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Abstract

Design reuse is a common practice in the space industry — stemming from a desire by
engineers and managers to realize cost and schedule benefits while buying down risk with
proven designs. Legacy design reuse, specifically, is characterized by its opportunistic nature
compared to more intentional platform-based reuse. However, legacy reuse decisions made
during preliminary phases of an architecting effort are often overly optimistic regarding
potential benefits. This can lead to reuse scenarios that either do not fully realize expected
benefits, or result in detrimental impacts or even mission failure.

This work presents a remedy in the form of the Legacy Design Reuse in MBSE (LDRM)
methodology. It is a systematic approach for conducting technical and programmatic anal-
yses for informing legacy reuse decisions in the early design phases of a mission. LDRM
incorporates design reuse best practices and process improvements derived from a survey of
industry practitioners. The resulting procedure is implemented in a Model-based Systems
Engineering (MBSE) environment in order to leverage the integrated, authoritative, and
curated data landscape of this new paradigm. Key outputs of LDRM are: a) assessment
of reuse feasibility of a candidate design, b) enumeration of the required rework/adaptation
effort, and c) estimate of the reuse scenario’s cost or schedule impacts versus a comparable
from-scratch effort - using the COSYSMO 2.0 parametric cost modeling tool.

A sample design problem demonstrates application of LDRM to evaluate reuse of the
robotic arm design of the Curiosity rover on Luna, a hypothetical lunar rover. The Luna
design case is carried into a two-phase virtual Lego design/build /reuse validation experi-
ment. Decision-making performance of study participants with access to LDRM outputs
is improved by close to 30% over a control group. LDRM is then applied to two industry
case studies. The first, reuse of the bus subsystems across the AeroCube 10 and DAILI
CubeSat missions, demonstrates nominal procedures and outcomes for 3 of 4 subsystems ex-
plored; model incompatibilities in the attitude control system led to recommendations to the
sponsor for improvements to MBSE model practices and curation. The second case study,
exploring congressionally-mandated reuse in NASA’s SLS vehicle, finds reuse limitations in
the Core Stage engine section borrowed from the Space Shuttle program. LDRM predicts a
43% increase in systems engineering effort due to extensive interface rework of engine section
components. These real-world findings suggest that decision support tools, like LDRM, can
improve legacy reuse outcomes in the next generation of space systems.

Thesis Supervisor: Olivier L. de Weck
Title: Professor, Aeronautics and Astronautics and Engineering Systems
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Chapter 1

Introduction and Motivation

1.1 Design Reuse - A Complicated History

The reuse of designs in the development of complex engineering systems, particularly space
systems, is a common and often worthwhile practice. However, the decision-making process
leading to reuse efforts - as opposed to de novo, or "from-scratch", designs - is often lacking
in the rigor necessary to avoid technical and programmatic risks. We begin this thesis
by examining three stories of design reuse from the rich history of space missions. The
scenarios explored resulted in outcomes ranging from total or partial success to outright
failures. They demonstrate the complex social, technical, and organizational forces at play
that make design reuse a non-trivial topic. These stories set the stage for the discussions,
methodologies, insights, and recommendations generated during this research effort.

1.1.1 Reuse Vignette 1 - Mars 2020 Entry, Descent and Landing
Architecture

On 18 February 2021, the Mars 2020 mission began operations on the Martian surface with
the successful landing of the Perseverance rover and its companion, the Ingenuity helicopter.
To safely land its fifth rover on the surface of the red planet, NASA relied on extensive reuse
of heritage designs from Mars 2020’s immediate sibling, the Mars Science Laboratory (MSL),
and more distant relatives including the Mars Exploration Rovers (MER), Mars Pathfinder,
and the Viking landers. Nearly every aspect of Mars 2020’s Entry, Descent, and Landing
(EDL) sequence can be traced to MSL and its predecessors [15]. Notable additions to the
sequence exemplify how new technologies and capabilities can be integrated with heritage
designs to extend the performance envelope of the newest missions.

The Mars 2020 EDL sequence consists of 8 key phases: (a) Approach, (b) EDL Start, (c)
Exo-atmospheric flight, (d) Entry, (e) Parachute Descent, (f) Powered Descent, (g) Touch-
down, and (h) Sky Crane Flyaway [102|. During the first four phases, the surface systems
are contained in an aeroshell that protects them during the high velocities and tempera-
tures of atmospheric entry. The aeroshell design is an enduring example of heritage reuse
— all NASA-landed Martian rovers since Viking in 1976 have used scaled but geometrically
similar aeroshell configurations, as shown in Figure 1.1. During Approach, the aeroshell is
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Viking MPF MER Phoenix MSL

Parameter | Viking | MPF | MER | Phoenix | MSL
Entry
Mass 980 585 836 603 3257
(kg)
Landed
Mass 612 370 539 364 850
(kg)
Mobile
Mass 0 11 173 1] 850
(kg)
Acroshell | 35 | 265 | 265 | 265 | 45
Diameter
imj
Parachute
Diameter 16.15 124 | 1509 11.5 19.7
(m)
Mach 24
L/D
Landing
Site
Altitude
{km)

0.18 0 0 0 0.24

-3.5 -5 | =13 -3.3 +1.0

Figure 1.1: Summary of the heritage history of the Viking aeroshell design. Reproduced
from Way [142].
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mated with the interplanetary cruise stage that is nearly identical to its MSL counterpart.
During the EDL Start phase, vehicle systems are initialized for preparation for entry; upon
completion of this process, minutes before entry interface, the cruise stage is jettisoned.

After the cruise stage is jettisoned, Exo-Atmospheric flight begins and the vehicle, still
contained in the aeroshell, de-spins from a nominal cruise roll rate and reorients itself for
entry. A lifting-body guided entry approach, which leverages offset centers of gravity and
lift, is original to the MSL mission and enables improved landing accuracy. A complex
set of propulsive and attitude procedures first demonstrated on MSL subsequently activate
during the Entry phase to guide the vehicle and prepare it for Parachute deploy. A notable
change to MSL protocols occurs in how the parachute deploy is triggered. Whereas MSL
employed a planet-relative velocity trigger to initiate deployment, Mars 2020 engineers chose
to replace this with a down-range “distance to target” trigger to minimize landing ellipse area.
While this change is minimal — essentially a change in a single line of flight software — it
demonstrates how mission level-constraints such as landing site selection may impact design
reuse and adaptation decisions [146].

The larger landed mass of Perseverance along with knowledge uncertainty introduced
by new failures in Earth-based supersonic parachute deployment tests led to the Mars 2020
parachute design changes. The resulting design is a strengthened version of the MSL 21.5 m
diameter supersonic parachute [102]. As with the aeroshell design, the MSL parachute itself
is a geometrically scaled version of the disk-gap-band design used in Viking, with a diameter
of 16 m. Mars 2020 parachute “strengthening” is another example of a technical modification
made to a largely reused design to improve performance and/or risk susceptibility on the
new missions. These design changes may arise due to either new performance envelopes
not explored in previous missions, or lessons learned from previous missions that suggest
improvements to heritage designs. In the parachute case, both circumstances hold.

After parachute descent, the parachute and backshell are jettisoned and the vehicle enters
powered descent via the Descent Stage and Sky Crane assembly. The last three phases of the
EDL sequence proceed nearly identically to MSL, with one critical new capability: Terrain
Relative Navigation (TRN). TRN allows the Descent Stage to avoid hazards via direct visual
feedback and to select a safe landing site; this capability substantially expands the slate of
candidate landing sites available to decision makers at the highest level of the mission design
enterprise. Inclusion of TRN demonstrates an effective and efficient technology advancement
approach incorporating reuse: incremental upgrades to largely proven heritage architectures.

The reuse approach adopted for the EDL system was carried through, perhaps as ex-
tensively, for the design of the Perseverance rover itself, as shown in Fig. 1.2 presented by
Wilson [146]. New solutions (compared to MSL) were pursued only where new science ob-
jectives and payloads necessitated it, or where lessons learned or new technologies delivered
functional improvements (e.g., a new wheel design in response to MSL wheel degradation).

This example illustrates the value of a prudent combination of three design approaches:
reuse, reuse with modifications, and from-scratch (= de novo) design. In the most visible
and expensive of space missions, an informed balance of the three can lead to both technical
and programmatic successes that any one approach alone could not accomplish. However,
not every project that incorporates reuse achieves such unmitigated success.
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Elight System Development Legend:
Green = Heritage MSL

RED = MSL Modified

Blue = M2020 New Development

Power, Telecom, Thermal, CEDL Mechanical,
Propulsion, GN&C

Backshell/Parachute:

Telecom, Thermal, CEDL Mechanical, MEDLI2, BTP
Parachute, Strengthened Parachute (TBC).

EDL Cameras

Descent Stage Vehicle:

Power, Telecom, Thermal, CEDL Mechanical,
Propulsion, GN&C, TDS, Motion Control.
EDL Cameras

Rover:

Avionics, Power, Telecom, Thermal, Rover Chassis/
Harness, RSM, Mobility, GN&C, Motion Control,
Sampling/Caching, CEDL FSW, Surface FSW,
EECAMSs, TRN, gDRT,

EDL Cameras, Laser Retroreflector, T-0 Purge

Heatshield:
Thermal, CEDL Mechanical, MEDLI2

Figure 1.2: Summary of heritage and new development in the Mars 2020 EDL system.
Reproduced from Wilson [146].
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1.1.2 Reuse Vignette 2 - MSL Actuator Troubles

We now trace back one generation in the Mars Rover lineage to examine a design reuse
scenario on the Curiosity rover that did not prove as successful as the Mars 2020 example.
In 2004, engineers began considering how to follow-up on the incredible success of the MER
program - the Spirit and Opportunity rovers. One avenue they identified was to expand
the landing site candidates beyond very near the Martian equator (< 15 degrees latitude)
to access more diverse locations (> 30 degrees latitude) promising greater scientific returns.
These additional locations are characterized by colder environments which, in turn, require
a lubrication system for the many actuators on a future rover that could operate at lower
minimum temperatures (-55 C) [104]. This presented engineers with two options: 1) to
reuse the wet lubrication system common throughout the MER rovers with the addition of
warm-up heaters to keep the Braycote lubricant within the proper viscosity or 2) attempt
a new actuator development with a dry lubrication system capable of performing at colder
temperatures. The MSL team chose the latter - a from-scratch design [17].

As development of the new dry system proceeded, testing campaigns revealed significant
issues in the reliability and performance of the new design. For instance, some dry-lubrication
actuator test articles reached only 20% of their design life during environmental testing [74].
Subsequent analyses of the circumstances point to technical as well as programmatic issues
with the sole-source supplier selected by JPL for the 30+ actuators on the rover. With
actuator design often integral to the design of other subsystems (e.g., the rover arm and
sample manipulation system) [11], delays and redesigns of the actuators also led to delays
to the entire development effort. Late into development, with persistent issues with the
system, leadership decided to revert to the “modify and reuse” approach with the legacy
wet-lubrication system. The supplier was then tasked with switching over designs, and
retesting and delivering a large volume of actuators.

A project post-mortem identified poor risk management, related to reuse decisions, among
several central technical and programmatic factors that caused the mission to miss it’s 2009
launch date - eventually launching in November of 2011. A several-hundred million budget
overrun was tied to this delay [16]. Recommendations from this report included:

e Avoid pursuing high-risk technologies (e.g., a new dry lubrication system) without
greater assurances from suppliers about their ability to deliver

e Parallel development of these new technologies with a fall-back option to more easily
integrate heritage technologies - pursue this back up until the new design is validated

The MSL mission and its Curiosity rover have proven to be an incredible technical success,
revealing new and compelling details of the Martian surface and its history. However, from
a programmatic view, a cascade of decisions relating to design reuse resulted in significant
cost and schedule impacts.

1.1.3 Reuse Vignette 3 - Ariane 5 Software Reuse Failure

In 1996, engineers at Arianespace and in the European Space Agency (ESA) watched as their
newly developed Ariane 5 vehicle embarked on its maiden voyage. 37 seconds after liftoff,
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an out-of-bounds reading for horizontal (downrange) velocity caused a conversion overflow
error (from a 64 bit floating point to 16 bit signed integer) in the inertial reference code of
the flight software. This error, for which no exception handling had been defined, in turn
halted the guidance software. This was perceived by the vehicle as an attitude deviation
that did not actually exist leading to unnecessary corrections by the engines and eventually
destruction of the launch vehicle [36]. Though the Ariane 5 was a mostly new design as
compared to its predecessor, the Ariane 4, this section of the flight software - the inertial
reference platform - was one of the few design elements to be reused. Indeed, the reuse was
nearly “copy and paste”, being dropped directly into the Ariane 5 flight software without
modification.

Subsequent failure investigations reveal that the decision to reuse the inertial reference
code was not the design team’s central failure, per se. Rather, the failure was in assuming that
the code could be reused without an understanding of the underlying technical differences
(i.e., in ascent profile, in-range and out-of-range parameters, etc.) between the Ariane 4
and Ariane 5 vehicles [72]. An upstream procedure for rigorously assessing these contextual
distinctions before reuse decisions were made may have revealed the following [36]:

e The original purpose of the failed module of the inertial reference code on the Ariane
4 is to (a) align the reference readings pre-flight and (b) allow for rapid realignment in
case of a pre-launch hold. The realignment functionality is not necessary in Ariane 5
due to different pre-launch procedures.

e To facilitate rapid reset, the module is allowed to run for 40 seconds into the launch
though its functionality is exclusively pre-launch.

e Exception handling in this code segment for out-of-bounds horizontal velocity values
was deemed unnecessary for the original design because the Ariane 4’s ascent profile
would never exceed the overflow value. Thus, the overflow issue was never encountered.

e Ariane 5’s ascent profile in the first 40 seconds is substantially different from its pre-
decessor, suggesting that the lack of exception handling for horizontal bias should be
reconsidered; or alternatively, the unnecessary post-launch execution of the module
should be prevented.

However, in the absence of these findings upstream of key reuse decisions, the inertial
reference code was allowed to operate as-is. Test campaigns and validation/verification
efforts also failed to reveal the problem. As such, a software bug emerged out of a lack of
technical rigor for assessing a design reuse scenario. This bug caused the costly loss of a
launch vehicle and its payload. Further, it damaged customer confidence in the reliability of
the Ariane family of vehicles, though the Ariane 5 would go on to become a highly successful
vehicle. Explored extensively as an example of failure in software reuse, the loss of the first
Ariane 5 may more accurately be seen as a failure in reuse decision making.

1.1.4 The Bigger Picture

The preceding reuse stories are not intended to perpetuate a notion that design reuse will
always fail. Indeed, the first example depicts clear successes in generation after generation
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of solutions to a common planetary exploration problem. Beyond these stories, design reuse
- whether or not the term is explicitly invoked - is ubiquitous across complex engineering
projects. By avoiding "reinventing the wheel", engineers are able to rededicate their time to
solving the novel problems that emerge whenever bold new endeavors are undertaken. This
complementary nature between reuse and from-scratch approaches to tackling design chal-
lenges leads, perhaps paradoxically, to innovation and the advancement of technologies and
capabilities. These benefits of successful design reuse are made more immediate and concrete
when placed in terms of cost and schedule impacts on new projects. In fact, decision-makers
overwhelmingly identify these cost and schedule improvements as their primary motivation
for pursuing reuse (see Fig. 1.3 for results from an industry survey identifying potential
benefits of design reuse). In addition to these benefits, design reuse also affords a reduction
in technical risk; designs proven on previous missions are of course preferable to those that
have not flown. Risk reduction is particularly valued in high-cost, high-visibility missions
where failures are magnified - here, design reuse is preferred wherever new designs are not
explicitly required by performance or demonstration constraints. The wide array of benefits
attributed to design reuse makes clear why it is such a common practice.

However, as the vignettes also make clear, the set of potential benefits (enumerated in
Fig. 1.3) are not always fully or even partially realized. These benefits should not be taken as
a given, but rather, the decision to reuse should be informed by technical and programmatic
analyses whose results support the feasibility and value of redeploying the candidate design.
This need is particularly augmented in the regime of space systems, which is characterized by
high development costs, long development lifecycles, high risk postures, and inaccessibility
of assets once emplaced. These make it such that design reuse is not only a highly valued,
but also a highly complex process with uncertain outcomes. This thesis will frame these
complexities in the context of a systematic methodology for informing decision makers with
the potential benefits and costs of implementing design reuse on a project.

1.2 Defining Design Reuse

The diversity of the outcomes of the reuse examples discussed in the previous section illus-
trate a difficulty when discussing the topic of design reuse - namely, having an unambiguous
definition of what is and what is not design reuse. This problem emerges from wide and of-
ten inconsistent usage throughout engineering disciplines of the terms "design", "reuse", and
"design reuse". Indeed, with bold new capabilities such as the recovery and redeployment
of launch vehicles, the term "reuse" has become overloaded. Similarly, the term "design" is
often a vague catch-all term to which each individual may impute their own definition and
context. In order to ensure consistent terminology (at least within this thesis, but ideally
beyond it), we endeavor first to clearly define "design reuse" and related concepts. This
is done in an introductory fashion here, and is built in greater detail in an ontology pre-
sented in Chapter 4. Wherever available, we leverage established definitions from standards
organizations such as ISO, INCOSE, and IEEE and from the existing literature.
ISO/IEC/IEEE 24765 defines "design" as "the full set of information (concepts, models,
descriptions, technical documentation) that captures the architecture, components, inter-
faces, and other characteristics of a system" [71]. While this definition is acceptable, we
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Which of the following do you consider to be potential benefits of design reuse in a
product or mission development project? (N = 134)

0% 20% 40% 60% 80% 100%

Reduced Development Timelines

Reduced Development Costs

Reduced Technical Risk

Reduced Programmatic Risk

Reduced Manufacturing and Integration Costs
Reduced Testing/Certification Costs

Reduced Manufacturing and Integration Timelines
Reduced Testing/Certification Timelines
Reduced Operations and Maintenance Costs
More Available Resources for Value-Adding..
Improved Technical Performance

No Benefits of Reuse

Figure 1.3: Potential benefits of design reuse on a mission development project as identified
by industry practitioners. This survey is discussed in greater detail in Chapter 3.
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note that it makes no distinction between implicit and explicit modes of capturing such
information. Implicit modes generally consist of information that is not explicitly stated
or codified in the project documentation; this includes much of the knowledge, experiences,
and assumptions that engineers learn and carry over from project to project. Conversely,
explicit information is design information that is recorded in external and maintained project
documentation and models that are produced throughout the systems engineering process.
It is this explicit information that allows for the development, production, operation, main-
tenance, and disposal of the element described by the design.

Models, in turn, are defined as "abstractions of a system, aimed at understanding, com-
municating, explaining, or designing aspects of interest of that system" [33]. These abstrac-
tions, tailored to a specific view of a system of interest, may take many forms including
discipline models and system (or mission) models. Discipline models describe a system from
the perspective of a particular engineering, operational, programmatic, or other domain.
System models are constructs related to the emerging paradigm of Model-based Systems
Engineering (MBSE) - they act as coordinating models for the design information of a sys-
tem in an integrated, authoritative digital environment. Thus, depending on the type of
model, they can act as either suppliers of underlying data recorded in derived design docu-
mentation or as design documentation in themselves.

With these points in mind, we adopt the following definition of design reuse for this
thesis:

Redeployment onto a new system of the design of an existing element' as
recorded in the original project documentation and models. These records
contain the information necessary to develop, produce, operate, maintain, and,
if necessary, dispose of the design.

Use of the term does not require there to be an identical or "copy and paste" version of the
element in the new mission, but rather that there was a concerted effort undertaken to adopt
and, if necessary, modify the candidate design to satisfy the needs and constraints of the
new mission. This suggests that there exists a spectrum of design reuse ranging from near
identical copies of a design to more heavily modified "inspired" designs. This definition also is
agnostic to the architectural level of the element being reused - design reuse can be employed
on high-level mission elements (e.g., the heritage EDL system on Perseverance) as well as on
subsystem assemblies or components (e.g., bearing assemblies in the joints of a robotic arm).
As we will see, this architectural level has implications on the difficulty and considerations
necessary during a reuse effort. The next sections describe three additional characteristics
that help to further refine the concept of design reuse: intentionality, "structured-ness", and
the design environment.

1.2.1 Planned vs. Unplanned Design Reuse

The first characteristic for describing and classifying reuse efforts relates to the intentionality
of the reuse. Along this dimension, reuse can be classified as either planned or unplanned.
Planned reuse occurs when a design is developed from the outset with the explicit intent

! An existing element is a flight proven (i.e., TRL = 9) part of an architecture that delivers a functionality
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of being reused on a subsequent product or mission; this is the type of reuse implemented
in product platforms and product lines. This approach leverages the lifecycle property of
commonality, that Boas defines as "the sharing of components, processes, technologies, in-
terfaces, and/or infrastructure across a product family" [13]. In space systems, planned
reuse is prevalent in the areas of communications satellites, high-volume small satellite con-
stellations, and other generational campaigns where spacecraft are incrementally advanced
alongside technology maturation. Conversely, unplanned reuse is seen in designs that were
not originally developed with the explicit intent of being reused in the future; this type of
reuse opportunistically uses proven designs and is often conducted in a more ad-hoc fash-
ion. It is commonly referred to as heritage or legacy design reuse?. In the space industry,
unplanned reuse is ubiquitous, as proven systems often form the reliable foundation upon
which new capabilities are developed. This approach is evident in novel science missions and
exploration campaigns where unique objectives preclude product platforming, but proven
designs may be picked from related predecessors.

The difference in intent regarding future reuse has consequences on how reuse decisions
should be made. In planned reuse, the element is designed to satisfy a range of require-
ments across the constituent platform variants; while such commonality imposes questions
of design efficiency and global vs. local optima, it does allow for greater confidence that the
technical factors of future variants have already been taken into account [28]. This aims to
prevent emergence of detrimental effects when reuse is implemented on a future variant; this
is not always successful, as the prevalent phenomena of divergence illustrates [13]. Diver-
gence manifests as a reduction in amount of reuse from what was initially intended to what
was eventually realized. In unplanned reuse the candidate element is designed solely for its
native mission. As such, redeployment of the design on a new mission - with objectives,
functions, environments, constraints, etc. that were not part of the original design specifica-
tion - requires more deliberate consideration and supporting analyses [7]. Divergence is still
possible in this approach as unplanned reuse decisions made during preliminary design may
not survive through detailed design and production.

The methods and analyses conducted in this thesis place particular emphasis on un-
planned design reuse. Systematic approaches were found to be lacking in both academic
literature and practice across various organizations sampled. In both domains, the focus is
predominantly placed on planned reuse methodologies [13, 50, 107, 76, 63|, with unplanned
methods remaining mostly ad-hoc, mission-to-mission. An exception to this gap in the lit-
erature is found in the works by Hein and by Lange et al, whose motivations are similar to
this work’s [57, 84]. The former emphasizes the concept of an heritage assessment process,
whereas the latter has begun exploring an MBSE-based solution in parallel to the approach
presented here. These are elaborated further in the literature review in Chapter 2.

1.2.2 Structured vs. Unstructured Methods

A factor closely related to the intentionality of a reuse effort is the systematic rigor with
which it is evaluated. In this sense, we ask the question: “Are the methods used to as-
sess and decide on a reuse scenario systematically defined and consistently applied across

2In this thesis, the terms "legacy design reuse" and "unplanned design reuse" are used interchangeably
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projects?” Within this characteristic, methods may be described as structured or unstruc-
tured or somewhere between these two extremes. A structured design reuse process may
exhibit the following characteristic:

An explicit set of procedures has been defined

These procedures are founded in best practices in systems engineering and design
reuse as described in authoritative documents, such as NASA’s Systems Engineering
Handbook [98]

Deviation from these procedures requires justification and management approval

e Reuse procedures are implemented consistently across an organization’s portfolio

With these in mind, it is evident that planned reuse would exhibit a high degree of
“structured-ness”. Indeed, the infrastructure necessary to develop and effectively manage a
platform of products sharing significant commonality would naturally lead to a more de-
fined and consistent reuse process. The converse is true: A typical corollary to unplanned
reuse is that the methods undertaken to redeploy the design onto a new mission are of-
ten unstructured [84]. In these decentralized and ad-hoc efforts, defining a procedure for
reuse evaluation and decision-making then falls on each individual development team. In
these cases, a commonality is lost that in more structured approaches would: incorporate
design reuse lessons learned across an organization; reduce redundant work efforts; and en-
sure reuse decision-making reflects organization-wide postures on risk and other enterprise
considerations.

In the worst case, unstructured methods may lead to detrimental impacts on the mis-
sion itself from a misapplication of reuse where it is not reasonably feasible. These facts
emerge, again, due to design reuse rarely being a simple "copy-and-paste" effort. Structured
processes, then, can guide:

e Systematic assessment of the the technical feasibility of reusing a design element (i.e.,
“Can the element satisfy the functionality and performance required of it in the new
mission?")

e Enumeration of the type and degree of rework or modification needed to adapt the
element from its native mission to the new mission, and

e Determination of the break-even work effort beyond which from-scratch designs would
be preferable for a given design problem

Having a standardized set of such procedures, generalized for a wide set of mission types
and applicable across diverse reuse scenarios ensures that benefits can be realized and that
designers can make logically consistent decisions. These decisions may sometimes include
abandoning a given attempt at design reuse. As we will see later, there appears to be a
bias in decision makers that leads to over-optimism when it comes to the benefits of reuse.
One of the goals of this thesis is to quantify this bias and to reduce the difference between
predicted versus actual benefits of design reuse.
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1.2.3 The Design Environment

The third characteristic that is necessary to understand the current state of design reuse
practices is the Design Environment within which the effort is carried out. The majority
of present-day design efforts are conducted in a manner that we will refer to as the “static,
document-centric” approach. This traditional process is based on the exchange of static
documentation across stakeholders, designers, and decision makers. The documentation
records and communicates all aspects of the system including: specifications and constraints;
design options and trades; technical analysis results; programmatic realities; and ultimately,
design decisions. This information is generated across a set of tools - starting with raw data
produced in specialized software or domain models that is then distilled and reproduced in
a more digestible form (e.g., Microsoft Word, Excel, and PowerPoint files).

While it has produced great successes, this traditional, document-centric Systems En-
gineering approach is imperfect. The manual transfer of information between stakeholders
via disconnected and static documents causes several issues. First, it is common for a single
piece of design data to have multiple origination points across the multitude of tools, leading
to discrepancies when the derivative data products are integrated. The same phenomenon
also causes difficulty in updating and propagating design changes. Further, discrete, manual
transfer of design documentation makes it difficult to ensure consistency across the various
views of the project and its stakeholders.

Considering multiple projects together, these limitations lead to loss of institutional
knowledge and significant efforts to re-learn past designs in order to reuse them. To that
end, in its Systems Engineering Vision for 2025, INCOSE identifies a key challenge cur-
rently facing the Systems Engineering discipline: that “Knowledge and investments are lost
between projects. . .increasing cost and risk”. The complexity of designing space missions
— and implementing design reuse — suggests that something other than traditional Systems
Engineering is required to coordinate this effort. A transition from this traditional static,
document-centric paradigm is underway throughout many industries, including the space
industry - and it is one where reuse efforts in particular can benefit.

1.3 Why Explore Design Reuse?

Given the the three characteristics described in Section 1.2, we can carve a niche within the
practice of design reuse that defines a problem, solution approach, and environment for that
solution to be implemented in. Namely, a substantial portion of design reuse efforts in the
space industry can be described as unplanned or legacy® |7]. These are often characterized
by ad-hoc methods for evaluating the technical and programmatic feasibility of reusing the
legacy element. Outside of a handful of efforts in academia, legacy reuse efforts do not
typically exhibit a consistent and coherent procedure for systematically conducting these
analyses [84, 57|, as is seen throughout the literature and practice for platform-based, planned
reuse [13, 63, 50]. The unstructured nature of unplanned reuse is further complicated by it
being conducted in the traditional document-centric engineering environment [84].
Emerging trends in the space industry increase the value proposition of improved design

3This claim is explored in the industry survey detailed in Chapter 3.
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reuse. These trends are visible across various sectors of the industry with varying motiva-
tions, objectives, and stakeholders, as summarized in Table 1.1. Firstly, commercial interests
in space have witnessed a substantial expansion in recent years beyond traditional sectors
(e.g., communications, civil program support) to a wide range of lucrative and/or novel
capabilities including remote sensing, in-space manufacturing and servicing, space tourism,
a new generation of commercial launchers, and even resource speculation and mining [59].
These commercial efforts are fundamentally driven by profits derived from meeting the needs
of a customer base by emplacing and using space assets. In this structure, efficient and ef-
fective design reuse enables responsive development of assets to meet changing or expanding
customer needs. Such agility facilitated by a combination of reuse and innovation also al-
lows companies to respond to challenges by competitors as well as regulatory actions by
government agencies.

Secondly, the civil /military space sector has different but equally important motivations
for pursuing improved design reuse. Actors in this sector are tasked with delivering a func-
tionality generally aimed at a common good or national security. A tension common in this
sector is the expenditure that such programs incur versus the constraints of heavily scru-
tinized tax-payer funded budgets. In this matter, prudent reuse may reduce the financial
impact on tax-payers by maximizing the utility of existing assets [35]. In the military con-
text, a reuse motivation emerges that is also present in the commercial sector: improved
responsiveness to meeting functional needs of the war-fighter and command structure.

The last sector where reuse derives particular motivation is in the space exploration en-
terprise; starting with NASA’s Commercial Cargo and Crew, exploration campaigns have
increasingly become “service-based”. In this model, private industry competes and is con-
tracted to deliver a particular functionality or capability and is given significant freedom in
how to accomplish the task. Reuse in this model allows companies to competitively address
solicitations from civil agencies while redeploying developed solutions into their non-civil
facing products [92].

1.4 The Promise of Model-based Systems Engineering
Methods

Having briefly detailed the problem of interest in this thesis, we now elaborate a solution
approach — or rather, a paradigm in which the solution may be founded. This paradigm,
namely MBSE, relates specifically to the third characteristics of the reuse definition presented
previously: the design environment in which the reuse effort is conducted.

1.4.1 What is MBSE?

The International Council on Systems Engineering (INCOSE) defines MBSE as the “formal-
ized application of modeling to support system requirements, design, analysis, verification
and validation activities beginning in the conceptual design phase and continuing throughout
development and later life cycle phases” [44|. Engineers have used models to inform designs of
their systems since time immemorial, and these models have existed in the digital realm since
computing capabilities became commonplace. However, until the emergence of the MBSE
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Table 1.1: Summary of special rationales of particular space sector industries motivating

improved design reuse practices.

Space Industry Sector

Reuse Rationales

Commercial Space Interests

Civil/Military Space Interests

Ezxploration Enterprise and
"Service-based" Contracts

Reuse enables agile and responsive development of
assets to meet changing customer needs and to
respond to competitive and regulatory actions.

Reuse reduces the financial impact on taxpayers and
maximizes utility of limited resources and existing
assets. In a military context, reuse also leads to
increased responsiveness to war-fighter and
leadership needs.

Reuse (within a commercial firm) allows for
competitive solutions to civil solicitations while
redeploying of those solutions back into non-civil
facing products. Reuse by the civil organization
ensures extensibility across exploration objectives
(e.g., Moon-to-Mars extensibility).

32



paradigm, such models — spanning all aspects of a system’s design — were developed and
kept in disconnected tool-sets and communicated via secondary products, primarily static
documents and files. MBSE leverages integrated data practices and shared or distributed
computing methods to “move [the| record of authority from documents to digital models in
a data-rich and reliable environment.” [55] This dynamic is illustrated in the graphic on Fig.
1.4, where the file and presentation icons represent the methods by which design aspects are
transmitted in the traditional approach; by contrast, such documents may be produced as
final descriptive elements in the MBSE approach, but here the full system description and
all design information is maintained in the integrated digital model-set.

MBSE calls for the creation of a system (or mission) model. This model acts as the
overarching record for the design decisions and descriptive, behavioral, and structural aspects
of a system of interest. The system model coordinates these multiple perspectives of a system
such that all relevant stakeholders and engineering teams share a consistent understanding
of the state of the design. The traditional discipline models engineers have come to rely on
can then be integrated into this larger system model in order to drive the design to increased
levels of maturity and technical and programmatic detail.

Building an MBSE system model requires a way of representing diverse pieces of system
information in a coherent fashion. Various modeling languages have been defined to accom-
plish this task. Among them, the most well adopted is the Systems Modeling Language,
or SysML, which itself is based on the Unified Modeling Language (UML) originally devel-
oped for software engineering [105]. SysML abstracts from its software predecessor to enable
graphical representation of any complex system design via 9 diagram types, each capturing
an aspect of its behavior, structure, or requirements. The language continues to evolve,
with SysML v2 set to be released by the Object Management Group (OMG) in short order.
Tool vendors, as well, continue to augment their product offerings as more complex engi-
neering organizations explore adoption of MBSE methods. Prominent SysML-capable tools
include MagicDraw/Cameo, Sparx Enterprise Architect, Rational Rhapsody and Modelio.
A SysML-centric methodology may be augmented with auxiliary modeling languages such
as Object-Process Methodology (OPM).

The paradigm of MBSE is intended to improve upon the current state of systems en-
gineering practice. To effect this improvement and boost enterprise-wide adoption, specific
use-cases for MBSE methods and the value added by these methods are desired [90]. To that
end, and thanks to the synergies discussed in the coming sections, this thesis will explore
application of MBSE methods to the design reuse problem.

1.4.2 MBSE as a Facilitator of Design Reuse

Systematic adoption of the MBSE paradigm theoretically confers a range of benefits to an
organization’s design efforts. In practice, these benefits are tempered by the socio-technical
complexities of transitioning from the traditional design environment. Nevertheless, adoption
of MBSE across engineering organizations is ongoing. Schoberl identifies 6 specific benefits
organizations cite in their MBSE adoption rationale [120]:

e Reduce development cost and cycle time by improving problem understanding
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Figure 1.4: Comparison of traditional and digital/MBSE design environments. In the tra-
ditional environment, engineering teams develop analyses and snippets of the architecture
that are recorded in static documentation. Conversely, the MBSE or digital environment
centralizes and integrates this information via a governing system model.
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e Improve collaborative, interdisciplinary engineering by establishing a shared system
understanding

e Facilitate communication by using a single and up-to-date source of information, often
referred to as the ’single source of truth’

e Reuse architecture and engineering work results by documenting previous solutions

e Improve risk assessment, safety considerations, and quality assurance through trans-
parency and traceability

e Improve later lifecycle activities through easily accessible documentation

In an industry study conducted by Schoberl, “Reuse architecture and engineering work
results. ..” is ranked among the top three of these benefits. Industry practitioners recognize
the potential of digitization and centralization of engineering data for improving the retention
and redeployment of previously generated knowledge, models, and designs. Indeed, some of
the other benefits indirectly impact circumstances that further facilitate reuse. The second
benefit (“Improve collaborative, interdisciplinary engineering. ..”) motivates trust in the ac-
curacy of system information and, in turn, the reuse feasibility evaluations conducted by the
relevant discipline engineering teams and their respective analytical tools. Structured reuse
methods that follow a consistent and systematic procedure also reinforce the fifth benefit
above (“Improve risk assessment. . . quality assurance...”).

MBSE, then, promotes a development infrastructure that may facilitate better design
reuse practices in an organization. The methods that in a single development project foster
improved system understanding also, in a larger enterprise perspective, facilitate reuse of
those designs onto new projects.

1.4.3 Conditions Conducive to MBSE Adoption and Design Reuse

A common criticism of MBSE practices, particularly modeling languages like SysML, is the
high barrier to entry in terms of training users. This problem emerges as designs mature
and their accompanying system models become incredibly complex. This growing model
complexity leads to difficulties in legibility and understanding by those not involved in their
development. Thus, the benefits related to shared understanding of a design may be reduced
or removed by exploding model complexity.

Organizational investment for improved training regimens for system modelers and engi-
neers may be required especially for reuse efforts, where they must work not only with their
own models, but also models built by others. Such training, implemented organization-wide,
could lead to more consistent application and standardization of modeling practices. Foun-
dational to creating environments favorable for MBSE deployment is organizational buy-in —
that is, the leadership and management must understand the value of MBSE and encourage
and potentially specify the scope of its usage.

There are also organizational conditions that specifically address design reuse practices.
Agresti devised the 4A Method for evaluating the reusability of a given software element by
a sequential set of conditions [1]. These conditions are also applicable beyond the regime of
software; they are:
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Availability — the reusable artifact must not have been destroyed, erased, or lost.

e Awareness — the designer must know of the existence of the reusable artifact.

Accessibility — a transfer mechanism must exist to get the reusable artifact from
where it is archived to where it is needed.

Acceptability — the reusable artifact must be acceptable to the designer for use in
the new project and its environment.

Each of these necessary conditions focuses on a different aspect of an organization’s
cultural and technical approach to reuse. Availability and accessibility relate to the approach
adopted for archiving and maintenance of design information and data*. Awareness relates
to the extent of communication and openness across teams and projects, while acceptability
ultimately depends on the technical analyses necessary for determining the feasibility and
work effort required for a given reuse scenario. The traditional design environment presents
challenges to each of these reusability qualities; conversely, they are each addressed or in
some way improved by the MBSE paradigm.

1.5 Summary & Roadmap

1.5.1 Thesis Summary

In preceding sections, we have described the two main domains that are of interest in this
research, namely legacy (or unplanned) design reuse and MBSE. We can now summarize the
motivation that drives this work and introduce its central contribution — the Legacy Design

Reuse in MBSE (LDRM) methodology.

1.5.1.1 Guiding Motivation

Design reuse is a common practice in the space industry due to a desire by engineers and
managers to reap cost and schedule benefits while buying down risk with proven designs.
However, legacy design reuse decisions during preliminary phases of an architecting effort
are often overly optimistic regarding these benefits. This may be attributed to a lack of due
diligence in assessing the feasibility and effort involved in adapting the candidate design to
the new mission’s constraints and environment. A systematic and structured approach for
performing such analyses may improve legacy reuse decision making and correct the biases
that organizations. Such an approach may be supported by the integrated data and design
practices of MBSE.

4As we will discuss in Chapter 6, classification of information relevant to defense and national security as
well as export control restrictions (such as International Traffic in Arms Regulations, or ITAR) are intentional
dampers to increased availability and accessibility of data. While often necessary to protect interests, these
practices necessarily reduce opportunities for reuse.
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1.5.1.2 Use Cases

This motivation can be refined into a set of questions for LDRM to address. These questions
set its scope and intended use cases. As we will see, these use cases are derived from the
findings of a survey of industry practitioners as well as an extensive review of the reuse
literature, addressing best practices and common pain points in the reuse process. End-to-
end application of LDRM, therefore, should sequentially answer each of these questions:

1. For a given functional need in a mission of interest, are there any existing designs
that merit consideration for potential reuse? Are there any that can be immediately
excluded?

2. Does a reuse candidate design satisfy the functionality and constraints in the mission
of interest? If not, what are the types and magnitudes of the gaps?

3. What rework actions may be required to address these gaps?

4. How does the expected rework campaign impact programmatic risk (cost and schedule
performance)?

5. How does it affect the existing qualification and readiness (i.e., TRL) of the design?

6. How do these reuse efforts compare against an equivalent from-scratch design solution?
These use cases can be refactored into a notional "user story":

A systems engineer on a new project is tasked with informing management of the possible
design solutions for a key functional element. They know of a design from a predecessor
misston that delivers similar functionality but would like to explore the degree of
compatibility with the new mission. To that end, they need to systematically assess the
potential technical and programmatic impacts of proceeding with reuse of this design.

There are some variations to this use case that still represent valid applications of LDRM.
First, the candidate design need not be sourced directly from a predecessor mission; it may
also be sourced from a catalog of archived designs. A design catalog for space systems com-
ponents is not a new concept; however, the use of such catalogs in integrated MBSE environ-
ments is a promising new modality whose promise has only been minimally demonstrated.
It could allow for rapid, unplanned composition of architectures from curated archives of
proven designs[122]. A second valid variation is use of the methodology not as pre-decision
support, but as impact assessment of some mandated reuse decision. In this mode, LDRM
assists in addressing implications of these mandates early in the program life-cycle.

Important to note are the use cases that LDRM is not intended to answer. These out-
of-scope questions are imposed by the level of design detail available during the life-cycle
phases where the methodology is implemented. For instance, LDRM is not intended to
provide an exhaustive and fine-detailed workflow of rework actions to adapt the design but
rather an abstracted one that captures major rework activities. These should not be seen
as limitations but rather natural bounds on the applicability and scope of the methodology.
Lastly, LDRM is intended primarily for the development of space systems - however, any
complex engineering system with similar characteristics (long life-cycle times, prevalence of
unplanned reuse, etc.) may benefit from its findings.
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1.5.1.3 Value Proposition and Costs

This family of notional use cases points to the value proposition presented by LDRM:

Deliver systematic assessments of unplanned reuse scenarios that lead to
improved decision making.

e Technical risk is reduced by analysis of reuse feasibility and rework actions supported
by integrated domain-engineering tools.

e Programmatic risk is reduced by quantitative estimation of the requisite systems
engineering effort for incorporating the rework campaign. Managers can better allocate
cost and schedule margin to accommodate reuse efforts.

e Combined technical and programmatic analyses may serve to recommend against
design reuse where it may prove detrimental to a mission.

Additional value-added is delivered by the methodology’s foundation in an MBSE en-
vironment. This primarily emerges from the integrated data landscape that ensures that
authoritative and up-to-date information is used throughout the analysis. This traceabil-
ity is reinforced by the integration of traditional domain-engineering tools into this data
landscape, allowing for engineering teams to more directly influence reuse decision-making.
On the far end of the development effort, the MBSE environment allows for more efficient
archiving of designs for future reuse.

Balancing this value proposition are certain costs imposed by the required inputs and the
environment within which it is based. These costs can generally be categorized as: a) MBSE
implementation costs and b) documentation costs. The former relate to the costs associated
with setting up an MBSE infrastructure and the requisite standards, training, tool acquisi-
tion, organizational integration, etc. These costs should not be attributed solely to adoption
of the reuse methodology, but should be seen in light of the multitude of use-cases that MBSE
enables. Secondly, documentation costs relate specifically to the "reuse metadata" that com-
prise the necessary inputs. In the traditional document-centric approach, compilation of this
data would likely impose significant costs on a mission; however, if standards for archiving
and "design/modeling or reuse" are emplaced early in MBSE adoption in an organization,
then this metadata can be made more easily accessible to users of LDRM. Therefore, costs
of type (a) are upfront and are expected to vanish as MBSE becomes commonplace; costs
of type (b) are recurring but may be reduced by adoption of more efficient MBSE-based
archiving practices.

1.5.1.4 Use Context

Several other characteristics describe the context of intended LDRM application. These
capture when in a development project it can be used, and by whom.

Intended Life-Cycle Phase =~ LDRM is intended to inform early decision making regarding
design reuse vs. from-scratch solutions. This is motivated by the fact that it becomes much
more costly to change the direction of a design the more it matures; NASA and INCOSE
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both estimate that up to 75% of eventual project costs are committed before Preliminary
Design Review (PDR) [98, 68|. To that end, the intended phase of application for LDRM
is during Phase A, per NASA’s standard Project Life Cycle breakdown®. More precisely,
the window of intended use begins after the System Requirements Review (SRR) has estab-
lished a baseline set of requirements for the mission. As we will see, the methodology does
rely on a certain maturity to the specifications and definition of the architecture in order to
accurately assess the reuse implications. By the System Definition Review (SDR) milestone
within Phase A, this maturity may be achieved in the architectural elements that neighbor
the reuse need. Therefore, this window between SRR and SDR within Phase A constitutes
the “sweet spot” for LDRM application — it can inform design decisions at an early-enough
mission phase to prevent architectural lock-in, while working with sufficient design definition
to make substantial assessments.

Users The notional user of LDRM is a systems engineer on a mission design project in
the early phases of development. This engineer is tasked with trading design solutions for
key functional elements of the system. The user is also experienced with MBSE methods,
practices, and tools. Depending on the complexity of the project, several engineers may
make up a “reuse exploration” team.

Other Stakeholders Aside from the immediate user(s), a set of stakeholders exist who
have a vested interest in the implementation and/or results of the methodology. They form
a network of suppliers and clients of elements of LDRM. These include:

e project management tasked with making design decisions considering both technical
and programmatic factors; they consume outputs of LDRM to inform their decision
making.

e discipline engineers tasked with supporting technical assessments of reuse feasibility
and necessary rework/adaptation actions; their analyses and technical tools must in-
terface with the coordinating MBSE model.

e VMBSE modelers of other aspects of the mission; the methodology’s model elements
and constructs must be compatible with these other model views.

1.5.2 Roadmap

Figure 1.5 presents the roadmap for this thesis and the key outputs of each Chapter - all
aimed at supporting development, validation, and application of LDRM. Chapter 2 details
an extensive literature review that informed the research goals and subsequent work efforts.
It also includes a more detailed treatment of the topics introduced in this Chapter. Chapter
2 concludes by identifying a gap in existing research and the thesis statement derived from
this gap.

5The intended phase description is framed within NASA’s processes due to it being the standard in space
mission development, however, similar concepts can be mapped to other lifecycle constructs and even to
more spiral/iterative approaches to development
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Chapter 3 presents an industry survey and interview campaign that was conducted to
gather insights from design practitioners on the topic of reuse. The best practices deduced
from the work in Chapter 3 inform development of the methodology presented in Chapter
4. Chapter 4 also demonstrates application of LDRM onto a representative sample problem
focusing on reuse of a robotic arm for a hypothetical lunar rover.

Chapter 5 presents a validation effort and further demonstrates application of LDRM
on two real-world examples. Both internal and external validation are attempted. A key
element of the validation effort is a virtual design/build exercise. Two case studies are
pursued: 1) design reuse via existing MBSE models between the AeroCube 10 (AC-10) and
DAILI CubeSat missions by The Aerospace Corporation and 2) exploration of mandated
design reuse on NASA’s Space Launch System (SLS).

