach.

When a concept has many children, but few parents, we can
infer the opposite: that it is motivated by a small number of
key functional areas that require the collaboration and union
of many disciplines to ensure that the need is met.

When a concept has a large number of incoming and outgoing
concepts, we can infer that this concept will be a central
player, probably requiring extra systems engineering atten-
tion to make sure that the diverse source needs and large
number of responding disciplines are coordinated effectively.

By looking at not just the direct parents and children but their
relatives as well, we can begin to understand, analyze, and
track the paths of influence that drive our system.

SE use on the proposed Europa Mission

This visualization supports our ongoing work as Concept
Leads, Systems Engineers, and Managers. It is a living view
of the latest data: it is fed by a projection of model data and
ultimately can/will pull the data on page load. The definition

of the hierarchy is authoritatively contained within our system
model, and that data is automatically extracted and fed to this
particular hierarchy explorer tool.

The images shown in this paper are exactly what SEs see
in their day-to-day work on the Europa project and Europa
SEs currently use it in a variety of contexts. On our project
website (which is model-driven and where most SEs capture
their work in this phase of the mission), this visualization may
be accessed quickly from the top-level page, making it easy
for SEs to find and refer to it.

This visualization added value by providing concept leads,
systems engineers, managers with system context and state
information that had been missing. The visualization is
often shown in meetings to ground discussion; it is used
by managers to check that the concept development work,
the status of which is characterized at a high level by the
maturity, is continuing as expected; the filtered views are
commonly saved as snapshots and included in project and
concept reviews to quickly orient the audience as to where
the concept is in the larger conceptual and design effort.

It was difficult and tiring to internalize and draw conclusions
from such a large network of interrelated information by
inspecting the original static diagram, but with the interactive
view, the information is more compact. The interactivity,
highlighting, filtering, and table helps SEs modify the initial
data presentation quickly to whatever communicates most
effectively to that individual. This has resulted in increased
data accessibility for a larger set of our SEs, managers, and
other stakeholders.

5. CASE STUDY 2: CONSTRAINT
ALLOCATION

The concept hierarchy shows us what is intended in terms of
the influence and allocation of issues and constraints between
concepts. The next visualization in our case study goes
further, showing us not what we intended to do but what we
did do: what constraints are actually allocated from parent to
child. The full allocation graph is shown in Figure 14.

We now leverage the width-proportional edges of the Sankey
diagram to indicate the number of constraints being allocated
from parent to child (again left to right). Besides the edge
width, this visualization has all of the locating, filtering, and
layout options available in the last visualization (so they will
not be introduced again).

Ideally, the flow of constraints should obey the channels
asserted by the concept hierarchy. However, our concept
and requirements development process allows SEs to levy
constraints from concept to concept as needed in order to con-
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applications, and also being customer for the tool. The work
was practically possible due to a project structure and culture
that allows and encouraged development of potentially useful
applications.

This lead to a rapid and centralized development process that
resulted in prototype visualizations, followed by demonstra-
tions to other SEs, and ultimately in visualizations adopted by
the mission that now are heavily used and respond to feature
requests from the rest of the team. The volume of feature
requests coming in indicates desire for more work of this
kind.

This, however, is not a sustainable way to apply visualization
to MBSE, because not every SE, developer, or modeler
should be expected to have that particular skill set, nor do
we explicitly staff our SE teams with those skills. The point
we wish to emphasize here is that it was the intersection of
software development experience, MBSE experience, and SE
on the ground knowledge that was needed for this work to
happen, which suggests it is a worthwhile skill set to consider
in building future MBSE teams.

This consideration of skill sets brings us to an area of tension
that should be addressed directly: the skill sets that we find
useful in MBSE projects:

• Should SEs be modelers?
• Should SEs be software developers?
• If not, how can we do compose teams that do have those
skill sets? Can we make use of cross-training? Will that lower
costs?

We do not propose to answer these questions here, or imply
that we have answers; instead, we suggest that projects and
organizations wishing to employ MBSE confront this openly
and discuss it directly. Looking at the “ingredients” that were
present for this work, we synthesize three roles that were at
play:

• Systems Engineer (with SE domain knowledge and need)
• Product designer/developer (with design and software ex-
perience)
• Facilitator/requirements engineer (bridge between SE and
developer, analyzes needs vs capabilities, etc.)

We have many people in at least one of these roles on our
projects; we do not need them to manifest in one person.
When the SE does not have the time, interest, or specific skill
set to make visualizations, thinking about roles required to
do this development effectively helps us select the people we
should put together to make effective visualization happen.

A second area into which this work provides insight is that
of planning for MBSE efforts. As previously mentioned,
this work initially came about as a result of an SE with a
certain skill set trying to solve their own problems in this new
paradigm. It was not a planned effort as part of an MBSE
infusion strategy or vision.

It is the impression of the authors that much of the planning
effort goes to knowledge representation and capture when
attempting to apply MBSE. While unarguably valuable, we
assert that more effort must be devoted to studying the SE
process employed by practicing SEs, developing use cases
for how SEs wish to interact with the model data, collecting

SE questions and desired capabilities and mapping them
to views and visualizations that can be constructed to help
SEs work in an MBSE project - all before the project even
starts. The positive responses of SEs and MBSE practitioners
to the work presented here and the degree to which these
simple tools have been adopted and infused into the rest
of the mission and continual requests for new features and
additional visualizations supports our assertion.

If we want to approach MBSE-driven visualizations in an
institutional top-down way, we must study our current SE
practices to get use cases and requirements. At the same
time, MBSE-driven visualizations are not mature and the area
has not been explored sufficiently to begin any kind of top-
down standardization or technology selection that would limit
research and development in this area.

10. FINAL RECOMMENDATIONS
The core challenge facing MBSE infusion efforts is this: if
we as Systems Engineers cannot explore, interact with, cate-
gorize, filter, annotate, and generally be creative with the data
in the model, we cannot do our jobs. Our vision for pushing
the boundaries of the SE practice and advancing the state of
the art with MBSE is irrelevant if engineers cannot do the
SE work we are tasked with, and in that situation the future
may not include MBSE. Inability to communicate model data
intuitively, effectively, creatively to stakeholders in a way that
gives them confidence in and ownership of the system can
make MBSE infusion difficult or even unsuccessful.

From this exercise in developing MBSE-driven visualizations
for requirements development for the Europa project, we
conclude that MBSE-driven interactive visualizations are one
way to facilitate interaction with relevant model data by SEs,
and should continue to be formally explored as part of MBSE
infusion efforts. We have formed some recommendations for
parties wishing to pursue similar efforts.

Catalog SE questions

Begin soliciting and cataloging the nuanced questions and
concerns that Systems Engineers ask now, but do not always
verbalize.

Study visualization strategically

Invest in a strategic study of MBSE-driven visualization.
Identify explicit goals for the study of SE needs, processes,
and views, and identify explicit goals and requirements for
visualization infrastructure development, including best prac-
tices and standards for software development.

Find the right skill sets

Consider the three roles discussed earlier and make sure that
they are represented in teams assigned to creating visualiza-
tions.

Collaborate with software and visualization domains

Foster collaboration between line organizations that provide
skilled people in areas of visualization, SE, software develop-
ment, and architecture.

Encourage communication of results

Support regular visualization showcases and discussion
groups to motivate practitioners to generate new ideas, share
tools and skills, and start creating a community of practice.
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