Chapter 6 concludes with a discussion of key findings from the research effort as a whole.
The discussion wraps up with identification of next steps and implications of this work on
future research. Beyond Chapter 6, appendices present added detail on some aspects of
this work or tangential efforts including the reuse survey and a framework for functional
cataloguing of space habitat design artifacts in an MBSE environment.
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central contribution of LDRM development.
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Chapter 2

Literature Review and Thesis Statement

This Chapter presents an extensive review of literature relevant to the various topics covered
in this thesis. The aims are to understand the current state of the practice for each topic
and to determine the gaps or areas of improvement where this research can contribute. The
topics of interest, as introduced in the preceding Chapter, are design reuse and MBSE. Fig.
2.1 depicts the sub-topics within each that will be explored in detail. At the conclusion of
the literature review section, we will be able to define gaps in research within which to build
the objectives of this thesis.

2.1 Literature Review

2.1.1 Design Reuse — Theory and Practice

In the context of space systems, Barley defines heritage systems as “Hardware, software,
and procedures with previous flight history that are reused for a new mission in order to
enable a mission capability or reduce overall mission cost, schedule, or risk” [7|. However,
this reuse does not come without risks and costs of its own. First, Barley points to a danger
in forcing reuse when it is not appropriate, or conversely, where a novel design may be the
best approach. Relatedly, Barley acknowledges that reuse is rarely, if ever, a copy and paste
effort. To that end, they define an Inheritance Process for effecting heritage reuse as: the
process by which the technical feasibility of adapting legacy elements for use on new missions
is assessed. The inheritance process can be conducted in two steps:

e Understand differences in mission context — differences mission requirements
and objectives, environments, operational procedures, and Concept of Operations
(CONOPs), system of systems context

¢ Estimate engineering effort to address differences — Assess required design and
integration changes, system impacts and emergent behaviors, interfaces and interac-
tions, retesting and requalification

This inheritance effort, succinctly described by Barley, is also embedded into canonical
Systems Engineering process documents, such as NASA’s Systems Engineering Handbook.
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Figure 2.1: Breakdown of topics that are covered in the literature review, stemming from
the two central research dimensions of MBSE and Design Reuse.
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Fig. 2.2 summarizes the systems engineering process that takes a project from initial for-
mulation through implementation [98|. Project maturity is traced down the rows, starting
form initial stakeholder elicitation and culminating in disposal. The first reference to reuse
(highlighted in green) occurs in the implementation plan that converts design solutions into
actual designs. Here, three modes for implementation are defined: make, buy, or reuse.
It should be noted that even a preliminary reuse decision must wait for several upstream
processes and decisions to be made. Preliminary reuse plans, nominally ready by the end
of Phase A, are dependent upon items such as concept definition, (high level) requirements
and low level allocation, and performance measures to be at least baselined for the project.
Further, a process of reuse refinement (preliminary — baseline — updated) is also necessary.
These considerations point to the informed process required of heritage reuse, as illustrated
by Barley.

The NASA SE Handbook further summarizes required considerations of the reuse process
as follows [98]:

e Extreme care should be taken to ensure that the product is truly applicable to the
new project and for the intended uses and environment in which it will be used.

e Available documentation (e.g., as-built documents, user guides, operations manual,
discrepancy reports, waivers, deviations) should be reviewed by the technical team so
that they can be completely familiar with the (reused) product.

e Availability of supporting or enabling products or infrastructure needed to
complete fabrication, testing, analysis, verification, validation, or shipping must be
determined - here, the possibility of obsolescence due to a lack of mechanisms for
re-instantiating the design exists, as explored by Hofsetter, Boas, and other |62, 13].

¢ Relying on prior validation and verification should only be considered if the
products documentation meets or exceeds the V&V requirements of the current project
and V&V was clearly demonstrated.

Central to any reuse effort, NASA states, is a set of well-written requirements for both
the project of interest and the reusable candidates considered: “requirements make it easier
to transfer the product”. Concepts of heritage are also present in the ubiquitous Technology
Readiness Level (TRL) metric used extensively by NASA (illustrated in Fig. 2.3). While
typically used to gauge maturity of new technologies, once technologies have been proven
(i.e., TRL 9) they become eligible for re-deployment on subsequent missions [61]. Again, a
caveat is included that “the pedigree of a reused product in its original application should
not be relied upon in a different system, subsystem, or application”. Therefore, unless the
mission is identical to the predecessor from which the reused asset is borrowed, the TRL
for the design should be reduced — requiring a range of new work efforts, depending on the
magnitude of this mission difference [98]. These new efforts may include re-qualification,
re-testing (either individually or integrated), re-certification, etc.

Reuse Problems and Causes
Formal NASA guidance places legacy reuse in the context of the larger Systems Engi-
neering process; they also give general considerations for how reuse can most effectively be
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Figure 2.2: System engineering product maturity throughout the NASA Systems Engineering
lifecycle. Note that reuse is first considered between Phases A and B. Borrowed from NASA
SE Handbook [98].
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Figure 2.3: Summary graphic of the Technology Readiness Level designations used exten-
sively in the space industry. Borrowed from NASA Technology Readiness Assessment Team
Report [61].
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implemented. However, they do not present a structured procedure for how to conduct rele-
vant reuse analyses (and how to make reuse decisions), nor do they discuss common issues or
complexities that may emerge. In a thorough treatment of reuse problems and their causes
(specific to the design of mechanical /hardware products), Busby identifies 5 categories of
problems [18]:

1. Reuse Absence — reuse not taking place where it would have been desirable

2. Process Failure — problems arising from organizational factors, such as changes in
the information system affecting availability of design data

3. Additional Effort — unexpected or disproportionate levels of effort having to be
devoted to reuse to “make it work”

4. Knowledge Loss — inappropriate replication or storage of necessary design knowledge

5. Performance Failure — errors introduced during or because of design adaptations
during reuse

Busby then, via extensive interviews with designers and managers, attributes main causal
factors leading to each of these failure types. Main failure factors are categorized into: En-
gineering, Cognitive, Motivational, Organizational, and Environmental. Engineering factors
relate to technical properties of the reuse artifact or the design process; cognitive and motiva-
tional factors relate to the designer in their intellectual and social capacities; organizational
and environmental factors relate to the community of team members and the management
and informational structures in place around them. A key finding of this study is the
socio-technical complexity from which design reuse problems emerge — primarily via the or-
ganizational and environmental factors, as opposed to “hard” engineering concerns. This is
reinforced by later studies, such as one by Cole in 2014, that identified “management commit-
ment” and lack of organizational “reuse roles” as key factors in reuse failure [25]. In a specific
case, Good finds environmental causes to reuse problems in NASA’s SLS program — here,
the environment being the Congressionally mandated reuse of certain aspects of the SLS
design [51]. The new digital environment enabled by MBSE may provide solution avenues to
some of these problems. Regardless, a key takeaway from these studies is the categorization
of problems and causal factors into a canonical set that can be intentionally addressed by
systematic reuse methodologies.

Existing Frameworks for Solving the Heritage Reuse Problem

Having explored the conceptual development and practical concerns arising from the
generic design reuse problem, we now focus on solution approaches in the literature. Of
special focus are two works: the first, an extensive treatment on the heritage reuse assessment
process in a thesis by Hein [57], and the second, an early effort by Lange to place the heritage
reuse problem in the context of MBSE techniques [84].

In pursuit of developing an assessment procedure for heritage reuse, Hein begins by de-
veloping a conceptual framework encompassing the domains of interest to the problem. This
framework essentially consists of sub-frameworks for: 1) describing the system architecture,
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2) capturing the relevant technologies, and 3) verifying, validating, testing, and operat-
ing (VVTO) the reuse asset. The System Architecture framework section explores existing
frameworks, including those by Crawley, DoD, and ISO/IEC/IEEE |28, 112, 70]. A system
architecting framework is synthesized primarily from work by Crawley and the MIT System
Architecture Lab; this framework places emphasis on the relationship between functional
and physical representations to deliver capabilities that satisfy objectives. It is within this
system architecting picture that the system context (i.e., mission environment, interfaces,
objectives, constraints, etc.) can be defined, and heritage reuse decisions can be explored.

Hein’s technology framework expounds on technology and knowledge theory in order
to develop several categories of technology change; among these, most central to the reuse
question are technology modifications (as may be required during an adapted reuse instance)
and technology loss (as may result from obsolescence or out-of-dateness of a technology or
the mechanisms that produce it). Lastly, the VVTO framework captures the operational
history and verification, validation, and testing campaign carried out on a design. Hein
incorporates the concept of TRL into the assessment of an asset’s history and heritage. Here
again, a point is made to take into consideration the operational context, environment, and
modifications before determining the applicability of VVTO results in a heritage reuse case.
With this framework in place, Hein proceeds with a rigorous statistical analysis to validate
the common, often qualitative claims of the benefits of heritage reuse; namely, reduction
in development cost and schedule as well as reduction in cost and schedule overruns. In
particular, he confirms these benefits for a representative set of space systems with caveats
to generalization to a large population.

Finally, Hein combines insights and findings from the framework development and sta-
tistical analysis to develop a heritage assessment methodology. Analyses specified by the
methodology include:

e Compliance Assessment — evaluation of requirement and constraint satisfaction of
the heritage asset in the new mission.

e VVTO Assessment — evaluation of a technology’s heritage in terms of verification,
validation, testing, and operations; specifically determines if this validity can be trans-
ferred to the new application.

e Design Heritage Assessment — evaluation of impacts of design changes on the
heritage system.

e Technological Capability Assessment — evaluation of the maturity of a technolog-
ical capability

A process diagram, laying out the order and flow of these assessments, is shown in Fig. 2.4.
Alongside these analytical processes, Hein also defines some tools that are used to implement
them. The last three assessments described in the bullets above yield, among other things,
a metric for assessing a heritage element in the focus of that assessment. In a final output,
Hein attempts to combine these metrics into an overarching heritage metric whose value
is validated for various types of heritage including full reuse, technology resurrection, new
mission context, and in the edge case, an altogether unproven design. The full validated
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methodology and its components is one of the few known instances of an end-to-end heritage
assessment procedure. As will be shown in the research gap section of this Chapter, we will
build upon Hein’s work in several areas. Most notably, we will import and modify the
conceptual framework to allow for implementation of heritage reuse procedures in an MBSE
environment. We will further demonstrate integration of domain and programmatic tools
into the model-based environment to lend technical rigor and effort-estimating capabilities.
The work by Lange, which places an emphasis on usage of the MBSE paradigm for such
heritage efforts is discussed further in Section 2.1.2.3.

2.1.1.1 Reuse in the Space Industry

In this section, we review the current state of the practice and major trends related to reuse
among civil and commercial players in the space industry. While many industries (e.g., au-
tomotive, consumer electronics) extensively employ reuse, the space industry is unique in
its repertoire of reuse practices ranging from opportunistic heritage efforts to planned prod-
uct platforms and families. Additionally, the characteristics of space missions (e.g., large-
scale development, emplacement and operational costs, highly complex/multi-disciplinary
systems, low-risk attitude and culture, multi-faceted scenarios, and inaccessibility of assets
once deployed) make design reuse decisions highly consequential over the long haul. Below,
we discuss the findings of this review of industry practices and publications.

Hardware Reuse

The first type of reuse considered is the physical reuse of hardware (i.e., piece part, as-
sembly, subsystem, or system instances that may be distinguished by unique part numbers).
Reuse of this type requires the physical recovery of the asset, refurbishment, reintegration
and ultimately, relaunch. While ubiquitous in terrestrial and aerospace industries, as dis-
cussed by Hashemi, the usual inaccessibility of space assets and the difficulty of recovering
space launch elements makes reuse of this type challenging [56].

In the space industry, this activity has almost exclusively been demonstrated for launch
vehicle stages and orbiters/spaceplanes, an example of which is presented by Ragab [114].
It should also be noted that, while countless reusable or partially reusable launch vehicles
have been proposed, few have ever flown, or more importantly, been re-flown successfully.
Fig. 2.5 shows notable examples of launch system reuse in the history of spaceflight. Figures
are gathered from online sources such as Gunter’s Space Page [83]; for vehicles that had
atmospheric flights (either test or operational) that did not reach the United States Air
Force’s 50 mile (80 km) space boundary line, these flights were not counted towards reuse.
The figure distinguishes between cases of architecture element reuse, where only a part (e.g.,
a first stage booster) of the overall architecture is recovered /reused, and whole architecture
reuse where all mission elements are recovered and re-flown. It also shows the average number
of reuses for each flight article within each program.

The often-cited benefits of space access hardware reuse are the cost and schedule savings
in materials, manufacturing, and integration. In a discussion of the Space Shuttle Solid
Rocket Boosters (SRB), Kanner cites additional benefits including lessons learned during
inspection and refurbishment of recovered hardware that may further improve reusability
properties or identify flaws exposed during operation of the hardware [77]. In practice, the
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realization of these benefits is countered by extensive refurbishment and re-qualification ef-
forts, and unexpected impacts from operation that may affect part lifetimes or refurbishment
requirements.

It is generally understood that upfront estimates of economic benefits of hardware reuse
are typically overly optimistic. For instance, McCurdy finds that while seeking approval
for development of the Space Shuttle in the early 1970’s, NASA leadership expected the
program to decrease costs of space access by a factor of 10 compared to existing launch
vehicles, with Shuttle launch costs totaling $8 to $10 million ($50 to $62 million in FY 18
dollars) per launch and 20+ launches per year; in reality, by 1994, NASA was estimating that
a single launch cost around $393 million ($670 million in FY 18) [93]. The program never
flew more than 9 times in a year (1985), and no single orbiter flew more than 4 times in a year
(Discovery). While various factors are at play in these discrepancies, higher than expected
reuse costs and effort are considered major contributors. Conversely, SpaceX’s realized cost
reduction figures for reusing its Falcon 9 first stage are reported to be around 30% [52].
Thus, arguments for the value of this type of reuse vary from minimal to significant.

Beyond space access hardware, a small number of examples of other hardware reuse
exist in the space industry. These are typically in the form of payloads that fly aboard
the previously mentioned recoverable space access vehicles or crewed stations. A notable
example is the Tethered Space Satellite mission, which first flew aboard STS-46 (Atlantis)
in 1992; as explained by Stone, it was deployed from the Shuttle bay and deployed several
hundred meters of tether before becoming stuck and being retrieved by Atlantis. Four years
later, the same satellite hardware was re-flown on STS-75 (Columbia) where it deployed 19.7
km of tether before it snapped and was lost in space [129]. As bold new space exploration
and utilization efforts are realized, it is expected that the recovery and reuse of hardware
will occur more often and in novel forms. These may include reusable planetary descent,
ascent, and tug vehicles as well as additional launch vehicle components including fairings
and orbital stages [82, 2, 23|.

Ferguson describes a related type of hardware reuse - reconfiguration [40]. This occurs
when hardware is recovered then repurposed or reconfigured to carry out a) a new function in
similar mission conditions, or b) a similar function in new mission conditions. In either case,
some amount of processing is typically required between recovery and redeployment. Repur-
posing seeks to leverage operational flexibilities of already emplaced assets. Reconfiguration
and repurposing actions can be either planned or unplanned.

As with the previous reuse type, this type also sees limited though growing usage in
the space industry. Current or past examples of repurposing/reconfiguring space hardware
include the transition of the Kepler Space Telescope from its original mission to the K2
mission with relaxed imaging constraints and new satellite operations procedures and the
repurposing of the Lunar Module’s Descent Propulsion system into an Earth return abort
engine after the Apollo 13 failure [117]. It is also likely that a spare robotic arm from the
Mars Exploration Rovers (MER) program will be repurposed for NASA /Maxar Technolo-
gies” Sample Acquisition, Morphology Filtering and Probing of Lunar Regolith (SAMPLR)
payload for upcoming Artemis missions [9]. Future or proposed examples include the repur-
posing of orbital stage propellant tanks into refuelable on-orbit depots as proposed by the
United Launch Alliance (ULA) [148], reconfiguration of Planetary Surface Vehicles to meet
a variety of mission needs [123], salvaging useful elements of inactive spacecraft in GEO |[§]
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and the recycling of failed components into raw materials that can then be transformed (e.g.
3D printed) on-orbit into new components [29].

Design Reuse

Design reuse, defined in Section 1.2, involves redeployment of the information necessary
to develop, produce, operate, and maintain a design. It is the engineering knowledge for a
design solution that is explicitly codified in the records of a previously flown mission. Indeed,
hardware reuse may be viewed as a special type of design reuse, where physical entities are
existing instances of the design being reused. Design information consists of parameters, con-
figurations, requirements, test and qualification protocols, analysis algorithms, operational
procedures, etc. [48].

A common implementation of design knowledge reuse is through flight heritage, or legacy
designs. This type of reuse is ubiquitous in the space industry. Fig. 2.6 shows two examples
of the prevalence of legacy systems in recent space missions. A general trend identified is
that for high-risk missions, such as MSL, heritage designs are heavily relied on (see the top
panel of the figure). The unique motivations for missions, namely the science payloads, are
typically unique. Conversely, in missions where designers may accept higher risk, such as with
low cost CubeSats or technology demonstration missions (e.g., the Mars Cube One (MarCO)
CubeSats that flew alongside the Mars InSight lander mission), new technologies are more
commonly deployed throughout most subsystems (See the bottom panel of Fig. 2.6). We
recall how NASA stresses the importance of understanding the new mission context: during
TRL assessment, “If the architecture and the environment have changed, then the TRL drops
to 5—at least initially” [98]. Further assessment about the magnitude of the difference may
bring the TRL back up to 6 and 7, but the mission designer should be aware that a heritage
technology can rarely be “dropped in” to a new mission with an immediate TRL of 9. Thus,
the effort required to incorporate the heritage technology should be considered in cost, risk,
and schedule estimates.

Motivations for design reuse exist beyond immediate cost, risk and schedule benefits
that might arise from redeployment of heritage systems. More intentional design reuse
efforts revolve around commonality and modularity realized in product families or platforms
(discussed in greater detail in Section 2.1.1.3). Several literature surveys separately identify
some of these these additional motivations for intentional reuse [89, 50, 62, 19]:

e “Leveraging common manufacturing processes. . . [facilitating] knowledge transfer across
organization and supply chains|s|” [89]

e Improved agility: rapidly addressing evolving or emerging customer needs or mission
types

e Improved responsiveness: quicker time-to-launch for time-critical missions

e Improved scalability: for deployments of many identical or similar mission systems
(e.g. constellations)

e Economics: amortizing initial (perhaps higher) costs over multiple deployments of the
design
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More intentional, or planned, reuse efforts revolve around commonality and modularity
realized in product families or platforms. The implementation of these concepts in the indus-
try live roughly on a spectrum between common busses and modular platforms. Examples
are shown in Fig. 2.7. Common busses are used in missions with similar conditions and
requirements. Modular platforms work in a “plug-and-play” fashion where a set of modules
with varying functions are configured into variants that each meet the needs of a unique
mission; the set of variants (i.e., the family) spans a range of mission types. In these types of
design reuse, firms will incur more upfront costs or performance penalties in order to secure
the option of reuse in the future [30]. For common busses, this entails ensuring that the bus
will be able to accommodate payloads that might evolve over time via upgrades; for modu-
lar platforms, this includes accepting penalties in mass that arise from standardization and
modularization as well as penalties from designing towards a larger performance envelope
than the initial mission [31].

On the “Modular” side, examples like NASA’s Multi-mission Modular Spacecraft (MMS)
of the 1980’s and 90’s and, more recently, NASA’s Modular Common Spacecraft Bus demon-
strate how modular busses can be used for substantially different mission types. MMS family
members include the LEO, sun-pointing Solar Max mission, the GEO based Landsat Earth-
imaging satellite, and the LEO-based Upper Atmosphere Research Satellite, schematics for
which are shown in Fig. 2.8 - here we note the distinguishable similarities in the bus sections
of each satellite, onto which unique payloads are attached [38|. Kingston recreates an As-
sembly, Integration, and Testing (AIT) timeline comparison for these missions vs. for similar
sized "non-modular" missions [81|. This data, shown in Fig. 2.9, shows significant savings
attributed to the modular design approach across the three missions.

Common bus examples in Fig. 2.7 include GEO commercial communications product
lines from firms like Boeing and Lockheed Martin; while these busses may accommodate a
range of communications payload types, they operate almost exclusively in that sector of
the space industry. Towards the middle of the spectrum are examples like German firm
Astrium’s Flexbus system that housed common systems for various mission types but with
significant modifications for novel payloads like the gravimetric experiments on GRACE and
GRACE-FO [121]. Satellites and orbital systems are not the only ones leveraging this type
of design re-use; concepts exist for large-scale reuse of high-level architectural elements in
campaigns of human exploration missions to the Moon and Mars [63].

Work Effort Reuse

Reusable work efforts are those value-adding aspects of the systems architecting processes
— primarily models and design documents — that through standardization and digitization,
can be adapted and redeployed across multiple missions [42]. This introduces a nuanced
distinction between a design and the model or other work product that records that design.
Specifically, the work effort involved in ideating, generating, and maintaining models and
related constructs makes their reuse impactful on a project’s cost and schedule. Indeed,
Huldt finds that the prevalence of model reuse has increased significantly with increasing
MBSE adoption in the space industry [66].

An example of MBSE-enabled model reuse is through the use of metamodels; if models
are defined as an abstraction (or simplification) intended to answer specific questions about a
system of interest, then a metamodel can be defined as the specification for|[10]. It captures
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the relevant concepts, model elements, and rules that a model must be composed of and
adhere to. Generation of metamodels and patterns are crucial and non-trivial efforts for
implementing MBSE concepts during architecting of complex systems. It follows that reuse of
these artifacts across multiple projects can not only improve SE timelines but also promotes
consistency across modeled systems, further improving design reuse potential [90]. Examples
of metamodels and reference models (a related concept) active in the space systems literature
include those presented by Spangelo, Fischer, and most notably, the CubeSat Reference
model developed and validated by Kaslow and Madni [80]. This reference model, a snippet
of which is shown in Fig. 2.10 has garnered substantial industry and academia buy-in and
is seen as a viable starting point for more advanced MBSE development and adoption.

Models themselves can also be reused. A common practice is the cataloguing of models
in libraries that can be imported into and queried by the larger system model, as demon-
strated by Lyke [88]. Models in these repositories, typically of low-level components or
assemblies, can be dropped into appropriate areas of the system model without much addi-
tional work; this assumes that the models have been prepared with a guiding metamodel that
ensures consistency across levels of the system model hierarchy. Checks can be run against
its design parameters (as captured in the model) to ensure it meets mission requirements
or constraints. Spangelo and Waseem each demonstrate how such a cataloguing effort can
work in the broader application of MBSE to university-run space missions in CubeSats and
scalable remote sensing satellites, respectively [128, 141|. In industry, NASA has identified
a “Library of Reusable NASA Related System Models” as a key technology for supporting
its exploration objectives. In the 2015 Technology Roadmap, NASA predicts “tremendous
impacts on lifecycle costs” from “an asset library [that| can provide the flexibility and ex-
pressiveness required to define complex systems quickly and effectively through the reuse
of common entities across multiple spacecraft projects” [97]. An example of a functionally
decomposed, metamodel-prescribed component catalog for Space Habitat design efforts is
beyond the scope of this thesis, but is presented in Appendix B. It is desirable for such
catalogs to consistently tag entries with both standard and specialized parameters, allowing
for bottoms up mass/power roll-ups as well as unique discipline-specific analyses.

A third form of work effort reuse — a model-centric reuse framework known as Compos-
able Design Methodology — has been developed and implemented at Lockheed Martin Space
Systems [107, 76]. Composable design is a concept “focusing on composing new systems
from known components, designs, product lines, and reference architectures as opposed to
focusing on ‘blank sheet’ designs based on requirements decomposition alone”. The method
is meant for product lines where predefining valid variants is impractical due to the wide and
uncertain variety of mission types that may arise in the future. The methodology defines an
abstracted structural model that acts as a template that is “filled in” for each instance of a
variant. A variability model captures the decisions the architect must make when populat-
ing the template, while a component capabilities model acts as the repository of allowable
reused elements. The methodology has been used for managing the continued evolution of
Lockheed’s A2100 line of satellites. A similar coherent implementation of metamodel and
model reuse is conducted by Fischer with their Virtual Satellite approach applied to the
German DLR’s S2TEP project [41].

Space Industry Reuse Summary
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In this section, we have reviewed a wide array of "types" of reuse currently in practice in
the space industry and its literature. All relate, in some fashion to the overarching concept of
design reuse as defined in the Chapter 1 of this work. Hardware reuse and reconfigurability
were seen as special cases of design reuse where, in addition to the design, the actual instance
(i.e., same part number) is redeployed. Most directly related to design reuse, we saw examples
of product platforms, common busses, and heritage/legacy reuse throughout the various
subsectors of the industry. Lastly, we saw how the modeling practices that are increasingly
tasked with capturing the complex space system designs are themselves reused.

2.1.1.2 Software Reuse — A Special Case

Reuse is a practice widely employed across all applications that develop or use software [1].
Morisio describes software reuse as “the systematic practice of developing software from a
stock of building blocks, so that similarities in requirements and/or architecture between ap-
plications can be exploited” [96]. These “building blocks” include artifacts such as code, doc-
umentation, requirements, test cases, models, architectures, etc. Morisio further elaborates
how “software reuse can take many different forms, from ad hoc to systematic”, resembling
findings of other design regimes explored so far [96].

Vernell-Sarjeant makes the case that the aerospace industry was an early advocate for
software reuse in both embedded and non-embedded systems [138]. In particular, embedded
systems such as flight software and avionics in launch vehicles and spacecraft are particularly
amenable to reuse, as explored by Wilmot [145]. Orrego further explores legacy software
reuse across NASA missions and finds that while software reuse is quite extensive across
the agency’s projects, there remain discrepancies in how each project implements it and the
metrics used to measure its success [106]. Recalling the third reuse vignette in Chapter 1
however, we understand why software reuse exhibits similar challenges to other forms.

Reusable code lives on a spectrum from simple — e.g. subroutines and functions — to more
complex — e.g. classes, objects, patterns, etc. The latter concepts belong to the paradigm
of Object-oriented programming (OOP). As extensively discussed by Black, OOP may be
said to have begun in the 1960’s in order to, among other things, foster the reusability of
software products by developing concepts such as abstraction, inheritance, encapsulation,
and classes [12]|. Classes contain a general format, attributes, procedures, etc. that instances
of that class, known as objects, adhere to or specialize. A library of classes can then be main-
tained from which objects of those classes can be created across projects — essentially, the
classes enable reuse of the format, attributes, procedures, etc. wherever objects of that class
reside [143]. In practice, Wegner and subsequent authors like Przybylek acknowledge that
software reuse enabled by OOP is still complicated by difficulties in reconciling the varying
requirements and structures of the projects employing these libraries [143, 113]. Przybylek
notes how, even in the case of highly modular code structures, crosscutting concerns and
code alterations typically spread across different modules, “which has a negative impact on
maintainability and reusability” [113].

Benefits and Challenges
The commonly stated benefits of software reuse are similar to those claimed for non-
software reuse, namely, savings in development costs, schedule, and risk [1|. These results
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may more specifically be attributed to labor savings from pre-specified, pre-written, pre-
tested, and/or pre-validated code segments dropped in as-available in current development
projects. Sandhu identifies additional potential benefits of software reuse, all of which impact
the efficiency and speed of the development project and can eventually be traced up to the
nominal cost, schedule, and risk impacts: increased dependability of reused vs. new soft-
ware, reduced risk of cost or schedule overruns (reduced process risk), and more streamlined
standards compliance [118]. Conversely, they identify several risks associated with taking
on a reuse effort; these include increased maintenance costs for the reusable software assets,
requirements to maintain and update component libraries, and human factors issues, such
as “not-invented-here” syndrome where developers will not trust the provenance or quality
of the reuse candidate artifacts, leading to unnecessary rework efforts. The complexity of
large software projects may also lead to unexpected emergence, leading to required rework
and modifications [1]. These pros and cons are similar to what are often claimed about the
inheritance process in non-software reuse efforts [7].

Research Approaches

Much of the literature exploring software reuse is in the form of surveys and structured
interviews of software developers. In a review of existing literature at the time, Mohagheghi
includes additional study types including: exploratory case studies, experience reports, and
meta-analyses [95]. They find that as of 2007, no controlled or quasi-controlled experiments
on software reuse have been conducted. This suggests a difficulty in quantitatively or ob-
jectively evaluating software reuse methods and results. In fact, Mohagheghi summarizes
their findings in terms of reuse benefits by suggesting that there is “little empirical evidence
from industry on the actual economic benefits of reuse”. This does not call into question
the potential existence of those benefits, but rather that organizations are capable of sys-
tematically measuring and reporting on those benefits. Pointing to the importance of data
practices, they point to an outstanding need to “improving the state of data collection and
analysis” related to reuse — this 2007 paper predates the emergence of MBSE and digital
engineering methods, but presciently points to the benefits that may be realized from it.

Sandhu, writing in 2010, similarly acknowledges the difficulties in defining metrics for
measuring the reusability of software artifacts. Some have developed quantitative models for
estimating cost savings achievable through software reuse; even these acknowledge the diffi-
culties in estimating and modeling the often complex and non-systematic ways in which reuse
is conducted [118]. In the absence of validated metrics for quantitative reuse assessment,
the informed opinions of subject matter experts and practitioners, gathered in rigorously
developed surveys and interviews, remains highly valuable as Agresti and others have found
and Mohagheghi’s work confirms [1, 95]. In addition to these predominantly experiential
approaches, the sources explored point to the need for sound theory to lend systematic rigor
to the complex regime of software reuse.

Classifying Software Reuse Scenarios

Of the sources explored, several authors attempt to better understand the reuse problem
by defining a taxonomy or classification scheme. Varnell-Sarjeant structures their software
reuse practitioner survey around four types of reuse in embedded and non-embedded systems:
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1. Ad-hoc/Heritage/Legacy — Unplanned, opportunistic reuse with little or no plan-
ning. . . where software products (i.e architecture, code, requirements) written specifi-
cally for one project are later used on other projects.

2. Components/Commercial-off-the-Shelf (COTS) - Use of existing components
either developed for the purpose of reuse or already in use as components or both.

3. Model reuse - Reuse of preexisting models or prototypes.

4. Product line reuse — Basic capabilities determined in advance and the architecture,
design and code generated to map to the generic elements of the product line

The author stresses that a product development process may include some combination of
these reuse types into a larger reuse strategy. This classification scheme is lacking in certain
areas. Firstly, lumping ad-hoc reuse into the heritage category implies that none of the other
three reuse types can be unplanned; whether considering software or non-software reuse, this
cannot logically be true as we can envision examples where, for instance, models not initially
planned for reuse can be adapted and reused on a new project. Secondly, Components/COTS
reuse may be a redundant category — instances of this type can be sufficiently explained by
classifying them as either ad-hoc or product line efforts. Nevertheless, this classification is
mostly in line with the classification schemes we have applied to the broader design reuse
problem.

Another author, Card, classifies software reuse scenarios by the degree of reuse. That is,
by the rework necessitated by the reuse effort — in their case, measured in terms of lines of
code modified [20]. Card, and later Agresti, adopt four such categories for degree of reuse
[20, 1]:

1. Verbatim — exact copy of legacy code

2. Adapted - slight modification of legacy code, less than 25% of lines changed

3. Rebuilt — extensive modification of legacy code, more than 25% of lines changed
4. New — the null case, no reuse

They find that verbatim reuse, while rarer, leads to the greatest savings in terms of devel-
opment hours: a greater than 50% improvement by Verbatim reuse over New development.
However, as we have seen in the Ariane 5 case, such “copy and paste” reuse must be vali-
dated with extensive feasibility assessments to rule out detrimental emergence. Nevertheless,
this classification scheme can be a powerful tool to adapt to our investigation; it captures
the fundamental questions of inheritance and evaluation of the amount of rework required.
Adaptation of this approach to our analysis will require either a new metric or set of metrics
(other than lines of code) with which to describe the degree of reuse.

Assessing Software Reuse Scenarios

In Mogagheghi’s extensive review of existing literature on software reuse, one of the search
objectives is to identify metrics and performance parameters through which reuse’s existence
and results are measured. The metrics found are classified into four categories measuring;:
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1) problems with reuse, 2) effort or productivity, 3) software changes/modifications, and 4)
software module characteristics [95]. However, within these categories, Mogagheghi finds
limited common metrics across the sources investigated — pointing again to a desire to quan-
tify and assess reuse, but a lack of consensus and consistency on how to do it. Nevertheless,
some useful metrics from these categories include:

e Problems with Reuse — Error/Fault density, Rework effort to isolate Errors/Faults,
Error isolation time, Error/Fault severity

e Effort or Productivity — Development effort per module, Apparent vs. Actual
Productivity, Time to Market

e Software Changes — Number of changes, change density, change effort, change rate
per development time

e Module Characteristics — Module complexity

Many of these metrics are, in turn, incorporated by Agresti into a reusability assessment
approach. The 4A method is a sequential set of conditions that determine whether reuse is
likely to be successfully implemented for a given software element [1]. These A’s, introduced
in Chapter 1 in the context of generalized reuse, are reproduced below.

e Availability — the reusable artifact must not have been destroyed, erased, or lost.
e Awareness — the designer must know of the existence of the reusable artifact.

e Accessibility — a transfer mechanism must exist to get the reusable artifact from
where it is archived to where it is needed.

e Acceptability — the reusable artifact must be acceptable to the designer for use in
the new project and its environment.

In his expert survey formulated around these 4A’s, Agresti found that the major obstacles
to reuse generally lie in the Awareness and Acceptability conditions. Interestingly, an MBSE-
centric methodology for exploring reuse would be able to explore each of these conditions
quite easily and in a centralized /informed fashion.

Along another research direction, Marshall and Downs, working with NASA’s Earth Sci-
ence Data Systems (ESDS)’s Software Reuse Working Group (SRWG) argue that a common
software reusability metric is required so that both software developers and software adopters
can assess their reuse strategies [91]. For this, they propose a metric known as the Reuse
Readiness Level (RRL). Where NASA’s Technology Readiness Level (TRL) is concerned
with the maturity of a technology, RRL is concerned with the technology’s reusability. Like
TRLs, RRLs run from 1 to 9 and capture the practicality of reusing a particular software
— they are shown in Table 2.1. SRWG further develops sub-topics within reusability that
factor into the ultimate determination of an artifact’s RRL; these include documentation,
extensibility, modularity, packaging, portability, standards compliance, and others [99]. It
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Table 2.1: Description of the 9 software-oriented Reuse Readiness Levels developed by
NASA’s ESDS SRWG [99].

RRL Summary
1 No reusability; the software is not reusable
2 Initial reusability; software reuse is not practical

Basic reusability; the software might be reusable by

3 skilled users at substantial effort, cost, and risk

4 Reuse is possible; the software might be reused by
most users with some effort, cost, and risk

5 Reuse is practical; the software could be reused by
most users with reasonable cost and risk

6 Software is reusable; the software can be reused by
most users although there may be some cost and risk

7 Software is highly reusable; the software can be
reused by most users with minimum cost and risk

g Demonstrated reusability; the software has been
reused by multiple users

9 Proven reusability; the software is being reused by

many classes of users over a wide range of systems.
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would be desirable to adapt a similar metric-based reusability quantification effort to non-
software reuse as a contribution in this thesis.

Implementing Software Reuse

Morisio finds that when implementing reuse, several factors play into its ultimate success
or failure. Specifically, when investigating cases of software reuse implementation failure,
particular causes included:

e assuming that merely having a repository will achieve systematic reuse (ignoring human
factors);

¢ not modifying non-reuse processes to accommodate unique reuse process;

e lack of ownership or agency in reuse choices (due to contractor relationships and re-
quirements);

e lack of management will power or motivation to implement reuse

Others find that reuse failures also emerge from overly complex codes, poor code design
and documentation, and unknown/latent problems in the original code [138]. Conversely,
Morisio et al. found that successful reuse cases demonstrated [96]:

e Commitment from management;
e few but necessary changes to product development processes to accommodate reuse;

e consideration of human factors such as training, awareness, etc. in addition to pro-
cess/tool changes such as adding software repositories.

Thus, these factors should be kept in mind when developing reuse methodologies and gen-
eralized procedures, for both software and non-software alike.

2.1.1.3 Related Concepts - Modularity, Product Platforms, and Commonality

Before concluding this section of the literature review on design reuse, we consider some re-
lated concepts that may yield additional insights into how reuse is conducted in theory and
in practice. In particular, we look at two relevant lifecycle properties that emerge from archi-
tecting decisions - modularity and commonality. We also look at the overarching concept at
the other end of the intentionality spectrum to heritage reuse, namely Product Platforming.

Modularity

A particularly important property often tied with reuse is modularity. While literature
has yet to agree on an authoritative definition of modularity, all agree that modularity arises
from the decomposition of products or systems into mostly independent modules or blocks
[46, 147, 65]. In a design, a modular assembly or architectural unit is typically said to be
modular if it exhibits two characteristics: first, there is a strong coupling between lower level
systems within the unit boundary (more than the average number of couplings across the
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system), and second, this internally coupled but externally uncoupled architectural unit en-
capsulates a distinct aspect of system functionality [65]. Suh expresses these characteristics
in terms of the independence axiom, which states that independence of functional require-
ments should be maintained leading to a one-to-one correlation between form and function
[130]. This division facilitates the standardization and flexibility of components — critical
aspects of reuse. Essentially, highly modular components can more easily be “dragged and
dropped” into appropriate slots in different architectures.

Elements of modularity include: independence of a module’s components from external
components, the similarity of components in a module with respect to the lifecycle processes
they undergo, and the absence of similarities to external components. Thus, all architectures
may be placed on a spectrum with extremes being integral (highly interconnected elements)
and modular (highly independent elements). For instance, in Fig. 2.11 reproduced from
Robertson, a modular approach allows for meeting the design needs of both instrument
panels with the same interface design, whereas the integral approach requires a custom
interface design for each panel type [116].

Modularity can be assessed in terms of the interfaces over which the commonality exists
including spatial, information, materiel, energy, or structural connections. Importantly,
the level of abstraction (e.g., assembly, component, subsystem, system, etc.) under which
modularity is assessed may yield different outcomes. This should be clear, as modularity
essentially defines those lower level units within an architecture. Thus, for instance, a small
satellite’s propulsion subsystem may contain a highly modular COTS thruster that itself
is composed of a highly integral design. Metrics surveyed in the literature for assessing
modularity include [65, 126]:

e form to form coupling analysis of a DSM
e Singular Value analysis of a DSM,
e Non-Zero Fraction of a DSM,

e Node centrality metrics in a network including Degree/Distance/Bridge modularity.

A central finding of the existing literature is that designs that are heavily driven by
weight, size, or other performance constraints often exhibit rather integral architectures
commensurate with a smaller degree of modularity; in contrast, when the design is driven
mainly by business goals, such as cost savings or commonality, a more modular architecture
often emerges [65].

Commonality

The lifecycle property of commonality emerges from reuse. Boas uses the following defini-
tion of commonality: “the sharing of components, processes, technologies, interfaces, and/or
infrastructure across a product family” [13]. As this definition suggests, commonality is
mostly discussed in the context of planned or intentional reuse in the form of product plat-
forms, variants, and families [116, 39]. Fellini shows how commonality can manifest as either
the sharing of the exact same design across variants or as the sharing of scaled versions of
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shown in cross-section.)

Figure 2.11: Descriptive graphic by Robertson of the benefits of a modular architecture as
compared to an integral one. Borrowed from Robertson [116].
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designs, as illustrated in Fig. 2.12; the latter may be seen as attribute or variable shar-
ing across components [39]. The variable sharing approach enables scaling or modification
between components thereby expanding the breadth of actions classified as “commonality”.
Variable sharing commonality crosses the concept over into the realm of heritage or un-
planned reuse by allowing for the design modifications often required in these instances.

In a more granular formulation of the concept, Hofstetter identifies various kinds of
commonality, each tied to a specific aspect of a system’s architecture [62]. Aspects of an
architecture include its functionality, operations, technology choices, design form, and design
instances. As Fig. 2.13 shows, different commonality types are defined by the specific
architecture aspects (rows in the figure) that they share. Recalling our working definition for
“design reuse”, we note that it would coincide with “design commonality” and “system reuse”
in the figure. Further, “system reuse” is the special instance of hardware reuse explored in
the preceding section; software reuse, one may argue, also falls into this category. Hofstetter
further elaborates four criteria for screening commonality decisions during an architecting
effort [62]:

e Same Internal Function — the variants’ relevant system or subsystem must have the
same internal function (e.g., Removal of carbon dioxide from a spacecraft cabin).

e Same Technology Choice — the variants’ relevant system or subsystem must utilize
the same technology to accomplish the internal function (e.g., 4-bed molecular sieve
for carbon dioxide removal).

e Similar Operational Environments — the variants’ relevant system or subsystem
must operated in similar environments

e Similar Quantitative Parameters — the variants’ relevant design parameters should
be within some factor k (an overlap parameter) of each other to ensure feasibility

Now in order to evaluate the existence of commonality within a product platform once
it has been designed, Thevenot summarizes several commonality metrics or “indices” [132].
One metric of note is the Percent Commonality Index (PCI), given in Eq. 2.1, that assesses
commonality from 4 viewpoints. Subset c¢ refers to common components, n refers to com-
mon connections, [ refers to common assembly steps, and a refers to common workstations
during assembly. The I terms indicate weighting terms for each viewpoint, dependent on
the architect’s desired analytical ends. %C indicates the fraction of potential commonality
in a product family that is actually implemented. This resulting value describes the over-
all commonality present in the platform - encompassing all constituent variants. With some
modification, the PCI metric may be applicable to assessing the potential of a heritage design
reuse scenario.

4
%C = LixCi=1I,%Co+I,xCp+ I xCr+ I, % C, (2.1)

i=1
Commonality has proven a successful strategy in a wide range of industries including
automotive, electronics, etc. Purported benefits of promoting commonality in product fam-
ilies are in line with the reuse benefits stated previously and include improvements in cost
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Figure 2.12: Graphic by Fellini depicting two types of commonality: either the sharing of
components or of the variables that commonly describe two designs [39].
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Figure 2.13: Features shared across systems exhibiting different types of commonality, as
formulated by Hofstetter [62].
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and schedule performance, as well as facilitating operational flexibility and reliability [116].
However, Boas identifies two major impediments to implementation and beneficiation of
commonality. The first, divergence, is “the tendency for commonality to reduce with time,
for both beneficial and non-beneficial reasons”. Per Crawley et al., acceptable reasons for
divergence over the course of a development project include a) incorporation of technological
developments leading to better solutions than reusable assets can deliver, b) changes in the
market necessitating a different product than first defined, and c) suggested changes from
learning between projects. Unacceptable reasons for divergence from commonality decisions
include: a) unnecessary performance improvements unique to a variant, and b) changes
aimed at improving cost and schedule of the particular variant [28|, at the expense of the
larger product family. While at the surface, these may be worthwhile pursuits, Crawley et
al. argue that they do not actually “make the product better”. These detrimental impacts
of divergence are manifested in the reduction of expected commonality benefits, particu-
larly in cost, as Cameron illustrates: unexpected quality expenses, additional manufacturing
coordination, and weaker investment returns on the lead variant [19].

The second impediment is lifecycle offset, or, the temporal distribution of the lifecycle
phases of product family members. As Good demonstrates for the example of NASA’s SLS
development, lag between similar phases of the process for the first and subsequent members
of the family lead to several issues during product family development [51]. Importantly,
they tend to lead to favoring of the first family member in terms of design decisions at the
cost of future members [28]. This also causes architectural lock-in of future members well
before that mission is investigated in depth.

In order to avoid these issues Hofstetter and Crawley et al., provide tools and method-
ologies for evaluating and implementing commonality decisions [28|. These include tools to
identify technical opportunities for commonality, such as portfolio architecting via matrix
methods, heritage analysis, “baseline and improve” methods, among others. Another set of
tools is aimed at evaluating the economic impact of commonality — cost-benefit modeling,
decision analysis, among others.

Product Platforms

Product platforming can be described as a design approach that seeks to foster com-
monality across various products in a firm’s portfolio to yield benefits in terms of portfolio
performance, cost, schedule, and risk [50]. It is a specific type of design reuse where a firm
defines a set of common designs and seeks to maximize use of these designs across its set of
products. Thus, platforming is a type of planned reuse, as made clear in the preceding space
industry examples. The platform literature is extensive, with works like those by Simpson
[124] and Jiao [75] tracking the evolution of the state of the art over time.

The platform is made up of the common elements of the various products; each unique
product employing the platform is known as a variant; the set of all variants forms the product
family [50]. As product platform approaches optimize at the product family level, there is
necessarily some local (variant-level) performance sacrificed, as made clear by de Weck [31].
The design challenge is thus to select/design a product platform that will generate a family
of designs with minimum deviation from the individual optimum [39].

The elements of a design that can be shared (via commonality) are primarily component,
subsystem and system level designs, but may also include lifecycle processes such as man-
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ufacturing/assembly steps, operations and disposal. Purely sharing variable definitions is
not sufficient for platforming as learning curves, economies of scale, and reuse benefits only
materialize when physical components (or their designs and relevant processes) are instan-
tiated [39]. Further, a firm’s portfolio may demand more than one platform to capture its
offerings. Thus, the choice of platform extent (difference in upper and lower performance
bounds represented in a product family) is critical, as is the decision to move from a single
platform to multiple platforms [31].

Various authors have arrived separately at a common step-by-step framework (Fig. 2.14)
for product platform creation/optimization via system models [62, 50]: 1) identify individual
product /mission requirements; 2) create a system model for each product/mission; 3) select
platform-able parts based on common requirements and designs and “freeze” those designs;
4) return designs to individual product/mission that can then optimize on non-platform
variables; 5) iterate. Indeed, Gonzalez-Zugasti in 2000 already set the stage for conducting
these in an MBSE environment by describing a simple spreadsheet-based approach, as shown
in Fig. 2.15. These digital methods and the optimization framework can form the basis of
a more advanced MBSE methodology for platform design, and derivatively, for unplanned
reuse efforts. Additionally, de Weck expands on this optimization framework to account for
situations in which multiple platforms are desired.

The concept of product platforming has seen limited though growing use in the space in-
dustry. Reasons might include the limited scope of missions as demanded by always limited
funding situations, or the low launch cadence of missions leading to obsolescence of technolo-
gies/systems, divergence, and lifecycle offset [13]. This is in contrast to typical applications
of platforming in industries like the automotive industry that is characterized by high vol-
umes, high launch cadences, and low unit costs. Even so, some examples of platform-minded
endeavors exist at most levels of design including components, subsystems and busses. These
efforts are mostly specific to modularity and include:

“Application-based” modular spacecraft software architectures (particularly discussed
for ADCS software for various sensor /actuator suites) [54],

e Communications architectures (as discussed for JPL’s exploration missions using the
DSN) [50]

Modular spacecraft power systems [86],

Modular busses such NASA’s MMS [38], used in several missions of the 1980’s and the
Ames Modular Common Spacecraft Bus [133], used on the LADEE mission [60]

In addition to these, as discussed in the preceding section, the commercial communica-
tion subsector — particularly the manufacturers of communications busses, such as Lockheed,
Boeing, and others — have extensively developed platforming and product family practices.
Thus, while few sources were found applying platforming at a concerted level for campaigns
of space missions, the literature and practice is trending increasingly in that direction, with
some areas already well-established. Both Madni and Hummel separately consider the emer-
gence of MBSE and model-based methods as promising trends for improved and adaptive
platform design and management for such complex systems [90, 67]. Hummel specifically
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introduces an approach for variant modeling and more generally Model-based Product Line
Engineering in a SysML environment.

2.1.2 MBSE and the Digital Environment

In Chapter 1, we introduced the concept of MBSE as a potential avenue for improving
upon the current state of design reuse practices. Further, in Section 2.1.1.1 of this literature
review, we explored the practice of “Work Effort” reuse in the space industry, which is largely
accomplished via the models now commonly developed in MBSE environments. Now, we
provide an in-depth look at the larger picture of MBSE in terms of its development and
constituent concepts such as ontologies, metamodels as well as the languages, tools, and
methodologies that have been employed in existing literature. Then, we look at the degree
of adoption that MBSE has achieved within the space industry — a finding that will be refined
in the industry survey presented in Chapter 4.

2.1.2.1 Development of MBSE Theory

We recall from Chapter 1 the INCOSE definition of MBSE as: “the formalized application
of modeling to support system requirements, design, analysis, verification and validation
activities beginning in the conceptual design phase and continuing through-out development
and later life cycle phases.” [44]. This definition as well as the acronym itself point to the in-
trinsic relationship between MBSE and the systems engineering process. Indeed, each of the
aspects above supported by modeling in the MBSE paradigm is a part of the larger systems
engineering and system design process. The term “Model-based Systems Engineering” was
originally used by Wayne Wymore in 1993 to describe a rigorous mathematical formalism
for representing this system design process in the context of models of that system [140].
As Estefan finds, Wymore’s concept of a system model is a state space representation of a
system design; in this model, externalities provide inputs to the design that its representative
model captures, interprets, and converts to outputs [37]. Each sub-model within the system
model represents some part of reality, or “view”, of the system via this state space formula-
tion. In these introductory works on the concept, we see emerging critical concepts such as
system models, discipline models, and the underlying data (or initially, mathematical) rigor
demanded by MBSE.

Baker, writing, in 1996, introduces an essentially synonymous concept to MBSE: Model
Driven System Design (MDSD) [6]. Baker decomposes relevant model types into schematic
models that show objects and their relationships and interactions; performance models that
represent some response to external stimuli; design models that show some detailed aspect of
a design; and physical models that are tangible physical representations (e.g., wing models,
prototypes, etc.). Both Baker and Wymore emphasize the central importance of design
requirements in order to capture and formalize system designs via these models. Moreover,
Baker describes the information flow for MDSD starting from these requirements, shown in
Fig. 2.16. This formulation reinforces the integral nature of design information and decisions
that MBSE and MDSD capture more systematically than traditional document based design
[6].
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By 2007, the concept of MBSE had not only been formally defined by INCOSE to en-
capsulate these system design and integral data considerations, but as Friedenthal shows, it
had seen provincial adoption in some disciplines [44]. More importantly though, Friedenthal
notes a shift in perspectives at this time: whereas in the past, models had been seen as tools
to assist in the eventual document-based design products, now MBSE users saw the set of
models themselves (and the system model, in particular) as the design. These models (that
is, the design itself) could be interrogated by computational /digital means for the question
of interest.

In a 2018 paper summarizing the state of the practice, Madni finds that these formalisms
(minus, perhaps, the rigorous mathematical relationships proposed by Wymore) have be-
come established and accepted [90|. Further, Madni notes increasing adoption throughout
various engineering industries including at major aerospace contractors. However, the prob-
lem currently being faced in which theory is found to be lacking is in how to standardize
application of MBSE modeling practices: 1) at various levels of design detail, 2) through-
out the full lifecycle of a mission, and 3) across complex enterprises comprising systems of
systems (SoS). Additionally, Huldt explains, there exist organizational and social barriers to
MBSE adoption and coherent application thanks to the high learning curve and perceived
lack of value in transitioning to a digital development environment [66]. These findings are
reflected by others including Chami and Bruel [21].

2.1.2.2 Digital Engineering, Ontologies, and Metamodels

An unfortunate side effect of the rapid emergence of MBSE as a field is the multitude of
related terms with which it has become entangled. As Henderson notes, these related terms
include Model-based Engineering (MBE), Model-driven Engineering (MDE), and Digital
Engineering [58]. Worse still, the literature is replete with examples of these terms being
used interchangeably. Henderson presents a glossary of terms (reproduced in Fig. 2.17)
which relates each of these terms to the concept of MBSE — these are adopted for this thesis.
Essentially, in contrast to these other terms, MBSE focuses on the systems engineering
process and how integrated modeling practices may be used to implement it.

Despite this perceived confusion, we turn briefly to the concept of Digital Engineering. As
Fig. 2.17 indicates, DE can be seen as a broader concept than MBSE — and one that empha-
sizes the vast ecosystem of data necessary to enable model-based methods. First described
by the Department of Defense (DoD) in a strategy-setting document, Digital Engineering
acknowledges the primacy of authoritative data and the need for a well-understood under-
lying data landscape [135]. In the view of DoD (centrally focused on efficient acquisition
and maintenance of complex systems), the MBSE methods that we develop, then, are reliant
on multi-stakeholder, multi-level, enterprise wide or system of system data infrastructures,
such as the one illustrated by Bone in Fig. 1.2 [14]. Here, data flows across interfaces from
contractors to sub-contractors, acquisition officials to contractors, etc. While understanding
the full complexities of this picture is not necessary for this thesis, two similar concepts may
prove useful to ensuring wide applicability of our methods: ontologies and metamodels.

An ontology is defined by Madni as “a formal explicit conceptualization of a problem
domain shared by stakeholders; it presents a controlled vocabulary that comprises a set of
agreed upon terms (semantic domain) and rules for using and interpreting them within the
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Term Definition Difference from MBSE

Digital engineering "Anintegrated digital approach that uses authoritative sources of systems' data and MBSE is the subset of digital
models as a continuum across disciplines to support lifecycle activities from engineering, specifically limited to
concept through disposal. A DE ecosystem is an interconnected infrastructure, systems engineering activities and
environment, and methodology that enables the exchange of digital artifacts from artifacts.
an authoritative source of truth."

Document-based Systems engineering that uses “written documents based on text as sources of Traditional approach in which SE has
systems managerial information.” been conducted before the
engineering development of MBSE approaches.

Model-based “Engineering practices in which models are the central and indispensable artifacts MBSE is the subset of model-based
engineering throughout a product's lifecycle encompassing concept, development, engineering that deals with systems

deployment, operation, and maintenance."”’ engineering activities and artifacts.

Model-driven “The systematic use of models as primary artifacts during a software engineering Focused on software development,
engineering process. MDE includes various model-driven approaches to software whereas MBSE deals with any type

development, including model-driven architecture, domain-specific modeling and of system.
model-integrated computing.”*®

Model-driven “Aframework for software development Model-driven architecture is a subset
architecture thatuses models to describe the system to be built at various levels of abstraction, of model-driven engineering.

with each level emphasizing certain aspects or viewpoints of the systemn."=?

Figure 2.17: Summary of terminology related to MBSE, as consolidated by Henderson [58].
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domain.” [90] Jenkins claims that such formal representations are the foundation of “long-
lived, interchangeable models” — longevity being a key metric of downstream reusability of
models, and in turn, designs [73]. A related concept is the metamodel. A metamodel is the
specification for how a model or a larger modeling efforts should be implemented within the
modeling environment [10]. Simply put, if ontologies comprise the semantics of a model,
metamodels define the syntax — or the relationship between the objects and their attributes
in the domain encapsulated by the ontology [78|.

This understanding of ontologies and metamodels, however, is not unchallenged in the lit-
erature. Afmann, for instance, describes hierarchies of models (e.g., "metamodels", "metameta-
models", etc.) each of which have related ontologies (e.g., "domain" and "upper-level" on-
tologies) each serving descriptive purposes at different levels of specification [4]. Others,
particularly in the field of software engineering, emphasize the need for ontologies to be
machine-readable enabling integration into data-intensive applications [131]. In this regard,
Taye acknowledges a spectrum of formality with which ontologies with varying purposes can
be defined from "highly informal" to "rigorously formal" [131]. Depending on the use-case
of the methodology one or the other end of the spectrum may be appropriate.

An example of a simple domain metamodel for a generic engineering system is shown in
Fig. 2.19 [134]. Throughout the literature, no ontology specifically for the practice of legacy
design reuse has been found, though Schindel has attempted such for the planned reuse case
within their broader Pattern-based Systems Engineering methodology [119].

2.1.2.3 MBSE Methodologies

There is one missing aspect of the MBSE picture. Languages exist to encode models and
system design concepts, ontologies and metamodels exist to enforce syntactic and semantic
rules, however, to what end are we using these tools...and how? These questions are addressed
by MBSE methodologies. Estefan defines a methodology as “a collection of related processes,
methods, or tools” that are applied to a class of problems that have something in common
[37]. In this simple definition: a process identifies “what” is to be done and at what level
of abstraction/aggregation; a method defines the “how” of a task including techniques for
performing the process; a tool is an instrument that facilitates the “how’s”, or the methods.
In a methodology, this set of actions is conducted in an “environment”, which is the external
objects, conditions, and factors that influence how the methods, processes and tools are
implemented. An environment, per Estefan, includes social, cultural, and organizational
conditions that enable or disable the “what” and “how” of the methodology.

Estefan surveys the leading MBSE methodologies up to 2008. These include: IBM'’s
Harmony SE and Rational Unified Process for Systems Engineering (RUP SE), INCOSE’s
Object-oriented Systems Engineering Method (OOSEM), Vitech’s MBSE methodology, and
JPL’s State Analysis methodology. These methodologies primarily define MBSE methods,
processes, and tools related to specific tasks within the larger Systems Engineering process.
For instance, Harmony SE focuses on preliminary product definition steps including re-
quirement analysis and early architecting. OOSEM attempts to encode most aspects of the
Systems Engineering “V” with a focus on integration with object-oriented software meth-
ods. The remainder of these methodologies introduce varying problem formulations, but
essentially pursue the same ends. One methodology of note, which emerged after Estefan’s
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work, is Schindel’s Pattern-based Systems Engineering. PBSE demonstrates how models,
themselves built in accordance with simple patterns and relationships, may be reused across
various products in a larger platform or product family — here, of course, we see aspects of
planned reuse applied to reusable models [119]. A similar pattern-based approach may be
adapted for disparate modeling practices as may be more prevalent in unplanned reuse.

INCOSE, in 2020, acknowledged the explosion of digital engineering capabilities in recent
years and the difficulties organizations face in understanding their own needs with regard
to MBSE methodology selection. To that end, they developed the Model-based Capabilities
Matrix, which assists organization in planning for and implementing MBSE [69]. Neverthe-
less, few sources have been found which explicitly focus on MBSE-enabled legacy reuse. In
the MBSE regime, perhaps the work most in parallel with what we investigate in this thesis,
is that by Lange. In their preliminary efforts, they lay out a reuse framework and identify
corresponding MBSE features which may enable them [84]. In particular, they find several
areas in which MBSE yields value-adding functions: 1) access to complete, browsable sets of
requirements from heritage systems; 2) traceability of requirements to lower level elements;
3) understanding of the environment on the system; 4) change propagation to estimate re-
design effort; and 5) appropriate level of detail and decomposition for desired reuse analysis.
This nascent work by Lange is of great interest throughout this thesis, as it reinforces find-
ings we have developed about potential solutions to the design reuse problem in an MBSE
environment.

2.1.2.4 MBSE in the Space Industry

Since the mid-2000’s, INCOSE’s Space Systems Working Group (SSWG) has been an ad-
vocate for demonstrating the potential of MBSE for engineering space systems. The SSWG
has collaborated with the space industry, notably with NASA’s Jet Propulsion Laboratory
(JPL) [32], to develop exemplar MBSE capabilities including SysML modeling of represen-
tative satellite missions [79], development of CubeSat reference models [80], and application
of reference models to real-world CubeSat missions [128]. Partly from these early efforts,
the aerospace industry has begun to recognize the value of model-based approaches and in-
creased digitization of system information for complex missions requiring multidisciplinary
expertise.

For example, in 2016, NASA conducted a pathfinder effort to develop and advance MBSE
capabilities throughout the agency upon discovering that MBSE adoption was still in the
nascent stages [111]. This led to the application of MBSE methods on various missions
with a specific focus on information systems of Orion’s Exploration Flight Test 1 [94], the
Asteroid Redirect Mission prior to project cancellation, and to a limited extent for the de-
velopment of SLS [109]. Moreover, there is a desire at NASA to demonstrate the capabilities
of MBSE at larger scales, including for architecting Moon/Mars campaigns as well as for the
development of databases of system models to facilitate future reuse efforts. Indeed, while
NASA remains in the Pathfinder stage, as described by Holladay, the now agency-wide focus
of the MBSE Infusion and Modernization Initiative (MIAMI) effort indicates only increased
adoption [64]. Beyond NASA, the use of MBSE in space systems development and research
has been demonstrated at other national agencies, such as at Germany’s DLR for its small
satellite multi-mission platform known as S2TEP [41], and for educational efforts such as
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Pakistan’s use of OOSEM for scalable/repeatable student satellite projects [141].
Synthesizing insights from the above examples, we discover that space systems engineer-
ing imposes several unique requirements on MBSE methodologies. Among these:

e System models must integrate a variety of discipline-specific technical analysis tools
used by mission designers as a result of the multi-disciplinary nature of space systems
[108, 5]

e Interactions within and across all spacecraft systems and mission environments must be
modeled to understand performance and capture emergent behaviors — both beneficial
and detrimental

e MBSE methodologies must assess and promote critical value attributes desired of the
new generation of space architectures, namely flexibility, evolvability, reusability, and
safety

e MBSE methodologies must accommodate deep uncertainties inherent in the design
space early in mission design; these are resolved as the architecture matures and the
MBSE methodology must allow for updating and adapting the models. Chodas ad-
dresses this in a framework known as Model-based Adaptive Design under Uncertainty
(MADU) [22]

New methodologies must satisfy these requirements in a way that is not mission-specific, but
rather applicable (that is, reusable) across diverse missions. Specific to the reuse use-case
of MBSE methods, we again point to the work of Lange as a nascent effort in exploring
MBSE methods for reusability of designs across a range of space mission types. They apply
their findings to both planned and unplanned reuse; the former as part of the S2TEP effort
initially described by Fischer, and the latter in heritage efforts for the MASCOT mission.

2.2 Literature Review Summary and Research Gap

Tables 2.2 and 2.3 summarize the major works in the two primary research areas. They
identify key sub-topics within each of these domains and if each source addresses it. There
is consensus in the literature and practice of the value of design reuse. This is exemplified
by the countless instances found within the space industry alone, across a diverse range of
mission types and motivations. Sources further agree about the critical need of reuse methods
that are systematic and consider both the technical and programmatic value of a reuse
scenario. Looking specifically at Table 2.2, we note a primary focus of most existing literature
in the realm of planned reuse and product families/platforms; while some present end-to-
end methodologies for implementing planned reuse, we recall the key distinctions between
planned and unplanned reuse and the limited applicability of these efforts to addressing the
latter. More recent works (e.g., Hein and Lange) have acknowledged unplanned reuse as a
mode distinct from planned efforts. Hein’s work is most relevant in terms of comprehensive
methodologies - though their work does not demonstrate user-oriented, end-to-end MBSE
application of the assessment procedures, which we will focus on. More importantly, this
work is not sensitive to the design environment in which reuse takes place.
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As Table 2.3 shows, the MBSE literature is much more active in recent years, with
extensive exploration of fundamental MBSE theory and value-adding capabilities as well
as adoption levels. MBSE theory and practice are bridged via works focusing on ontolo-
gies/metamodels (i.e., the specifications) and metamodels/languages (i.e., the implementa-
tion). However, end-to-end MBSE use cases have seen limited exploration in the literature,
perhaps most completely by Chodas. In the realm of reuse, we note two points. First, a
general lack of reuse-focused MBSE efforts - Schindel’s work, though rigorously developed,
has seen limited usage, while Oster’s is in use exclusively within one organization. Secondly,
even these reuse-related MBSE products are in the realm of planned reuse. Lange is the
only work found that has looked into systematic legacy reuse practices facilitated by the
new digital engineering approaches.

At the intersection of MBSE and reuse, a gap is identified for providing structured and
systematic methods for evaluating unplanned reuse scenarios and providing early-phase de-
cision support by leveraging the power of digitally integrated data and models. This is the
central motivation of the LDRM methodology introduced in Chapter 1.

2.3 Thesis Statement

The gap identified above shows an area where we may tailor this thesis to deliver lacking
and necessary research. In particular, this area is bounded along several dimensions. In
the question of reuse, we intend to add needed focus to the domain of unplanned reuse;
additionally, we will do so by delivering a demonstrated, end-to-end methodology for decision
support, which was also found to be lacking. In the area of MBSE, we will demonstrate
a key use-case of the digital paradigm that has eluded organizations and academia. To
ensure wide-applicability and trust in the results, LDRM requires rigorous development
via ontologies, metamodels, and logically consistent procedures. Such a demonstration of
a value-adding MBSE application will further address findings of the literature regarding
adoption, socialization, and acceptance of the new paradigm.
The thesis statement guiding this work summarizes the above as follows:

e Given: (1) the high potential value of legacy design reuse for the architecting of space
missions, (2) the present obstacles with implementing legacy reuse in a systematic and
informed fashion, and (3) the limitations with the traditional document-centric systems
engineering approach that have encouraged a transition to digital design environments;

o Thesis Statement: Legacy design reuse, guided by a structured and systematic method-
ology in an MBSE environment, can lead to improvements over current methods.

2.4 Research Approach Summary

The remainder of this thesis will focus on further informing, developing, validating, demon-
strating and applying LDRM. As described in Section 1.5, it is intended to provide decision
makers with informed technical and programmatic analyses regarding a legacy /unplanned
reuse scenario during the early architecting (Phase A) stages of a mission. These analyses
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Table 2.2: Summary of design reuse topics investigated by key works in the literature. Note
the limited emphasis on unplanned/legacy reuse method.

GZOSZ::;Z_ Boas  Hofstetter Cameron Oster Hein Lange
(2(%00) (2008)  (2009) (2011)  (2016) (2016) (2018)

Planned Reuse:
Platforms and X X X X X X
Product Families

Unplanned Reuse:

Heritage /Legacy A .
Reuse ASS?\/ISS;T;E; X X X
Lifoendle Offet xoX . h
P Methodologie X A
MBSE and X

Legacy Reuse
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Table 2.3: Summary of MBSE topics investigated by key works in the literature. Note the
limited emphasis on MBSE methodologies for unplanned/legacy reuse.

Schindel Oster Lange Madni Huldt Chodas Henderson
(2015)  (2016) (2018) (2018) (2018) (2019)  (2021)

MBSE Theory and

Related Concepts X X X X X X

MBSE Adoption and
Socio-Technical Factors

Ontologies
and Metamodels

Methodologies,
Languages, and Tools

Implementation
Demonstrations

MBSE and
Legacy Reuse

MBSE and
Planned Reuse
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will be based in best practices identified in the preceding literature review as well as the
industry study presented in Chapter 3. This study covers intent, approach, and outcome
of reuse and MBSE implementation efforts. The study also serves to identify areas where
practice is lacking or where new methods of the MBSE paradigm may yield improvements.

LDRM development follows a top-down framework that begins with a conceptual framing
of the problem via a reuse ontology. This ontology defines and organizes the major concepts
related to the legacy reuse problem in an unambiguous dictionary and relational mapping
of terms. These abstract conceptual terms are then organized into a generalized reuse pro-
cedure; this procedure lays out, in an implementation-agnostic form, necessary steps and
analyses of the reuse process - as derived from the best practices identified previously. The
desired outputs of this procedure are a) a determination of technical feasibility of reusing a
candidate element, b) the rework /modification effort required to adapt the candidate to the
new mission, and c) an evaluation of programmatic impacts of this effort as compared to a
from-scratch solution. These outputs ultimately form a reuse recommendation presented to
decisions makers advising for or against reuse for the given functional need in the mission of
interest. With this generalized procedure set, the development effort then proceeds to imple-
mentation in an MBSE environment. This implementation relies on a reuse metamodel and
extension of canonical SysML elements into the constructs necessary for the reuse analyses
(with their relevant attributes, tags, and relationships). A demonstration of LDRM appli-
cation is presented in a sample problem with a representative reuse need, candidate reuse
asset, requirement gaps, rework efforts, etc.

Validation will be done in several ways. First, internal validity will demonstrate the
logical consistency of the methodology as well as incorporation of best practices and sub-
ject matter expert inputs. Then, external validity will be shown via a two-phase virtual
design/build /reuse experiment that solicits human subjects to generate and analyze data
related to a reuse scenario with and without exposure to LDRM’s outputs. This effort
demonstrates the ability of LDRM to improve reuse decision-making performance. Two
case studies then focus on different aspects of the methodology. The first, exploring reuse
across two CubeSat missions, emphasizes the impact of MBSE and existing modeling prac-
tices at potential user organizations; the focus here is on the relationship between model
quality /consistency and the accuracy and value of the outputs yielded by LDRM. MBSE
application on the second case study, exploring reuse across the Space Shuttle and Space
Launch System programs, is limited by a lack of available models. However, this case study
builds on findings by Good about the issues with mandated reuse decisions locked-in early
in a program and its implications on the programmatic aspects of the program. Ultimately,
findings from these case studies lead to considerations of model quality and curation, new
roles within organizations related to modeling and reuse, and the need for metrics to quantify
the reusability of designs and models; these are developed in the final chapter.

2.4.1 Expected Contributions

The Legacy Design Reuse in MBSE Methodology is the central contribution of
this work. The systematic approach for informing unplanned reuse decisions with quan-
titative metrics and integrated technical /programmatic analyses can result in organizations
reaping greater reuse benefits, and indeed, avoiding potential pitfalls. This overarching con-
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tribution results from individual contributions made in the following areas:

e Update on the State of Reuse Best Practices via a Practitioner Survey and
Interviews - A rigorous social science approach to exploring the success or failure of
reuse practices is crucial. This approach remedies the problem found throughout the
literature for assessing reuse - namely, that it is a complex socio-technical endeavor
in which quantitative efforts often fall short of capturing the full picture. The expert
survey allows us to build on existing heritage assessment methods while incorporating
beneficial practices into a more systematic reuse methodology.

e Formally Define the Unplanned Reuse Problem via a Reuse Ontology - an
ontology or similar construct is a fundamental requirement for a standardized and sys-
tematic understanding of the domain. Framing all reuse discussions with this ontology
ensures consistency in future reuse research while also facilitating implementation of
reuse concepts and methods in an MBSE environment.

e Generalized Reuse Procedure Incorporating Industry Best Practices - This
procedure forms the logical foundation of LDRM incorporating findings of existing
practice and known limitations. Even absent the MBSE implementation scheme over-
laid on this procedure, it can act as a starting point for improved reuse decision making.

e Use-Case Encouraging Greater MBSE Adoption - In addition to the specific
value added in the realm of heritage reuse, this thesis will also deliver a complete end-
to-end demonstration of the MBSE paradigm for a specific use-case. While substantial
theory has been developed, the literature reveals limited MBSE application success
stories in industry. Particularly for the industry sponsor of this thesis, the work will
make for a stronger case for adopting digital engineering for its processes and those of
its customers.

e Promoting "Design and Model for Reuse" Practices - Successful development,
validation, and demonstration of LDRM will result in an understanding of how reuse
is best implemented in the new MBSE landscape. As such, a natural outcome of this
work will be a set of recommendations for how best to design and model new assets
to improve the ease with which they may be reused in the future. By considering the
future reusability of the system we are designing and modeling, we can reap further
benefits in the sustainability and cost-effectiveness of space systems development. This
forward-looking contribution could easily be the widest-reaching impact of this work.
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Chapter 3

Design Reuse Best Practices

This chapter describes the motivation, experimental design, and results of an industry study
conducted to ascertain the current state of the practice in design reuse. In addition to
determining best design reuse practices, the study also sought to identify areas in the state
of the practice where improvements could be had - especially with the incorporation of new
MBSE methods. As discovered in previous chapters the current state of design reuse in the
space industry - particularly of unplanned reuse - does not fully realize the rich potential
benefits. This, we hold, is due in part to the lack of structured and systematic methods for
assessing design reuse scenarios; further, we contend that the principles of MBSE present
the most promising avenue for improvements to design reuse practices. The purpose of this
study is to either confirm or refute these central hypotheses with the experiences and expert
opinions of systems engineers, designers and architects, and MBSE users active in industry
practice and academia. The findings of this study inform development of the design reuse
methodology presented and demonstrated in subsequent chapters.

First, a questionnaire-based survey was distributed widely throughout the space industry
to systems engineers, MBSE practitioners, and academics as well as to similar members of
other industries comprising a range of complex engineering systems. Secondly, targeted semi-
structured qualitative interviews were conducted with select respondents, and at meetings
of relevant working groups and communities of interest. In most cases, these interviews were
centered around specific instances of design reuse identified by the respondents allowing
the researcher to probe deeply into circumstances, expectations, and outcomes of individual
reuse examples. The two-pronged approach complements the standardized and statistically
analyzable results of survey-based methods with the richer and more holistic findings that
can be generated from subject interviews. A summary of features of each data-gathering
approach is shown in Fig 3.1. Both methods as implemented in this study conform to
canonical social science research approaches aimed at 1) avoiding contaminating results with
the researcher’s biases/desired outcomes and 2) extracting reproducible and statistically
significant results from socially and organizationally complex reuse scenarios.
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3.1 Industry Survey on Design Reuse

The first phase of the best practices study consists of a questionnaire-based survey. In this
section, we detail how the survey was developed, to whom and how it was distributed, and
a comprehensive analysis of the results.

3.1.1 Development

A rigorous survey development effort was undertaken to ensure traceability from the study
objectives, to more refined and testable hypotheses, down to the specific questionnaire sec-
tions and individual questions. As Fig 3.2 illustrates, this approach ensures that each entry
in the survey is explicitly answerable to the survey goals. This not only helps in validating
the survey, but also leads to an efficient questionnaire not inflated with unnecessary ques-
tions; this in turn works to maximize response and completion rates. The themes explored
in the survey are related to the three key attributes of design reuse practices described in
the motivation to this thesis - intentionality, structuredness, and design environment.

3.1.1.1 Study Objectives

Objective 1: Explore the degree of intentionality (i.e., planned vs. unplanned)
in design reuse practices in the space industry and others.
We would like to reinforce the findings of an extensive literature review relating to the
intentionality of design reuse efforts. The academic and scholarly consensus confirms the
prevalence of both planned and unplanned design reuse across various engineering indus-
tries. In the space industry specifically, prevalence of each reuse type corresponds with key
mission characteristics such as destination and objective. For instance, planned reuse in the
form of product platforms seems most prevalent in GEO-based communications satellites
and LEO-based SmallSat service-oriented constellations whereas unplanned reuse is com-
mon in unique science and exploration missions. It is desired to confirm these findings with
the experiences of industry practitioners and to explore how they perceive this key reuse
characteristic impacts reuse effectiveness.

Objective 2: Explore the degree of structuredness of design reuse assessment
and decision support methods in the space industry and others.
A similar validation is desired for findings of the literature review relating to the method-
ologies employed to support reuse decision making. If a correlation between more struc-
tured /rigorous methods and the success of design reuse efforts can be established with sup-
port from both the literature and practitioner experience, then a strong case can be made
for the need of a design reuse methodology. This would hold especially true for unplanned
reuse efforts that are characterized by higher uncertainty of success than planned efforts.
We can further gauge from industry respondents what critical aspects of such structured
methodologies would most impact reuse outcomes. These aspects can then be incorporated
into the reuse methodology developed in this thesis.

Objective 3: Assess the potential efficacy of the MBSE paradigm to improve
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upon current practices in design reuse in the space industry and others.

While MBSE practitioners and theorists are enthusiastic about the benefits of the paradigm,
there has previously existed substantial push-back from systems engineers, discipline engi-
neers, and management personnel throughout the space industry. This is due in part to
poor explanation and demonstration of MBSE’s value on the former’s part and oftentimes
engrained perspectives about "If it works, why fix it?" mentalities on the latter. In this sur-
vey, we hope to understand the degree to which this opposition still exists, how far MBSE
adoption has progressed, and ultimately gauge whether industry practitioners believe MBSE
can add value (and how) to the question of exploring design reuse scenarios.

3.1.1.2 Testable Hypotheses

Five hypotheses were derived from the guiding objectives - three related to design reuse
practices in general and two specifically exploring the capacity of MBSE to address design
reuse issues.

Hypothesis 1: Design reuse of any kind is at least as prevalent in the space industry as

in others; and unplanned design reuse specifically is at least as common as planned design
reuse in the space industry.
It has been established that design reuse is a common practice in the architecting of complex
engineering systems. We have also shown extensive examples of design reuse in space systems
projects. A difference, however, in the balance of planned vs. unplanned reuse is expected
between the space industry and others. Whereas high-volume low-variance industries like
automotives and consumer electronics would be expected to favor planned over unplanned
reuse, the space industry’s range of mission types, destinations and objectives suggest that
unplanned reuse may be more common. If this can be shown to be the case, it would rein-
force the rationale of this thesis to focus development of the design reuse methodology on
unplanned reuse instances - we could be certain that at least the space industry would find
use-cases for the methodology. Confirming this hypothesis consists of eliciting from respon-
dents of various industries their assessment of the intentionality of design reuse efforts in
their industries, in their organizations, and in projects they have contributed to.

Hypothesis 2: Planned design reuse is typically more successfully implemented than un-

planned design reuse and this is due to the limitation in structured methods for carrying out
unplanned design reuse.
The fully intentional approach characteristic of planned design reuse efforts would be ex-
pected to yield more successful outcomes than ad-hoc efforts. If the lack of structured
methods for unplanned reuse suggested by the literature can be confirmed with practical
insights from industry practitioners, a causal link can be established between the structured-
ness of methods for assessing reuse scenarios and their eventual outcomes. This would point
to the need for systematic and rigorous generalized methods for reuse scenario assessment
even when (or especially when) reuse is unplanned or ad-hoc. As with Hypothesis 1, con-
firming this hypothesis entails eliciting respondent opinions regarding reuse methodologies
that agree with the findings and inferences drawn from the literature review and background
research.
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Hypothesis 3: There exists a set of canonical systems engineering steps for assessing un-
planned design reuse scenarios and these can be codified into a structured process.
The validity of generalizing a procedure for assessment of unplanned design reuse scenarios
is in question in this hypothesis. The context of unplanned reuse scenarios (i.e., objectives,
destinations, operating environments, etc.) likely vary more widely than across families or
generations of products in a planned reuse campaign. However, if it can be shown that
procedures for successfully adopting ad-hoc reuse on a range of scenarios are substantially
similar, then a case can be made for generalizing these procedures for implementation on
all unplanned reuse situations explored by our methodology. Confirming this hypothesis
requires agreement by a majority of respondents on necessary procedures for exploring un-
planned design reuse scenarios. These necessary procedures can be codified into the proposed
methodology.

Hypothesis 4: MBSE is sufficiently prevalent and adopted in space industry organizations
to justify development of MBSE methodologies.
The degree to which MBSE has been adopted at organizations is critical to the value propo-
sition of the proposed methodology. Without substantial adoption within an organization,
then the MBSE-based methodology remains out of reach of the projects that would most
benefit from it. This hypothesis asserts that MBSE is at least present, socialized, and in
practice at multiple organizations within the space industry - to the extent that the method-
ology resulting from this thesis can have an environment in which to be implemented. This
environment requires not only MBSE modeling practices to exist, but also for there to be
an atmosphere and structure within the organization conducive to reusing model artifacts
as well.

Hypothesis 5: The aspects necessary for a structured unplanned reuse process can be

implemented in an MBSE environment with greater efficiency and practicality than in tradi-
tional static documentation methods.
While the previous hypothesis explores the capacity of organizations to implement the pro-
posed methodology, this hypothesis focuses on the value added by the model-based approach
vs. existing traditional methods. The MBSE literature contains a variety of methodologies
and use-cases for various aspects of system design and analysis. However, few specifically
address the phenomenon of unplanned design reuse. Thus, this hypothesis is focused on
validating the choice of the MBSE paradigm. In other sections of this thesis we address
this question from a theoretical and systems-thinking perspective - in the survey, we seek to
reinforce validation of this choice based off of the experiences and insights of practitioners
in the industry.

3.1.1.3 Building the Questionnaire

Questionnaire design - from overall layout to specific question wording and response type -
is ultimately at the service of the guiding objectives and hypotheses. Thus the questionnaire
consisted of question blocks or sections each tailored and traceable to one or more of the
hypotheses in the previous section. The full survey questionnaire is reproduced in Appendix
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A.

The questionnaire begins by gathering demographic data and other metadata. This in-
formation is critical during the "theory generating" process of results analysis. In particular,
it distinguishes (a) the type of industry to which the respondent belongs as well as their
(b) role within their organization. The former is necessary for exploring aspects of the hy-
potheses that compare industries against one another (in particular, the space industry vs.
the rest). The latter is necessary to understand the perspective from which the respondent
is addressing reuse issues. This allows us to draw inferences on how reuse experiences con-
verge or diverge, for instance, between system engineers and discipline engineers, or between
engineers and management.

The first major section of the survey is primarily aligned with Hypothesis 1 and is focused
on the larger context behind design reuse instances with which the respondent is familiar -
both directly, via projects they have been involved in and indirectly, via projects they are
aware of in their organization and industry. Respondents are asked about the prevalence of
design reuse in each of these realms. They are also introduced to the distinction of planned
vs. unplanned reuse and asked about the relative prevalence of each type of reuse. Lastly,
it explores the leading rationales attributed to decision makers and system architects for
pursuing reuse.

The questionnaire then proceeds to establish the specific conditions under which reuse is
typically carried out. The primary focus regarding reuse conditions is on the "structured-
ness" of methods or efforts for assessing and deciding on reuse options. Respondents are
asked the degree to which methods are structured for both planned and unplanned methods.
This question section is aimed in part at addressing Hypothesis 2 relating to the success of
reuse decisions. Perhaps most importantly, this section also addresses the question about
how /if reuse processes can be codified into more structured approaches where they are lack-
ing (Hypothesis 3). This is accomplished by asking respondents about elements they deem
most crucial when generalizing reuse practices into an abstract procedure.

The third section of the questionnaire is focused on reuse outcomes and primarily ad-
dresses Hypothesis 2 in conjunction with the preceding section. Respondents are asked to
gauge the relative success of design reuse instances for both planned and unplanned efforts.
"Reuse success" here is gauged on a spectrum that allows for respondents to identify "partial
success" and "full success" (in addition to "unsuccessful" instances. The respondent is left to
determine the definition of each term. However, the guiding notion is that while a particular
design reuse instance may be implemented in a project without operational or programmatic
failure, it may be judged to have not realized all the potential benefits of reuse (in terms of
cost, schedule, technical performance, etc.) that were expected by decision makers at the
outset of the project. Lastly, the section asks respondents to identify causes for instances in
which reuse benefits were not fully realized. It should be noted that in the final version of the
questionnaire, the second section of questions relating to reuse conditions was moved to after
the section on reuse outcomes. The intent was so that the respondents’ perceived reasons for
reuse outcomes were not biased by the heavy focus of structuredness in the former section
of questions. In other words, it was desired to elicit respondents’ uncontaminated thoughts
regarding reuse failure/success factors before introducing the concept of "structuredness".

The last section of the questionnaire places reuse in the context of MBSE, and is in-
tended to address Hypotheses 4 and 5. This section seeks to establish the degree to which
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respondents feel MBSE is suitable to address pain-points. As has been mentioned previ-
ously, the systems community has yet to converge on a single working definition of MBSE.
This oftentimes leads to overloading of terminology, and misinterpretations across users. To
establish a common reference for this survey, respondents are asked to consider specifically
MBSE as defined by INCOSE: the formalized application of modeling to support system re-
quirements, design, analysis, verification and validation activities beginning in the conceptual
design phase and continuing throughout development and later life cycle phases. The first
question then establishes the respondent’s familiarity and experiences with MBSE per this
definition; respondents with no familiarity are filtered out of subsequent questions.

The degree of MBSE adoption at respondents’ organizations is then gauged by assessing
certain characteristics:

e Scale of Adoption - Are MBSE principles implemented organization wide or on select
pilot /pathfinder projects?

o Desired Capabilities - Which specific capabilities delivered by MBSE do organizations
prioritize? Is "more efficient design/model reuse" among these capabilities?

e Level of Digitization - How is design information (trades, decisions, configurations,
requirements, etc.) captured? Primarily in static documents? Primarily in digital
system models?

e Model Storage - How is design information archived and stored? In central and widely
accessible locations? In decentralized or silo-ed locations?

While the primary purpose of this portion is to explore the Reuse + MBSE narrative, findings
also contribute to the growing body of scholarly research on MBSE theory and it’s practical
implementation in complex enterprises. The last several questions ask specifically about
how MBSE may be leveraged for a design reuse methodology for unplanned reuse scenarios.
Respondents are asked whether basing such a methodology in an MBSE environment in
their organization would be feasible and value-adding. They are asked to expand on this by
identifying expected benefits and challenges of such an approach.

In summary, the survey questionnaire consists of five sections - a demographics section
and four sections on various facets of design reuse and the techniques available to improve
upon current practice. These sections are outlined in Table 3.1 along with representative
questions for each section. Fig. 3.3 demonstrates how the full traceability from survey
objectives to the four sections is maintained.

3.1.1.4 Validating the Questionnaire

The intent of the survey is to draw conclusions on the prevalence, methods, and outcomes
of design reuse as garnered from respondents’ own experiences. Therefore, the goal is to
capture the thoughts of respondents “in their own words” as nearly as possible - albeit
while remaining within the confines of a structured survey. Essential to this is avoiding the
preconceived notions of the researcher from contaminating the resulting data. This question
becomes particularly important when respondents are addressing topics about which they
may not have thought extensively and explicitly about.
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Table 3.1: High-level sections of the questionnaire with guiding questions.

Questionnaire Sections

How common is design reuse?
Reuse Context Planned vs. unplanned?
Decision-maker rationale?

Structured vs. unstructured?
Critical elements of structured methods?

Why does reuse succeed? Why does it fail?
Is success "full" or "partial"?

Degree of MBSE adoption?
Reuse and MBSE  Are organizations "there yet"?
MBSE and structured reuse: Value? Benefits? Challenges?

Reuse Conditions

Reuse Outcomes

Questionnaire

Objectives Hypotheses

Design

Hyp. 1

Reuse is prevalent
Section 1

Hyp. 2 Reuse Context

Reuse success
varies

Obj. 1
Explore intentionality

Section 2
Reuse Conditions

Obj. 2 Hyp. 3
Explore Process can be
structuredness codified

Section 3

Reuse Qutcomes

- Hyp. 4
Obj. 3 z e
MBSE fficientl
Assess MBSE impact ol
prevalent

Section 4
Reuse and MBSE

Hyp. 5
MBSE adds value to
reuse

Figure 3.3: Full traceability from objectives to question selection in the survey design effort,
builds on Fig. 3.2
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The questions themselves were designed to avoid latent bias; wording and response op-
tions were kept neutral as confirmed by several cognizant individuals besides the researcher,
including social science research practitioners and educators. Question types — that is, mul-
tiple response, free response, single response, etc. — were selected to yield the maximum
flexibility to respondents to present their full opinions on a given topic. Most questions
contained an optional free response component to record responses outside of the nominal
ones provided. Additionally, the final structure of the survey (as shown in Fig. 3.3) was such
that respondents were introduced to certain topics only when it was certain that these new
topics would not impact their responses to previous questions. For instance, this was done
with the concept of “structured-ness” of reuse methods; respondents were asked to consider
“structured-ness” only after they had provided responses on the success outcomes of planned
and unplanned reuse efforts. Here, the fact that planned methods often have more reuse
structured approaches did not affect their initial response to planned vs. unplanned success.

Combined, the above validation efforts are aimed at providing the most reliable results
from the practitioner survey. This is particularly important in a discipline such as design
reuse where - as shown in the literature review - quantitative, empirical data tying causes
and effects are so difficult to extract from complex systems problems. In these cases, the
properly solicited insights of design practitioners are all the more important.

3.1.2 Distribution and Demographics

With the content of the questionnaire selected and validated, the effort then turned to imple-
menting the survey - that is, delivering it to various respondent populations and gathering
responses. The Qualtrics XM tool was used to build and distribute the survey. This choice
was made over simpler and free-to-use software such as Google Forms due to Qualtrics XM’s
rich survey environment and multi-modal distribution functionality. The survey employed
conditional logic to route respondents to appropriate survey sections or individual questions
given previous selections; for instance, questions on the impact of "more structured" design
reuse methods were presented only to those respondents who had previously indicated a lack
of such structuredness in either planned or unplanned reuse scenarios. Additionally, diverse
question types were used to ensure response data was of the desired form for each question.
Question types used include (predominantly) single response, multiple-response, sliders (for
reuse prevalence estimates), and free response options where response selections were not
exhaustive. Processing and analysis of the responses was done primarily using IBM’s SPSS
Statistics package.

3.1.2.1 Identifying Respondent Populations

As the goal of this thesis is to assist in decision support for reuse decisions, the target
demographic for the survey was those engineers and managers who take part in the decision
making process. These include: discipline engineers who carry out the requisite analyses
and detailed design of mission subsystems; system architects and system engineers who
conduct trades and compose solutions conforming to mission objectives comprising the multi-
disciplinary domain; and project management team members who ultimately make binding
design decisions. The desired respondent population thus comprises a representative set of
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such stakeholders across the sectors of interest.

There is particular interest in establishing whether substantial differences exist between
the space enterprise and other engineering sectors on the practice of design reuse. As such, the
representative set ideally captures similar proportions of space sector and other respondents.
Here a distinction is made between space systems - systems designed to operate in the space
environment and the launch vehicles that deliver them - and aerospace systems - air-breathing
systems or those designed to operate entirely in Earth’s environment.

3.1.2.2 Respondent Demographics

Three sources of respondents were identified - as shown in Fig. 3.4. Firstly, the survey was in-
cluded as an optional concluding assignment in MIT xPro course, "Architecture and Systems
Engineering: Models and Methods to Manage Complex Systems". This online professional
development course targets engineering professionals, directors, and managers "looking to in-
novate and optimize their operational, manufacturing, and design systems". Participants are
usually drawn from the aerospace, automotive, defense, consumer appliances, and manufac-
turing industries. By targeting decision makers and innovators, who would have substantial
knowledge of their organizations’ design practices, this course was seen as an ideal source for
the diverse population sought for the survey. As Fig. 3.4 shows, more than half of respon-
dents who completed (100% completion) the survey are from this group. Fig. 3.5 further
breaks down the final respondent population by industry - respondents outside of the space
and aerospace industries were sourced entirely from this xPro course. Considering potential
biases of this population, we find primarily the fact that course participants are typically
fairly junior members at their organizations. This may call into the question the depth of
experience of participants with project-to-project reuse.

The second source of respondents is from the technical staff at The Aerospace Corpora-
tion, a Federally-Funded Research and Development Center (FFRDC) based in El Segundo,
California. Aerospace provides technical guidance and advice on mission assurance to a range
of civil and defense space agencies. As such, its staff has substantial experience across the
national space enterprise and can provide insights on design reuse across diverse space-based
projects. Fig. 3.4 shows that roughly 20% of total survey respondents are affiliated with The
Aerospace Corporation and fall entirely within the "Space Systems and Launch Vehicles"
sector - hereafter referred to as "the space industry" - tabulated in Fig. 3.5. A source of bias
in this population may relate to the government-oriented nature of most of Aerospace’s work
- as we have seen, commercial and civil actors have different motivations and approaches to
the reuse of legacy systems.

Lastly, "at-large" members of academia and industry were sourced in a variety of ways.Two
professional groups of particular relevance were solicited - the INCOSE Space Systems Work-
ing Group (SSWG) and the NASA MBSE Community of Practice. SSWG is the primary
group within the global systems engineering community exploring how systems theory ap-
plies to space-based projects. With key related research efforts including the CubeSat MBSE
Reference Model - that aims to standardize the application of MBSE to small satellite mis-
sions - this group is an ideal source for identifying best practices in design reuse and MBSE
specifically for space-based projects. Similarly, the NASA MBSE CoP seeks to socialize
concepts of MBSE throughout the agency and has similar value in developing insights on
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MBSE adoption for reuse. Academics - primarily university PI’s and professors in the fields
of complex engineering systems - were individually targeted by direct solicitation. Uni-
versity respondents were sampled from: Georgia Tech, MIT, University of Texas - Austin,
TU Munich, ETH Zurich, and Keio University in Japan. No particular source of bias can
be identified for this population other than the fundamental differences between academic
motivations and those of industry.

The industry demographics detailed in Fig. 3.5 reveal good representation of respondents
across a diverse set of industries. As desired, the large set from the space industry allow
for particular focused analyses within this group, while sizable populations from Aerospace,
Defense, Automotive, and Computer Hardware and Software sectors allow for comparison
in reuse and MBSE practices across communities. In total 149 completed responses were
received. Respondent statistics are also shown by their self-identified roles within their
organizations, in Table 3.2; a majority identify as Systems Engineers while managers, other
discipline engineers, and academia are represented to a lesser degree.

3.1.3 Results Analysis

As discussed previously, the three explicit objectives of the survey are:

1. Explore impact of design reuse intentionality on methods and outcomes
2. Explore impact of design reuse structuredness on methods and outcomes

3. Assess potential efficacy of MBSE methods to improve current reuse practices

Results analysis is developed around testing of the 5 hypotheses, which flow from these
objectives (see Fig. 3.3 and Section 3.1.1.2).

3.1.3.1 Hypothesis 1

Hypothesis 1 states that design reuse is at least as prevalent in the space industry as in
others, and that unplanned design reuse specifically is at least as common as planned design
reuse in the space industry. The goal of this initial hypothesis is to a) confirm the user-
base of a reuse methodology narrowly focused on unplanned reuse efforts and b) validate an
emphasis on the space industry as a sector particularly in need of such a methodology.

Respondents were first asked to estimate the percentage of projects within their teams,
organizations, and industries that implemented design reuse to some extent!. Fig. 3.6 shows
the mean percentage reported by respondents of each of the 5 industries with the largest
populations. Additionally, it shows the mean percentage across all industries - 56%. The
data clearly indicates that the first half of Hypothesis 1 holds. In the experience of industry
practitioners, the space industry implements design reuse on more than half of projects
undertaken; a similar frequency to other industries, and in cases, greater. Tight error bars
indicate general agreement among space industry respondents.

IThe definition of design reuse presented to respondents constrained a design reuse instance to one
explicitly and intentionally reusing information codified in engineering products (documents, models, etc.)
of a previous mission; had the survey framed design reuse as any information whatsoever related to a design
(including implicit knowledge), reuse prevalence figures would be expected to increase substantially, as few
concepts in engineering systems can be said to be truly from-scratch.
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M industry/Academia-at-Large
M Architecture and SE Online Course

Figure 3.4: Survey respondents by solicited populations.

With which of the following industries are you most closely associated?
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Figure 3.5: Survey respondents by industry type.
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Table 3.2: Survey respondents by role.

Count Percentage

Systems Engineer 62 51.2
Project Management 17 14.0
R&D 14 11.6
Other Engineering Discipline 13 10.7
Professor /Instructor 7 5.8
Other 5 4.1
Production/Manufacturing 2 1.7
Total 121

100%

80%

Mean of all
industries

60%

40% |

20%

Percentage of Projects Employing
Desien Reuse (Mean)

0%

Space Systems  Aerospace Automotive Computer Defense
and Launch  (Aerial systems) Hardware and
Vehicles Software
(n=37) (n=12) (n=10) (n=6) (n=10)

Figure 3.6: Mean percentage of projects employing design reuse in selected industries, based
on respondent experiences. Note the design reuse definition in the previous footnote.
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Figure 3.7: Comparative prevalence of planned and unplanned reuse in selected industries.
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To address the second half of the hypothesis, respondents were asked to characterize the
relative prevalence of planned and unplanned reuse efforts. Respondents were provided with
the definitions of these terms developed in Chapter 1. Fig. 3.7 plots the resulting data
from this question - with response options collapsed to (a) planned being more common and
(b) unplanned being at least as common. In the original question, response options were
presented on a spectrum: "Planned much more common...", "...somewhat more common...",
"...equally common...", "Unplanned somewhat more common...", "...much more common...".
The plot shows that the space and aerospace sectors stand out from their terrestrial coun-
terparts in terms of the relative prevalence of unplanned reuse. Indeed, the space industry
has the greatest perceived prevalence of unplanned reuse of any industry surveyed. This
coincides well with the results of the literature review that established the common practice
of heritage opportunistic reuse of flight-proven designs. Nevertheless, the second half of the
hypothesis does not strictly hold; planned reuse is still deemed more common by a plurality
of respondents in the space industry, with the remaining 8% responding "unsure". However,
the results do indicate that the space industry, in the opinion of respondents, implements
unplanned reuse with higher frequency than most others surveyed.

3.1.3.2 Hypothesis 2

Hypothesis 2 states that planned design reuse is typically more successfully implemented
than unplanned design reuse. It also attributes this gap in successful outcomes to a lack of
structured methods for carrying out the latter form of reuse. The hypothesis extrapolates the
claimed variance in success outcomes from known instances of reuse along the intentionality
spectrum. Similarly, the stipulated cause for reduced success outcomes is deduced from
the noted absence in the literature of rigorous methodologies for ad-hoc reuse efforts. This
missing piece being the key independent variable distinguishing the two cases leads to a
causation being inferred, which is now tested by gauging practitioner experiences.

Figure 3.8 captures participants’ responses to the questions: "Which of the following
statements comes closest to your opinion about unplanned design reuse in your industry?"
and a similar question for planned design reuse. Response options include: (a) Reuse is
typically successful and fully realizes predicted benefits, (b) Reuse is typically successful
but only partially realizes predicted benefits, (¢) Reuse is typically unsuccessful and fails to
realize any reuse benefits, and (d) Unsure/Cannot generalize. By asking them to consider
the "typical" case, this question has respondents deduce a pattern for expected outcomes
from the full portfolio of reuse scenarios they have encountered. Respondents are asked
to distinguish between partial and full success of a reuse effort as compared to the initial
expectations of decision makers from the outset of the project.

The top plot in Fig. 3.8 presents the findings for respondents from all industries while the
lower plot presents the findings for respondents from the space industry alone. Examining
the two plots, it is clear that the first clause of Hypothesis 2 holds: in the full industry
set as well as the space industry sub-set, respondents cite planned reuse as typically "fully
successful" more frequently than unplanned reuse. Space industry respondents trend more
pessimistic about full success in planned reuse scenarios than other respondents, but a similar
phenomenon is witnessed in unplanned reuse assessments as well. Additionally, in both
respondent sets planned reuse is more commonly associated with any amount of success,
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Figure 3.8: Comparative outcome assessments of planned and unplanned design reuse for
(top) all industries surveyed and (bottom) the space industry.
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Figure 3.9: Comparative "structuredness" assessments of planned and unplanned design
reuse for (top) all industries surveyed and (bottom) the space industry.
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either full or partial. In both cases, 85% of respondents claim that planned design reuse is
typically at least partially successful. The analogous figures for unplanned reuse are reduced
by 10% across all industries and 17% for the space industry alone. This finding, along with
the increased "reuse failure" figures for unplanned reuse - particularly in the space industry -
works to confirm the first part of Hypothesis 2, namely that planned design reuse is typically
more successfully implemented than unplanned design reuse.

We note also an increased percentage of respondents citing uncertainty or an inability to
generalize about unplanned reuse, around 10% more than for planned reuse. This finding may
be the first suggestion towards confirming the second half of Hypothesis 2, the correlation
between availability and use of structured reuse assessment methods and the success of
the reuse effort. While not directly confirmatory, the increased uncertainty in assessing
unplanned reuse outcomes implies reduced confidence in the underlying processes guiding
unplanned reuse. The fact of increased availability of structured methods for planned reuse
efforts, initially established in the literature review, is confirmed in Fig. 3.9. Over 60%
of respondents across both sets characterize unplanned reuse efforts as either "very" or
"somewhat" unstructured; conversely, nearly 90% of respondents characterize planned reuse
efforts as either "very" or "somewhat" structured.

As both Figs. 3.8 and 3.9 present responses along an ordered scale, we can attempt
to draw out a correlation. The Spearman correlation coefficient - calculated in Table 3.3
- relates the tendency of the dependent variable (reuse outcomes) to change with changes
to the independent variable (reuse structured-ness); a value > 0 indicates a positive corre-
lation, where the dependent variable increases with increases to the independent variable.
The table identifies a moderate correlation - at a 95% confidence level - between a respon-
dent’s assessment of unplanned reuse outcomes and the structured-ness of the effort. This
correlation is confirmed by direct questioning of respondents on the likely outcome of added
systematic rigor and structure in unplanned reuse decision-making, as summarized in Table
3.4. Two-thirds of respondents predict greater success.

In summary, there is clear evidence that, in the experience of respondents, planned meth-
ods are typically more successful than unplanned methods at realizing reuse potential. And
there is a strong correlation between these outcomes and the structured-ness of methods used
to guide a given reuse effort. This fact, when combined with the known lack of structured
methods for unplanned reuse, points to a cause for reduced success outcomes of unplanned
reuse - or conversely, a path towards improving these outcomes.

3.1.3.3 Hypothesis 3

Hypothesis 3 holds that there exists a set of canonical systems engineering steps for assessing
unplanned design reuse scenarios and these can be codified into a structured process. These
steps may be seen as the minimum requirements of a legacy design reuse methodology as
proposed and developed in this thesis. We may test the validity of this hypothesis by
approaching the question from two directions: first, identifying those aspects of reuse that
respondents most commonly cite as principal causes for failures or diminished success of
reuse efforts; second, explore the "essential elements" of a structured process as identified
by respondents in a separate question. While the second question alone may seem sufficient
to test the hypothesis, additional insights may be drawn from correlating the failure causes
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Table 3.3: Correlation analysis of unplanned reuse "structuredness" and the outcome of
unplanned reuse efforts. Results show a positive correlation.

Outcome of
Unplanned Efforts

Correlation Coefficient

0.214*
Unplanned Reuse  (Spearman Rho)
"Structured-ness" Sig. (2 tailed) 0.020
N 118

* Correlation is significant at the 0.05 level

Table 3.4: Support of statistical correlation via direct questioning of the impact of "struc-
turedness" on unplanned reuse outcomes.

Count Percent

More Successful 71 67

No Impact 9 8.5
Less Successful 4 3.8
Unsure 22 20.8
Total 106
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and success criteria cited by respondents.

Table 3.5 summarizes results when respondents were asked for principal failure causes in
unplanned design reuse efforts. Results are divided, as previously, into "all respondents" and
those from the space industry alone. The values represent the percentage of respondents in
each population group that selected each failure cause in a "check all that apply" question
type. Firstly, we note that respondents from the space industry were more likely than the
whole to select one or multiple failure causes; this is captured by the reduced percentages
across all response options for the "All respondents" group. Nevertheless, the ranked order
of responses - from most to least selected - remains the same across the two response groups,
confirming a similarity across industries for failure causes in unplanned reuse.

Looking now at the space industry alone, we define a response threshold of 50% to clas-
sify response options as prevalent failure causes of unplanned reuse. We see that 5 such
responses meet this criteria: (1) failure to identify design adaptations or rework, (2) failure
to understand contextual gaps across missions, (3) failure to predict detrimental emergent
impacts, (4) failure to allocate cost or schedule margin for reuse complications, and (5) lost
knowledge from a reusable asset’s native product. Common to all of these responses is a
lack of comparative understanding of the "reuse slot" in the current mission of interest and
the candidate reuse asset as it exists in its native mission. Thus, seemingly most failures are
borne out of an overly narrow or naive view that ignores the objective, environmental, and
performance envelope differences across native and new missions. Qualitative discussions
with several practitioners (from the same organization) have found that push-back to reuse
across large enterprises is common, and is likely due to siloed business units. The survey,
however, does not reflect this. This suggests that such phenomena may be isolated to par-
ticular organizations or management structures/philosophies. Lastly, one write-in response
of note identifies attempted reuse of outdated or obsolete designs as a common failure cause;
in these circumstances, issues that may arise include rigid performance envelopes and lack
of suppliers [13].

Table 3.6 presents respondents’ evaluation of essential elements of a structured method-
ology for unplanned reuse. Unlike in Table 3.5, there is some disagreement in the ranked
order of responses between response populations. This may reflect variations in product
complexity and development environments across the sample industries. However, applying
the same 50% threshold to this data yields a consistent set of common response options.
The agreement of over half of all respondents (as well as over half of space industry re-
spondents) is that a structured methodology requires procedures for: (1) quantifying reuse
costs and schedule impacts, (2) quantifying contextual gaps and assessing required rework,
(3) comparing reuse with from-scratch efforts, (4) modeling and cataloguing designs in a
standard fashion. There is significant correlation between what respondents identify as nec-
essary aspects of a structured legacy design reuse methodology and the failures they identify
in current unstructured methods. It is clear then that beyond simply codifying the unstruc-
tured process, the methodology can positively impact design reuse efforts by correcting those
failure points that commonly arise when reuse is not done systematically. Concluding on
Hypothesis 3, we can say that it holds that there is an essential /canonical set of steps and
moreover, if these steps are done poorly or omitted entirely, it can lead directly to failed
reuse scenarios.
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Table 3.5: Ordered set of causes of design reuse failures, as identified by respondents (left)
in the space industry and (right) across all industries.

Space Industry

Causes of Design Reuse Failure All Respondents

Respondents
Fgllure to 1dgnt1fy required 62.8% 62.3%
design adaptations or rework
Failure to und'ers'tand contextual 62.8% 59.6%
gaps across missions or products
Failure to predict detr‘lmental 60.5% ALTY
emergent 1mpacts
Failure to allocate cost or schedule'ma‘rgln 60.5% 49.1%
for unexpected reuse complications
Lost k)nowlgdge from the reu.sa.ble 55.8% 41.9%
asset’s native product or mission
No availability of comprehensive design
information for the candidate reusable asset 48.8% 40.4%
Failure to estimate reuse fzost and 46.5% 38.6%
schedule requirements
Organizational push-back 37 99 24.6%

("not invented here" syndrome)
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Table 3.6: Ordered set of critical elements of an unplanned reuse procedure, as identified by
respondents (left) in the space industry and (right) across all industries.

Space Industry

Essential Structured Method Elements All Respondents

Respondents
Quantify design reuse effort costs 72.0% 69.7%
Catalog reusable design artifacts 68.0% 66.7%
Quantify regu}rements gaps 68.0% 63.6%
across missions/products
Compare design reuse e.ffort with 64.0% 60.6%
from-scratch design efforts
Identify required design
rework /adaptation tasks 60.0% 54.5%
Quantify design reuse effort schedule 64.0% 54.5%
Calculate metrics for assessing a
design’s potential to be reused 72.0% 54.5%
Generate descriptive model of
the mission/product of interest 60.0% 51.5%
Identify candidate reusable designs 48.0% A8 5%
from a reusable asset catalog
Identify candidate reusable de@gns 44.0% 39.4%
from a predecessor mission
Synthesize design reuse recommendations 32.0% 33.3%
Cataloging whole missions/products 32.0% 30.3%
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Considering now the first three hypotheses, we conclude that:

e design reuse, and particularly unplanned instances, are especially common in the space
industry

e unplanned reuse efforts across all industries suffer from a lack of structured methods
to consistently and systematically assess positive and negative impacts; this leads to
reuse outcomes that do not fully realize potential benefits

e these first two points suggest an abundance of beneficiaries of the LDRM methodology
proposed and developed in this thesis

e respondents identify essential elements of the design reuse process that codify best
practices and avoid common failure causes

e there is thus a clear need and an underlying foundation for LDRM

Survey analysis now turns to placement of the proposed methodology within the methods
and principles of MBSE.

3.1.3.4 Hypothesis 4

Hypothesis 4 claims that MBSE is sufficiently prevalent and adopted in space industry
organizations to justify development of the methodology in an MBSE environment. The
literature review established a climate in the engineering systems discipline of increasing
openness to digital engineering methods. For this hypothesis, we desire to deduce whether
this climate has reached a level where MBSE-based methodologies may provide value to
organizations for tailored use-cases such as reuse assessment, design archiving for future
reuse, etc. Making this determination for the reuse assessment use-case requires:

1. exploring how established MBSE practices are in respondents’ organizations (e.g., cen-
tralized digital models; standardized modeling practices and metamodels; data digiti-
zation, threading and archiving methods; defined ontologies and authoritative sources
of truth; etc.)

2. assessing the degree to which the digital data is in a form readily amenable to reuse
analyses

As discussed in Section 3.1.1.3, respondents have been asked to answer relevant questions
based on the working definition of MBSE, as developed by INCOSE. Fig 3.10 presents
the spectrum of MBSE adoption levels as identified by respondents in five of the industry
populations sampled. As suggested by select examples discussed in the literature review,
organizations within the space industry reside primarily the middle of the spectrum - from
MBSE pilot projects and pathfinder efforts to more extensive deployment on a project-
to-project basis. Indeed, these preliminary stages of MBSE adoption may be the most
logical points to influence deployment and implementation such that model, design, and
data reusability are encouraged. Shaping MBSE methods to emphasize "design/modeling
for reuse" is further discussed in Chapter 6. Results for the space industry align closely
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with aerospace industry trends, as expected due to large organizations overlapping across
the two sectors. Comparatively, a more advanced industry in terms of MBSE adoption is the
automotive industry. This fact is likely related to the well established platform and product
family approaches common in vehicle development; such structured methods, belonging to
the "planned reuse" regime, are more amenable to import into emerging digital methods.

Intrinsic to MBSE deployment are the modes that organizations use to store, relate, and
transmit data and design information. An indirect indicator of MBSE maturity at an orga-
nization is the degree of "digitization". Fig. 3.11 depicts results of a "degree of digitization"
question asked of respondents. In the space and aerospace industries, a majority of respon-
dents claim that their organizations capture design information predominantly in traditional
document form. Respondents favoring "predominantly" over "entirely" suggests existence
of at least some amount of digital models as authoritative sources of design information, as
seen in the automotive industry. Due to digitization’s intrinsic role in larger model-based
efforts, we would expect a relationship between the data in Figs. 3.10 and 3.11. As the
first data column of Table 3.7 shows, there is indeed a positive correlation with a high de-
gree of certainty; specifically, respondents who identified their organizations as more mature
adopters of MBSE likely also experienced a larger magnitude of data digitization efforts.
This is expected, and it supports the deduction that organizations are trending in the right
direction in terms of necessary actions to facilitate deployment of MBSE methods, such as
the methodology developed in this thesis. It follows that the second column of the table
negatively correlates the level of information digitization to downstream efforts to reuse that
information.

Figure 3.12 summarizes responses when participants are asked for the desired high-level
benefits for which their organizations are adopting MBSE principles. In both response sets,
"Improved reusability of designs..." is selected by around 40% of respondents, with leading
response options in both cases being "Facilitating communication via authoritative sources
of truth" and "Improving collaboration via common understanding...". This is expected;
indeed, most of the literature on MBSE, as explored previously, includes precisely these two
clauses in defining the paradigm itself. Facilitation of reuse efforts is also commonly cited,
but as a desirable use-case - not as central to the definition of MBSE. Nevertheless, for
Hypothesis 4 we have shown that:

1. The space industry is sufficiently advanced in MBSE adoption to justify development
of the proposed methodology in a digital environment,

2. Modes of generating, storing, and transmitting design information are keeping pace
with this transition and may at least allow for pilot model-based efforts,

3. Organizations generally see value of MBSE for improving reuse practices, though in-
roads may be made to truly demonstrate these benefits via real-world case studies
yielding actionable results.

3.1.3.5 Hypothesis 5

Hypothesis 5 states that a structured unplanned reuse process can be implemented in an
MBSE environment with greater efficiency and effectiveness than in traditional static doc-
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Figure 3.10: Level of MBSE adoption in respondents’ organizations, by industry.
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Figure 3.11: Predominant forms of design information storage (static documents vs. digitized

models) in respondents’ organizations, by industry.

110



Table 3.7: Correlation analysis of the degree of design information digitization with level of
MBSE adoption and inherent effort to reuse such information.

Level of MBSE

Effort to Reuse

Adoption
Correlation Coefficient % sk
Digitization of (Spearman Rho) 0.249 -0:236
Design Information Sig. (2-tailed) 0.010 0.019
N 107 88

* Correlation is significant at the 0.01 level
** Correlation is significant at the 0.05 level

Space Industry
0% 10% 20% 30% 40% 350% 60% 70% 80% 90% 100%

ey

Faciliate communication via authoritative source of truth

Improve collaboration via common understanding of system of interest
Improve reusability of designs and work efforts

Improve risk understanding through transparency and traceability
Thread system information throughout lifecycle

No Benefits

All Industries
0% 10% 20% 30% 40% 350% 60% 70% 80% 90% 100%

ey

Faciliate communication via authontative source of truth

Improve collaboration via common understanding of svstem of mterest
Improve reusability of designs and work efforts

Improve risk understanding through transparency and traceability
Thread system mformation throughout lifecycle

No Benefits

m Selected  ® Not Selected

Figure 3.12: Summary of desired high-level use cases enabled by MBSE adoption in respon-
dent’s organizations in (top) the space industry and (bottom) all industries.
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umentation methods. Testing this hypothesis requires asking respondents to balance the
relative benefits and challenges of implementing reuse procedures in the digital environment.
In two separate questions, respondents are directly asked to identify these expected bene-
fits and challenges specifically for the basing the reuse methodology in MBSE; results are
tabulated in Table 3.8. Looking first at benefits, we see that the high-scoring responses
are primarily results-oriented - that is, respondents expect reuse benefits to emerge from
the outcomes of the reuse efforts as opposed to other aspects, such as ease of implemen-
tation or training. In fact, the responses scoring below 30% share a common theme of
being related to organizational factors and integration of MBSE practices into engineering
processes. Once these hurdles are overcome, the respondents expect MBSE to lend rigor,
reliability, and cross-project consistency to reuse efforts. Looking specifically at the first re-
sponse, "Improved consistency across projects", we find that 81% who selected this response
also identified their organization as having decentralized data storage practices. Via this
correlation, it is clear that respondents see a "low-hanging fruit" opportunity for improving
MBSE practices by centralizing design information such that it is accessible in a cross-project
fashion.

Looking now at the challenges, we see counterparts of the low-scoring potential benefits
emerge as some of the central challenges to MBSE-based reuse methods. Primary among
these are difficulties in learning and implementing MBSE methods; certainly this issue ex-
tends beyond just reuse-related digital efforts. Recalling findings from the literature review,
most authoritative sources cite precisely these difficulties as the continued roadblocks to the
digital transformation of SE practices. Closely tied to these issues are organizational push-
back often associated with questions of the form "if current practices work, why fix them?";
these concerns may themselves arise from difficulties in integrating MBSE practices into ex-
isting design processes and infrastructure. Such challenges are particularly prevalent when
MBSE methods are adopted in disparate bottom-up approaches across siloed organizations;
these may lead to conflicting practices in the future, when top-down digital transformation
efforts attempt to consolidate the varying practices into a coherent whole. These effects hold
for a variety of MBSE use-cases, beyond just the design and model reuse question explored
here.

Nevertheless, should these organizational and implementation challenges of the larger
MBSE paradigm be overcome, the resulting digital transformation would prove beneficial to
reuse efforts. Recalling Table 3.7, the second correlation connects the degree of digitization in
a respondent’s organization to the respondent’s perception of the difficulty of reusing digital
models. The correlation is significant (with a 95% confidence) and negative - implying that
as digitization in an organization increases, the reuse difficulties diminish.

The survey concludes with two direct questions about the feasibility and value of a design
reuse methodology founded in the paradigm of MBSE. Results are tabulated in Figs. 3.13
and 3.14. Nearly two-thirds of respondents, when asked to balance the challenges, benefits,
and operational /implementation factors at their organization, agree that a structured pro-
cess for unplanned design reuse could be deployed in an MBSE environment. In fact, a small
percentage claim that they have already seen this demonstrated - though in a free-response
addendum to this question, some respondents volunteer that these existing methods are for
highly tailored and specific reuse instances. Finally, inspecting Fig. 3.14, there is an over-
whelmingly positive view of the value of an MBSE-centered design reuse methodology. The
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Table 3.8: Ordered set of (left) benefits and (right) challenges of MBSE-enabled reuse iden-

tified by all respondents.

Benefits of MBSE Reuse Method

Challenges of MBSE Reuse Method

Improved consistency across
projects

Yield more reliable results

More rigorous

More widely applicable

Require less effort to implement

Less costly to implement

Easier to learn

No benefit

73.3%

51.1%

45.6%

28.9%

24.4%

21.1%

16.7%

4.4%

57.3%

52.8%

47.2%

40.4%

39.3%

7.9%

4.5%

4.5%

More effort to learn

More effort to implement

Would experience organizational
push-back

More difficult to integrate with
existing design processes

More costly to implement
No challenges

Yield less consistency across
projects

Yield less reliable results
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relatively large percentage of "Unsure" responses in both questions reflects the uncertainty
impacting MBSE adoption more broadly in organizations - this uncertainty, in turn, is pre-
cipitated by the varying and sometimes disparate approaches to overcoming the barriers to
entry for MBSE methods into traditional design environments. Despite these challenges,
respondents are still optimistic that reuse can prove a good use case for MBSE methods.
Considering now the last two MBSE-focused hypotheses we can conclude that:

e adoption of MBSE methods, and a broader "digital transformation", is progressing
throughout the space industry though most organizations are still in initial pilot efforts
and as-desired project implementation

e fundamental to effectively implementing MBSE methodologies is the "digitization" of
design information from static-document based to connected digital models - space
industry organizations are lagging in this effort

e organizations see improved design reuse as a secondary, albeit important, use case and
motivator for MBSE adoption - with the primary ones being reliable communication
of designs and improved collaborative environments

e benefits of MBSE-based reuse are results oriented (e.g., higher reliability, greater rigor,
etc.) while challenges are implementation-related (e.g., effort to learn, deploy, and
integrate with existing practices)

e if initial challenges can be overcome, respondents overwhelmingly see value in an
MBSE-based legacy design reuse methodology

Now combining these insights together with findings from the first three reuse-focused hy-
potheses, we can revisit Fig. 3.3. The three guiding objectives of the survey have been
addressed: (1) a distinction was clearly established between respondents’ experiences of
planned and unplanned reuse efforts, and their typical outcomes; (2) the gap in success
outcomes between the two was appropriately linked to the "structuredness" of the methods
implemented to assess and deploy the reused artifact; and (3) it was shown that some or-
ganizations in the space industry are at a phase of MBSE adoption where specific use-cases
can at least be explored and demonstrated. Increased acceptance of standardized and widely
applicable digital methods can only improve the effectiveness of LDRM.

3.2 Targeted Qualitative Interviews

A campaign of targeted interviews was conducted to supplement the findings of the prac-
titioner survey. As Fig. 3.1 reminds, semi-structured interviews allow the researcher to
gather more detailed and nuanced insights from respondents than a standard questionnaire-
based survey. It allows for immediate theory generation and testing around the topic of
interest. This approach is particularly suited to enhance understanding of a complex sys-
tems/organizational topic like design reuse. Taken together, the survey and targeted in-
terviews solicit multiple facets of the "reuse picture" from respondents, from generalized
opinions formed over the course of a career to instance-specific findings.
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Could a sttructured process for evaluating unplanned design reuse scenarios be founded in MBSE
methods at yowr organization?

B Ves, and I already know of one
B Yes, although I have not seen one
No
Unsure

Figure 3.13: Respondent opinions of feasibility of an unplanned reuse methodology in an
MBSE environment at their organization.

Would an MBSE-centric structured methodology for assessing unplanned reuse
scenarios be valuable to product or mission development projects in your industry?

WY
| )

Unsure

Figure 3.14: Value assessment of an MBSE-enabled unplanned reuse methodology
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3.2.1 Development and Candidate Sourcing

The interview campaign was designed to closely parallel the industry survey in content and
focus. As a semi-structured interview, a guiding set of questions acted as starting points
for interview subjects to speak at length in free-form about relevant experiences. These
guiding questions - shown in Table 3.9 are taken from the same characteristics that defined
the survey sections. Recalling Table 3.1, these are Reuse Context, Reuse Conditions, Reuse
Outcomes, and Reuse + MBSE. Interview subjects were asked to trace their thought process
and responses, whenever possible, to specific instances of reuse from their past experiences.

For sourcing interviewees, it was desired to sample a breadth of reuse perspectives from
throughout the design enterprise. This range certainly includes the personnel and decision
makers tasked with a specific project or mission - that is, the discipline engineers solving
domain-specific design challenges as well as the systems engineers who reconcile the discipline
level designs. Upstream aspects of the design enterprise that were of interest are shown in
Fig. 3.15 and include: (a) the design infrastructure that contains the methods and constructs
underlying the design processes of the discipline and systems engineers and (b) early concept
generation activities that deliver preliminary insights on central trades and design decisions of
the problem of interest. For (a), interview candidates of particular interest are those involved
in the cataloguing and archiving of legacy designs and those tasked with development of
MBSE infrastructures in their organizations. For (b), a focus was placed on concurrent
engineering facilities, such as JPL’s Team X, which are often a microcosm for the highly
integrated and linked analyses of the digital design environment emphasized by MBSE.
Thus, in addition to (and sometimes in place of) the prepared guiding questions, discussions
with subjects were tailored to the appropriate domain within the design enterprise picture
shown in the figure. Candidates from these diverse areas were sourced from organizations
including NASA, JPL, The Aerospace Corporation, and the Defense community:.

3.2.2 Findings

Design Cataloguing

Two subjects were interviewed for this regime of the design enterprise. A common thread
taken up by both subjects was the importance of data curation to facilitate future design
reuse efforts. Data curation is generally defined as the process by which data collected from
various sources is organized and stored such that the value of that data is maintained or
even increased over time. It is evident that effective data curation is essential for proper
understanding and redeployment of legacy elements. Indeed, much of the findings of the
preceding survey analysis regarding structured methods and digitization can be framed in
terms of data curation practices.

At the time of the interviews, both subjects were actively involved in funded projects
aimed at exploring data curation and design archiving projects: one a "digital hangar" ef-
fort for the aerospace defense sector and the other a NASA MBSE design library challenge.
For the former, the subject placed emphasis on the large volumes of data generated dur-
ing design and operations of a system; to effect improved reuse practices, he argued, such
"big data" must be distilled via a valuation process to those most essential elements. The
subject identified a key outstanding task central to the data curation and valuation effort:
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Table 3.9: Guiding questions of semi-structured interview, which parallels sections of the
industry survey.

Guiding Questions

Tell me a bit more about your position and your
experience in mission design projects?

Introduction What type and scale of projects have you been
involved with?

What design phase of these efforts is your focus?

How common are heritage/legacy reuse decisions?
Reuse Context
How are these decisions made?

When design reuse is pursued, what is the typical

state of design information for the reusable asset?
Reuse Conditions

Is it easily accessible? Is there any pre-work done

on this information to prepare it for reuse analyses?

Do you find that the cost/effort of implementing

reuse was accurately estimated at the outset?
Reuse Outcomes

What types of unforeseen obstacles impact this

accuracy?

Have any of your projects employed MBSE?

If so, have you explored using MBSE for
design reuse analyses? Was it useful?

Reuse and MBSE

If not, why?

Design Early Design and
Infrastructure Concepts Development

Design MBSE Concurrent Systems Discipline

Cataloguing Stakeholders Design Engineers Engineers

Figure 3.15: Topics and subtopics within a design effort from which interview candidates
were desired.
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algorithmic development of curation protocols within existing data sets. To this end, the
"digital hangar" effort sought to map the digital data landscape of design information and
parameters for defense-sector aerial systems developed in their organization. Understanding
this complex data picture - and how it is threaded across projects - is the first step in data
curation and validation.

The NASA-affiliated subject emphasized the agency’s desire for libraries of reusable ele-
ments that may be deployed across a range of diverse mission types. Data curation in this
sense entails consistent cataloguing of design elements of common functionalities (e.g., Habi-
tat waste management systems, CO2 removal systems, etc.). In the design library challenge
run by the interview subject, MBSE was explicitly identified as the paradigm under which
such cataloguing is best conducted. Challenge participants developed concepts for MBSE-
based functional libraries for a space habitat design problem. Chief among the evaluation
criteria was ease to the user - a characteristic that is central to demonstrating value and
encouraging adoption. As such, graphical simplicity, navigability, and consistent modeling
practices were highly valued. The subject noted also the types of design data that might, at
a first order, be necessary for more refined reuse analyses including Size, Weight, and Power
(SWaP) parameters, TRL, and element owner.

The discussions with these interview subjects can best be distilled as follows: effective
reuse of designs requires that the high-value data artifacts that capture those designs be
curated and maintained for future users in a consistent and navigable fashion.

MBSE Stakeholders
Two interview sessions were conducted with MBSE development and deployment engineers.
The first was with engineers in the MBSE Office at an aerospace firm, the second was with
several members of the NASA MBSE Community of Practice. In both cases, outcomes
aligned closely with the findings of the MBSE portion of the industry survey. Namely, all
interview subjects noted the gradual but often fragmented nature of MBSE adoption in their
respective organizations and projects. Similarly, all subjects pointed to one primary cause
of roadblocks in the adoption effort: an unwillingness on the part of some team members to
implement MBSE methods without a clear demonstration of its value and use cases. Subjects
agree that the significant investment required to learn, integrate, and socialize MBSE practice
is often too much for a project to take on - and they then revert to traditional methods that
are known to yield results.

The first set of subjects placed particular emphasis on the task of socializing the paradigm
- a task that falls on the shoulders of the MBSE developers, if their methods are to gain wider
acceptance. One interesting method that this group identified for socializing the concept is
the MBSE-as-a-service approach. In this technique, the MBSE team approaches a program
or mission team and offers to develop system models that parallel the actual development
effort. Throughout, they will demonstrate the unique views and analyses that are enabled by
the modeling effort that might not be available in the traditional development environment.
Interviewees identified one instance where the project team began to integrate the system
model into their activities for particular use-cases, one of them being the reuse of common
bus requirements for a spacecraft. This reveals how value demonstration via socialization of
concepts is a potentially game-changing practice - and it is incumbent on MBSE developers
to carry this out.
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The second set of subjects drove the discussion towards MBSE methodologies - sets of
procedures, modeling practices, and patterns that guide deployment of MBSE for a partic-
ular use-case. The emphasis here was on the need for consistent and repeatable generalized
protocols to avoid the proliferation of countless “mini-standards” that lead to the loss of any
standardization whatsoever. Like discussed previously, once these methodologies have been
rigorously developed and validated, they must be socialized such that wide acceptance leads
to true standardization. The same must be done for LDRM to avoid it being relegated to
“just another” methodology without a user base.

Concurrent Design

One interview session was conducted with a subject working in the regime of early concept
exploration and formulation. In particular, the subject was a member of a concurrent design
team. This team conducts short design sessions to develop rapid point solutions to a problem
of interest; the sessions include “seats” for each major spacecraft subsystem with appropriate
domain tools (often Excel spreadsheets) linked together to ensure satisfaction of mass and
power budgets, cost, etc. The resulting point designs are often the starting points for the
actual design/development teams if the project is funded in the future.

The subject offered several unique insights about design reuse at this stage of a (eventual)
project. First, he noted a tension between two mindsets. On the one hand, he noted the
common notion that when ideating solutions to new problems, engineers are quick to rely
on proven legacy designs or knowledge; these initial instincts may eventually dissolve or
diminish as the problem is explored and revealed to be substantially different. On the other
hand is the mandate of most concurrent teams: to develop new and creative solutions to
deal with often-demanding performance and environmental constraints. If legacy designs
are consistently relied upon, the creativity and innovation may be stifled. Central to this
tension, the subject notes, is the “spectrum” of reuse - ranging from the underlying mental
models that help engineers have a consistent perspective of a problem to the explicit models
that capture designs.

These considerations lead to a finding that is reinforced by reuse theory as explored in
the literature review: that divergence from reuse plans is a nearly universal phenomena.
One caveat that the subject mentions relates to reuse outcomes. Since the point designs are
passed off to other teams, traceability is often lost such that assessing the outcomes of initial
reuse decisions becomes difficult. Nevertheless, it is clear that design reuse in concurrent
design efforts exhibits unique characteristics. The nature of the reuse implementation how-
ever, is quite familiar and perhaps in an ideal form: the digitized microcosm of linked Excel
analysis sheets.

Systems and Discipline Engineers

One interview session was conducted for this category - with the subject having experience
in each of the two engineering roles throughout his career. Findings from this discussion
complement the interview with the MBSE stakeholders mentioned previously. Namely, sys-
tems and discipline engineers are precisely those groups that must be socialized about the
benefits of MBSE adoption, and in particular, about the reuse use-case. While the sub-
ject conceded that engineering teams are starting to see value derived from MBSE methods
(e.g., integrated analyses that could not be easily conducted in traditional environments),
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capabilities do not seem to "be there yet" to motivate a greater transition.

Regarding reuse practices, the interview subject noted the ad-hoc manner in which de-
sign adaptation is carried out from mission to mission, even within generations of similar
spacecraft. Even when MBSE models are available, the subject described inconsistent usage
of the models across the various discipline teams. This leads to models that capture only
parts of the designs, while other parts are relegated to the traditional methods. The result
is incomplete mission models that subsequently cannot be relied on for the analyses they
are meant to deliver. In particular, the subject noted a disparity in how discipline teams
record mission requirements in the models - with some tracing down to comprehensive third
and fourth levels of requirement decomposition, while other teams include only new or novel
requirements that are not implicitly met by the existing generation of the spacecraft. Such
inconsistencies, the subject argued, only add to the difficulty experienced by MBSE and
reuse practitioners to establish structured and systematic methods.

3.3 Best Practices Study Conclusions

In this Chapter, we have described the efforts undertaken to develop a picture of the current
state and best practices in design reuse, and to understand how the ever-growing MBSE
paradigm may impact it. The industry survey sampled over 100 practitioners - systems en-
gineers, discipline engineers, MBSE developers, and project leadership. The questionnaire-
based study yielded standardized responses on relevant questions that were then comple-
mented by a smaller, more targeted set of interviews. The results of this combined process
include:

1. Design reuse is a common practice across all complex engineering industries sampled
in the study. A loose interpretation of the term to include mental models, implicit
knowledge, etc. for a problem of interest leads to a conclusion that it is present in
every single engineering project; a stricter definition focusing on explicitly codified
design information (e.g., specifications, digital models, etc.) narrows the prevalence to
around 60% of projects.

2. In the space industry, there is a near even balance in planned and unplanned instances
of reuse. Unplanned reuse efforts, commonly referred to as "heritage" or "legacy"
reuse, experience a marked decline in effectiveness (i.e., partial vs. full success) when
compared to planned efforts.

3. Related to Point 2, respondents to both the survey and the interviews cite a disconnect
between initial reuse plans/predicted outcomes and eventual results, especially for
unplanned methods; this result can be correlated with the "structuredness" of methods
used to assess the reuse scenario.

4. When MBSE is proposed as a solution vector to this problem, respondents offer mixed
responses. While they point to increasing adoption in their organizations, they note

limited capabilities and socialization necessary to augment traditional approaches with
MBSE methods.
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5. Of particular importance to the effectiveness of MBSE-based reuse methods is the
curation and maintenance of design information for past missions. This should be part
of the larger digital transformation that is ongoing throughout the space industry, with
the end-goal being integrated data landscapes enabling all sorts of new analyses and
use-cases.

To conclude, the LDRM methodology developed and demonstrated in subsequent sections
of this thesis can be said to be lacking and "of value" in both theory and practice. Be-
yond justifying the need for LDRM from a practical perspective (where the literature review
did so from a theoretical perspective), the findings of this study also inform aspects of its
development. For instance, findings of the degree of MBSE adoption suggest that LDRM
should be widely applicable across a range of existing and in-development modeling prac-
tices. These demands on LDRM flexibility affect the underlying metamodel and modeling
constructs. In Chapter 5, we will recall the findings of this study to conduct internal vali-
dation, demonstrating that the resulting methodology is consistent with needs expressed by
industry practitioners and that current reuse and MBSE best-practices were implemented.
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Chapter 4

Development of the Legacy Design
Reuse in MBSE Methodology

The intent in previous chapters was to consolidate, from as many sources and stakeholder
perspectives as possible, a sense of the current state of the practice in legacy design reuse.
Now, we wish to integrate these best practices and areas of improvement into a comprehensive
methodology for systematic assessment and decision support of legacy design reuse scenarios.
The LDRM, intended for use in early architecting (before Phase B in NASA’s traditional
lifecycle formulation), comprises both technical and programmatic analyses to address the
use cases introduced in Section 1.5.1.2 - namely, 1) determination of reuse feasibility, 2)
enumeration of required rework, 3) impact of rework on programmatic benefits of reuse, and
4) comparison vs. a nominal from-scratch solution to the reuse need. LDRM benefits from
the integrated data environment and rigorous formalisms of MBSE while simultaneously
providing a desired demonstration of MBSE deployment for specific systems analyses.

This chapter details end-to-end development and demonstration of the LDRM method-
ology. First, a framework guiding each step of the development process is presented; this
framework spans several layers of refinement, from a guiding ontology, to a generalized reuse
procedure, and finally to implementation in an MBSE environment. The Reuse Ontology
includes a classification taxonomy of reuse types as well as the relationship between those
terms and related concepts; a glossary is included to enforce consistent usage of the ontology
elements throughout the methodology. Next, a generalized reuse procedure is developed
which threads best practices identified previously with other logically required steps of an
abstracted legacy reuse assessment process. Then, we explore how this generalized procedure
may be implemented using MBSE and language-specific modeling elements and constructs.
Lastly, we demonstrate application of LDRM onto a sample problem, representative of the
types of use cases for which it is intended.

4.1 Development Framework

LDRM’s requirements of rigor and consistent applicability demand a comprehensive hierar-
chical framework for defining and tackling the problem. This framework is presented in Fig.
4.1. Each step of the framework derives from the previous step and descends to an added
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layer of refinement.

The starting point for the framework is a Reuse Ontology, whose function is to provide
unambiguous definitions of relevant reuse concepts and relationships among them. This
ontology, represented via a conceptual map, frames the methodology to focus on the legacy
reuse question. From here, a generalized reuse procedure is defined. The concepts from
the ontology are traced into this logic to define an end-to-end process from initial inputs
to final deliverables. This process flow is then codified into the MBSE environment via a
metamodel and a language-specific Reuse Profile. Finally, the modeling practices necessary
for employing the MBSE metamodel constructs in the reuse procedure are described.

As we descend through the framework, the medium for capturing/representing informa-
tion also changes. These modes become increasingly prescriptive, such that by the imple-
mentation stage, modeling practices are defined, and templates of necessary diagrams and
output products are specified. This refinement represents the progress from conceptual or
theoretical formulation to practical, implementation-oriented definition of LDRM.

4.2 Reuse Ontology

As discussed in the previous section, building an ontology of the legacy reuse domain is the
first conceptual step in systematic development of LDRM. Its purpose, Guarino reminds, is
to “formally model the structure of a system, i.e., the relevant entities and relations that
emerge from its observation, and that are useful to our purpose” [53]. As noted in the
literature review, a consensus definition of an ontology does not exist and a range of sources
emphasize different aspects of an ontology as defining characteristics [4, 131, 78]. We can
borrow from these, for instance, to complement the above definition with the multi-layered
ontology-metamodel relation described by Afmann [4].

4.2.1 Ontology Context

From Guarino’s definition emerge two important points. First, an ontology should be a
formalized construct such that there is no ambiguity about how the entities and relationships
it defines should be interpreted. Indeed, in many cases, ontologies are built in machine-
readable, formal ontological languages. In our case however, the requirement for rigorous
formality can be relaxed. This may be done since another level of formal specification will
follow — namely the MBSE metamodel that will lend implementational rigor to the reuse
methodology, as suggested by Afmann [4]. Other frameworks may view this approach, not as
an ontology, but rather as a conceptual model, implying reduced formality. However, as this
construct will include key elements of an ontology - namely structure, definitions/attributes,
and relationships between these entities - we retain use of the term.

Secondly, Guarino’s requirement of “usefulness” implies that an ontology should consider
the various perspectives of the topic of interest, thus establishing a consensus view of the
topic. For the reuse ontology, these perspectives include 1) the varying types and degrees
of reuse (i.e., a reuse taxonomy) and 2) the modes through which designs are captured and
disseminated. These caveats aside, the reuse ontology acts essentially to define the extent
of applicability of LDRM and the types of questions it must be defined to answer. To that
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end, we introduce a reuse taxonomy within which we can locate the legacy reuse scenarios
of interest.

4.2.1.1 Reuse Taxonomy

The purpose of a taxonomy is to develop a classification scheme to specify an aspect of
interest. In our Reuse Ontology, we wish to distinguish reuse of designs (as defined in
Chapter 1) from other categories of reuse. A generalized classification of reuse types into a
taxonomy can be created by asking the question, “What exactly is being reused?” To arrive
systematically at an answer to this question, we can draw inspiration from past attempts
at developing taxonomies of technology and design. Vincenti, for instance, describes design
efforts by "type" and "hierarchy", with different degrees of technical definition required at
each intersection. Type relates to whether a design presents a) an improved solution along an
"accepted tradition" of the operating principle or normal configuration of a design or b) or
radical departure from this tradition by changes to either operating principle or configuration
[139]. Here, we see allusions to concepts of reuse vs. from-scratch development. Other
efforts at classification focus specifically on the operating principle and key functionalities of
a design, as summarized by a National Institute of Standards and Technology (NIST) effort
[103]. Perhaps the most systematic, and yet simplest, classification scheme is produced
by van Wyk. van Wyk classifies technologies along two dimensions: 1) the underlying or
fundamental function delivered and 2) an operand on which that function acts [137]. Three
canonical functions are identified — Transforming, Transporting, and Storing — along with
three basic operands — Matter, Energy, and Information.

Recalling the literature review of space industry reuse examples (see Section 2.1.1.1), we
identified three general types of reuse: 1) hardware reuse, 2) design knowledge reuse, and 3)
work effort reuse (i.e., reuse of the constructs that capture the design knowledge explicitly).
Mapping these reuse types onto van Wyk’s original technology taxonomy matrix, we see that
no single operand /process pairing is sufficient (see the top panel of Fig. 4.2). This reveals the
complex nature of any reuse effort and introduces difficulty in the reuse classification problem.
A modified version of this taxonomy maintains the operands but collapses all functions into
a generic ‘reuse” function, as shown in the bottom panel of Fig. 4.2. Hardware reuse is
generalized as a reuse of matter, referred to as Physical Article reuse; Design knowledge
reuse is generalized as a reuse of information, referred to as Codified Design Knowledge
reuse; and Work Effort reuse is generalized as a reuse of energy, referred to as Design Efforts
reuse.

We now expand the three types of reuse with lower level (higher granularity) classifica-
tions; Table 4.1 depicts this taxonomy that captures the nuances in reuse types in the space
industry gathered from the literature survey. In Physical Article Reuse, we distinguish be-
tween recovery-dependent and In-Situ reuse. “Recovery-dependent” refers to Earth recovery;
that is, the physical article to be reused must be returned to Earth (or some future on-orbit
logistics depot or a surface depot on another planet such as on Mars) where it is then in-
spected, refurbished, and integrated for future use. This contrasts with “In-Situ” reuse that
covers salvaging, recycling, repurposing, or reconfiguring that occur at or near the asset’s
operating environment. Within Codified Design Knowledge reuse, the unplanned reuse of
legacy articles is divided into two types. “Standard Article” reuse covers those elements that
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Figure 4.2: (top) Application of van Wyk’s classification scheme to reuse efforts; (bottom)
adapted classification scheme collapsing canonical functions into a generalized "reuse" func-

tion.
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are ubiquitous across space systems and that can claim heritage from a wide set of past
missions, or that rely on basic physical principles that do not require flight heritage; these
can include the use of passive radiators, simple heaters, common materials, etc. Conversely,
“Unique Heritage” reuse covers element for which a unique and thorough inheritance process
must be conducted to ensure its reusability across missions. It is this reuse type that is the
particular focus of the methodology — while “Standard Article” reuse may be unplanned, it
does not typically require the specialized analyses of more complex heritage cases. Another
category of Codified Design Knowledge reuse covers the planned reuse efforts of product
families.

Lastly, Design Effort Reuse focuses on the models and modeling practices that engineers
use to generate, manipulate, and represent designs. Model reuse includes MBSE centric
concepts such as digital design libraries and system models, as well as traditional descriptive
and analytical engineering domain models that leverage discipline-specific tools and envi-
ronments. The increasing digitization of SE processes as prescribed by the MBSE paradigm
means that the concepts of design knowledge and design effort reuse are best considered
in tandem. The MBSE-centric aspects of the methodology developed will demonstrate this
complementarity.

Several caveats may be appended to this taxonomy. First, is its intended scope, that
is constrained to reuse practices in the development and operation of space systems. This
is clear from the distinctions made in both physical article reuse (recovery vs. In-Situ) as
well as Product Families (common satellite busses vs. modularized subsystems). These
concepts may be extensible to other domains, but usage of the taxonomy, as-is, should be
constrained to this field. Secondly, the taxonomy is not claimed to be exhaustive of all
possible kinds or variations of the concept of reuse, but rather to place "design reuse" (and
specifically, legacy design reuse) within a larger conceptual framework in order to specify
LDRM use-cases. We can claim that any reuse type not included in this taxonomy can
still be classified using the function-operand scheme adapted from Van Wyk. For instance,
the reuse of validation and verification, testing/qualification, or other mission aspects may
be classified, into the "Codified Design Knowledge" reuse sub-category to which the reuse
instance is most appropriate.

Lastly, two additional attributes should be used to describe a reuse effort: architectural
level and "degree" of reuse. The first refers to the hierarchical level in the system decom-
position within which the element being reused resides; as we will see, specification of this
attribute has repercussions on the findings of the subsequent reuse analyses. "Degree" of
reuse acknowledges the fact that designs are rarely either "copy and paste" reuse or "from-
scratch"; rather, they live on a spectrum between these extremes. Omne of the eventual
findings of the methodology is to locate a reuse effort within this spectrum based on the
amount of rework predicted to make the native asset feasibly reusable on the mission of
interest.

4.2.2 Concept Map

The ontological representation of the reuse domain is presented in a way that is a) in a
format that is digestible to the reader and b) is agnostic to specific formalisms selected by
a downstream organization using LDRM. Thus, we choose a simplified conceptual mapping
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Table 4.1: Notional taxonomy of space industry reuse, derived from the adapted van Wyk
scheme. Emphasis is to place legacy design reuse in the context of other reuse types. Ex-
haustiveness of all reuse concepts is not claimed.

Physical Article Reuse Codified Design Knowledge Design Effort Reuse
Reuse*
Recovery-based Legacy Modeling Schemes
Article Reuse Standard Article Metamodels & Patterns
In-Situ Unique Heritage Stereotypes & Profiles
Article Reuse | Product Families Models
Article Repurpose Common Bus Element Libraries
Modular Platform System Models
Discipline Models

(Descriptive or Analytic)

* Design Knowledge includes: specifications, parameters, programmatic information, configurations, testing
protocols & certifications, analysis algorithms, operational procedures, and any other explicit information

maintained in project document,
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representation as opposed to the highly formalized, machine-readable constructs sometimes
described in the ontology literature. It should be noted that no rigor is lost by this approach,
especially since per Fig. 4.1, greater levels of specification via logical procedures, metamod-
els/profiles, and modeling patterns will follow. The ontological concept map is presented in
Fig. 4.3.

The concept map is best understood in four quadrants, each centered on the terms
highlighted in gray. The upper left quadrant builds out from the concept of design, which
contains the full set of information (concepts, models, descriptions, technical documenta-
tion) that captures the architecture, components, interfaces, and other characteristics of a
system of arbitrary compositional level. The system that the design represents satisfies a
particular need in the larger mission of interest. This design, though externally captured
via explicit, codified articles of information is typically informed (and first ideated) in the
implicit knowledge of engineers and designers.

The lower left quadrant expands on how the design information is captured (both implic-
itly and explicitly) in the form of models. Models — which are abstractions of a system aimed
at understanding, communicating, explaining, or designing aspects of interest of that system
— take on many forms. Model types that codify explicit design information (i.e., the type of
data that may be systematically reused) include discipline, or domain, models and system
models. In the traditional SE environment, design information is also principally captured
in design documentation. System models are primarily operated in the digital environment
characterized by integrated and authoritative sources of system data. This environment,
elaborated in the lower right quadrant, is most effectively utilized when consistent modeling
and data practices are employed — via constructs such as metamodels.

The upper right quadrant places the unplanned (legacy) reuse methodology in the context
of the other design methods that a mission architect may adopt. It constrains reusable
elements to those that are explicit design data, to the exclusion of the more abstract implicit
design knowledge artifacts. Lastly, this quadrant shows how the methodology handles design
solutions generated by from scratch methods — namely, it compares the impact of reuse
methods against them to justify one or the other method.

The central importance of the mission-related concepts in the ontology should be em-
phasized. The mission context — including relevant stakeholders, campaign constraints, non-
engineering influences, etc. — is the ultimate influence on the selection of design method
beyond the technical and programmatic recommendations that LDRM can make. The on-
tology makes clear the informative nature of the methodology as a decision support tool, not
as a decision-making construct in its own right. Additionally, the mission need for which
reuse is explored acts as the filter for the designs (and in turn, the explicit design artifacts)
that are considered by LDRM.

4.2.2.1 A Note on Ontology Validity and Exhaustiveness

Concepts in the ontology are those that have been explored in preceding chapters — sourced
from literature, the best practices survey, and discussions with Subject Matter Experts
in relevant fields. However, only those concepts with some direct influence on the logic,
procedure, or implementation of legacy reuse and the methodology (itself an entry in the
ontology) are included. Gomez-Perez asserts that "we cannot prove the completeness of an

129



Mission specifies
Context

Design
Methods

satisfies specifies

i includes
informed by captured in Mission
Need
Implicit Explicit compares
Knowledge Information P

leverages previous vs. reuse

instances of

contained in codified in includes

Planned Unplanned

influence

augments codified in
Mental Design Discipline Suystem specifies Metamodel codified in Reuse
Models Documents Models Models Process Logic

implemented in

coordinates .
requires
Reuse

Methodology

includes operate in

Digital/MBSE
Environment

Models

based in

Figure 4.3: Conceptual mapping of terms defined in the Reuse Ontology.

130



ontology"; conversely, incompleteness can be demonstrated by showing incompleteness of an
individual definition within it [49]. Therefore, they note that an ontology may be considered
complete if and only if: a) "all that is supposed to be in the ontology is explicitly stated"
and b) "Each definition is complete". Using this criteria, completeness of the ontology exists
with regard to terms related to unplanned reuse: the subsequent term glossary provides
complete definitions of all relevant concepts, as identified in the extensive literature and
industry reviews. Thus, we can claim that the ontology is valid to the extent that it is
applied to the specific use cases and questions addressed by LDRM (see Section 1.5.1.2).
No claim is made, however, of the exhaustiveness of the ontology to all reuse concepts. To
that end, this ontology framed by the legacy reuse question, can form a (complete) starting
point and subset of a larger ontology that will be populated as research into design reuse
continues. Thus, it can act to coordinate or frame future research in the field. As future
work is realized, a richer conceptual understanding of the reuse question can be derived.

4.2.2.2 Term Glossary

A glossary of terms is included to further ensure unambiguous understanding of the con-
ceptual ontology. Included in italics for some terms are examples from well known space
missions, or those we have previously explored.

e Mission Context — The organizational, social, and technical context within which the
mission of interest is being developed; this includes the motivation of stakeholders,
defined mission and campaign objectives and enterprise concerns, engineering and non-
engineering constraints imposed, etc. Fxample: The Perseverance rover as a follow-on
to Curiosity, with substantially similar hardware but tasked with new terrains, new
experiments, and even a novel deployable payload in the Ingenuity helicopter; program-
matic pressure to avoid missteps that caused delays in MSL.

e Mission Need — The specific functional or architectural need for which reuse scenarios
will be explored by LDRM. The need is specified via requirements, interfaces, and
other constraints and filters the reusable designs that may be considered. Ezample:
Computational functions for providing an inertial reference to the flight code of the
Ariane 5 launch vehicle.

e Design — The set of information (concepts, models, descriptions, technical documenta-
tion) that captures the architecture, components, interfaces, and other characteristics
of a system. (adapted from ISO/IEC/IEEE 24765:2009). Ezample: CAD files, dy-
namic workspace envelopes, structural analyses, component configurations, interface
control documents, etc. for the robotic arm system of the Curiosity rover.

e Implicit Knowledge — Information on the design of a system that is not explicitly
stated or codified in the project documentation. This information is related to the
implicit experiences, biases, and opinions of engineers and managers that are carried
over from project-to-project. A thermal engineer uses past experience to assume a
reference value for the viscosity at a given temperature of the lubrication substance of
the Curiosity actuators.
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Explicit Information — Information on the design of a system that is explicitly stated
or codified in the project documentation. A refined value for the above viscosity figure
and the technical modules that lead to this value.

Model — An abstraction of a system, aimed at understanding, communicating, explain-
ing, or designing aspects of interest of that system. [33]

Mental Model — Adopted from Morecroft: "A dynamic pattern of connections com-
prising a core network of 'familiar’ facts and concepts, and a vast matrix of potential
connections that are stimulated by thinking and by the flow of conversation [cite More-
croft 1994|." Mental models comprise the “implicit” or non-codified aspects of design
of both the mission of interest and past missions undertaken by the engineer. An
extensive discussion is provided by Doyle and Ford [34].

Discipline Model — A model of a specific domain (technical or programmatic) within
the context of the system which pulls from and pushes to the design information
stored in the larger system model. Example: A CAD representation of a given payload
configuration on a launch vehicle deployer intended to evaluate volume constraints.

System Model — The “authoritative source of truth” model for a given project or mission
that stores and logically organizes all explicit forms of design information in the form
of various model types and views

Design Documents — Products of the systems engineering process that record de-
sign/architecture information (decisions, parameters, configurations, etc.) for the
purpose of specifying a build, reporting to a milestone or review, disseminating to
stakeholders, or archiving a design. FEzxample: The set of interface definitions and
specifications for the main computer of the Space Shuttle, the redundant backups, and
auxiliary computing elements

Design Methods — Adopted from Gericke: "A specification of how a specified result
is to be achieved. This may include specifications of how information is to be shown,
what information is to be used as inputs to the method, what tools are to be used, what
actions are to be performed and how, and how the task should be decomposed and
how actions should be sequenced [45]." Specific to the Reuse Ontology, we emphasize
the specification of sources used as inputs.

From Scratch — A design approach that borrows no explicit design information from
past efforts; implicit design information is difficult to exclude even in from-scratch ef-
forts as this information resides in the knowledge /experiences of the engineer. Ezample:
The novel Sky Crane method for the final stage of EDL of the Curiosity rover.

Design Reuse — Redeployment onto a new system of interest of the design of an existing
element as recorded in the project documentation and models. These records contain
the information necessary to develop, produce, operate, maintain, and, if necessary,
dispose of the design. Example: Successful redeployment of the above Sky Crane method
for the final stage of EDL for the Perseverance mission.
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Planned Reuse — Occurs with designs that are developed from the outset with the
explicit intent of being reused on a subsequent product or mission. Reuse of this kind
is associated with product lines or product platforms. FEzample: Lockheed’s line of
A2100 GEO communications satellites used also in GOES and GPS constellations.

Unplanned Reuse — Occurs with designs that were not originally developed with the
explicit intent of being reused. Reuse of this kind is associated with opportunistic rede-
ployment of proven designs. Synonymous with "legacy reuse" in this thesis. Ezample:
"Copy and paste” of the inertial reference code in the Ariane 5 flight software.

Digital Environment — The environment within which emerging paradigms such as Dig-
ital Engineering and MBSE operate; it is characterized by the integration of enterprise-
wide data, establishment of authoritative and traceable sources of information and
modeling practices, and the transition from document-based recording of designs to a
model-based approach.

Reuse Methodology — The Legacy Design Reuse in MBSE methodology proposed in
this work for conducting more systematic analyses of unplanned design reuse decisions
in a consistent, coherent and model-centric approach

Reuse Process Logic — The logical steps required of LDRM as gathered from systems
theoretic considerations, state of the practice findings, and subject-matter-expert in-
terviews

Metamodel — An abstract specification for a model or set of models intended to define
model elements, correspondence links between these models and model elements, and
the rules used to enforce consistency between the models. [adapted from Broy, 2010]

4.3 Generalized Reuse Process

Recalling the framework presented in Fig 4.1, we descend one layer of refinement deeper, to
the logical arrangement of the ontology concepts into a generalized procedure that codifies
the legacy reuse assessment process. Additionally, in this step we also seek to incorporate
the lessons learned on reuse best practices and areas for improvement from the reuse survey
detailed in Chapter 3. In summary, key elements of a reuse assessment procedure, as laid
out in the motivating use cases and survey findings are:

e Evaluating the gaps between a native mission and the mission of interest that impact
the feasibility of reusing the candidate design.

e Determining the rework/adaptation effort required to bridge this gap and make the
candidate design acceptable for the mission of interest.

e Estimating the programmatic impacts of the reuse scenario in terms of cost, schedule,
or systems engineering work effort.
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e Following patterns for describing the candidate designs and the mission of interest,
such that consistency across missions and modeling practices is maintained.

At this stage, the framework calls for an implementation-agnostic formulation of process
steps such that the resulting procedure may be widely applicable to existing modeling and
systems practices at user organizations. Throughout this section, we depict this logical
process via SysML Activity Diagrams; these diagram types allow us to trace activities,
inputs/outputs, and to “zoom in” through various levels of refinement. Use of SysML for
this purpose should not be seen as a specification of the MBSE implementation process —
developed later — but rather as a convenient tool for describing the logical reuse procedure.
The process, therefore, is structured as a sequence and hierarchy of activities carried out by
the LDRM user. The hierarchy spans three levels, with each lower level providing greater
detail for carrying out higher level steps of the process. The highest level of the hierarchy is
shown in Fig. 4.4.

The overall input to the process is an Mol Description including objectives, require-
ments/constraints, and architecture and design decisions made to-date for the mission of
interest (Mol). Information included in this input is dependent on a) the degree of maturity
of the Mol architecture and b) the architectural level at which the reuse need exists. The for-
mer is constrained by the intended lifecycle phases for which this methodology is applicable,
namely through Phase A. Here, SRR has specified system requirements while some aspects
of the design have at least preliminary solutions specified via the SDR gate. It follows that
this design specification does not include the functional need for which reuse is being consid-
ered. Assuming the organization has deployed MBSE for its design efforts, Mol Description
information is kept as a system model that details specifications and structural /behavioral
features of the architecture. If the Mol Description is not kept in a system model — the likely
alternative being in static documentation (e.g. MS Office, central file management systems,
etc.) — then some effort would be required to transform or digitize this information.

At the highest level, the heritage reuse process is decomposed into three central activities:
1) defining the context of the reuse decision, 2) conducting a technical inheritance process for
assessing reuse feasibility, and 3) assessing the “value” of the reuse decision in terms of impacts
on programmatic factors, such as cost and schedule, for the Mol. In the remainder of this
section, we fully describe each step of this generalized reuse procedure including a description
of key activities in the step, inputs consumed, intermediate outputs generated, and also a
brief consideration of MBSE concepts that may be employed in the implementation stage of
LDRM. In most instances, a two level decomposition of steps is sufficient, whereas in critical
steps (e.g., rework effort assessment) a third level is described. These steps work towards
development of three primary outputs of LDRM: 1) a determination of reuse feasibility for a
candidate, 2) a rework campaign for the candidate to make it compliant with Mol constraints,
and 3) a reuse valuation comparing the estimated reuse impacts vs. a from-scratch effort.

4.3.1 Step 1 - Reuse Context Definition

Input(s): Mol Description
Description: Defines the context of the reuse scenario including a) identification of the ar-
chitectural element within the Mol for which design reuse is being considered, b) exploration
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Figure 4.5: Detailed view of Step 1 of the LDRM logical process.
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of assets available for reuse, and ¢) description of the larger campaign or enterprise within
which the Mol resides and that may impact the feasibility or value of reuse.

Output(s): Mol Technical Need; Reusable Assets; Campaign/Enterprise Context

MBSE Consideration(s): This step consolidates existing design information and asset
records maintained ideally in MBSE models but more likely in traditional design documen-
tation (requiring upfront digitization efforts).

Step 1.1 - Define Campaign/Enterprise (see Fig. 4.5)

Input(s): Mol Description

Description: Records campaign/enterprise vision, objectives, and constituent missions/systems;
these factors may constrain the pool of potential reusable assets and the value of their rede-
ployment. Further, some campaign/enterprise level decision making may mandate a partic-
ular reuse decision in order to enforce commonality across missions, advance collaboration or
extensibility objectives, etc. Thus, the reuse scenario of interest may be sensitive to factors
beyond the immediate mission.

Output(s): Campaign Description

MBSE Consideration(s): Output may be a pointer to an existing campaign System Model
or a summary block thereof.

Step 1.2 - Record Campaign/Enterprise Constraints (see Fig. 4.5)

Input(s): N/A

Description: Extracts from Step 1.1 the constraints that the campaign/enterprise context
impose on the Mol, and in particular, on the reuse decision. These may be non-technical
constraints (e.g., schedule implications on Mol of larger campaign timeline) or technical
constraints (e.g., interface requirements imposed from the system-of-systems level). These
constraints are added to the existing set of requirements that the reuse solution in the Mol
architecture must satisfy.

Output(s): Mol Non-technical Constraints; Mol Technical Constraints; Campaign/Enterprise
Context

MBSE Consideration(s): Outputs may be recorded alongside Mol specifications in Re-
quirements Diagrams or Tables.

Step 1.3 - Define Mol Technical Need (see Fig. 4.5)

Input(s): Mol Description; Mol Technical Constraints

Description: Specifies the architectural element within the Mol for which reuse will be
explored. This critical step thus frames the remainder of the reuse investigation with the
exact description of what must be satisfied in the Mol. Refer to Fig. 4.6.

Output(s): Mol Technical Need

MBSE Consideration(s): Output may be recorded as a SysML block with attributes/properties
defined for steps 1.3.1 - 1.3.3 described below.

Step 1.3.1 - Identify Functional Need (see Fig. 4.6)

Input(s): Mol Description

Description: Specifies the function(s) within the Mol for which reuse is to be explored.
The description should remain form-agnostic to the degree that the Mol has not specified
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ancillary or interfacing designs with the functional need. This specification is thus dependent
on the level of maturity of the Mol system.

Output(s): Key Function(s)

MBSE Consideration(s): The functional need statement may be recorded in an attribute
of the parent "Mol Technical Need" block described in Step 1.3, above.

Step 1.3.2 - Identify Relevant Requirements (see Fig. 4.6)

Input(s): Mol Description; Campaign/Enterprise Constraints

Description: Specifies the requirements that have been explicitly defined for the "reuse
slot" described in the functional need. These requirements are one of the key indicators of
the degree to which the reuse candidate satisfies the technical need of the Mol as well as the
feasibility of redeploying that asset, unmodified. As such, it is necessary to ensure that this
requirement set is as complete as possible, given the level of maturity of the architecture for
the Mol.

Output(s): Requirements

MBSE Consideration(s): Requirements are typically maintained in Requirements Dia~
grams/Tables and may be addressed via pointers in the parent "Mol Technical Need" block.

Step 1.3.8 - Specify Architectural Decomposition (see Fig. 4.6)

Input(s): Mol Description

Description: Complimentary to the steps 1.3.1-1.3.2, this step requires that the "reuse
slot" within the Mol architecture be explicitly identified within the larger architecture. This
requires the existence of a formal representation of the structure of the architecture. A
canonical representation decomposes in the following way: Whole Architecture < Separable
Mission Element < System < Subsystem < Assembly < Sub-assembly < Component <
Piece Part. Locating the "need slot" within this breakdown (specific to the Mol architec-
ture) essentially provides the architectural "address" where the reuse candidate design will
be located. Further, this aids in subsequent steps that identify relevant interfaces the reuse
slot must satisfy.

Output(s): Architectural Decomposition

MBSE Consideration(s): A standard diagram in a Mission or System Model is the func-
tional decomposition of the system, specifying the reuse slot in this structure may be done
via a pointer in the parent "Mol Technical Need" block.

Step 1.3.4 - Compile Mol Need Information (see Fig. 4.6)

Input(s): Mol Description

Description: This step consolidates the functional description, requirements set, and ar-
chitectural decomposition into a reference construct used by subsequent steps of the process.
Output(s): Mol Technical Need

MBSE Consideration(s): An Mol Technical Need block or other modeling construct may
be suitable here.

Step 1.4 - Explore Organizational Records of Past Assets (see Fig.4.5)

Input(s): N/A

Description: Examines archives/records (i.e., past mission models/documents, design repos-
itories) accessible to the organization; in the absence of an organized archiving system, this
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step may lead to development of one. Such archiving may be done asynchronously with the
rest of this procedure; as asset archives are built up (ideally in digitized fashion), the effort
required in this step will be reduced. This may be especially beneficial in organizations that
have emerged from mergers/acquisitions who initially may have minimal visibility into the
full set of legacy reuse candidates that have been inherited. In this case, efforts should be
made: before the merger to understand existing archiving methods and plans for integration
of these into a central system; and after the merger to prevent duplication of information
(which can potentially lead to version control discrepancies) by socialization and adoption
of the new design recording mechanism.

Output(s): Organizational Asset Records

MBSE Consideration(s): Past records are likely kept as documentation and may require
digitization into MBSE model libraries or mission portfolios. Where such libraries exist,
these may be imported to the governing system model.

Step 1.5 - Record Assets Available for Reuse Consideration (see Fig.4.5)

Input(s): Organizational Asset Records

Description: From within the organizational archives developed in Step 1.4, record those
assets that may be reusable for the Mol; indicators of design/model reusability include
(a) availability and accessibility of sufficient design information, (b) non-obsolescence of
technological or manufacturing elements (e.g., Is the technology outdated? Are parts source-
able? Can the element be readily manufactured again?). The output is a survey or collection
of those asset records that are deemed reusable.

Output(s): Reusable Assets

MBSE Consideration(s): Output may be a set of pointers (SysML blocks with custom
attributes/properties) to reusable assets within organizational records (Step 1.4).

4.3.2 Step 2 - Technical Inheritance Process

Input(s): Mol Technical Need, Reusable Assets

Description: This major step assesses the technical feasibility of reusing a proven element
from among possible reusable assets to satisfy the Mol Technical Need. The reusable assets
are filtered for similar functionalities to the technical need and inspected for compatibility
with the Mol requirements and interfaces. Necessary modifications or rework actions are
then enumerated for each reuse candidate. A final technical assessment is generated for
each reuse candidate considered. In Fig.4.7, solid path lines indicate the flow of information
from substep to substep while the dashed lines indicate the action-token flow that controls
whether substeps are carried out, depending on conditional rules marked by the diamond-
shaped decision nodes.

Output(s): Technical Inheritance Assessment
MBSE Consideration(s): N/A

Step 2.1 - Identify Reuse Candidate Elements (see Fig.4.7)

Input(s): Mol Technical Need; Reusable Assets

Description: This step generates a list of reusable assets, designated as Reuse Candidate
Elements (RCEs), to be carried through to the detailed technical analyses of subsequent
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Figure 4.8: Detailed view of Step 2.1 of the LDRM logical process.
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steps. Two parallel paths for compiling reusable assets are (1) from a design catalog or li-
brary or (2) from the system model or existing design documentation of a predecessor mission
(see Fig. 4.8). These sources are parsed for elements of comparable functionality and archi-
tectural decomposition level to the reuse need slot. The decompositional level determines the
types of interactions that must be considered during adaptation to the new mission. Thus,
in order to limit interactions to be considered (a proxy for rework effort), a more modular
element would be preferred as a reuse candidate. A final enumeration of Reuse Candidate
Elements - RCE(s) - is the output of this filtering effort. Given the parameters of the reuse
investigation, the enumeration may contain one RCE or several; selection of an RCE for
further analysis may also be mandated by campaign objectives or leadership decisions.
Output(s): RCE(s)

MBSE Consideration(s): Each RCE may be represented by a custom SysML block with
a pointer to the asset record and key descriptive models/diagrams (e.g., functional decom-
positions, requirements, interfaces, etc.)

Step 2.2 - Assess Candidate Element Compatibility (see Fig.4.7)

Input(s): Mol Technical Need; RCE(s)

Description: This step is a more refined filtering of the RCE(s) that determines compati-
bility of the RCE to the unique conditions of the Mol. In particular, two key indicators are
compared between the RCE in its native mission and the technical need slot in the Mol:
requirements and interfaces. These two elements are selected for several reasons. First,
requirements and formal/structural architectures (from which interfaces are derived) are
generated early in an architecting effort; this would conform with the intended target phase
for LDRM. Conversely, care should be taken to re-evaluate when requirements change early
in the mission definition process - a common occurrence. Second, they are an explicit form of
design specification from which commonalities and discrepancies across missions can be in-
ferred. Lastly, taken together, requirements and interfaces capture the full context of a given
need slot. Namely, requirements deal primarily with the internal functionality and perfor-
mance of the element considering objectives and design constraints, while interfaces capture
the externalities of how the element interacts with other elements in the larger architecture
of the RCM or Mol. In both cases, compatibility is assessed by pairing like-with-like across
the native mission and the mission of interest at the appropriate decompositional level. The
output is the set of compatible RCE(s) — non-compatible RCE(s) are deemed infeasible and
excluded from further analyses.

Output(s): Compatible RCE(s)

MBSE Consideration(s): Compatibility of the RCE to the Mol may be recorded via a
"Compatibility Flag" attribute in each RCE block

Step 2.2.1 - Identify Requirement Pairs, by Type (see Fig.4.9)

Input(s): Mol Technical Need; RCE(s)

Description: Parses through the design requirements for the RCE (in its native mission)
and for the Mol (at the architectural level of the technical need). Identifies parallel re-
quirements that may be "paired" to explore satisfaction of Mol requirements by the RCE
design. Requirement pairs are classified by type: functional, performance, environmental,
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or design constraints. Any Mol requirements that have no RCE pair are also recorded.
Unpaired requirements may arise for two primary reasons'. First, the native mission may
not specify the characteristic necessary in the Mol, introducing a question about the RCE’s
capacity to satisfy the Mol requirement - here, further assessment and potential rework may
be necessary. The second alternative is that the native mission did not record a particular
design characteristic as a requirement, though it may be present in the native design. This
latter reason is likely a deficiency in the requirements set but may be remedied in the reuse
assessment via introduction of "inferred" or "derived" requirements for those characteristics
in the native mission that are known to exist but are not recorded via requirements (this
phenomena will be explored in the first Case Study of Chapter 5).

Output(s): RCE/Mol Requirement Pairs

MBSE Consideration(s): A modified requirement diagram may be employed along with
custom "pair" relationships.

Step 2.2.2-2.2.4 - Evaluate Functional, Performance/Environmental, and Design
Constraint Gaps (see Fig.4.9)

Input(s): RCE/Mol Requirement Pairs, by Type

Description: A requirement pair gap is defined as the difference between what the Mol
requirement specifies and what the RCE counterpart can satisfy. The particular measure
for assessing the gap depends on pair type. For functional requirements, the gap may be
measured with a binary (e.g., either a required lower-level functionality is delivered by the
RCE or it is not); for performance or environmental requirements, the gap may be mea-
sured with the figure of merit or parameter specified in the requirement. This step records
these gaps for all requirement pairs found between the RCE and the Mol. This comparison
reveals a) Mol requirements already satisfied by the RCE, b) the gap in the RCE’s function-
ality, performance or design that must be bridged by rework or adaptation efforts, and c)
requirements in the Mol for which no RCE requirement is comparable. In the last case, this
indicates where new, from-scratch development will be needed to address the unique Mol
requirement - or if rework is not feasible, this case renders the RCE incompatible to reuse.
Output(s): RCE/Mol Requirement Pair Gaps

MBSE Consideration(s): Requirement gap metrics may be recorded in a custom at-
tribute/tag in the relevant Mol requirement.

Step 2.2.5 - Enumerate RCE and Mol Required Interfaces (see Fig.4.9)

Input(s): Mol Technical Need; RCE(s)

Description: Parses through the interfaces defined/required for the RCE (in its native
missions) and for the Mol (at the architectural level of the technical need). Similar to Step

IThis requirement pairing procedure may be amenable to (at least partial) automation via methods in
Natural Language Processing (NLP). Indeed, NLP for Requirements Engineering (NLP4RE) is an active
area of research as surveyed most recently by Zhao [149]. Existing methods typically relate to detection,
extraction, classification, and tracing of requirements on a project - perhaps the most related to pairing
and comparision of similar requirements is the method of "clustering" identified by Zhao, which has limited
usage and development in the literature. Overall, we conclude from Zhao’s findings that despite extensive
research in the area, industry adoption and validity of NLP4RE methods, and specificially those that may
be implemented for requirements comparison across missions is still too immature. For that reason, we stick
to manual, user-centric methods for the pairing of requirements and identification of gaps across them.
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2.2.1, identifies parallel interfaces that may be "paired" across the two missions. Interface
pairs may be classified as: energetic, data, material, or structural flows.

Output(s): RCE/Mol Interface Pairs

MBSE Consideration(s): Interfaces pairs may be derived from interface diagrams (SysML
IBDs) for the RCE and the Mol.

Step 2.2.6 - Identify Missing or Incompatible Interfaces (see Fig.4.9)

Input(s): RCE/Mol Interface Pairs

Description: Similar to Steps 2.2.2 - 2.2.4, an interface pair gap can be defined that captures
the difference between the interfaces the RCE is equipped for and the interfaces specified
for the need slot in the Mol. Two potential gap types exist: (1) a required interface in the
Mol is missing in the RCE and (2) a required interface in the Mol exists in the RCE but is
incompatible in its present form. Gaps for all interface pairs (and those missing pairs) are
recorded.

Output(s): RCE/Mol Interface Pair Gaps

MBSE Consideration(s): Interface gap metrics may be recorded in a custom attribute/tag
in the relevant Mol interface.

Step 2.2.7-2.2.8 - Record Gap Magnitudes and Assess RCE Compatibility (see Fig.4.9)
Input(s): RCE/Mol Requirement Pair Gaps; RCE/Mol Interface Pair Gaps
Description: For each requirement or interface pair, the magnitude of the gap is classified as
"None", "Minor", "Major", "No Similar Requirement /Interface", or "Over-satisfied". The
first three classes are determined by the percent change between the metric specified in the
Mol requirement /interface and the same in the RCE requirement /interface - if this is close
to 0% then the gap is "None", if less than or equal to 20% then the gap is "Minor", if greater
than 20% then the gap is "Major". "Over-satisfied" is used when the RCE’s requirement is
more stringent than the Mol’s, implying automatic satisfaction of the requirement. The set
of magnitude classifications yield a preliminary and standardized assessment of the overall
compatibility of the RCE to the Mol need. A determination of compatibility is made for each
RCE, with qualifiers for estimated rework or modification required (e.g., "Compatible, with
No Modifications", "Compatible, with Moderate Modifications", "Compatible with Substan-
tial Modifications", "Not Compatible"). The output is an enumeration of the compatible
RCE(s), while incompatible RCE(s) are excluded from the subsequent analyses.
Output(s): Compatible RCE(s)

MBSE Consideration(s): Requirement and interface gaps and magnitude designations
may be recorded in custom SysML tabulations - with data drawn from requirement and
interface diagrams of previous steps.

Step 2.3 - Assess Rework Effort (see Fig.4.7)

Input(s): Mol Technical Need; Compatible RCE(s)

Description: Evaluates the rework/adaptation effort necessary to adapt an RCE to fully
satisfy the Mol Technical Need. In particular, this step is focused on bridging the gaps
in requirement and interface pairs identified in Step 2.2. Each rework action is derived by
consultation with subject matter experts and domain-specific analyses; these inputs intro-
duce technical rigor to the rework campaign defined for each RCE. The rework campaign
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is the set of all rework actions for each interface and requirement pair. The output is a
rework campaign for each RCE considered as well as an assessment of reuse feasibility given
the extent of rework required. It should be noted that since LDRM is intended to support
early architecting decisions, the rework campaign will not exhaustively capture all activities
eventually conducted throughout the detailed design and integration phases, where reuse
is actually implemented. The output of this step is intended as a first-order, preliminary
blueprint with which to approach the eventual rework efforts more systematically.
Output(s): Rework Effort Assessment

MBSE Consideration(s): The set of rework actions should be recorded within the system
model, while supporting analyses may be conducted either within SysML (leveraging limited
computational capabilities) or on external domain tools.

Step 2.3.1 - Propose Rework Actions to Reconcile Gap (see Fig.4.10)

Input(s): Mol Technical Need; Compatible RCE(s)

Description: Identifies rework actions needed to bridge the technical gaps in requirements
and interfaces found for a given RCE. There is an outer iterative loop that is repeated for
each requirement or interface pair. Determination of suitable/necessary rework actions is
conducted with the assistance of SME and engineers of relevant disciplines. A given require-
ment /interface gap may necessitate multiple rework actions (comprising a rework set). For
instance, to adapt a design for an actuator for a robotic arm from a predecessor mission to
one with a higher positional accuracy requirement, rework actions may include modifying
the gearbox, increasing resolution of the encoders, and adapting the control software. At
this stage, it is also prudent to explicitly trace the rework action to the sub-element within
the RCE that is specifically impacted by the action (e.g., the gearbox, encoders, software
within the larger robotic arm assembly). The output of this step is a set of rework actions for
each requirement or interface pair (nominally with a pointer to the impacted sub-element)
between the RCE and the Mol technical need slot

Output(s): Rework Set for each Requirement/Interface Pair

MBSE Consideration(s): Rework Actions (and sets of actions) may be recorded as cus-
tom SysML blocks with attributes/tags specifying owning requirements, interfaces, and sub-
elements.

Step 2.3.2 - Evaluate Feasibility of Rework Actions via Supporting Analyses (see Fig.4.10)
Input(s): Rework Actions

Description: For each rework action within a rework set (the inner loop in Fig. 4.10), sup-
porting technical analyses are conducted by relevant discipline engineers and tools to assess
the feasibility of that action given the RCE’s as-is vs. as-needed states. In the robotic arm
example, this may include CAD and structural analyses of the gearbox, analysis of physical
and electronic limitations of the encoders, etc. In addition to verifying technical feasibility
of the rework action, the technical analyses also yield a preliminary Work Breakdown Struc-
ture (WBS) for each action, giving greater clarity about the adaptation effort that will be
required to reuse the RCE. Section 4.3.5 discusses in greater detail the methods by which
supporting technical analyses may be integrated into the methodology.

Output(s): Rework Action Feasibility
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MBSE Consideration(s): Supporting technical analyses may leverage existing SysML
capabilities via Parametric diagrams and constraint functionalities or be linked to external
discipline tools.

Step 2.3.3 - Assess Feasible Rework Action Effort (see Fig.4.10)

Input(s): Rework Actions

Description: The rework actions that were refined with supporting analyses are assigned
a classification for estimated effort. Estimating “effort” consists of a subjective judgement
on the part of the user of the impact of the rework action on the Mol design activities.
This judgement is informed by the SME and discipline engineer input from the previous
step and a systems level understanding of the Mol, the RCE, and the technical need. These
considerations are made in conjunction with the testing/qualification impact assessment of
the next step to yield a comprehensive understanding of the added effort imparted by the
reuse scenario. Canonical categories for “effort” are: None, Minor, Moderate, and Major.
These designations for each rework action are used primarily in the Reuse Value Assessment
in Step 3 to generate a preliminary estimate of the impacts of a reuse scenario on systems
engineering effort. These results can be traced to each rework action and can also be rein-
forced with the initial WBS for each action that emerges from the discipline analyses.
Output(s): Rework Action Effort

MBSE Consideration(s): Rework action effort designations may be recorded in custom
attributes/tags for each Rework Action block.

Step 2.3.4 - Assess Rework Action Impact on Testing/Qualification (see Fig.4.10)
Input(s): Rework Actions

Description: An important consideration in a reuse scenario is the degree to which the
RCE will impact the testing and qualification campaign of the Mol. There are two primary
considerations in this regard. First, the rework actions carried out on the RCE may be
substantial enough to invalidate the certification of the RCE from its native mission - this
is a concern at the architecture level of the RCE itself. Indeed, in its Systems Engineering
Handbook, NASA stresses the need to understand the impact of the new mission context and
rework efforts on the Technology Readiness Level (TRL) of the element: “If the architecture
and the environment have changed, then the TRL drops to 5—at least initially”. Therefore,
changes made to the RCE necessitate at least an element-level re-certification. The second
consideration regarding testing is related to the integration of the RCE into the reuse slot in
the Mol - this is a concern at an architecture level above the RCE. A necessary aspect of this
type of testing assessment is change propagation of rework actions on the RCE through the
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interfaces and potentially into other Mol elements?. At this level, however, an integration,
assembly, and testing (IA&T) campaign is nominally required of both reuse and from-scratch
solutions. Thus, it is not a new systems engineering effort imparted by the reuse decision,
but rather one that must be tailored to one or the other design decision. Here we may rely
on an organization’s established testing, qualification, and verification and validation (V&V)
activities as reusable patterns for re-qualifying the RCE and its integration in to the Mol
architecture. The major output of this step is a determination of the impact on existing
certifications and testing requirements of the RCE and Mol of a given rework action.
Output(s): Testing/Qualification Impact

MBSE Consideration(s): Rework action testing impact designations may be recorded in
custom attributes/tags for each Rework Action block

Step 2.3.5 - Compile Gap Rework Effort Assessment (see Fig.4.10)

Input(s): Rework Action Assessments

Description: The final step in the outer loop is to compile the results of the preceding
analyses into a Rework Effort summary for each requirement or interface pair. The assess-
ment contains: a) summary of the gap in the requirement or interface pair, b) enumeration
of necessary rework actions and ties to the impacted sub-elements, c¢) designations for re-
work effort (per Step 3), d) similar designations for testing/certification impact. In addition,
the user may also record scenario-specific analyses, comments, or documentation that more
richly capture contextual information.

Output(s): Rework Action Set Assessment

MBSE Consideration(s): The full set of rework actions and relevant assessments for a
given requirement or interface pair may be compiled in a Rework Set block

Step 2.3.6 - Compile Full Rework Effort Assessment (see Fig.4.10)

Input(s): Rework Action Set Assessment

Description: A similar compilation step is conducted once the outer loop is exited to con-
solidate the results of Steps 2.3.1 - 2.3.5 for each requirement or interface pair. Thus, the
full rework effort is recorded here with similar supporting analyses, as necessary. At min-
imum, the resulting assessment contains: (1) description of the RCE considered, including
its decompositional level in an architectural hierarchy; (2) listing of requirements or inter-
faces paired across missions with relevant metric gaps; (3) listing of rework actions for each
requirement pair; (4) An effort/magnitude assessment for each action.

Output(s): Full Rework Effort Assessment

2Methods exist to estimate the magnitude of change propagation for a given design element. One example
is the Change Propagation Index (CPI) developed by Giffin et al [47]; it determines how many design changes
"make it through" a particular element to other connected elements and how many are "absorbed". This
network metric then allows us to identify change multipliers - which could expand the scope of the rework
campaign - and change absorbers - which could prevent such propagation and keep the rework campaign
manageable. However, since calculation of CPI notionally requires data on change requests and the network
interactions of the larger architecture - information which is typically not available in the pre-Phase B state of
design during which LDRM is applied - we do not stipulate use of CPI in Step 2.3. However, CPI may be used
a posteriori once a design effort has matured to investigate the impacts of a rework campaign on the larger
architecture and to record these lessons learned. In particular, it would be of interest to record in design
repositories whether particular design elements act primarily as change multipliers or change absorbers.

150



MBSE Consideration(s): The full set of rework actions and relevant assessments for all
requirement or interface pairs may be compiled in custom SysML table

Step 2.4 - Generate Technical Inheritance Assessment (see Fig.4.7)

Input(s): Mol Technical Need; Compatible RCE(s); Rework Effort Assessment
Description:

This step concludes the technical inheritance step by consolidating the results from the
compatibility and rework effort assessments into a final report for each RCE. Additionally,
the step requires a final validation that the Mol Technical Need will be satisfied by the
RCE’s considered and the rework actions defined for each. If more than one RCE was
carried through the inheritance process, then a final evaluation is conducted for each and a
preliminary technical feasibility ranking is generated for decision-makers.

Output(s): Technical Inheritance Assessment

MBSE Consideration(s): N/A

4.3.3 Step 3 - Reuse Value Assessment Process

Input(s): Mol Description; Technical Inheritance Assessment; Campaign/Enterprise
Context

Description:

The last high-level step of the generalized procedure evaluates the potential impacts of the
feasible reuse scenarios on the Mol in terms of programmatic estimates (i.e., cost, sched-
ule, systems engineering effort). A novel cost modeling tool is out of the scope of this effort;
rather, we demonstrate integration of an established and validated systems engineering-effort
modeling tool, COSYSMO 2.0. This tool has built-in capabilities for considering various de-
grees of reuse within a systems engineering program. Additionally, in arriving at a final
reuse assessment and set of recommendations this step also stipulates evaluation of more
qualitative aspects of the reuse decision on the Mol and the larger campaign/enterprise
context. These include lifecycle property impacts (e.g., modularity, commonality, extensi-
bility), social-technical and organizational considerations, and system-of-systems impacts of
the reuse decision and rework actions on other campaign elements and commonality objec-
tives.

Output(s): Design Reuse Assessment

MBSE Consideration(s): This step requires integration of the cost/effort modeling tool
into the larger SysML system model that may be accomplished in several ways, including
via parametric diagrams or intermediate linking tools such as MS Excel.

Step 3.1 - Apply Effort Modeling Tool (see Fig.4.12)

Input(s): Mol Description; Technical Inheritance Assessment

Description:

The quantitative impact of a decision to proceed with an RCE is now evaluated. The
COSYSMO 2.0 systems engineering effort modeling tool is used for this purpose (and is
discussed in detail in Section 4.3.6. The spreadsheet-based tool requires inputs for 14 cost
drivers and 4 size drivers defined in its governing equations. The reuse consideration is built

151



fact [Activity] Generate Technical Inheritance Assessment[ Generate Technical Inheritance Assessment ])

in MOI

Technical
Need

in Rework Effort

Assessment Assessments

I

in Compatible
RCE

Assessments

i

: Compile Rework Effort

: Compile Compatibility |

: Validate MOI Need
Met

!

: Validate Technical |
Reuse Assessments ‘

: Generate Final
Technical Evaluations

b

out Technical
Inheritance
Assessment

)

Figure 4.11: Detailed view of Step 2.4 of the LDRM logical process.

/act [Activity] Reuse Value Assessment Process [ Reuse Value Assessment Process ])
- " 3.2: Evaluate Cost
in MOI
—. Impact of Reuse
e scption L I:|S<:n'.-lna|'io
[ 31:Apply Cost! |
‘ Effort Modeling Tool
3.3 : Evaluate
Schedule Impact of
Reuse Scenario
in Technical
Inheritance
Assessment

( 3.5: Generate
Design Reuse
| Report for MOI

b

out Design
Reuse
Assessment

in Non-Technical
Campaign/Enterprise
Constraints

o

3.4 : Evaluate
Qualitative Factors

(

Figure 4.12: Detailed view of Step 3 of the LDRM logical process.

152



into the size driver equations and requires assignment of "reuse levels" and "difficulties" for
each size driver (Requirements, Interfaces, Operational Scenarios, and Algorithms). Entries
for these inputs are derived from the effort designations and gap magnitudes recorded during
the technical inheritance processes of Step 2.

Output(s): Systems Engineering Effort Estimate

MBSE Consideration(s): Attributes and reuse designations derived during Step 2 must
be exported to the COSYSMO 2.0 spreadsheet tool and outputs of COSYSMO 2.0 must be
imported into the SysML model.

Step 3.2-3.3 - Evaluate Cost/Schedule Impact of Reuse Scenario (see Fig.4.12)

Input(s): Systems Engineering Effort Estimate

EqgDescription:

The COSYSMO 2.0 tool yields outputs in terms of estimate "systems engineering effort".
This metric is measured in units of Person-Months. From this estimate we can separately
derive values for a) required program staffing (which, in turn, can be seen as a proxy for
cost) or b) program schedule. For instance, a nominal estimated schedule may be calculated
assuming a fixed team size. Conversely, assuming a fixed schedule (i.e., due to project dead-
lines or launch windows) the effort metric may yield a required staffing model or team size;
further, assuming a fixed rate for a Full Time Equivalent (FTE) employee yields a staffing
cost for the effort. While this cost estimate would capture only systems engineering and
staffing expenses, it can act as a starting point for assessing the full cost impact of the reuse
decision vs. a from-scratch solution. The comparative metrics of the two design approaches
are derived by applying COSYSMO 2.0 with no reuse.

Output(s): Reuse Cost/Schedule Impact Estimate

MBSE Consideration(s): Step 3.1 imports the SE Effort metric into the SysML system
model, parametric diagrams or constraint equations may then perform the above transfor-
mations to staffing, cost, or schedule.

Step 3.4 - Evaluate Qualitative Factors (see Fig.4.12)

Input(s): Campaign/Enterprise Context

Description:

The quantitative effort estimate is supplemented with a fuller holistic assessment of addi-
tional reuse considerations. For each RCE considered, the impact of the reuse decision on
the lifecycle properties of the Mol ("-ilities" such as modularity and commonality) are con-
sidered. For instance, the modularity of a reuse candidate directly impacts the number of
interfaces with which it must be reconciled in the Mol and the propagation of changes to its
neighbors in the Mol architecture. Additionally, recommendations for "designing/modeling
for reuse" are developed for the Mol - this is not focused on the RCE reuse decisions at hand,
but rather, the design and modeling practices the Mol implements to facilitate reuse of its
own designs on future missions. Other aspects developed in this step include organizational
and socio-technical factors; for instance, awareness of, accessibility to, and acceptance of a
reusable asset for reuse is often a product of the organizational structures and boundaries
within which missions are developed. LDRM calls for users to explore these factors to inform
the reuse decision.

Output(s): Qualitative Reuse Notes
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MBSE Consideration(s): The qualitative factors are, by definition, subjective and rela-
tive to the mission at hand; as such, rather than enforce a particular modeling construct,
LDRM suggests use of open-ended comments and the collection of all relevant documentation
into a multi-modal custom diagram that captures each of the relevant factors.

Step 3.5 - Generate Design Reuse Report (see Fig.4.12)

Input(s): Reuse Cost Impact Estimate; Reuse Schedule Impact Estimate;
Campaign/Enterprise Impact

Description:

The concluding step compiles all the data and information generated in Step 3 together
with the outputs of the preceding steps to yield the final methodology outputs in support
of reuse decision making. These can be binned into three output types: 1) a feasibility
assessment for reusability of the design with reasonable adaptation effort, 2) a rework effort
assessment to address gaps and a preliminary WBS for the rework campaign, and 3) a reuse
valuation that estimates comparative systems engineering effort between reuse and a from-
scratch approach. These 3 outputs combine to form a final recommendation for continuing
pursuit of (or conversely, abandoning) a reuse candidate into more mature design phases. If
more than one RCE was considered for a given Mol Technical Need, the report presents a
list of these RCE(s) ranked by reuse potential. If a from-scratch solution is preferred to all
candidates explored, the rationale for this decision is stated. The reuse decision point lies
downstream of this output, which project leadership consumes alongside other stakeholder
influences.

Output(s): Design Reuse Assessment

MBSE Consideration(s): A final report template may be defined to specify required
fields the user must populate - some aspects of the report may be automatically populated
by SysML relationships, while the more qualitative/user-dependent ones may be in the form
of open-ended documentation and custom diagrams or tables.

4.3.4 LDRM Output Metrics

As mentioned in the Step 3.5 description, there are three primary outputs of LDRM. These
can notionally be reported using several metrics, as shown in Table 4.2. Reuse feasibility is
listed as the first outputs, but this determination is only made once the requirement /interface
gap and rework campaign analyses have been conducted. The first metric reports the mag-
nitudes of the full set of gaps as determined by the percent difference between metrics
stipulated for paired constraints, as described for Step 2.2.7-2.2.8 - when these are absent,
the user must make subjective judgments on gap magnitude. From this set of magnitudes,
a true/false feasibility flag is populated for the RCE. Feasibility assessment is reinforced
by the rework campaign output metric which is a count of rework actions to address gaps.
Each rework action is attributed to a particular gap allowing for increased granularity at
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lower levels of decomposition®. Metrics for the third output are dependent on the cost /effort
modeling tool selected (COSYSMO 2.0 in this case) - development and use of these metrics
is discussed in Section 4.3.6.

4.3.5 Supporting Discipline Analyses

Step 2.3 of the generalized reuse procedure stipulates use of supporting analyses to enumer-
ate, refine, and validate the rework actions identified to adapt an RCE. Naturally, these
supporting analyses rely on the engineering disciplines relevant to the reuse need. Given the
level of design maturity under which LDRM is being applied, the form of the supporting
discipline analyses may vary. As a starting point, the key governing equations and sensitiv-
ities to the RCE’s design parameters should be explored. For instance, when investigating
whether the thermal control system of a heritage infrared (IR) imager is adequate for the
image noise requirements on the new Mol, the governing equation would be the heat trans-
fer formula Q;,, = Q.. Depending on the system boundary, (;, may include impinging
solar radiation and heat transfer from other spacecraft elements; (),,; depends on the heat
pathways that are designed into the imager’s thermal control system, but are fundamen-
tally conduction, convection (forced convection in a micro-gravity environment, if present),
and radiation. In a simplistic approach, the above calculations may be conducted via a
spreadsheet-based tool such as MS Excel or within the MBSE modeling language’s paramet-
ric capabilities. However, more rigorous analyses in support of the reuse and rework options
may require dedicated discipline tools (in our example, thermal modeling software such as
Thermal Desktop). An issue then arises when satisfying the fundamental paradigm of the
MBSE environment — namely, that data should be integrated such that the system model
acts as a central coordinating point and authoritative source of system information. This
requires that there be in place a tool-data thread between the system model tool and the
supporting discipline tools that satisfies constraints: 1) that the discipline models receive
inputs from the system model and 2) that the outputs of the discipline models can push
their outputs into the system model.

This has been extensively demonstrated for one specific form of MBSE — spreadsheet-
based concurrent engineering models. In this simplified format, key calculations of each sub-
system or mission discipline are captured in separate spreadsheets while a central “systems”
sheet coordinates the inputs-outputs across the discipline sheets. This approach is useful
for generating rapid, preliminary designs that do not require the rich detail and definition
of a modeling-language based system model. However, for this methodology in which we
seek to ensure wide applicability, consideration must be given to how dedicated engineering
tools (in addition to spreadsheets) can be integrated with MBSE graphical modeling tools.
Several sources have investigated the implications and potential solutions to this problem of
tool-data threading [5]. A key finding is that tool integration does not have a generalized

3The set of rework actions will include modifications within the reuse candidate at lower levels of de-
composition. Indeed, we can consider requirement gap modifications to be at lower levels than the reuse
candidate itself (that is, modifications to components within the reuse candidate that do not affect the
candidate’s interactions with other architectural elements). Conversely, interface gap modifications are at
the architectural level of the candidate and, by intent, impact how the candidate interacts with neighboring
systems.
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Table 4.2: Summary of key LDRM outputs and the metrics with which they are notionally
reported.

Output Metric Units
Reuse Feasibility — Gap Magnitude [None, Minor, Moderate, Major|*
IsFeasible boolean
Rework Campaign Rework Actions Count

Value Estimate Systems Engineering Effort Person-Months
Improvement with Reuse % diff**

* Designation determined based on % difference in metric specified for the
requirement in the native mission vs. the Mol

** As compared to the COSYSMO 2.0 tool run for a comparable from-scratch effort
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solution; rather, integration capabilities are very much dependent on the particular discipline
tool, the MBSE modeling tool, and more broadly, the MBSE modeling language selected.
Thus, the solution that works for integrating Cameo Systems Modeler and AutoDesk Au-
toCAD may not be the same as the one for integrating Mathwork’s System Composer and
Dassault’s SolidWorks.

The key takeaway here is that as the user organization builds up integration capabilities
with more discipline tools, the analytical power of the MBSE environment increases. This
goal is not only one for the user organization — tool vendors should strive to facilitate the
integration of their tools with those of other vendors to deliver on the promise of an integrated
analytical environment powered by MBSE principles. We will illustrate a few examples of
these integration mechanisms in the demonstration problem at the end of this Chapter.

4.3.6 Programmatic Analyses

Steps 3.1 — 3.3 describe use of an effort modeling tool to assess the value of a reuse decision for
a given RCE. This tool nominally would take inputs from the technical inheritance analyses
(Step 2) to populate its formulas — these inputs could include:

e Total number of requirements in the Mol Technical Need
e Total number of interfaces in the Mol Technical Need
e Total number of new discipline analyses conducted

e Ratio of paired/unpaired requirements between the in the Mol Technical Need and the
RCE

e Ratio of paired/unpaired interfaces between the in the Mol Technical Need and the
RCE

e Total number of rework actions for each RCE

e Rework effort designations (i.e., “None”, “Minor”, “Moderate”, “Major” per Step 2.3.3)
for each rework action

The output of the tool should give a preliminary estimate of the reuse value of a candidate
design by comparing its effort metric with a similar metric for a from-scratch design method.
An exploration of active and validated cost/effort modeling tools found a very limited set
that considered design reuse as a qualifier for its estimates.

The Constructive Systems Engineering Cost Model (COSYSMO) is a parametric cost /effort
modeling tool that is aimed specifically at estimating the systems engineering contributions
to the project programmatics [136]. The tool was funded by various aerospace industry
organizations and has been extensively validated on space systems projects. It parameter-
izes the problem into two “driver” bins — size drivers that capture the overall magnitude of
the effort, and cost drivers that capture organization, team, and application-specific factors.
These are shown in Table 4.3. Further, the size drivers are binned into “Easy”, “Nominal”
or “Difficult” designations. Note the convenient presence of requirements and interfaces in
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both the COSYSMO size drivers and the technical inheritance analyses. Additionally, we
may designate algorithms as any new analysis effort that must be conducted during the
reuse feasibility assessments; similarly, any major new functionality required of the RCE is
deemed an operational scenario (e.g., autonomous operations in an RCE that was telerobot-
ically operated in its native mission). Thus, we have a good starting point for estimating
the systems engineering impact of a design decision.

However, we must turn to a second iteration of COSYSMO development — COSYSMO
2.0 — in order to address the reuse vs. from-scratch question [43]. COSYSMO 2.0 stipulates
qualifying each entry in the size driver tally with a reuse designation. This designation
specifies the degree of reuse for the given entry ranging from fully reused to fully new. Table
4.4 defines the 6 categories of reuse that fall closely in line with the terms we found in the
software reuse literature in Chapter 2.

Each of the reuse categories in Table 4.4 is assigned a weighting factor that modulates the
effort estimate; weighting ranges from 0.15 to 1.0 for normal reuse conditions and 1.4 for the
unique “designed for reuse” case. The final governing equation for the COSYSMO 2.0 tool is
given by Eq. 4.1 where A is a calibration constant derived from historical data, k represents
the 4 size drivers, r represents the reuse designation, w, represents the weight for the r'*
reuse designation, we , Wy k, Wq r represent the weighting factors for the easy, nominal, and
difficult designations of the k" size driver, ® represents the quantity of each size driver for
each difficulty designation, F is an economies of scale factor, and F'M; is an effort multiplier
for the j* cost driver. The output, finally, is PM = person — months of estimated systems
engineering effort.

E 4
PM = A <Z (Z wr(we,kq)e,k + wn,kq)n,k + wd,k¢d7k)>) H EM] (41)
r j=1

k

In order to integrate COSYSMO 2.0 into the larger LDRM procedure, we must route
gap estimate and magnitude parameters derived in the Technical Inheritance to the proper
tabulation in a COSYSMO 2.0 calculator, itself an external tool. This requires that:

e Each requirement and interface in the Mol technical need be tagged with a difficulty
designation.

e Each requirement and interface pair be tagged with a reuse designation.

e New Analyses (i.e., “Algorithms” in COSYSMO terminology) be tagged with difficulty
designations.

Further, the Mol description that acts as the primary input at the front-end of LDRM must
contain the necessary attributes required to assign cost driver values. Thus, each variable
in the COSYSMO 2.0 governing equation is derived from a value identified — either by
tabulation or user input — in the preceding steps of LDRM. Similarly, the outputs of the
tool are fed back into the methodology data pool to inform cost and schedule assessments
in support of a final reuse recommendation.
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Table 4.3: COSYSMO 2.0 input parameters.

Size Drivers

Cost Drivers

Number of System Requirements
Number of Major Interfaces
Number of Critical Algorithms
Number of Operational Scenarios

Requirements Understanding
Architecture Understanding
Level of Service Requirements
Migration Complexity
Technology Risk

Documentation

Number and Diversity of Installations
Number of Recursive Levels
Stakeholder Team Cohesion
Personnel /Team Capability
Personnel Experience/Continuity
Process Capability

Multi-site Coordination

Tool Support

Table 4.4: Weighting values, w,., for reuse designations within COSYSMO 2.0.

Reuse Designation Definition Weighting Value

New Item is completely new 1.0

Item requires additional upfront
Designed for Reuse investment to improve the 1.38
potential reusability

Modified Item is inherited but is tailored 0.65

Deleted Item is removed from a system 0.51
Adopted Item is incorporated unmodified 0.43
Managed Item is incorporated unmodified 0.15

with minimal testing
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4.4 MBSE Implementation - Metamodel and Profile

We have thus far developed the methodology in a conceptual and logical fashion; now we
turn, per Fig. 4.1, to exploring how implementation of the procedure may be carried out
in an MBSE environment. In order to develop a rigorous and repeatable implementation
approach, we recall the function of a metamodel — namely, to specify how models and model
elements are built and how they relate to one another. A metamodel, then, can be seen as an
MBSE-oriented refinement of the reuse ontology discussed previously. From this metamodel,
we then proceed to building the reuse-specific modeling constructs via canonical SysML
formalisms. Lastly, with the modeling specification and the SysML constructs, we conclude
with illustration of notional diagram descriptions constructed under these constraints.

4.4.1 Reuse MBSE Metamodel

A diagram representing the Reuse Metamodel for MBSE implementation is shown in Fig.
4.13. The metamodel elements (shown as blocks of various colors) and the relationships (the
connections of several types) codify the structure and flow of information through LDRM
as implementation progresses. Several element types are specified: orange blocks represent
the central model elements of the methodology that capture existing design information for
the mission of interest and the reusable assets; green blocks represent the attributes of those
model elements required for the reuse analyses, including definition of the technical need and
constituent requirements and interfaces; blue blocks represent key inputs that are external
to (assumed to exist a priori) LDRM but provide necessary data; purple blocks represent the
analysis products generated during implementation of the methodology (i.e., to produce the
technical and programmatic assessments); pink blocks represent the external tools that shall
be integrated into the LDRM environment to support the analysis modules. Relationship
types include: arrows with open diamond ends represent aggregation of related components
under a higher-level element (specific relationship names further clarify the nature of the
interface); arrows with closed diamond ends represent composition of the higher-level element
by instances of the lower-level element; and standard arrows indicate associations that are
further specified by the tags attached to the line segments.

The modeling practices specified by this metamodel reveal at once a straightforward
procedure but one that requires a diverse set of information and model artifacts. Thus, it is
understood that a significant contributor to the effort required for this methodology will come
from transforming existing information/data to the form that is required for the analysis.
Once the proper relationships are established among this data, the other large contributor
to the effort will be the technical inheritance effort (Step 2 of the LDRM procedure) and the
supporting discipline analyses where unique tools and SME input are required.

4.4.1.1 Metamodel Element Glossary

To aide in unambiguous understanding of the metamodel, below is a glossary of elements
that appear in Fig. 4.13. Some term definitions include examples, shown in italics, related
to the demonstration problem that will be discussed in Section 4.5.
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Mission of Interest (Mol) — The mission or project for which design reuse is being
considered. Model element should include a description of objectives, environment,
stakeholders, etc. as well as a documentation of design decisions made to-date. Fx-
ample: Luna, a hypothetical lunar robotic rover in support of the Artemis program;
intended for surface science and infrastructure support. It shall interact with future
surface assets and science samples.

Campaign — The overarching set of missions and vision within which the Mol takes
place. Example: The larger Artemis program with multiple crewed and uncrewed sur-
face missions planned.

Mol Technical Need — The functional need within the Mol functional decomposition
for which reuse is being considered. Fzxample: The robotic arm used to interact with
surface assets and science samples.

Reusable Asset Archive — The repository of reusable assets kept and maintained by
the organization; LDRM accesses this archive to pull reusable designs. FExample: The
set of historical missions which contain a robotic arm for which design information is
available.

Reusable Asset Record — Specific reusable designs within the larger archive kept and
maintained by the organization Example: A particular entry within that set of historical
maissions archived.

Reuse Candidate Mission (RCM) — a predecessor mission that has been identified as
a candidate within which RCE may be drawn to satisfy the Mol Technical Need.
Example: The Curiosity mission, or MSL.

Reuse Candidate Element (RCE) — element within the RCM (at a level of decomposi-
tion commensurate with the Technical Need) which has been identified as a candidate
to reuse. Fxample: The Curiosity rover’s robotic arm.

Mol Reuse Slot Requirement — The requirements of the Mol; particularly those that
relating to the technical need and that must be satisfied by the RCE. Example: The
workspace of the Luna robotic arm shall be a cylinder with a height of 1.25 m.

Mol Reuse Slot Interface — The interfaces (structural, energetic, informational, mate-
rial) of the Mol; particularly those of the technical need slot with the rest of the system
— these must be satisfied by RCE interfaces. Ezample: The Luna robotic arm’s inter-
face with the rover’s power system shall route power to its actuators and the payloads
on the end effector.

RCE Requirement — The requirements satisfied by the RCE within its RCM; these are
either aligned with related Mol requirements or must be modified to meet the new Mol
requirements. Ezample: The workspace of the Luna robotic arm shall be a cylinder with
a height of 1 m.
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RCE Interface — The interfaces of the RCE with its neighboring elements in the RCM;
these must be modified (if necessary) to accommodate the interfaces in the Mol Tech-
nical Need slot. Example: The Curiosity robotic arm’s interface with the rover’s power
system shall route power to its actuators and the payloads on the end effector.

Requirement Pairing - The analysis procedure that identifies requirements in the RCE
comparable to those in the Mol Technical Need such that gaps and adaptation ef-
fort may be assessed. Fzample: Curiosity’s robotic arm’s workspace cylinder radius
compared with the same for Luna - 1.25 m vs. 1 m

Interface Pairing - The analysis procedure that identifies interfaces in the RCE com-
parable to those in the Mol Technical Need such that gaps and adaptation effort may
be assessed. Example: Curiosity’s power routing interface compared with the same for
Luna - they are substantially the same.

Existing System Model — The system model of the Mol and, if applicable the campaign,
as defined and maintained by the organization; LDRM is intended to be overlaid onto
this existing model. Example: The hypothetical governing system model developed for
the Luna rover.

Technical Inheritance Assessment — Process by which the technical feasibility of adapt-
ing legacy elements for use on new missions is assessed; it includes (1) consideration
of how the asset may align with the objectives, environments, constraints, and context
of the new mission and (2) an estimate of the rework effort required to re-deploy the
asset in the new mission architecture.

Discipline Analyses - Analyses conducted on tool suites that are (typically) external
to the MBSE modeling environment and that support the technical inheritance and
rework action efforts. FEzample: A dedicated workspace reachability analysis which
evaluates satisfaction of the Luna reach requirements with the Curiosity design, and
explores possible modifications.

Rework Actions — Any operation that must be carried out on an RCE’s design to adapt
it from its state in the past mission to the state required by the mission of interest.
Example: Extension of the Curiosity robotic arm forearm length by 15%, reduction of
the upper arm length by 10% in order to meet the Luna workspace requirements with
the reused design.

Cost/Effort Modeling Tool - The external analytical tool that yields an estimate of
the programmatic impacts of a reuse decision for a given RCE (i.e., cost and schedule
metrics vs. a from-scratch approach). Example: COSYSMO 2.0

Reuse Value Assessment — Process by which the programmatic impacts (e.g., cost,
schedule) of the reuse scenario are assessed and compared with similar from-scratch
effort; a breakeven analysis determines the point of indifference between reuse and
from-scratch development. Ezample: COSYSMO 2.0’s estimate of savings of 14% in
systems engineering effort (measured in Person-Months) with a decision to reuse the
Curiosity robotic arm design.
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e Design Reuse Assessment Report — The final output of the methodology that summa-
rizes results of the technical and programmatic analyses and recommends a prudent
course of action with regard to the reuse scenario; metrics reported in this report in-
clude a) Feasibility determination (T/F), b) rework campaign summary, and c¢) reuse
value estimate in terms of cost/schedule/effort impacts.

4.4.2 Deploying the Metamodel in SysML

In addition to the defining the governing metamodel as we did in the previous section, we
must also specify how to deploy it within the modeling language within which the MBSE
environment is built — namely SysML.

First, a note must be made on language selection — and particularly why SysML is chosen
for LDRM. While a multitude of highly capable MBSE-compatible modeling languages exist
— such as Modelica, MathWorks System Composer, and Object Process Methodology —
SysML has become established as the de-facto MBSE language throughout the industry. Its
compact set of 9 diagram types allow for a rich graphical encoding of various aspects and
types of system information including structure, behavior, and constraints [105]. Various tool
vendors reinforce SysML suites with capabilities to 1) create custom tables and profiles, 2)
limited integration some discipline-specific tools into the system model (particularly Matlab),
and 3) execute user defined code for unique analyses within the system model itself.

SysML does have certain limitations. First, SysML modeling solutions are not always
unique; that is, there are multiple ways to model the same descriptive or behavioral feature
of an architecture, allowing for modeling inconsistencies across modelers, organizations, or
standards. Secondly, the rich modeling enabled by SysML also leads to models becoming
complex rather quickly and often intelligible only to the modeler(s) [21]. This complexity also
results in a modeling language that is often described as difficult to learn [3], leading to high
barriers to wide-spread adoption at organizations and the industry as a whole. It is expected
that the upcoming second edition of SysML will alleviate some of the issues here discussed.
Nevertheless, SysML remains the most capable and widely used MBSE-compatible language.

SysML’s extension mechanism (SysML itself being an extension of the Unified Modeling
Language, UML) allows for users to tailor the language to suit the needs of a given modeling
effort or discipline/industry. In this mechanism, Stereotypes create new model elements that
are derived from existing SysML elements (e.g., “Block”) and are customized with specific
attributes and tagged values. Stereotyped elements, the set of which is known as a Profile,
then become the primitive building blocks of the modeling effort. These stereotypes may be
applied to existing modeling elements, yielding a solution that can leverage existing models
with minimal modification. This approach requires a large upfront effort and knowledge of
some advanced operations within SysML but results in a highly flexible solution that is ideal
for organizations with active but not yet standard modeling practices and in nascent stages
of MBSE adoption. Therefore, we adopt this extension approach for SysML deployment of
LDRM.
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4.4.2.1 The Reuse Profile

The SysML Reuse Profile — the set of all reuse stereotypes — developed for the methodology
is presented in 4.14. The stereotypes, shown around the perimeter of the diagram in blue,
have connectors leading to the middle column of standard SysML elements that they extend.
The attributes (or "tags") in each of the reuse stereotypes indicate the special properties
that have been defined for it and that become available to populate when the stereotype is
applied to a model element. The name of the attribute is followed after the colon by the
value type which that attribute is constrained to accept, and in some instances the allowable
multiplicity of entries for that attribute (indicated by “| |”) and the default value the attribute
takes when created (indicated in red text). Each stereotype defined in this profile may be
traced to an element in the metamodel.

The first three stereotypes in the top left corner of the diagram specify model elements
related to Steps 1.1 — 1.3 of the generalized process. The «Mol Description» stereotype
contains attributes pointing to model artifacts containing 1) the highest-level element of the
architectural decomposition of the Mol and 2) the requirements records of the Mol. These
are presumed to exist in the system model for the Mol maintained by the organization
prior to implementation of LDRM. The «Campaign/Enterprise Context» stereotype contains
attributes for the higher-level constraints imposed on the Mol, per step 1.2; additionally,
since this stereotype is a specialized form of “Block”, it can also contain part properties for
the other constituent missions of the campaign for additional context. The «Mol Technical
Need» stereotype has attributes for a) describing the functional need via text, b) identifying
the “need slot” in the larger Mol architecture decomposition, and c) pointing to the Mol
requirements relevant to the technical need.

The blocks in the lower left corner of Fig. 4.14 specify stereotypes related to the reusable
assets available to the organization. The left-most two, «Reusable Asset Archive» and
«Reusable Asset Record», are used within the organization’s design/model repositories to
maintain asset information. As mentioned in the discussion for Steps 1.4 and 1.5, con-
struction and maintenance of these repositories is a task outside the scope of LDRM; nev-
ertheless, asset metadata of the types listed as attributes in the «Reusable Asset Record»
(including pointers to design information such as requirements and architectural decompo-
sitions) should be maintained. The «Reuse Candidate Elementy» stereotype is used directly
within the methodology and imports the data kept in the Asset Record listed as its first
attribute. This is intended to prevent changes made to attributes in the RCE to backflow
into the information-of-record for the heritage design — which should remain unchanged. A
key attribute of the RCE block that is populated at the conclusion of Step 2.2 is the compat-
ibility designation that determines whether the RCE continues for more detailed supporting
analyses and rework assessments.

The two stereotypes in the top right corner show the specialized reuse requirements and
interfaces central to the Technical Inheritance analysis. The «Reuse Requirement» stereo-
type contains attributes recording the requirement type as well as the Figure of Merit (FOM)
specified by the requirement. It also contains designations for whether the RCE requirement
paired to it fully satisfies it or whether some gap exists. Lastly, the stereotype contains at-
tributes necessary for use of the COSYSMO 2.0 cost/effort modeling tool. Similar attributes
are kept for the «Mol Required Interface» stereotype. The «Rework Set» stereotype consol-
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[Class] [Class]

a
+Design Information Accessibility Flag - Boolean

+Asset Design Information Storage Form : Design Information Form

+Asset Formal Hierarchy : Block
+Asset Requirement Structure : Requirement

+Asset Record - Reusable Asset Record
+RCE Level : Block

+RCE Requirements : Requirement
+Compatibility Assessment : RCE Compatibility

astereotypes |
Rework Set
[Class]

attributes
+Auxiliary Requirement : Reuse Requirement [0..]
+Auxiliary Interface : MOl Required Interface [0..%]
+Primary Requirement : Reuse Requirement [1]
+Primary Interface : MOI Required Interface [1]

Figure 4.14: Reuse Profile for extending SysML with stereotypes for custom constructs
specified by generalized procedure and metamodel.
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idates all «Rework Actions» necessary for bridging a given requirement or interface pair’s
gap. The «Rework Action» stereotype describes each action and also assigns parameters
needed by the COSYSMO 2.0 tool.

The intent with this profile is that it defines all reuse-related constructs and relationships
that may be required as part of LDRM. The user may wish to add additional contextual
information, analysis supplements, or custom workflows. For this, they can likely leverage
the unique data landscape enabled by the reuse stereotypes but may also use standard
SysML constructs as well. This is supported by the extension mechanism — the profile may
be imported and overlaid onto an existing modeling effort without impacting the original
models.

4.4.3 Modeling Products: Diagrams and Tables

The LDRM procedure stipulates a diverse set of modeling and analysis activities; these in-
volve generation, manipulation, and execution of the model elements specified in the meta-
model and profile. The last piece of the methodology puzzle is how these activities are
graphically encoded in the SysML system model. This is done by appropriate selection of
the SysML diagram types and of the extensive querying and tabulation capabilities enabled
by an integrated data landscape. While the specification of model elements and relation-
ships among data artifacts in the metamodel is intended to be unambiguous, how these
elements are graphically represented is not; some freedom is allowed to the user to select
among diagramming options while nevertheless conveying the same information. Thus, for
each aspect of the methodology, we describe some options for the modeling products that
may best convey them (in some instances, only one modeling approach is clear):

e Problem Setup and Consolidation

— Multi-purpose Dashboard in Block Definition Diagram

Reusable Asset Exploration/Enumeration

— Archive Records Tabulation in a SysML Custom Table

Requirements Pairing

— Requirements Diagram or Requirements Table

Interface Pairing

— Graphical view in Internal Block Diagram and pairing in SysML Custom Table

Rework Action Enumeration

— Tabulate in SysML Custom Table

Supporting Discipline Analyses

— Simple calculations via Parametric Diagrams or Constraint Equations; Complex
calculations via SysML Integration with External Tool

167



e Reuse Value Analysis

— Implement COSYSMO 2.0 via SysML Constraint Equations or
SysML Integration with External Tool

e Final Reuse Assessment

— Multi-purpose output diagram in Block Definition Diagram or
SysML Custom Report or Table

e Trace Progress through Methodology

— Import generalized procedure Activity Diagram or custom Sequence Diagram for
greater traceability

4.5 Implementing LDRM - A Toy Problem

An exemplar problem is presented to demonstrate implementation of LDRM; it is formulated
to provide a simple yet comprehensive illustration of the methodology’s capabilities and
features. A representative set of Mol objectives, constraints, and requirements is defined as
well assumptions of design decisions locked-in prior to reuse consideration. Notional model
elements and design information (e.g., requirements, interfaces, design parameters) for an
RCE from a real-world NASA mission are simulated from publicly available information.

4.5.1 Problem Selection and Description

Robotic exploration and novel science missions were identified previously as regimes of space
missions where design reuse is most often unplanned but still very common. It follows that
a demonstration problem from this area would be most appropriate. Additionally, selection
of a “toy” problem is constrained by the need for publicly available design data, so private or
commercial ventures were not considered. The Mission of Interest for this problem is thus a
robotic, unmanned multi-purpose lunar rover (referred to as Luna) with two key objectives
of supporting:

1. Surface science via remote and in-situ experiments

2. Surface station build-up via payload deployment and interaction with other surface
assets

The hypothetical technical need for the rover for which we will explore reuse options is the
experiment /payload deployment and manipulation function, typically satisfied by a robotic
arm mechanism. The focus of modeling efforts to describe Luna are on those aspects related
to this technical need slot; these aspects are depicted in Fig. 4.15, where elements internal
to the robotic arm system are shown in the dashed box. These elements and the robotic arm
system as a whole must be compatible with (and interface with) the Luna elements outside
of the dashed box. Specifications for internal elements are captured primarily in functional,
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performance, and constraint requirements while interface specifications capture the required
RCE interactions with the external elements. Elements internal to the robotic arm boundary
include structural members, the mounting and caging mechanisms, controllers/actuators, as
well as the grappling mechanism on the end effector. External to this boundary are necessary
interfaces with the rover body, the power system, avionics and data routing, as well as the
other payloads on the end effector and the lunar dust and gravitational environment.

Several past missions have demonstrated robotic arm systems that may be viable candi-
dates for reuse on the lunar rover. These include the family of NASA Mars rovers including
MER, MSL, Mars InSight, Phoenix, and others. Application of LDRM with just one of
these missions as a source for reusable designs is sufficient for demonstration purposes —
the Curiosity rover is selected due to substantial publicly available design information. In
the absence of accessible MBSE system models for the MSL mission, a similar set of design
information to the Mol description was encoded into a representative MSL system model
including requirements, interfaces, and a detailed architectural decomposition.

4.5.2 LDRM Walkthrough

The diagram in Fig. 4.16 is known as the LDRM Dashboard and depicts the primary
model elements used throughout the methodology; it also links to additional diagrams and
tables that implement its descriptive and analytical aspects. All model elements on the
dashboard (that is, elements that are not diagram icons, table icons, or standard connectors)
are stereotyped by the constructs encoded in the Reuse Profile in Fig. 4.14; the stereotype
applied to each element is indicated inside the "« »" at the top of each block.

4.5.2.1 Step 1 — Reuse Context Definition

Recalling from the generalized procedure, context definition includes identifying the techni-
cal need, accessing potential reusable assets, and evaluating potential campaign/enterprise
impacts and constraints on the Luna mission. Additionally, the front-end input to the
methodology is a description of objectives, requirements, design decisions and architecture
of Luna, to-date. The LDRM Dashboard diagram contains the results of these steps, in sev-
eral graphical forms. First, the «Mol Description» input block is shown that contains links
to the architecture decomposition and requirements hierarchy; the former is recorded as a
block definition diagram (see Fig. 4.17), the latter as a requirements table (see Fig. 4.18).
The architecture decomposition shows a notional functional breakdown of the rover elements
into its constituent systems and subsystems. The requirements set is a representative one
that traces the hypothetical mission’s objectives down to Level 3 design requirements (here
particularly focused on the reuse slot of interest).

Next, the «Campaign/Enterprise Context» block places the Luna mission in the con-
text of the upcoming Artemis lunar campaign such that constraints on timeline, grappling
functionality, and communications interfaces are imposed on the mission. Lastly, Steps
1.4 and 1.5 are captured by the «Reusable Asset Archive» and «Reusable Asset Records»
blocks on the right side of Fig. 4.16. These assume that the organization implementing the
methodology has access to these model/design records. Records include similar architecture
decompositions and requirements sets as those of Luna (shown in Figs. 4.19 and 4.20, re-
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Robotic Arm System External to System

o — — — — —— — — ——

:{ Structural Members :‘ > Cha§§islBody

@ Mounting/Caging; | , | Mobility System

' Control/Actuators : g | Power System

@ Signal Routing E Payloads (Body and Turret
' Thermal Control : = MqunTed) o

i Grappling Mech. i< > Awonlcsfc.ommunlcatmns
L N i Lunar Environment

Figure 4.15: Luna robotic arm schematic, specifying internal and external architectural
elements.
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bdd [Package] Architecture [ MOI High Level Formal Decomposition ])
«block» eblock»
i rover surf
Lunar Multi-purpose Lunar Surface
Rover - Luna Environm ent
chassisi payload avi
ablocks «blocks «blocks «block»
Chassis, Structure, Payload System Avionics and Power and Thermal
and Mobility System Comm unications Systems
Systems
«block» ay «block» «block» «block»
Rocker-Bogie Deployable Flight Com puter pgen, Power
Suspension Payload Generation
«block» «block» «block»
«block» g _ pstor
struc Body pay Stati Com m unications Power
Structure — atlonary Hardware Storage
Payload
mechs i
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Body RA e A Signal Power
Mechanisms > BE LN Harnesses Distribution
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Payload Control
System

Figure 4.17: Luna architecture decomposition (bdd) highlighting the slot for which reuse
being considered.

1 |0 [® 1 MOI- Lunar Multi-purpose Rover Mission

2 [& 1.1 Surface Science Obj. The rover shall support surface sdence via remote and deployable fin-situ experiments,

3 [® 1.2 Surface Station Support The rover shall support surface station build-up by deploying payloads and interacting with existing and future surface infrastructure.

4 |0 [E 2 MOI- Level1 - Functional Reguirements

5 O = Communications System the rover shall maintain communications with Earth ground stations 90% of the time during operations

7 [® 2.2 Avionics and Computing the raver on-board computer shall route all commands and telemetry to/from source and destination

] [® 2.3 Power System the rover power system shall provide XX Watts average power to the system

3 [ 2.4 Thermal System the rover thermal system shall maintain all electronics within their required temperature ranges in nominal conditions

10 [E 2.5 Structural System the rover structure (chassis and hardware) shall survive the loads and environments of launch, landing, and surface maneuvering

11 [ 2.6 Mobilty System the rover shall be capable of conducting excursions from the lunar surface station of up to 2.5 km.

12 [& 2.7 Thermal PSR The rover shall survive excursions into permanently shaded regions (PSR) of up to 60 minutes.

13 @= Operations The rover shall carry out commanded functions autonomously or tele-robotically from surface station

14 [® 2.3 Payload System The rover shall deploy, maneuver, and operate the sdence and infrastructure payload suite

15 |0 [@ * MOI- Level 2 - Payload System Requiren

16 = Stationary Payloads Rover shall accommodate remote sensing/rover-stationary payloads totaling 50 kg,

17 [® :z.2 In-situ Payloads Rover shall accommodate in-situ {turret-mounted) maneuverable payloads totaling 40 kg.

18 [® 3.3 Deployable Payloads Rover shall accommodate 2 deployable {sdence or infrastructure) payloads of up to 20 kg each.

13 [E 3.4 Payload Deployment Rover shall deploy deployable payloads from body-mounted storage onto target surface location

20 = Infrastructure Interaction Rover shal interface with other surface station infrastructure fhardware

21 [E 3.6 Campaign Constraint - Cargo Deple{The rover shall be able to extract and offload small-medium cargo from crewed descent element

22 |0 [E 4 MOI- Level3 - Rover Arm System Requir

23 E‘ 4.3 Driving Load The robotic arm shall survive 5 g's of acceleration during launch and landing, while partially stowed.

24 E‘ 4.7 Turret Pre-load The robetic arm shall provide a pre-oad of 200 N for a turret instrument onto a surface target

15 E 4.5 Power Budget The robotic arm shall consume less than 50 W of power at any time while carrying out its functions

26 E Absolute Position The robetic arm shall maneuver in-situ and deployable payloads/end-effectors in its workspace with 10 mm absolute positioning accuracy

7 E Temperature Control - Cold Case | The robotic arm shall maintain all hardware within their respective operating temperatures, with the limited lower bound being -55 C, a delta of 100 C from shaded ambient of -155 C.
28 IE 4.12 Absclute Orientation The robotic arm shall maneuver in-situ and deployable payloads/end-effectors in its workspace with 5 deg orientation accuracy with respect to target surface normal
18 E 3 LaunchfLanding Loads The robotic arm shall survive 15 g's of acceleration during launch and landing, while fully stowed.

30 E 1% Fault Tolerance The robotic arm shall maintain elbow and wrist control despite the failure of their primary actuators.

3 E Turret Payload Mass The robotic arm shall support a payload of 60 kg at the end of the arm.

32 [ Arm Mass The robotic arm shall have a maximum mass of 150 kg (not induding the turret payload)

33 E 0 Surface Radiation Hardening The robotic arm electronics shall be radiation hardened for the expected dosage at the lunar south pole

34 [H +.21 Workspace - Extent The robotic arm workspace shall be a cylinder whose center extends up to 0.75 m from the rover front panel.

35 E‘ 4.22 Workspace - Radius The robotic arm workspace shall be a cylinder of radius 400 mm.

36 [H +.23 Workspace - Cyiinder Height The robotic arm workspace shall be a cylinder of height 1.25 m.

37 E‘ 4.24 Autonomous Operations The robotic arm shall conduct a high-evel commanded operation autonomeusly

38 [H +.25 Sample Delivery The robotic arm shall deliver surface samples to stationary main rover body instruments

kx] E‘ 4.25 Grappling The robetic arm shallinterface (translate/rotate, hold/release) with surface assets and onboard deployable payloads via a grappling mechanism,
40 [H #.27 Temperature Control - Hot Case | The robotic arm shall maintain all hardware within their respective operating temperatures, with the limiting upper bound being 50 C, a delta of 75 from sunlit ambient of 125 C.

Figure 4.18: Set of representative requirements for Luna, focusing on Level 3 - Robotic Arm
requirements.
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spectively). Requirements relevant to the Robotic Arm are reflected in Level 3 of the Luna
hierarchy and equivalently in Level 4 of the MSL mission. Requirements span the range of
design considerations illustrated in the schematic on Fig. 4.15 and include: work-space reach,
structures and loading, thermal and power, position accuracy/knowledge and others. MSL
requirements were derived from known capabilities of the system where possible and inferred
where public information was not available. Key interfaces of the reuse need slot with the
rest of the Luna architecture are also recorded, as are the Curiosity robotic arm’s interfaces
with other MSL architecture elements; these are captured in Internal Block Diagrams shown
in Figs. 4.21 and 4.22.

4.5.2.2 Step 2 — Technical Inheritance

We first identify and generate a model record for the Reuse Candidate Element — in this
case, we have pre-specified this RCE to be the Robotic Arm of the Curiosity rover. The
«Reusable Asset Archive» and «Reusable Asset Record» hierarchy on the right hand-side
demonstrates how the RCE is drawn from the organization’s available assets. In this case,
design information related to the robotic arm is drawn from the «Reusable Asset Record»
containing the MSL mission’s models and is populated into the «Reuse Candidate Element»
block — the construct which will be carried through the design reuse assessment. Note that
the MSL record will never be altered by LDRM, it will only populate the fields in the RCE
block.

We proceed with Step 2.2 by pairing the comparable requirements and interfaces across
the Luna and MSL design descriptions. This is done by populating the “RCE Pair Require-
ment” and “Similar RCE Interface” tags in the «Reuse Requirement» and «Mol Required
Interface» blocks. These are the stereotypes that are applied to each of the requirement
and interface artifacts in the Luna descriptions. The RCE Compatibility Table linked in
the Dashboard (and shown in Fig. 4.23) consolidates the results of this pairing activity and
summarizes the set of pairs as well as the gap magnitude values and designations determined
for each. In this example, gap attributes are populated manually though in future iterations
this may be automated by leveraging SysML’s parametric capabilities. The figure shows
results of the compatibility assessment for both requirements (top half of the table, marked
by pink rectangles in the first column) and interfaces (bottom half of the table, marked by
circles in the first column). A diverse range of pairing conditions are shown in this figure.
For instance, Luna robotic arm requirements that are satisfied by the MSL design include
the driving load, power budget, and arm mass constraints. Conversely, constraints on the
arm’s reachable workspace, temperature limits, and accuracy are not met. Lastly several
requirements — including grappling functionality and hot case temperature control in the
no-atmosphere lunar environment — have no pair in the MSL architecture. These indicate
areas where new design solutions within the RCE are necessary. We see a similar diversity of
circumstances with the interfaces. The third column in the table captures the gap magnitude
designation that is used in conjunction with COSYSMO 2.0 in Step 3.

Step 2.3 proceeds with construction of a «Rework Set» for each interface or requirement
pair with a non-zero gap. The rework campaign for the given RCE is compiled in the Rework
Action Summary table whose icon is shown in the Dashboard and whose content is shown
in Fig. 4.24. It enumerates all Rework Sets and Actions for each pair gap. Rework Action

173



bdd [Package] Architecture [ MSL High Level Formal 1]
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Figure 4.19: MSL architecture decomposition (bdd) highlighting the reusable asset.
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1 |0 [E & MSL- Mission Objectives

z [E 5.1 Search for Life Determine whether life ever arose on Mars

3 [E 5.2 Mars Climate Characterize the dimate on Mars

4 [® =.3 Mars Geclogy Characterize the geology of Mars

5 [® 5.4 Prepare the Way Prepare for human exploration

6 |0 [E 7 MSL-Level1 - Functional Requirements

7 [® 7.1 Site Selection The system shall be able to land and operate at sites between latitudes of 45 degrees M and 45 degrees 5

-3 [® 7.2 Landing Error The system shall land with an error of 10 km or less, radially from a designated point on the surface of Mars

3 [E 7.3 NASA Payload The system shall accommodate and support the selected NASA payload

o The system shall provide data communication throughout critical events (EDL) at a rate sufficent to determine

1 [ 7.4 Communications the state of the spacecraft.

1 & 7.5 Lfetime The ;yshem shall acquire scentific data and conduct in-situ analysis of the rover's local region for at least one
Martian year,

12 [® 7.t Traverse Length The rover shall have the capability of a total traverse path length of at least 20 km

12 [ 7.7 Sample Gount ;he rover shall be able ho select, acquire, process, distribute, and analyze at least 74 samples of rock, rock

agments, andjor regolith

14 [El & MSL- Level 2 - Rover System Reguirements

15 [E 5 MSL- Level 3 - Sample Acquisition/Sample Prepar]

16 | O [E 10 MSL- Level4 - MSL Rover Arm System

17 m 10.11 Absolute Pestioning ;‘::oﬁ:::g;;r:nﬁzllan;::ﬁger in-situ and deployable payloads /end-effectors in its workspace with 20 mm

18 m 10.10 Absolute Orientation Thg robptic arm shall manewver in-situ and deployable payloads/end-effectors in its workspace with 10 deg
orientation accuracy with respect to target surface normal

13 E Turret Payload Mass The robotic arm shall support a payload of 30 kg at the end of the arm.

0 E & Arm Mass The robotic arm shall have a maximum mass of 65 kg (not induding the turret payload)

1 E Turret Pre-load The robotic arm shall provide a pre-load of 240 N for a turret instrument onto a surface target

2 E Power Budget The robotic arm shall consume less than 30 W of power at any time while carrying out its functions

23 E LaunchfLanding Loads The robotic arm shall survive 20 g's of acceleration during launch and landing, while fully stowed,

24 E 10,15 Driving Loads The robotic arm shall survive 6 g's of acceleration during launch and landing, while partially stowed.

25 m 10,15 Temperature Control I'I'he robotic arm shall maintain all hardware within ﬂjeir respective operating temperatures, with the limiting
lower bound being -55 C, a delta of 58 C from ambient of -113 C.

26 E 7 Workspace - Extent The robotic arm workspace shall be a cylinder whose center extends up to 1. 1 m from the rover front panel.

27 E & Workspace - Radius The robotic arm workspace shall be a cylinder of radius 400 mm.

28 E Workspace - Cylinder Height The robotic arm workspace shall be a cylinder of height 1 m.

23 E 10.20 Sample Delivery The robotic arm shall deliver surface samples to stationary main rover body instruments

30 E 10.21 Sample Processing The robotic arm shall fadilitate in sample filtering via rotation with respect to the local vertical gravity vector

Figure 4.20: Set of representative requirements for MSL, focusing on Level 4 - Robotic Arm

requirements.

Figure 4.21: Luna interface diagram (ibd) emphasizing robotic arm interfaces with external
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Figure 4.22: MSL interface diagram (ibd) emphasizing robotic arm interfaces with external
architecture elements.
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MOI Req/Int Gap

# Name MSL Counterpart Magnitude IsSatisfied
1 [r] Driving Load [R] 10.15 Driving Loads O 0- Over-satisfied M true
2 @ Turret Pre-load 10.5 Turret Pre-load O 0- Over-satisfied frue
3 E Power Budget E 10.8 Power Budget O 0- Over-satisfied frue
4 [R] Absolute Position [R] 10.11 Absolute Positioning O 3- Major [false
5 [R] Temperature Control - Cold Case [’] 10.16 Temperature Control O 3- Major [ false
6 [R] Absolute Orientation [R] 10.10 Absolute Orientation O 3- Major [false
7 E Launch/Landing Loads E 10.14 Launch/Landing Loads O 0- Over-satisfied i true
8 ['R] Fault Tolerance © 4- No Similar Requirem| [] false
9 [R] Turret Payload Mass [§] 10.2 Turret Payload Mass O 3- Major [ false
10 E‘ Arm Mass 'E 10.6 Arm Mass O 0- Over-satisfied frue
11 [R] Surface Radiztion Hardening @ 4- No Similar Requirem ] false
12 ['R] workspace - Extent [’ 10.17 workspace - Extent O 3- Major [false
13 @ Workspace - Radius [E 10.18 Workspace - Radius O 1- None frue
14 E‘ Workspace - Cylinder Height E‘ 10.19 Workspace - Cylinder Height < 3- Major [ false
15 [R] Autonomous Operations @ 4- No Similar Requirem (] false
16 E Sample Delivery m 10.20 Sample Delivery < 1- None M true
17 [r] Grappling O 4- No Similar Requirem|[] false
18 [R] Temperature Control - Hot Case @ 4- No Similar Requirem ] false
19 ) Active Control Commands —+* Connector: Active Control Commands[MSL MMRTG Powe O 1- None frue
20 ©) Arm Mounting and Caging — Connector:Arm Mounting and Caging[MSL Chassis.MSL | O 2- Minor [false
21 O Datz/Telemetry Outgoing J/E Connector:Data/ Telemetry Outgoing[MSL Avionics and € & 1- None true
22 O Driving Loads, Structural :,/E Connector:Driving Loads, Structural[MSL Mobility Systen & 2- Minor [false
23 © Grappling O 4- No Similar Interface | (] false
24 ©) Impinging Radiation —~ Connector:Impinging Radiation] - MSL SA/SPaHS.MSLR O 3- Major [false
25 O Lunar Dust/Components Interface J/E Connector:Martian Regolith/Components Interface[ - ME O 3- Major [ false
26 O Motor Commands Incoming :(E Connector:Motor Commands Incoming[MSL Avionics ang & 3- Major [false
27 ) Physical Signal Routing = Connector:Signal Routing[MSL Avionics and Communica © 2- Minor [false
28 O Power Supply :,/E Connector: Power supply[MSL MMRTG Power and Therrr & 1- None M true
29 O Structural Mounting J/E Connector: Structural Mounting[MSL turretpl - MSL RA. © 3- Major [ false
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Figure 4.23: Consolidation of requirement and interface pairing and gap analysis.




types include modifying functionality (e.g., “Bypass Motor Control Assembly”), modifying
dimensions (e.g., “Extend Upper Arm Tube”), modifying interfaces (e.g., “Modify Radiation
Countermeasures”), or developing entirely new functionalities (e.g., “Develop/Demonstrate
Autonomous Algorithm”). Also indicated in the table are the supporting discipline analyses
that are required to inform or reinforce these rework actions (e.g., “Conduct Workspace Reach
Analysis”). The Rework Action Summary table thus essentially provides a work breakdown
structure of preliminary reuse activities. In our Luna example, we find that several design
modifications are required to the MSL robotic arm design including dimensional changes
(to address workspace requirements), functional changes (to deliver autonomy and grappling
capabilities), structural changes (to meet mass and mounting constraints), and others such
as thermal and signal routing modifications.

Supporting Discipline Analyses

We briefly illustrate an example of the supporting engineering analyses that would inform
the rework actions specified in Fig. 4.24. The workspace reach requirement gaps suggest
that dimensional changes may be needed to the lengths of the MSL robotic arm tubes.
A preliminary technical exploration of these changes (commensurate with the early-stage
design trades that LDRM is intended to support) is possible via a simple representation of
the problem. Fig. 4.25a shows the schematic for a two dimensional view of a robotic arm
with 3 dimensions — ag, offset distance of first joint from the arm mounting base, a; length
of upper arm, as length of forearm — and two angular degrees of freedom, v and ¢. Values
for these variables are imported from the design dimensions recorded in the existing system

model. The governing equations describing the x and y position of the end effector are given
by:

Pos, = ayg + ajcos(y) + azcos(9) (4.2)

Pos, = aysin(y) + azsin(¢) (4.3)

Figure 4.25b summarizes the workspace characteristics of the unmodified MSL robotic
arm — where ag, aq, as take Curiosity dimensions and boundary curve is imposed by limits
on reachable angles by the elbow and shoulder joints. We see that the smaller, red box
representing the 2D workspace specified by MSL requirements is nearly completely within
the reachable boundary of the robotic arm (> 95% reachability). However, the larger,
green box representing the 2D workspace specified by the Luna requirements falls largely
outside of the reachable MSL boundary (< 75% reachability). By exploring alterations to
the dimensions, we can find solutions that better meet the Luna requirements. Fig. 4.25c¢
shows one such configuration, which improves coverage to 93% by reducing upper arm length
by 10%, increasing forearm length by 15%, and increasing the base offset dimension by 15%.

These modifications - analysis of which was conducted in Matlab - can then be fed back
into the SysML model to record the rework solution via a custom SysML-Matlab link enabled
by the Cameo modeling tool. Similar mechanisms exist for canonical engineering tools such as
Excel. However, for other domains such as CAD and 3D modeling, limited direct integration
is possible in most SysML modeling tools. For this demonstration problem, we were able
to achieve integration with SolidWorks with an indirect method; specifically, the outputs of
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B[] Requirement Rework

=]

[4 Workspace Rework

‘@ Conduct Workspace Reach Analysis

'@ Extend Upper Arm Tube, as necessary

@ Extend Forearm Tube, as necessary

'@ Modify Angular Strokes on Actuators, as necessary
[4 Grappling Functionality

'@ Modify Arm and Turret Structure for Grappling

'@ Develop/Demonstrate Grappling Mechanism

[ Turret Mass Rework

‘@ Conduct Structural Analysis

@ Improve Actuators, as necessary

2 Improve Arm Structure, as necessary
[4 Arm Accuracy Rework

'@ Modify Gearbox

‘@ Improve Encoders
[4 Temperature Control Rework

%> Resize Actuator Heaters

> Resize Auxiliary/Redundant Heaters

'@ Develop/Demonstrate Passive/Active Hot Case Control

[4 Fault Tolerance Rework

'@ Develop/Demonstrate Actuator Redundancy
[/ Al Rework

'@ Develop/Demonstrate Autonomous Algorithm

E [T Interface Rework

S

[ Structural Interface Rework

‘@ Modify Caging Mechanism
'@ Modify Mounting Mechanism
'@ Structural Modeling and Simulation

[ Avionics/Comms Interface Rework

'@ Modify Signal Carriers
'@ Modify Signal Harnessing
ﬁl Bypass Motor Control Assembly

[4 Environmental Interface Rework

‘@ Determine Radiation Environment

‘@ Determine Dust/Regolith Environment

@ Modify Radiation Countermeasures, as necessary

% Modify Dust/Regolith Countermeasures, as necessary

[/ Payload Interface Rework

& Modify Turret Structure

Figure 4.24: Custom SysML table summarizing rework actions necessary to address require-
ment /interface gaps identified in the compatibility analysis.
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MSL Reachable Boundary
MSL Required Workspace
Luna Required Workspace

(b)

MSL Reachable Boundary
Modified Reachable Boundary
Luna Required Workspace
Modified Reachable Points

(c)

Figure 4.25: Sample supporting discipline analysis for the Workspace requirement gaps. (a)
2D schematic of the governing equations; (b) satisfaction of Luna workspace with unmodified
MSL arm; (c) improved satisfaction of Luna workspace with modifications to MSL arm

dimensions.
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a SysML query for component parameters of the MSL system were fed via a user-defined
.csv file to a SolidWorks CAD model of the robotic arm. Changes to this .csv file - resulting
from changes pushed by the MATLAB-based workspace analysis - were then updated in the
CAD model, upon refresh. This semi-integrated flow of data, albeit with some manual effort
involved, is demonstrated in Fig. 4.26. Such work-arounds to a lack of direct integration
mechanisms are common and necessary in the current MBSE landscape.

4.5.2.3 Step 3 — Reuse Value Assessment

Each of the Rework Actions as well as the requirements and interfaces to which they are linked
have also been tagged with parameters needed for the COSYSMO 2.0 effort modeling analysis
in Step 3. Each of COSYSMO 2.0’s size driver parameters are linked to a model element
in the reuse analysis: Mol-RCE Requirement Pairs to the “Requirements” driver, Mol-RCE
Interface Pairs to the “Interfaces” driver, and Rework Actions to either “Algorithms” or
“Operational Scenarios” based on the type of rework. For instance, “Conduct Workspace
Reach Analysis” is deemed an “Algorithm” as it mainly relies on manipulation of governing
equations of kinematics while “Develop/Demonstrate Autonomous Algorithms” is deemed
an “Operational Scenario” as it introduces an entirely new functionality and set of test
cases that the robotic arm solution must satisfy. Model elements are also assigned a “Reuse
Category” that assess the degree of modifications required and a “Difficulty Rating”. For
instance, the Workspace Reach analysis may determine that the Upper Tube of the robotic
arm needs only a minimal length increase whereas the Lower Tube may require a substantial
reduction in length — in both cases, the Difficulty Rating is deemed “Easy” while the Reuse
Category for the former (“Adopted”) conveys fewer modifications than the Reuse Category
for the latter (“Modified”) - see comparative modulating value in Table 4.4. To define a
representative “from-scratch” case against that to compare the “with reuse from MSL” case:
1) new difficulty ratings are assigned to each requirement and interface, 2) reuse qualifiers
are removed, and 3) necessary technical analyses (i.g., “Algorithms”) are maintained if they
are not directly related to reuse questions.

The COSYSMO 2.0 tool — linked externally to the SysML model — is then run. Results
for this demonstration problem are as follows: the robotic arm systems engineering effort was
estimated at 144.5 Person-Months for the “With Reuse” case and 167.1 Person-Months for
the “From Scratch” case. This is a 14 % improvement in effort in the reuse case. The “effort”
metric of Person-Months can subsequently be converted to estimates for either staffing or
project schedule. As an example, assuming a 25 person team working on the robotic arm
design, this would result in a 6.7 month development effort in a from-scratch approach vs.
a 5.8 month effort with reuse. Conversely, planning for a 6 month effort, the from-scratch
approach would require a team of 28 full time engineers (FTE) while the reuse case would
require 24 — budgeting $200K for each FTE, this results in project savings of up to $800K
on systems engineering costs alone. In order to determine total cost impacts, these results
can be extrapolated assuming a nominal cost breakdown — though this should only be taken
as an initial order-of-magnitude estimate on project impact.

The technical analyses have suggested that non-trivial design changes must be imple-
mented in order to feasibly redeploy the MSL design while meeting the constraints imposed
by the new operational environment. These include changes to the dimensions of the arm to
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Figure 4.26: Flow of data in the semi-integrated multi-tool environment developed for the
demonstration problem.
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meet a new desired workspace; thermal modifications to address the harsher ranges of the
lunar environment; entirely new capabilities such as autonomy and grappling (which would
have been required with or without reuse); and others. The reuse value assessment suggests
that, given the sum of these required changes, cost and schedule improvements may still be
expected. It is concluded, then, that the MSL robotic arm can move forward as a reuse
candidate to detailed consideration in subsequent design phases of the Luna project. These
results are presented to mission architects and decision makers as a SysML-generated report.

4.6 Conclusion

In this Chapter, we have extensively demonstrated development of the Legacy Design Reuse
in MBSE (LDRM) methodology that is the central contribution of this thesis. In order
to ensure systematic rigor, we began by laying out a development framework beginning
from a theoretical foundation rooted in the relevant reuse concepts discovered in previous
Chapters. From this reuse ontology, a generalized MBSE-agnostic legacy reuse procedure
was synthesized from current best practices and areas of known deficiencies as identified in
the literature review (Chapter 2) and industry study (Chapter 3). The generalized procedure
covers three high level steps, from defining the context of the reuse question in the Mission
of Interest, to conducting technical feasibility checks on the reuse candidate, and ultimately
assessing the programmatic impact of the reuse decision. We then proceeded to develop
an unambiguous and consistent approach for implementing this procedure in an MBSE
environment. This effort is centered around the Reuse Metamodel and the SysML Reuse
Profile that specify the modeling constructs and practices for applying LDRM. Lastly, we
concluded with an illustrative example exploring design reuse of the Curiosity rover’s robotic
arm onto a new, hypothetical lunar rover mission as part of the Artemis campaign. We
demonstrated each step of the process and the practical nuances that may arise as a user
carries out the methodology. In coming sections, we will look to show validity of LDRM,
to apply it on real world case studies, and ultimately derive insights and recommendations
for system architects on the question of design reuse and the benefits and challenges of
conducting the effort in an MBSE environment.
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Chapter 5

Validation and Application

The preceding chapter detailed end-to-end development of the LDRM methodology. Devel-
opment was conducted in a rigorous top-down fashion, starting from a conceptual under-
standing and framing of the problem domain (via the Reuse Ontology) and proceeded down
to MBSE and SysML-specific implementation considerations. The systematic approach was
adopted in order to yield a methodology that is consistent, repeatable, and logically sound.
This chapter describes efforts undertaken to (a) validate that LDRM meets these intended
characteristics and (b) apply it to two real-world case studies.

Validation is approached in a multi-faceted fashion. First, the workings and procedure
of LDRM are revisited to ensure internal validity; that is, the methods and processes of the
methodology are logically coherent and are consistent with systems engineering and model-
based principles and best practices. This is conducted for the generalized procedure and for
the MBSE implementation solution. Second, the results of the constituent analytical modules
(technical inheritance and programmatic) must be validated along with the synthesized,
decision-support outputs, to ensure their accuracy and reliability. This is conducted via a
two-phase, virtual design/build experiment using human volunteers.

Two case studies are then presented. The case studies serve multiple purposes. First,
they are used to reinforce claims of validity with historical examples with known results.
Second, they demonstrate how the methodology might be applied in the mission development
environments characteristic of real-world enterprises and organizations; indeed, we will see
that the procedures laid out in the methodology cannot always be immediately carried
out - some additional processing of models or design information may be necessary. This
reveals the “messy” nature of mission-to-mission reuse and MBSE deployment that this thesis
attempts to understand more systematically. Mixed results point to the lengths remaining
for industry to reach workable MBSE standards. The case studies then, also provide insights
and practical recommendations of modeling practices that may encourage this progress.

5.1 Validating LDRM

Leedy and Omrod describe the validity of a research method as “the likelihood that it will
yield accurate, meaningful, and credible results” [85]. In their discussion on the topic, they
divide the validation effort into two general categories: internal and external validity. In-
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ternal validity is “the extent to which [a research study’s| design and the data it yields allow
the researcher to draw accurate conclusions”; while external validity is “the extent to which
[a research study’s| results apply to situations beyond the study itself". They further note
that the usefulness of this distinction for qualitative research efforts has been called into
question. Thus, two issues arise with these definitions: first, the product of this effort is
not a research study, but rather a methodology for systematically conducting such studies;
second, LDRM stipulates a hybrid quantitative-qualitative approach in which most data ob-
jects are “nominal” or categorical measures as opposed to ordinal or interval scales on which
most statistical validation efforts may be applicable. In order to capture these nuances, we
may modify these definitions for our effort as follows:

o Internal Validity - the extent to which LDRM’s design and the procedure it stipu-
lates allows the user to generate logically consistent and reliable conclusions about the
problem of interest.

e FExternal Validity — the extent to which LDRM generates the desired results (i.e.,
credible, value-adding reuse decision support) for situations within the methodology’s
applicability boundary, as specified in the Reuse Ontology.

Other works in the design research literature formulate similar concepts in slightly differ-
ent validation constructs. Pedersen, for instance, presents a well-known framework known
as the validation square. In this approach the square is made up of four quadrants, two of
which address structural validity and the other two address performance validity [110]. For
each form of validity, theoretical and empirical analyses are stipulated. Comparing the two
constructs, we find that structural validity resembles Leedy and Omrod’s internal validity
while performance validity resembles external validity. In either case, both methods call
for both qualitative validation of procedure and quantitative validation of results. For our
purposes, we will proceed with the terminology of Leedy and Omrod, acknowledging the
similarities with Pedersen’s work.

5.1.1 Internal Validation

Assessment of internal validity focuses on the LDRM’s procedure and implementation prac-
tices. In the absence of usage data of the nascent methodology, we instead appeal to the
qualitative validity measures introduced in the previous section. In this regard, Lucko iden-
tifies several related concepts that may be used [87]. Of particular interest are concepts of
face validity and content validity. Face validity involves obtaining approval and buy-in on
research approach and solutions from experts in the field; these individuals are preferably
domain experts who advise or provide feedback to the researcher. Additionally, interviews of
these experts may yield more consistent and rich insights; the most organized form of such
a solicitation is the Delphi technique in which experts iteratively critique, essentially peer
reviewing, a research method. Content validity relates to the quality of data collected and
used as part of the research.
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5.1.1.1 Generalized Procedure Validation

Internal validation of the generalized procedure is intended to confirm appropriate definition,
characterization, and order of reuse activities. A heuristic validation approach was adopted
consisting of the two validity measures: face validity and content validity. In this context, face
validity is asserted by appealing to the legitimacy of the sources informing each procedure
step. As shown in the top half of Fig. 5.1, each procedure step is characterized by a “derived
from”, “conforms to”, and “affirmed by” attribute.

During initial formulation of the procedure, each step and the overall sequence is derived
from logical ideation (i.e., a sequence of logically required reuse-related activities) supported
by systems theory as laid out in guiding documents such as NASA’s Systems Engineering
Handbook and academic materials. Indeed, the overarching reuse process as defined here
closely aligns with canonical systems engineering processes for architecting and design — it
flows from an understanding of needs, through exploration of solution options (in our case,
reuse candidates) and supporting detailed analyses, and concludes with design recommen-
dations based on trade objectives. Additionally, the constituent steps and sub-steps of the
process were developed in conformance to the findings of the best practices study where
respondents collectively identified critical aspects of current reuse practices and areas for
improvement. Lastly, the procedure was iterated on in consultation with subject matter
experts such that industry best practices and expert opinions both strongly suggest validity
of the logical set of activities.

Turning to content validity (the lower half of Fig. 5.1), we are now concerned with the
reliability of the data threaded throughout the procedure. Here specifically, the focus is on
the content of the data whereas the MBSE-specific style and format of the data is considered
in the next section. Fig. 5.1 shows that for each step of the generalized procedure there may
be: (a) input data sourced external to the methodology, (b) input data sourced internal to
the methodology, and (c) transformation of this data within the step to output data. Exter-
nal data includes primarily the design information and mission description for the mission
of interest made to-date and similar information for the reuse candidates. Claiming validity
of this external content is not within our purview; rather this characteristic is dependent
on the organization’s existing model/data threading and curation functions. Rigorous data
threading ensures authoritative sources of truth for each data product; data curation subse-
quently archives existing data (primarily from previous missions) in a manner that preserves
its authority and accuracy. Thus, validity of the LDRM’s results is highly dependent on the
reliability of the data that it is provided.

Within LDRM, however, validity of the internal content and flow of data must also
hold. This is confirmed via a logical walkthrough of the procedure yielding an internal
input-output table for all steps of the process. Validity is claimed by a comparison of
supplier-client data links that reveal no missing or inconsistent flows. We can thus consider
the generalized procedure of the reuse methodology validated to the extent that it exhibits
internal consistency - it is still dependent on the external content provided to it.
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Figure 5.1: Summary of internal validity measures for the generalized procedure. Face
validity appeals to authority of sources used to develop the procedure. Content validity
appeals to the reliability and integrity of data that flows throughout the procedure.
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5.1.1.2 MBSE Implementation Validity

Validating the MBSE approach for implementing LDRM consists of enforcing its procedu-
ral and ontological stipulations in the integrated digital design environment. Indeed, the
methods employed were borrowed form the existing body of work relating to MBSE-centric
methodologies as documented by Estefan and others [37, 90]. In particular, guidelines pro-
duced by the Object Management Group (OMG) in collaboration with INCOSE to facilitate
development and dissemination of MBSE methodologies were followed.

The primary gate for ensuring validity of the implementation approach is accurate de-
velopment and realization of the reuse metamodel in the governing SysML system model.
This, in turn, is dependent on proper definition of the profile and its constituent stereo-
types, tags/attributes, and relationships. In this regard, existing SysML formalisms were
extended to unambiguously define the reuse-specific, customized elements required by the
methodology. As such, having demonstrated rigorous development of these aspects in 4.4,
we can claim validity of the MBSE implementation approach to the extent that it codifies
the generalized procedure for deployment in SysML. Additionally, the face validity of this
claim was reinforced with feedback from experts in NASA’s MBSE Community of Practice
and at The Aerospace Corporation’s MBSE office.

5.1.2 External Validation - Programmatic Analyses

The programmatic effort estimate output is most problematic in terms of validation. As-
sessing cost /schedule impacts of a reuse decision involves estimating a cost/schedule figure
with reuse and one for the same development effort with a from-scratch solution. The cost
modeling tool we employ (COSYSMO 2.0) does allow for both calculations. However, the
issue arises when we attempt to empirically validate the results COSYSMO 2.0 yields in the
context of LDRM via historical data. This requires cost/schedule knowledge of two alter-
nate futures: the real world outcome where an arbitrary reuse decision was pursued, and an
unrealized outcome where a diverging decision was pursued. As such, a case study-based
validation to the programmatic results is infeasible.

An alternative to a case-by-case validation would be to conduct a statistical validation
on a large swath of cases with similar design problems and varying reuse decisions. An ideal
sample for such an analysis would be a set of orbital launch vehicles of the last few decades
— those where heritage rocket technologies (e.g., engines, composites, etc.) were available
to consider for reuse. In this approach, we would independently validate the ability of the
methodology + COSYSMO 2.0 to:

1. Predict from-scratch cost/schedule estimates vs. known examples of “from-scratch”
from the sample set, and

2. Predict reuse cost/schedule estimates vs. known examples of “with reuse” from the
sample set

If this validation succeeds, we could deduce that for a new design reuse scenario, the
methodology and COSYSMO 2.0 could estimate both “from-scratch” and “with reuse” cost /schedule
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figures. We could then proceed to compare these figures and generate a reuse impact met-
ric. However, this statistical validation requires substantial data harvesting, processing, and
analysis of a large portion of the launch vehicle landscape; this implies access to often sen-
sitive or proprietary programmatic data for various launch vehicle developers — and true
validation would require this data for both domestic and international providers. This effort
would be extensive and is deemed outside the scope of this research; as such, full statistical
validation of the programmatic effort modeling is not pursued.

A third approach is appropriate. We can rely on two separate facts: first, that the rework
effort validation succeeds — meaning we can reliably enumerate rework actions; second, that
the COSYSMO 2.0 tool has already been validated (with a focus on space mission design)
independently of LDRM. The first fact will be demonstrated in the first Case Study presented
later in this Chapter; the second was demonstrated previously by Fortune [42]. With these
two facts, we can then make a reasonably safe assumption that the results of the combined
process are likely valid - this may be considered a "validation by parts" approach. This of
course accepts the possibility that at the interface of the validated technical analysis and
the validated COSYSMO 2.0 tool, discontinuities may yield invalid results. However, in the
absence of a large historical dataset of design scenarios, mentioned previously, the resulting
cost /schedule impacts may be deemed valid as order-of-magnitude estimates in a preliminary
fashion.

Indeed, at the early-stage architecting phases during which LDRM is intended to be
employed, such initial estimates may still prove useful to motivate trade decisions on reuse
vs. from-scratch solutions. Further, it is important to note that the cost/schedule estimates
are not the sole outputs of the programmatic analysis. The programmatic analysis, then,
is deemed partially validated (via the third alternative discussed), with a concession to the
preliminary nature of the estimates produced.

5.1.3 [External Validation - Virtual Design/Build Experiment

The second, and most important, aspect of external validation explores the ability of LDRM
to act as a value-adding decision support tool for mission architects. This effort seeks to
show that, all else being equal, mission architects (or architecting teams) employing the
methodology exhibit better decision making performance than those who do not. This
validation effort is conducted as a two-phase controlled experiment. We begin first with
an overview of the full experimental set-up, then proceed to results from each phase of the
experiment and discussion of the implications on claims of validity.

5.1.3.1 Experiment Overview

The primary objective of the experiment is to gauge the decision-making performance of
system designers. Performance in the context of reuse decisions may be decomposed into 3
components:

1. Ability to evaluate the initial compatibility of a reuse candidate in the mission of in-
terest; this measures the designer’s understanding of how the technical need of the
mission of interest is met by the reuse candidate (in terms of requirements and inter-
faces satisfied) without modification.
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2. Ability to define a rework campaign to adapt the reuse candidate to the mission of
interest; this measures the designer’s understanding of the modifications needed to
address incompatibilities between the native mission and the new mission.

3. Ability to estimate the programmatic impact of the reuse decision; this measures the
designer’s sense of the effort (in terms of cost, scheduled, workforce) necessary to carry
out the rework campaign and how it might compare to a from-scratch design solution.

These components — along with a designer’s ultimate reuse decision — would necessarily be
impacted by the designer’s exposure to LDRM. The question we wish to answer is the degree
to which LDRM support improves decision making performance when compared to baseline
performance of an unstructured approach, unassisted by LDRM’s procedures and outputs.

To that end the validation study was designed as a design/build experiment consisting
of two parts — as detailed in Fig. 5.2. A design scenario based in the Luna demonstration
problem discussed in Chapter 4 formed the basis of the experiment. The first phase (the
Ground Truth study) asked a group of volunteers to develop and build design solutions that
satisfy constraints of 4 modules of the hypothetical Luna rover — one set of solutions with
reuse from counterpart Curiosity rover modules, another set of solutions ideated from scratch.
Volunteers were asked to record metrics including build time, modification count, and total
part count for each module, for each design approach. The average of these metrics across
all volunteers was then taken to be the “ground truth” for the case of the average designer
pursuing reuse and from-scratch solutions to a design problem. This ground truth is the
data against which the performance of another, larger respondent group in the second part
of the experiment is measured.

The second phase of the experiment (the Design Decision study) surveyed industry prac-
titioners with questions related to the reuse decision options for the same four Luna modules.
A control group of respondents was presented with an annotated graphic of the Curiosity
rover module and the Luna design constraints that must be satisfied; a test group of re-
spondents was presented with this information plus representative outputs that would be
generated by LDRM.! Data gathered included respondent evaluation of Luna requirements
satisfied by the Curiosity modules, estimates of modification count, estimates of rework build
time vs. from-scratch build time, and a design decision for each module. Comparison of test
group vs. control group performance against the Ground Truth baseline figures was then
possible.

Design Environment  The environment within which the Ground Truth study is conducted
must simulate the real-world, practical considerations of designing with reuse. This environ-
ment must also be one that does not present an extensive learning requirement on volunteers,

Tt is important here to emphasize that the second phase group did not carry out the LDRM method,
but rather were given representative outputs prepared by the researcher. In this aspect, the experiment
neglects the potential variability in outcomes from different users carrying out the LDRM procedure. Namely,
differences in discipline and quality of application of the method - even with the same input information -
could lead to different outcomes and recommendations regarding reuse. This points to a potential refinement
of the test procedure in a subsequent, more extensive validation effort. Therefore, the current approach
represents an ideal case, where all LDRM users apply the procedure identically to retrieve the same outputs
- it is the value of these outputs to influence decision making that we are presently interested in.
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thereby discouraging participation or negatively biasing performance metrics. Lego models
fit these criteria — requiring careful part selection and integration, while reducing the prob-
lem complexity to a manageable level in a research setting. While in-person design/build
sessions with the Ground Truth group involving physical Legos would have been optimal, the
ongoing restrictions imposed by the COVID-19 pandemic precluded this approach. Instead,
a virtual approach was pursued employing BrickLink’s Studio 2.0 Lego modeling software.
This tool contains the full catalog of traditional Lego parts as well as Lego Technic parts (a
line of Lego elements intended to capture more advanced and dynamic functionalities) — an
image of Studio 2.0’s design space is shown in Fig. 5.3, with a model of the Curiosity rover
as an example.

The resulting Lego designs, representative of the Luna and Curiosity rovers, are 1/20th
scale models. Even with the added complexity of the Lego Technic modules, it was under-
stood that some functional /behavioral constraints of the rover modules (e.g., the telescop-
ing/extension capabilities of the sensing mast) could not be perfectly captured — in these
cases, participants were asked to represent the concept for their design as closely as possible,
without spending excessive amounts of time getting their solutions a fully functional state.

Selecting the environment for the Design Decision study was more straightforward. This
study required only presentation of design information to participants and gathering their re-
sponses to reuse-related questions; as such, a simple questionnaire-based survey was adopted
similar to the Design Reuse Best Practices study.

Problem Context The boundary of the Luna demonstration problem’s reuse need was
expanded to consider the entire rover. Four rover modules — distinct, high-level architectural
elements — were defined:

e chassis/body — central structure of the rover; contains key electronics/avionics, pay-
loads, and instrumentation inside and on its surface; interfaces with other modules and
power system

e suspension system — connects rover body to wheel system; transmits forces from
ground traversal to body; ensures stable motion of body to protect equipment

e robotic arm — enables interaction with surface assets and science specimens; contains
end effector with manipulator and instrumentation

e sensing mast — enables remote sensing from an elevated position

Each of these modules was constrained by design specifications shown in Table 5.1. These
specifications relate to the dimensions, interfaces, and functionality of each module; dimen-
sions are defined in Lego units (i.e., “blocks”) and functional specifications are simplified to
be feasible within the Lego and Lego Technic capability envelope.

The Curiosity rover is decomposed into similar module boundaries to facilitate the reuse
assessments of volunteers in both parts of the experiment. Representations of the Curiosity
modules in the virtual Lego environment are shown in Fig. 5.4 — these Lego designs were
developed by Stephen Pakbaz, a Curiosity team member at the Jet Propulsion Laboratory
(JPL) and Lego designer. The requirements of the Luna modules were intentionally selected
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Figure 5.3: View of the Studio 2.0 environment - the virtual Lego design software used for
Phase 1 of the study.
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Table 5.1: Constraints defined for each of the 4 Luna Modules.
Module 1
Chassis

Shall have dimensions of 10 bricks long by 6 bricks wide by 4 bricks thick
Shall accommodate interfaces with suspension, robotic arm and sensing
tower modules

Shall accommodate a solar array assembly power source

Shall accommodate 4 body mounted payloads (science or infrastructure) of
size 2 x 2 bricks, 2 x 2 bricks, 1 x 3 bricks, 2 x 2 bricks (front mounted).

Module 2
Suspension

Shall enable at least 5 points of contact with the surface at all times
Shall have independent, passive articulation of the port and starboard
assemblies

Shall minimize the tilt of the rover body when addressing an obstacle
Shall define the “rover footprint” as: 15 bricks long by 13 bricks wide
(from wheel to wheel)

Module 3
Robotic Arm

Shall be able to stow up against the body front plate during transit
and landing

Shall enable grappling (with natural and man-made objects) from
end-turret

Shall have shoulder, elbow and wrist elevation DOFs, shoulder
azimuthal DOF, and end-turret rotation

Shall extend up to 11 bricks from the front plate of the chassis

Module 4
Sensing Mast

Shall be able to extend vertically to up to 16 bricks from a nominal
7 bricks after deployment (from the chassis top surface).

Shall be able to stow within the body envelope.

Shall accommodate sensing equipment at the “head”

Shall be able to rotate through 360 degrees.
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to span a spectrum of comparability with the Curiosity rover — such that some modules
exhibited substantial similarity and others diverged significantly from the heritage design.
This ensured that respondents were challenged with varying reuse considerations.

Participant Pool Each phase of the experiment is characterized by distinct time commit-
ments and intensity of required tasks. The Ground Truth study — which requires ideation,
design, and (virtual) build of the module solutions — is substantially more involved than the
Design Decision study. As such, a small group of participants (N = 5) was gathered from
among the population of graduate students and researchers in the Department of Aeronau-
tics and Astronautics at MIT. Participants were not excluded or filtered based off of past
research experiences, but all stated that they had never previously used either the virtual
design environment nor worked extensively with rover designs. This suggests that no previ-
ous experiences would bias performance of the participants one way or another. They were
requested to spend no more than 4 non-consecutive hours over the course of two weeks to
complete their submissions to the study. The Design Decision study, on the other hand,
required only a small time commitment (< 15 minutes) for participants to digest the design
data for each module and answer the reuse questions posed. A larger response set was sought
from a similar population to those targeted during the Design Reuse Best Practices survey
detailed in Chapter 3 — responses were obtained from industry, academia, and professional
groups. Additionally, the Design Decision study required equal populations of control and
test subjects — division of the respondent set into these groups (N = 17 for control group, N =
18 for test group) was done automatically via the survey software’s (Qualtrics) questionnaire
routing functionality.

5.1.3.2 Phase 1 — Ground Truth Study

Five participants took part in the virtual Lego design/build activities of the Ground Truth
study. For each module, specified by the constraints from Table 5.1, they were tasked
with building from-scratch and “with reuse” design solutions and recording several pieces of
data®?. The data sheet participants submitted recorded, for each module: (1) from-scratch
build time, (2) from-scratch part count, (3) “with reuse” build time, (4) “with reuse” part
count, and (5) “with reuse” modification count. Modifications here refer to changes made to
the Curiosity module Lego models provided to participants. Three classes of modifications
were defined: (a) addition of new Lego pieces, (b) removal of existing Lego pieces, and (c)
movement or new connections made with existing Lego pieces. Additionally, participants
were asked to submit the Studio 2.0 model files for each of the 8 module designs in order to
verify satisfaction of the design constraints.

The primary use of the collected data is to derive notional average build metrics against
which the predictions of the industry practitioners in the Phase 2 Design Decisions study
could be measured. In order to get this data in a form comparable to that garnered from the

2The order in which participants develop their design solutions could impact their results. In particular,
a volunteer developing the "with reuse" solution first could find it difficult to arrive at a "from-scratch"
solution not (subconsciously) biased by the reusable design. Volunteers were not directed to perform one
or the other approach first - therefore this is obscured in the results. This issue can be remedied in refined
validation in the future by asking volunteers to conduct the "from-scratch" effort first.
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Figure 5.4: Legacy Lego models of the Curiosity rover provided to participants to consider
for reuse assessments in Phases 1 and 2.
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Phase 2 study, some simple processing is required. To that end, we define 3 metrics derived
from the data recorded by participants:

1. Time Ratio = R = tscraten/treuse — Where t represents the build time for each design
approach. R conveys the relative build time of the two design approaches. Considering
absolute time alone, a high R value would suggest that from a schedule perspective,
reuse is a preferable approach. A value less than one indicates that from-scratch
approach is preferable.

2. Time Impact = T = (treuse — tserateh)/tseraten — Assumes a nominal from-scratch ap-
proach and explores how a reuse approach compares. A positive value (percentage) for
a module indicates that the reuse effort leads to longer than nominal time.

3. Modification Ratio’= M = (Dmods/Poriginat) — Where ppogs is the total number of
modifications in the reuse case and poriginas is the part count of the original Curiosity
module design. A value closer to one indicates that more of the original parts must be
modified in some way.

Table 5.2 summarizes the data reported by participants; Table 5.3 presents the derived
metrics. In addition to routing this data into the analysis of Phase 2, results are also use
to designate a “preferred design decision” for each module. This determination is made by
a holistic assessment of the metrics in addition to comments provided by participants. The
preferred design decision is compared against the design decision response selected by survey
respondents in the Phase 2 study.

For Module 1 — the rover body — the time metrics, R and T, strongly support a from-
scratch approach over reuse. Indeed, they suggest that the from-scratch effort may be up
to twice as fast. This finding is qualified by a large standard deviation on T, but one that
even considering the tail ends of the range, still yield T values greater than 0%, implying a
preference for from-scratch in all cases. Module 1, interestingly, has the lowest modification
ratio, M, of all modules for the reuse case; however, these relatively few modifications affect
a more integral design leading to, on average, more time-intensive rework efforts. As such,
the preferred design decision for the rover body is a from-scratch approach.

For Module 2 — the suspension system — a cursory glance at the modification ratio of 0.66
suggests a substantial rework effort; however, upon inspection of the tally of modification
types conducted, we find that most changes are movements of parts as opposed to addition

3Modification Ratio defined here is a metric whose simplicity is commensurate with the Lego environment
of this experiment; it is intended to capture the reuse complexity by evaluating the number of impacted parts
in a design. However, to capture more realistic engineered systems and the multimodal interactions of these
components, a more rigorous term may be desired, such as the Structural Complexity Metric developed
by Sinha and de Weck [125]. This metric is formulated as C' = Cy + C2C5, where C; captures individual
component complexity, Co captures interface complexity (i.e., how many types of interfaces between each
pair of components), and C5 captures topological complexity (i.e., centralized vs. distributed architectures
with complex sets of interfaces). In a refined iteration of our validation experiment, impacts on structural
complexity from modifications made to a design or its interfaces could be used to derive the "complexity
impact" of a reuse decision. This figure would reveal downstream and architecture-wide impacts of a rework
campaign and could work to predict and avoid reuse decisions with emergent detrimental impacts due to
interactions presently unseen.
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Table 5.2: Raw data of Phase 1 Ground Truth study, reported by participants (each column
represents a participant). DNC = Did Not Complete. Build Times are in minutes.

Module 1 - Body

From-Scratch Build Time 7 20 12 43 23
Part Count 12 37 27 116 20
W /Reuse Build Time 13 55 27 66 44
Part Count 77 63 80 89 76

Modifications New 4 19 4 8 9
Removed 50 12 55 28 41
Moved 0 1 1 20 14

Module 2 - Suspension

From-Scratch Build Time 42 30 24 75 DNC
Part Count 30 20 20 44 DNC

W /Reuse Build Time 12 10 12 58 DNC
Part Count 44 44 38 38 DNC
Modifications New 4 8 4 0 DNC
Removed 4 8 8 6 DNC
Moved 28 6 18 22 DNC

Module 3 - Robotic Arm

From-Scratch Build Time 22 25 28 H4 DNC
Part Count 18 21 15 21 DNC

W /Reuse Build Time 6 36 15 23 DNC
Part Count 24 17 17 26 DNC
Modifications New 2 5 5 2 DNC
Removed 2 3 21 1 DNC
Moved 6 14 0 2 DNC

Module 4 - Sensing Mast

From-Scratch Build Time 23 25 13 35 DNC
Part Count 12 23 17 20 DNC
W /Reuse Build Time DNC 15 23 DNC DNC

Part Count DNC 20 20 DNC DNC
Modifications New DNC 6 8 DNC DNC
Removed DNC 2 4 DNC DNC
Moved DNC 11 0 DNC DNC
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Table 5.3: Derived ground truth metrics and standard deviations of the Phase 1 study for
each module.

Module 1 Module 2 Module 3 Module 4

R (std. dev.) 0.50 (0.10) 245 (0.86) 2.14 (1.07) 1.12 (N/A)
T (std. dev.) 106% (21%) -53% (19%) -33% (46%) 18% (N/A)
M (std. dev.) 0.42 (0.09)  0.66 (0.11) 0.66 (0.36) 1.03 (N/A)
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or removal. This suggests a simpler modification effort than the metric implies. This is rein-
forced by the time metrics that reveal that a reuse approach would yield substantial schedule
benefits. This finding agrees with the prevalence of rocker/bogie suspension systems across
various planetary rover findings. As such, the preferred design decision for the suspension
system is to pursue reuse of the Curiosity design.

For Module 3 — the robotic arm — build time metrics indicate preference for the reuse
approach, albeit with less confidence than for the suspension system. This is indicated by a
larger standard deviation from the mean and reduced absolute values of the metrics. These
deviations suggest stronger designer dependence for this module than for others. Addition-
ally, comments volunteered by participants point to some difficulty in satisfying the grappling
functionality in the reuse case; however, review of submitted model files indicates acceptable
design solutions, per specifications. As such, the preferred design decision for the robotic
arm is to pursue reuse of the Curiosity design.

For Module 4 — the sensing mast — results are more complicated. Two participants were
able to successfully modify the existing Curiosity module; their data suggests minimal favor-
ability of the reuse approach over from-scratch. However, two other participants indicated
that they could not find a feasible “with reuse” solution to the problem. In order to decide,
we turn to the modification ratio of the two successful designs and note that they are greater
than 1. This suggests that even in the successful reuse solutions, on average, there were more
modifications required than the part count of the heritage Curiosity design. This suggests
a degenerate reuse case and thus, the preferred design decision for the sensing mast is a
from-scratch approach.*

5.1.3.3 Phase 2 — Design Decisions Study

The questionnaire-based study posed 4 questions to respondents who were given varying
information based on the group (test or control) to which they belonged. The control group
is provided with an annotated graphic of the Curiosity model and the set of Luna constraints
for the given module — this is illustrated in Fig. 5.5a; additionally, the test group is provided
with a dashboard (Fig. 5.5b) that summarizes the outputs that would be generated by
the methodology and that adds greater detail to the reuse considerations. The impact of
exposure to LDRM is assessed by evaluating control group vs. test group performance on
each of these questions.
The four questions presented are: “Given the information provided for Module X, ...

4At this stage, we attempted to demonstrate use of Giffin’s CPI metric for quantification of change
propagation caused by design elements [47]. This was to explore potential incorporation of CPI into a
refined LDRM procedure. CPI’s were calculated for representative changes to each sub-component of the
chassis, suspension system, and robotic arm modules. The working hypothesis is that modules that are
favorable reuse candidates exhibit characteristics of change absorbers (with CPI < 0) while unfavorable
candidates act like change multipliers (with CPI > 0). Results, however, are inconclusive. The sign of each
module’s CPI agrees with the preferred reuse decision, per the hypothesis: Chassis CPI > 0, Suspension and
Robotic Arm CPI < 0. However, the magnitude of the values are very near 0 indicating no strong change
propagation relationship. This finding neither confirms or refutes the hypothesis however, as the limitations
in CPI calculation are primarily attributed to the simplified Lego environment which does not capture the
complexities of interaction at the sub-component level of each module. Further work proposed in Chapter 6
should explore this hypothesis, and usage of CPI in LDRM, more broadly.
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Curiosity Design
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Mount

Azimuthal _ - Instrument
Actuators : < Turret, w/ Drill

13 bricks

Luna Design Constraints

1. Shall be able to stow up against the body front plate during transit and landing

2. Shall enable grappling (with natural and man-made objects) from end-turret

3. Shall have shoulder, elbow and wrist elevation DOFs, shoulder azimuthal DOF, and end-turret rotation
4, Shall extend up to 11 bricks from the front plate of the chassis

(a) Information provided to control group

Reuse Considerations

Robotic Arm | Similar Curiosity Constraint? Modification Assessment Status

Constraint #1 | Yes None @

Constraint #2 | No Maderate, end-effector
instruments may be easily @
swapped out

Constraint #3 | Yes Nong @

Constraint #4 | Yes, w/ different dimensions Minor, shorter t-shoped
members

Build Time Modeling suggests build time may be improved by 50% with reuse,

(b) Additional information provided to test group

Figure 5.5: Sample of design information provided to Phase 2 participants in control group
(a) and test group (a and b) to inform their module reuse assessments.
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1. How many Luna Module X constraints would you say are satisfied by the Curiosity
Module X design, without modification?

2. What percentage of the N parts on the Curiosity Module X design do you estimate
will require modification of some kind to satisfy Luna Module X constraints?

3. Select an estimate for the percent difference between Lunar Module X design/build
time for cases (a) with reuse/modification from Curiosity and (b) from-scratch.

4. Given your findings from above, would you recommend reusing the Curiosity Module
X design or designing a solution from-scratch?

Question 1: Luna Constraints Immediately Satisfied

The first question explores the survey respondents’ ability to use the design information
provided to assess the initial compatibility of the heritage reuse candidate and the new
mission of interest. In the context of LDRM, this allows the subsequent technical analyses
to focus on areas where constraint gaps exist. Figure 5.6 presents results from this question
for each module. It shows the mean value for the control and test groups; it also shows the
correct value for each module, a figure determined a prior: by inspection of the respective
Curiosity module.

In three of the four modules, the test group with access to the LDRM outputs was able
to more closely estimate the number of constraints satisfied by the unmodified heritage reuse
candidate. We note a minor discrepancy with the third module, the Robotic Arm, where
control and test group performance is consistently poor; this may be attributable to poorly
described arm capabilities of the Curiosity module in the information provided to respon-
dents. This is thus considered an experimental issue. Nevertheless, the improved and more
consistent performance of the test group respondents in nearly all cases is the first indica-
tion of the positive impact of exposure to the LDRM methodology. This is reinforced and
qualified in subsequent questions.

Question 2: Estimating Modification Effort

The second question evaluates the respondent groups’ capacity to estimate the modification
effort to accommodate each heritage module for the Luna mission. The question specifically
asks to select a percentage bin for M, the modification ratio (here given as a percentage).
To explore validity of LDRM in this regard, we conduct an independent samples t-test that
determines whether there is a statistically significant difference in the means of the control
and test groups; if such a difference is found, it can be attributed to the control variable,
namely access to the analytical assessments of the methodology. Table 5.4 presents the
means for each group and module — the value can range from 1 to 5, the five ordered bins of
Modification Ratio values presented to respondents.

Results of the t-test are presented in Table 5.5. Results indicate statistically significant
difference in responses between the test and control groups for two of the four modules.
In Modules 1 and 4 (the Body and Sensing Mast), we can say with varying degrees of
confidence (75% and 95%, respectively) that the control group participants underestimated
the modification effort required for reuse. These two modules are the ones for which from-
scratch design is preferred, suggesting that the control group is less capable of formulating
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rationales for foregoing reuse where it may not be prudent. Further, these two modules are
the least complex in terms of part counts and interfaces — this may suggest that, absent the
information provided by the technical analysis of LDRM, respondents may equate simple
designs with simple reuse efforts, that may not necessarily be true.

In Modules 2 and 3 (Suspension and Robotic Arm) however, there is no significant per-
formance difference between groups. One possible explanation may be the prevalence of the
heritage design solution for each of these modules across multiple historical missions. Rocker-
bogie suspensions systems of the type used in the Curiosity module are extremely common
in robotic rovers, as are the jointed designs of the robotic arm. Industry respondents with
knowledge of this history will rightly assume applicability, with limited modifications, to the
Luna mission — with or without access to the detailed technical analyses of the methodology.
Thus, we may conclude that the impact of exposure to these technical analyses is dependent
on the complexity of the problem of interest and respondent knowledge of the design history
of the heritage system.

Question 3: Estimating Design/Build Time

For the third question, respondents were similarly asked to estimate T, the Time Impact
metric, for each module. Here, responses were absolute (not binned) allowing for a more
direct comparison to the known Ground Truth figures. Figs. 5.7a-c show a histogram
with overlaid distribution curve for each module along with a vertical line indicating the
ground truth value — due to the sparsity of data from the Ground Truth study for Module
4, the Sensing Mast, this module was excluded from the remaining analyses. Positive values
indicate that the reuse approach is deemed more time-intensive.

Inspecting results from the Body module (Figure 5.7a), two facts are clear. First, there is
minimal difference in performance between the control and test groups; second, both groups
substantially underestimate the “ground truth” value — with means landing close to 0% with
large tails. This is likely attributed to most Ground Truth study participants submitting
from-scratch designs that, though they met the defined constraints, were overly simplistic.
This resulted in excessively short build times. In this case, then, we can say that Ground
Truth estimate is not reliable. Nevertheless, the similar distributions of the control and test
groups challenge the value of the methodology for Module 1. Results more consistent with
the impacts expected of exposure to LDRM outputs are clear in Figs. 5.7b and 5.7c. The
tighter distribution around the ground truth time impact values indicate that the rework ef-
fort assessments provided to the test group impacted their decision making positively. What
we can surmise from these results is that so long as the outputs are based in a rigorous
and reliable underlying analysis (i.e., avoid the issue encountered with Module 1), beneficial
impacts on the value judgements of decision makers are likely.

Question 4: Final Reuse Decisions

Finally, we can assess the ultimate decision-making performance of the test and control
groups, given the preliminary judgements they have made with Questions 1 — 3. One ap-
proach is to directly compare the design decisions (i.e., from-scratch vs. modified reuse)
made by respondents vs. the preferred decisions identified at the conclusion of the Ground
Truth study. However, assessing performance by just this binary comparison is overly sim-
plistic. We can instead calculate a performance metric that accounts for the design decision
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Requirements Satisfied by Reuse Candidate

Body Suspension Robotic Arm Sensing Mast
Module

Figure 5.6: Results of Question 1 of the Phase 2 survey for each module. Shows improved
performance of Test group in determining satisfaction of Luna requirements by unmodified

MSL modules.

Table 5.4: Results of Question 2 of the Phase 2 survey for each module. Values represent
the modification effort bins on a scale from no modifications (1) to substantial modifications

()

Module 1 Module 2 Module 3 Module 4

Control Mean 2.94 2.25 2.31 3.44
Std. Dev. 574 447 .602 .892

Test Mean 3.22 2.28 2.39 4.56
Std. Dev. 732 461 .502 .616

Table 5.5: T-test results for modification effort assessments of control group and test group.
Modules 1 and 4 so statistically significant improvement by the test group.

Confidence Interval*
Sig. (2-tailed) Mean Difference Standard Error Lower Upper

Module 1 220 -.285 228 -.551 -.018
Module 2 .860 -.028 156 -.346 290
Module 3 .689 -.076 189 -.462 309
Module 4 .000 -1.118 .260 -1.649 -.088

*75% = Module 1, 95% = Module 4
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as well as the respondent’s ability to accurately gauge reuse effort — this essentially combines
their performance in the preliminary judgements with their final decision. Thus, we define
P, Decision Performance as:

X Y
P = 5 + ) where (5.1)
¥ - 1, preferred reuse decision (5.2)
0, else
T redicted Tru
Y:l—’ pdtd tth| (53)

Ttruth

The first term in the equation, X, determines whether the respondent chose the preferred
design approach. Y accounts for the respondent’s ability to accurately estimate the Time
Impact, T, of the design approach. P, at a maximum can be 1, which indicates a perfect
understanding of both the reuse decision and the underlying rework effort. A lower bound
does not exist as Y is determined by the respondent’s time impact estimate and this can be
negative.

Table 5.6 summarizes the Decision Performance results for each module. Again, Module
4, the Sensing Mast, was excluded from this analysis as results from the Phase 1 Ground
Truth study suggested a degenerate reuse-case - Question 3 was thus not posed to Phase
2 respondents for this nodule. For Module 1, we see minimal performance improvement
(12%) by the test group over the control. This improvement is further obscured by the a
large standard deviation in test group performance. The issue here is tied to the Module
1 complications discussed in Question 3 — namely, overly simplified module designs by the
volunteers led to inaccurate T estimates. We can at least claim that exposure to the method-
ology results did not negatively impact performance. Looking at Modules 2 and 3, we see
more substantial improvements (38% and 35%, respectively). Additionally, we note reduced
disparity of responses (indicated by a smaller standard deviation), indicating a more consis-
tent understanding imparted by the methodology. On average across the 3 modules, the test
group outperformed the control group by 28% in Decision Performance. Combining these
results with the other findings from this study, we can claim that exposure to LDRM’s tech-
nical and programmatic analyses positively impacts the judgements of design practitioners
—and we can assert a qualified external validity of our reuse methodology.

5.1.4 Validation Campaign Summary

In summary, an extensive validation effort was conducted leveraging both qualitative and
quantitative heuristics. Internal validity, that is, assurance that the logical procedure and
MBSE implementation approach work as intended was claimed primarily by appeals to exist-
ing theory (both systems theory and emerging digital paradigms). Additionally, affirmation
was obtained from industry sources via large-distribution surveys and more thorough qual-
itative interviews. Claims to this form of validity may be qualified or limited by several
factors including the experiential biases of respondents, a feed-forward approach that did
not re-question participants upon completion of the methodology, and the rather fluid state
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Table 5.6: Summary of Phase 2 respondent performance summarized by the metric P, com-
bining reuse effort assessment and ultimate design decisions. Results show improvement
by the test group in each module, obscured in Module 1 by a large standard deviation in
minimal improvement.

Mean X Mean Y Mean P (Std. Dev.)

Module 1 - Body Control Group  0.38 -0.03 0.17 (0.44)

Test Group  0.39 -0.01 0.19 (0.42)

Module 2 - Suspension Control Group 0.94 0.29 0.61 (0.43)
Test Group  1.00 0.69 0.85 (0.13)

Module 3 - Robotic Arm  Control Group  0.94 0.03 0.48 (0.43)
Test Group  1.00 0.31 0.65 (0.20)
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of MBSE theory and practice throughout the industry. The last point is the subject of
inquiry beyond this thesis, with researchers still seeking standardized methods for assessing
the value and impact of MBSE in real-world enterprises.

External validity was explored for the programmatic impacts module and for the com-
bined output of LDRM. True validation of the former was deemed beyond the scope of
this thesis as it would have required a substantial data harvesting effort from sources un-
likely to publicly divulge such information; as such, a “validation-by-parts” approach was
adopted that relied on procedural validity detailed above in combination with the validity of
the COSYSMO 2.0 tool, which is demonstrated by other sources|[43]. The virtual Lego de-
sign/build experiment sought to show, in a simplified research setting, the beneficial impact
of the methodology on reuse decision-making by industry practitioners. Decision Perfor-
mance, a metric assessing a designer’s ability to estimate reuse effort and make prudent
reuse decisions, saw improvements of near 30% when participants had access to the products
of the methodology. In particular, the reduction in variance among the test group suggests
that the benefits yielded by LDRM are best leveraged in decision-making teams, as opposed
to on an individual basis. Further study of the team-oriented impacts of LDRM may be
carried out via a Delphi study or in similar experiments conducted on concurrent engineer-
ing teams. These, however, are left for future work. Lastly, additional testing is required to
claim extension of these results to the more complex technical environments presented by
real space systems missions.

5.2 Case Study 1 - MBSE-assisted Reuse in DAILI
CubeSat Mission

The first case study is sourced from historical and ongoing development projects at The
Aerospace Corporation. It places particular emphasis on the technical inheritance aspects
of the LDRM methodology — we set out to demonstrate the degree to which the inheritance
procedure may predict the rework effort implemented across the native and new missions.
These findings will allow us to iterate on and improve aspects of the methodology. Known
results of the reuse effort act as a reference point against which to compare the LDRM
predictions.

The case study will generate a two-way flow of practical insights between the methodol-
ogy and its potential industrial applications. On one hand, LDRM will be iterated on and
refined. On the other hand, the study will reveal shortcomings of the modeling practices
currently employed by organizations — not exclusive to the reuse use-case explored here,
but detrimental to the systematic and consistent application of any MBSE methodology.
From these findings, we derive recommendations for improved modeling practices. Addition-
ally, the domain of the problem — namely technology demonstration CubeSats — is on the
boundary between planned and unplanned reuse that will provide insights into the impact
of intentionality on the value-added by LDRM.
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5.2.1 Problem Context
5.2.1.1 The AeroCube Program and MBSE Pilot Efforts

Several factors informed selection of a suitable mission to explore as part of this case study.
The primary concern was the existence and accessibility of design information for the mission
of interest; in particular, to fully apply the methodology as-designed, it was desired that
this design information exist in a digital engineering environment in the form of a system or
mission model. Secondly, the mission of interest must have attempted to pursue design reuse
for some of its functional needs; this was clearly necessary in order to have reuse scenarios to
explore and results against which to compare predicted outputs. Lastly, in order to provide
impactful and timely findings to the project sponsor, it was desired that the mission be in
a realm of space systems that currently enjoys particular industry interest. The AeroCube
program at The Aerospace Corporation — and specifically, two missions within the program
— exhibit all of these criteria.

The AeroCube Program is a coordinated effort at the Aerospace Corporation that de-
velops, demonstrates, and evaluates the capabilities of kilogram-class spacecraft. Beginning
as a 1995 study into the potential utility of < 10 kg spacecraft, the program eventually
involved actual flight projects starting in 2000. Size ranges originally inhabited the range of
nano-sats (< 1 kg) and pico-sats (< 10 kg), with the program eventually encompassing the
generalized “CubeSat” definition and size standards. The various generation of AeroCube
missions have attempted demonstrations of a variety of technologies and capabilities in-
cluding (see Fig. 5.8): tracking and communications, small-sat propulsion, attitude control
capabilities, precision pointing and tracking, constellation operations and formation flight,
laser communications. Recent generations have grown more complex, building off of the
success of their predecessors — albeit in a mostly opportunistic (that is, unplanned) fash-
ion. This growth culminates in the latest generation, including the Daily Atmosphere and
Ionosphere Limb Imager (DAILI), that will demonstrate the capacity of CubeSats to gather
science-grade data — placing CubeSats among the satellite architectures capable of address-
ing remote sensing and science missions traditionally reserved for large, monolithic systems.
This interest satisfies the third condition of case study intent mentioned above.

To satisty the first two — namely, data availability and presence of reuse decisions — we look
specifically at the DAILI mission and a previous generation mission, AeroCube 10 (hereafter
referred to interchangeably as AC10). As part of an effort to develop and socialize digital
engineering and MBSE capabilities, the MBSE Office implemented a pilot effort based in the
AC10 mission. A central motivation of this push was an acknowledgement that “there are
insufficient examples for practicing MBSE across the entire lifecycle of space systems”. This
motivation agrees with findings from the literature review and best practices survey of the
state of MBSE adoption throughout the space industry and beyond. Thus, the AC10 MBSE
effort sought to coordinate development and operation of an AeroCube mission within an
MBSE environment.

The modeling effort was proposed to the AeroCube team “as a service” — in this model,
the MBSE team would parallel the efforts of the AC10 architecting team by developing a
system model that would follow along-side the project. This model included key elements of
the early development effort such as requirements, logical decompositions, Concept of Oper-
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Figure 5.8: Timeline of missions in the AeroCube program.
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ations (ConOps), and eventually expanded to verification activities, interfaces, etc. A central
concern was not interfering with existing development processes; however, as development
progressed it was found that traditional and MBSE efforts began to merge as team engineers
became increasingly confident with the state of the AC10 system model. Further, an explicit
effort was made to ensure that the models were reusable for future AeroCube missions.

Reuse of this MBSE modeling effort was attempted for the DAILI mission, which is
in the concluding stages of integration and testing at the time of this writing. A similar
“MBSE as a service” model was adopted by the MBSE Office — an expanded modeling effort
included the addition of advanced behavioral modeling, activity execution, and more detailed
component definition. However, the focus of our case study will be on the foundational
modeling activities, namely, requirements, logical and formal decompositions, interfaces,
etc. that are the required aspects of the methodology procedure.

5.2.1.2 DAILI — Mission of Interest Description

DAILI is tasked with measuring daytime thermospheric O, densities and ionospheric densities
and heights during the day and night from an ISS-like orbit. The pointing requirement — 3
degrees off of the Earth’s surface limb — constrains the spacecraft to a novel form-factor; it is a
linear 6U CubeSat whose forward 3U’s act as a sun-shade with a pop-out extension. The sun-
shade prevents the Earth’s solid limb, as well as sunlight, from obscuring the delicate image
of the upper atmosphere. The primary instrument is a two-channel photometer capable of
imaging the planet’s limb with a 6 degree Field-of-View (FOV). Additionally, the day/night
measurement, ConOps requires that the CubeSat operate nearly constantly — a practice not
common among CubeSats. These unique constraints, however, do not preclude exploration
of design reuse for some of the standard elements of the spacecraft, primarily in the bus.

Many aspects of the design of the DAILI spacecraft are recorded in the MBSE system
model. The most complete description of the mission can be found in the full requirements
set that is maintained in the model. Three levels of requirements are recorded — Level 1
requirements specify the guiding science goals; Level 2 requirements trace these to the bus
and payload as well as side-loaded compliance constraints; Level 3 requirements decompose
the bus requirements into constituent subsystem requirements (i.e., Thermal, Structures,
Power, Communications, Command/Data Handling, Attitude Determination and Control)
and also refine Level 2 payload requirements. In total, 46 Level 3 bus subsystem requirements
are recorded — it is at this level of requirements decomposition that our analysis will be
conducted, as it provides the most refined technical details of the system.

Additionally, the DAILI mission models contains a “flat-sat” view of the spacecraft, shown
in Fig. 5.9; this view maps the layout and connections among physical hardware components
that realize the subsystem requirements. Though not in the standard format of an interface
diagram (typically done in internal block diagrams), this “flat-sat” model view allows for
generation of such items for use in LDRM application. Other DAILI MBSE model elements
include a summary of mission assurance and verification activities tied to satisfaction of
mission requirements — this may be leveraged during the testing impact assessments specified
by the technical inheritance process of the methodology. MBSE modeling of the behavioral
characteristics of DAILI is also present, though these will be of limited use to the reuse
assessment.

211



[ ]
:Body -X 3
ﬁ : Bty X ZWCs e
- Body -X 2WCalls |

| -Body -y 2wCens
o

:Bua Battary

cReaction whesls

Figure 5.9: DAILI model flat-sat view - a non-standard way of representing hardware selec-
tion, configuration, and some interfaces.

212



5.2.1.3 AC10 — Heritage Mission Description

AeroCube 10 was developed as a science/technology testbed mission intended to demon-
strate: precision satellite-to-satellite pointing; CubeSat-based deployment of atmospheric
probes; CubeSat propulsion-enabled proximity operations; a solar cell performance degrada-
tion experiment. The mission is a dual-spacecraft mission, with each satellite (known as “A”
and “B”) being nearly identical 1.5 U spacecraft. They are distinguished by their payloads;
namely, both carrying opposite ends of the pointing payloads (i.e., laser beacon transmitter
and receiver, respectively), AC10-A carrying the dispensable probes, and AC10-B carrying
the water-based propulsion subsystem. Each bus is identical except for interface differences
for the various payloads. The variety of payloads leads to a ConOps containing several op-
erational modes, which in turn, each specify a range of pointing and power requirements.
This contrasts with the sole primary instrument of the DAILI mission. Nevertheless, bus
component reuse across the two missions is known to have occurred.

Most hardware elements of the AC10 bus are revisions of previous generations of Ae-
roCube components, with changes made as needed to accommodate new technologies, envi-
ronments, payloads, and upgrades/fixes. The mission launched in April 2019 as a secondary
payload on a Cygnus resupply mission to ISS. The satellites were deployed from Cygnus-
mounted CubeSat dispensers into an ISS-adjacent orbit of 480 km and 51 degrees inclination.
Ground communication is conducted — as will be the case with the DAILI mission — via 5
UHF ground stations that form part of the Aerospace Ground Network.

The AC10 MBSE model has similar contents to the DAILI artifacts described previously.
This similarity is indicative of the model reuse that was attempted between the two MBSE
pilot projects. In the coming sections, we will explore further the compatibility across the
models beyond the surface-level observation of their visual similarity.

5.2.2 Applying LDRM

There are known instances of design reuse from AC10 onto DAILI against which the results
of LDRM will be compared. The DAILI design information input to the methodology will
be agnostic to the details of these ultimate design solutions. Rather we will constrain input
information to what would be available during the preliminary architecting phases including:
a requirements set, functional (+ generic formal) decomposition, solution-neutral interfaces,
and mission-unique designs (i.e., the new/unique payload, for which reuse is not considered).
Conversely, the full set of design information available for AC10 — the reuse candidate — will
be considered.

5.2.2.1 Inputs

To begin, we recall the necessary elements of the «Mol Description» input, namely, an archi-
tectural decomposition and the system requirements. Exploring the DAILI MBSE model, we
find that the latter exists as a structured and traceable hierarchy — a subset of this hierarchy
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is shown in Table 5.7 that tabulates subsystem level requirements (excluding the payload)®.
An architectural decomposition is not explicitly defined to the level required — one must be
derived. The block definition diagram (bdd) shown in Fig. 5.10 derives an architectural
decomposition primarily from the headings of the requirements hierarchy. This derivation
exercise is an example of transformations necessary to get unique model elements into a form
suitable for implementation of LDRM. Suitability is determined by the specifications of the
Reuse Profile and its constituent stereotypes. The quantity and magnitude of these model
transformations can be seen as an indicator of the compatibility of the methodology with
the modeling practices in use by the organization.

5.2.2.2 Step 1 - Reuse Context Definition
We proceed to Step 1, Reuse Context Definition. Neither the AC10 nor DAILI MBSE

models contain model references to other AeroCube predecessors. As such, the «Cam-
paign/Enterprise Context» element, comprising brief descriptions of past AeroCube missions
and technical /non-technical campaign constraints imposed on DAILI, is synthesized from ex-
ternal sources. One exception is a high-level DAILI requirement that stipulates design reuse
from predecessors to the extent feasible — in the case study formulation, this is interpreted
as an AeroCube Program campaign constraint and is included in the appropriate tag on the
«Campaign/Enterprise Context» block.

For a CubeSat mission like DAILI, based in part on a generational spacecraft family,
several reuse slots may be defined. We specify the «Mol Technical Need» as comprising the
non-payload systems of the spacecraft. These include the standard spacecraft subsystems:
Electrical Power System (EPS), Command and Data Handling System (CDH), Communica-
tions system (Comms), and the Attitude Determination and Control System (ADCS). The
Thermal and Structural systems are not considered due to the substantially different 6U
form-factor imposed by the science mission. The «Mol Technical Need» is thus decomposed
into these 4 subsystems that will be addressed individually — with allowance for interfaces
among the systems. These reuse slots are highlighted in Fig. 5.10 with another level of
decomposition into logically required, generic components shown within each block®. This
decomposition diagram is not original to the system model, rather it was derived from other
non-standard diagrams kept in the governing model. This suggests a lack of conformance
with standard MBSE parctice.

The last component of Step 1 is recording and importing the reusable assets to be con-

°Note the presence of some TBD (to be determined) and TBR (to be refined) values for specified metrics.
This is expected and acceptable during the early phases of the lifecycle during which LDRM is applied.
These may be interpreted in two ways. On one hand, such instances make it difficult to assess the gaps
between the native and new missions and should be flagged for revisit once these values are determined;
conversely, this presents an opportunity for the designer/LDRM user to make reuse of a candidate design
more feasible by influencing the eventual specified value in the Mol - this of course is subject to the larger
systems considerations which ultimately decide on or refine figures in question.

6The transformation of existing models into LDRM-compliant models such as the architecture decom-
position are non-affine, meaning that different users may arrive at different solutions. This non-ideal, but
acceptable, as the purpose of such diagrams are to locate the reuse need (and on the RCE side, the candidate
design) within the larger architectures. So long as resulting models fulfill this need, and are consistent across
the two model-sets, this does not cause downstream issues during application of LDRM
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Table 5.7: Subsystem level requirements recorded in the DAILI system model.

ADCS

ADCS Yaw Pointing Accuracy
ADCS Roll Pointing Accuracy
ADCS Pitch Pointing Accuracy

ADCS Attitude Determination
Accuracy with Star Tracker

ADCS Attitude Determination
Accuracy without Star Tracker

ADCS Slewing

ADCS Attitude Control Accuracy
ADCS Solar Ephemeris Accuracy
ADCS Spacecraft Position Accuracy
ADCS Stability Margins

ADCS Momentum Management
Star Camera Accuracy

Star Camera Operational FOR
Sun Sensor Field of View

Sun Sensor Accuracy

RWA Momentum Storage Capacity
Reaction Wheel Acceleration
Bus ADCS power

Pitch Axis Jitter
Roll Axis Jitter

Yaw Axis Jitter

ADCS context camera

The Bus shall maintain yaw pointing control of + /- 0.33 deg (3 sigma) thresh hold

and +/- 0.16 deg (3 sigma) objective (excludes RW zero crossing events)

The Bus shall maintain roll pointing control of +/- 0.65 deg (3 sigma) thresh hold

and +/- 0.32 deg (3 sigma) objective (excludes RW zero crossing events)

The Bus shall maintain pitch pointing control of + /- 0.06 deg (3 sigma) thresh hold

and +/- 0.03 deg (3 sigma) objective (excludes RW zero crossing events)

Post cal, WRT the ECI J2000 ref frame, with at least one star tracker clear of Sun/Earth/Moon
intrusions and mag of the spacecraft inertial rate = to 1.0 degrees per second, the ACS shall

provide an estimate of the spacecraft attitude to within 0.01 deg (3-sigma) (excludes RW zero crossing events)
Post calibration, with respect to the ECI J2000 reference frame, under all conditions the

ACS shall provide an estimate of the spacecraft attitude to within 10 deg per axis (3-sigma) post-initialization.
The ACS shall slew the space vehicle at simultaneous angular velocity of at least 1 degrees

per second and angular acceleration at least 0.65 degrees per second per second about any vehicle body axis.
The ACS shall have an attitude control accuracy of less than 0.03 degrees per axis 3-sigma

during maneuvers limited to 1 deg/s (excludes RW zero crossing events)

The ACS shall maintain an estimate of the direction to the Sun in the ECI J2000 frame

that is accurate to 0.001 deg per axis.

The onboard estimate of the ECI J2000 position shall be accurate to within 0.1 meters (RSS

of three axes) of the ground provided ephemeris profile.

The ACS spacecraft control design shall have at least 8dB of low and high frequency gain

margin and 30 degrees of rigid body phase margin

The spacecraft shall provide a momentum management strategy that includes autonomous

magnetic torquing using magnetic torque rods

The star tracker shall have the RMS of matched star residuals less than 0.03 deg for slew rates 0.1 deg/s
The star tracker shall be able to match at least 3 stars in any orientation when clear of Sun/Earth/Moon
intrusions and mag of the spacecraft inertial rate = to 0.1 degrees per second

Each Sun Sensor shall be able to measure the two axis sun angle relative to the sensor frame

when the Sun angle is less than 30 degrees from the Sun Sensor Boresight

Post Cal, each Sun Sensor shall have an Sun angle measurement accuracy better than

0.4 degress in each axis

The RW stored momentum shall be TBD N-m-s

The RW accel shall be TBD rad-s-s

The Bus ADCS shall use less that 3W orbit average to maintain the spacecraft in its mission orientation
The space vehicle jitter in the pitch axis shall be less than 0.025° [Threshold| and

0.012° [Objective] over a 5 second period

The space vehicle jitter in the roll axis shall be less than 0.1° [Threshold] and

0.05° [Objective] over a 5 second period

The space vehicle jitter in the Yaw axis shall be less than 0.033° [Threshold] and

0.016° [Objective] over a 5 second period

The Bus should have a context camera to verify orientation of the vehicle

CDH

C&DH Data Storage

Flight Processor Temperature Faults
Flight Processor Watchdog Timer
Flight Processor Satellite Control

Flight Processor Fault Detection,
Identification, and Response (FDIR)
Flight Processor Redundancy

Bus Data Storage Margin
Autonomy

C&DH Telemetry Storage

The Bus shall provide the necessary flash storage for 7 days of SOH

The flight computer shall recognize a temperature rise indicative of a power

switch latchup and will reset the satellite power system

The flight computer shall have a watchdog to reset it in case of main processor latchup
The CubeSat shall have the ability to issue real-time and stored commands,

collect & store state of health telemetry.

The flight computer shall recognize "out of bounds" SOH conditions and employ

fault logic to maintain power to vital systems

The flight computer software shall be redundant in an "A" and "B" side architecture
The Bus shall provide 2X the necessary predicted flash storage for payload data

The spacecraft shall provide the capability to perform autonomous out of view operations
The space vehicle shall store selected telemetry parameters as part of its SOH packet

Comms

T&C RF Comm Link Margin

T&C RF Comm Radio Redundancy
Bus Data Volume Downlink
151.2 Comply with FCC

Space Vehicle Telecommand

The Bus RF communications system shall have greater than 3 [TBR| dB link
margin from 3000 km slant range into a 20 dBi antenna

The Bus RF Communications System shall have 2 radios on satellite for redundancy
The Bus shall support downlinking 4 MB per day

Shall comply with RF spectrum allocation regulations

The Spacecraft Bus shall support inflight commanding and data transmission
through the AeroCube Ground Network.

EPS

EPS 5V Bus Power from Batteries
EPS 5V Bus Operating with
Dead Battery

EPS 5V Bus Battery Protection

EPS Telemetry Parameters

EPS IV Curve Measurement
EPS power range

EPS power quality

Bus power collection

Battery Depth of Discharge
Tumbling

Space Vehicle Electrical Power
mission phases and modes.

SV Safe Mode Power Usage
Bus energy collection

EPS +5V bus shall provide sufficient power for all mission phases from each battery individually.

EPS +5V bus input shall operate off of the solar input alone in the case of a dead battery.

EPS +5V bus input shall lockout at battery below 2.7V to protect it from damage due to overdischarge
EPS telemetry shall consist of [time stamp; battery currents; battery voltages;

SA currents; SA voltages; PCB temp; battery temp; SA temp(s)]

Each solar cell or array of cells should have its IV curve measured when scheduled or commanded

EPS shall provide main bus power in the range from 4.8V to 5.2V under all load conditions

EPS shall maintain main bus voltage ripple to less than 0.1V under all load conditions

The Bus EPS shall collect 40W peak power when pointed optimally at the sun

The CubeSat batteries shall not discharge more than 25% of capacity in any routine on-orbit mission scenario
The deployed solar arrays shall sustain a 10 deg per second tumble without deflection from their stops
The Spacecraft Bus shall provide sufficient power to support payload and bus operations for all

The CubeSat shall have a positive power balance when in Safe mode
The Bus shall collect 10W orbit average for all beta angles in the mission orientation
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Figure 5.10:

Derived architectural decomposition (bdd) of the DAILI mission.

Id [Package] AC10[ AC10 Structural

ablocks

AC10 Space Segment

AC10 Spacecraft

—l‘J AC10 Mission FL

AC10 Mission Pla

AC10 Ground SegmemJ'

AC10 Ship, Launch and Deploy segmeml

«blocks
AC10 Ground Segment

ablocks

AC10 Ship, Launch and Deploy Segment

Ac10

lyber [ wblocka.
AC10 Cyber

ning, wblocks
|AC10 Mission Planning

AC10 Payloafd - A «blocks AC10 Ops and «blocks
AC10 Payload - A AC10 Ops and Maintenance
microdosmeter solar IV, SWEEP laser Beacon probe Dispenser.
| «blocks ‘ ablocks | ‘ ablocks ablocks ablocks
4 q 4 AC10 Transmit and Receive ablocks
| Solariv swizp | |LaserBoacon | [prabe Dispenser
AC10 Paylogd - B «blocks wblocks
AC10 Payload - B AC10 Mission Data Processing
microdosimeter solar IV, SWEER laser Receiver|  charge Particle Telescope Camera260
| ~ ebiocks ‘ ;:\I:ckl:' | | ;rd?;:; y cblocks ‘Ch 1 ::n!m:l:):r 3 F gh\nck:m ‘ actoc2 S
| r ser Receiver arge Particle Telescope ar P e
AC10 Bus-Payload Interfces, «blocks
AC10 Bus-Payload Interfaces
wblocks
AERBIE L actnBus
AC10 CDH AC10 Comms AC10EPS, AC10 Propulsion AC10 Structural
«Reuse Candidate Elements ««Reuse Candidate Elements «Reuse Candidate Elements «Reuse Candidate Elements «blocks «blocks
AC10 ACS AC10 CDH AC10 Comms and Nav AC10 EPS AC10 Propulsion AC10 Structural

arts
AC10 SEHS : AC10 SEHS.

AC10 Torque Rod : AC10 Torque Rod

AC10 Reaction Wheel - AC10 Reaction Wheel
AC10 Gyro 2 : AC10 Gyro 2

AC10 Gyro 1 AC10 Gyro 1

AC10 Magnetometer : AC10 Magnetometer
AC10 Star Tracker : AC10 Star Tracker
AC10 ACS PCB : AC10 ACS PCB

AC10 Sensor PCB : AC10 Sensor PCB

parts
|AC10 40 Pin Data Bus : AC10 40 Pin Data Bus
| AC10 CDH Microcontroller : AC10 CDH Microcontroller

parts.
AC10 FGA PCB : AC10 FGA PCB
AC10 SDR PCB : AC10 SDR FCB
AC10 ADV - On Board : AC10 Radio 1
AC10 SDR On Board : AC10 Radio 2

AC10 GPS Antenna - AC10 GPS Antenna
AC10 GPS FPGA : ACTD GPS FPGA

parts
AC10 Body Solar Cell: AC10 Body Solar Cell

AC10 Wing Mounted Solar Cell : AC10 Wing Mounted Solar Cell

AC10 Wing Latch : AC10 Wing Latch
AC10 Battery - AC10 Batter

AC10 EPS PCB : AC10 EPS PCB
AC10 EPS Switeh : AC10 EPS Switch

Figure 5.11: Derived architectural decomposition (bdd) of the AC10 mission.
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sidered. In this case, it is the AC10 design record, as maintained in its MBSE system model.
A pointer to this archived model is built via the «Reusable Asset Record» stereotype; to
prevent backflow of changes from affecting the system model of record, the «Reuse Candi-
date Element» block is defined that specifically extracts the AC10 bus systems, decomposed
into a similar subsystem structure as done for the DAILI reuse need: EPS, CDH, Comms,
and ADCS. The requirements set and a derived architectural decomposition (shown in Fig.
5.11) are also recorded. At the conclusion of Step 1 during which some additional model
transformation work was required, the LDRM Dashboard for the DAILI mission may be con-
structed — it collects the design information requisite for the subsequent analyses of Step 2.
Fig. 5.12 shows the top-half of this dashboard; not shown (for readability) is the lower-half
that illustrates the decomposition of the “Bus” technical need and the RCE into the DAILI
and AC10 subsystems of interest, respectively. Note similarities in content with the LDRM
Dashboard created in the demonstration example in Chapter 4.

5.2.2.3 Step 2 - Technical Inheritance Process

The technical inheritance process is now implemented for each of the bus subsystems of
interest. Having pre-specified the AC10 mission as the sole «Reuse Candidate Elementy, we
proceed to Step 2.2, to assess the compatibility of each AC10 subsystem to the comparable
technical need in DAILI. The primary effort in this step is the pairing of requirements and
interfaces across the native and new mission.

Requirements Pairing ~ For each DAILI subsystem requirement (shown in Table 5.7), the
ACI10 requirements hierarchy is parsed for a comparable requirement. Where a performance
metric is specified, the delta between the DAILI and AC10 metric is also recorded (in the
appropriate tag of the «Reuse Requirement» stereotype). This metric delta determines the
"Gap Magnitude" and "IsSatisfied" attributes of the stereotype. An initial attempt of the
Step 2.2 pairing exercise encountered some difficulties, however. These difficulties can be
classified into two bins.

First, are issues with verifiability of requirements; at a level 3 of decomposition, non-
functional requirements should specify measurable attributes of a system’s design or perfor-
mance. In many instances, either the DAILI requirement or its analogous AC10 requirement
did not specify a metric of performance by which it could be measured. As such, no quan-
tifiable gap could be established and satisfaction of the DAILI requirement by its AC10 pair
could not be immediately determined. In the absence of these metrics, direct comparison
of the requirement texts was employed; however, this leaves ambiguity regarding the true
satisfaction of the DAILI requirement by its AC10 pair.

The second type of difficulty relates to a lack of analogous AC10 requirements for standard
constraints such as power budget, downlink data rate, attitude control accuracy, and others.
These are essential requirements for defining a mission that are not recorded in AC10’s sys-
tem model. Indeed, an AeroCube team-member confirmed this hypothesis; they noted that
some subsystem teams chose to only document AC10-unique requirements in their contribu-
tion to the system model. The result is that some base AeroCube requirements, which are
specified in the DAILI model, cannot be paired outright. Instead, a “derived requirement”
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Figure 5.12: Portion of the LDRM Dashboard for the DAILI Case Study.
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is defined wherever this occurs. A careful examination of other model information is con-
ducted to ensure that a requirement can be derived, and that it is not a case of a DAILI
requirement that the reuse candidate truly does not address. Once a requirement is derived,
then a nominal assessment of gap and satisfaction is conducted. Table 5.8 summarizes the
requirement pairing effort for each subsystem. It tallies the DAILI requirements and divides
them into paired, derived, or “no match”.

The model-completeness question discussed above suggests that comparability of the
reuse element may be divided into “modeled” and “unmodeled” components. For each sub-
system, therefore, we define metrics that capture this phenomena. They are presented in
Table 5.9. “Modeled” and “unmodeled” comparability refer to whether the AC10 require-
ment existed or was derived; “incompatibility” refers to the DAILI requirements that had no
pair (derived or otherwise) in AC10. The last two metrics capture the percentage of DAILI
requirements satisfied and the fraction of those satisfied that were derived.

Examining the table, we note characteristics of each subsystem. In EPS, more than half
of the DAILI requirements were tied to derived AC10 counterparts. Indeed, two derived
requirement pairs relate to total power budget - essential power system requirements that
were not defined in the AC10 model. In CDH and Comms, we note high comparability
between the DAILI and AC10 models - most DAILI requirements had analogous pairs in
the AC10 model. Of the two (indeed of all subsystems considered), the communications
subsystem has the highest satisfaction metric implying a greater ease of reuse. Lastly, we
can quickly deduce that ADCS will prove the most difficult subsystem to reuse. Fewer than
10% of DAILI requirements are immediately satisfied by either existing or derived AC10
requirements; further, 31% have no match in the AC10 system indicating areas where new
design work is necessary; key functionalities impacted by this incompatibility include yaw,
pitch, and roll jitter control and body-axis accuracy.

The primary issue in pairing ADCS requirements relates to the multitude of payloads on
AC10 with different pointing and accuracy requirements. A conservative approach attempts
pairing the most stringent AC10 pointing requirement to the related DAILI specification.
Other DAILI ADCS requirement types, like those related to slew rates, reaction wheel mo-
mentum storage, and power budget are either not included in the AC10 mission model or are
done so without quantifiable/verifiable metrics that makes compatibility impossible to de-
termine. Further, some DAILI ADCS requirements are specified to much greater granularity
than potential AC10 counterparts (e.g., pointing requirements for each body axis). Lastly,
some known DAILI constraints, like the need to be in a Local Vertical, Local Horizontal
(LVLH) orientation are not recorded in the DAILI requirement set; this points to critical
operational considerations being omitted from possible analyses. Due to these complications,
subsequent LDRM steps for ADCS are re-focused on identifying limitations of the decision-
making support. This is opposed to the approach for the three other subsystems, which is
focused on direct application of the methodology.

Interface Pairing Pairing of interfaces proceeds similarly to requirements. However, nei-
ther the DAILI nor AC10 MBSE models contain explicit interface specifications; these must
be derived from other existing model elements. Of the four canonical interface types (i.e.,
energy, information, structure, and material), this case study is exclusively interested in the
first two. Material interfaces are excluded since no such interfaces exist on DAILI — con-
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Table 5.8: Summary of AC10 - DAILI requirement pairing exercise for each subsystem.
Records whether AC10 requirements were existing or derived.

EPS CDH Comms ADCS

Total DAILI Requirements 13 9 6 26
Paired 5 6 5 5
Satisfied 3 4 4 1

Unsatisfied 2 2 1 4

Derived Pairs 8 3 1 21
Satisfied 5 1 1 1

Unsatisfied 2 1 0 12

No Match 1 1 0 8

Table 5.9: Derived metrics of AC10 - DAILI requirement pairing, assessing comparability
and the derivation process.

EPS CDH Comms ADCS

Modeled Comparability Ratio 0.38 0.67 0.83 0.19
Unmodeled Compatibility Ratio 0.54  0.22 0.17 0.50

Incompatibility Ratio 0.08 0.11 0 0.31
DAILI Requirement Satisfied 62% 55%  100% 8%
Unmodeled Satisfaction 63% 20% 17% 50%
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versely, AC10 does exhibits flow of water vapor within its propulsion system, but this is
not carried over into DAILI, which does not have a propulsion system. Structural interfaces
are excluded due to the known form-factor differences between the two spacecraft designs
precluding substantial reuse in this regime. Thus, we are concerned with energy interfaces,
which capture the flow of electrical power, and informational interfaces, which capture the
flow of data.

Interface diagrams capturing these two flows are derived from information captured in the
flat-sat view of the spacecraft, as well as the derived architectural decomposition diagrams.
Figs. 5.13 and 5.14 present the derived interface diagrams used for this case study, for DAILI
and AC10, respectively; the diagram for DAILI is kept in a mostly solution-neutral form to
avoid biasing with known design solutions of the mature DAILI design. Nevertheless, they
capture the logically required flow of information and energy. The EPS is the most formally
defined as CubeSat power systems are fairly standard (with distinctions emerging in the
configuration and quantity of standard elements, like solar cells). Interfaces internal to a
particular subsystem are attributed to that subsystem, whereas any external interfaces are
tied to the CDH subsystem, among whose functions is the routing of flows.

By overlaying the diagrams for the native and new missions, we see that every required
DAILI interface may be paired with an existing AC10 interface. Indeed, some logical (non-
formal) DAILI interfaces may be satisfied by more than one pair in AC10. We see this, for
instance, in the communications system for AC10 that contains two separate radios. Re-
calling the DAILI communications requirement stipulating redundant radios, we find that
the logical DAILI interface is satisfied by the formal AC10 interfaces between its commu-
nications PCB and the two radios. Like with requirements, finding a pair in AC10 for a
DAILI interface does not immediately imply satisfaction of the interface specifications; this
is deduced from interface gaps that capture the differences between the elements at each
of the connection ends. In our radio example, we note that the two radios in AC10 are
different components, one an ADV radio and the other a Software Defined Radio (SDR).
These differences must be acceptable on DAILI, and we find that they are.

Figure 5.15 shows the custom SysML tables that compile the full compatibility compar-
ison for the EPS, Comms, and CDH subsystems. Entries with a circular icon in the first
column represent interfaces, those with square "R" icons represent requirements. The first
column of the table lists the relevant DAILI requirement or interface; the second lists the pair
identified in the AC10 mission model. The remaining columns summarize the compatibility
of the part by determining: (a) whether the requirement is immediately satisfied, (b) the
gap magnitude designation derived from either a quantifiable gap metric or other mission
information, and (c¢) a note for unpaired rows about whether an AC10 pair requirement was
implicitly derived.

Interfaces of the EPS system are impacted by the battery sizing and configuration of the
solar cells; as such, several EPS-internal interfaces remain unsatisfied as modifications to the
ACI10 power system are expected, due to higher power requirements on DAILI. Considering
the Comms system, we note the dependence on radio selection for satisfaction of the radio
interfaces; these are assumed to remain the same across missions. Similarly, interfaces re-
lated to the GPS system remain unchanged as this is a standard capability, unaffected by
the unique mission objectives. Finally, the CDH system handles inter-subsystem and com-
manding interfaces. CDH interfaces with subsystems with substantial requirement gaps are
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Figure 5.13: Derived interface diagram (ibd) of form-agnostic DAILI bus subsystems.
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# 7 Name AC10 Pair IsSatisfied Gap Magnitude Compatibility Mote
1 © EPS Switch - Wing Cells % Connector[AC10 Wing Mounted Solar Cell - AC10 EPS Switch] [] false T 2-Minor

2 ) EPS Switch - Body Cells +* Connector [AC10 Body Solar Cell - AC 10 EPS Switch] true £ 1-None

3 © EPS Switch - Battery »* Connector[AC10 EPS Switch - AC10 Battery] [ false & 1-None

3 O 55 PCB - Wing Latch ~ f:g‘]emmcm EPS PCB - AC10 Wing Latch[AC10 EPS PCB - AC 10 Wing [ false £ 2-Minor

5 © EPS PCB - Wing Cells % Connector[AC10 Wing Mounted Solar Cell - AC10 EPS PCH] [] false & 1-None

6 ) EPS PCE - EPS Switch »* Connector [AC10 EPS PCB - AC 10 EPS Switch] £+ 1-None

7 ) EPS PCB - Body Cells +* Connector[AC10 Body Solar Cell - AC10 EPS PCE] true  1-None

8 ©) EPS PCB - Battery % Connector[AC10 Battery - AC10 EPS PCE] [] false T 1-None

9 [& DAIL1-170 Tumbling [ false £+ 4-Na Similar Requirement Mo Derived RCE Requirement
10 [® DAILI-167 Bus energy collection [ false 3 3-Major Derived RCE Requirement
1 [d pari-163 Battery Depth of Discharge [l Provide battery capacity with specified DoD [ false r 3- Major

12 [El DAILI-162 SV Safe Mode Power Usage [ 2.3.9 Provide Positive Power Margin in Safe Mode true <+ 1-None

13 [8 DAILI-152 Bus power collection [] false < 3-Major Derived RCE Requirement
14 [ pari-141ep5 power quality true < 1-None Derived RCE Requirement
15 [& pari-140 EPs power range O 1-None Derived RCE Regquirement
16 [®l DAILI-139 EPS IV Curve Measurement <+ 1-None Derived RCE Requirement
17 [® pari-13s eps Telemetry Parameters [l 2.1.41 Provide telemetry for voltage and temperature on battery cells £+ 2-Minor

18 [ pAILI-137EPS 5V Bus Battery Protection < 1-None Derived RCE Requirement
19 [ DAILI-136 EPS 5V Bus Operating with Dead | [&] 2.1.38 Recover from dead battery condition T 1-None

Battery
20 [l DAILI-135 EPS 5 Bus Power from Batteries {* 1-None Derived RCE Requirement
21 [@ pani-115 Space Vehicie Electrical Power = ;;.ﬁ;r:;iahsi;:ﬂ::’p:‘\lirmfor all operational modes and peak power for true &3 1-None
(a) EPS
# Mame AC10 Pair IsSatisfied Gap Magnitude Compatibility Note
. © s - Comms PCB +* Connector[AC10 GPS FPGA - AC10 FGA PCH] frue 3 1-None
»* Connector[AC10 GPS FPGA - AC10 GPS Antenna]
2 © Ratio(s) - Comms PGB »* Connector[AC10 ADV - On Board - AC 10 FGA PCE] true < 1-None
»* Connector[AC10 SDR On Board - AC10 SDR PCE]

3 [® pani-as 151.2 Comply with FCC [®] 1.9.2 Comply with FCC i 1-Mone

4 [&l pALLI-30 Bus Data Volume Downlink ¥ 1-None Derived RCE Requirement
5 (& pani-ge Space Vehide Telecommand [&] 2.1.11Receive and transmit RF uplink and downlink < 1-None

5 | DAILI-103 Space Vehide Commanding [®] Use heritage SOR and ADV radios £ 1-None

Reliability
7 (Rl DAILI-117 T&C RF Comm Link Margin [ Provide adequate link margin for all comms £+ 1-None
8 [® paLLI-188 T&C RF Comm Radio Redundancy |[®] Use heritage SOR and ADV radios i 1-Mone
(b) Comms
£ Name AC10 Pair IsSatisfied Gap Magnitude Compatibility Note
+* Connector[AC 10 ACS.AC10 ACS PCE - AC10 CDH,AC10 40 Pin Data Bus] |[_] false 3 3-Major
1 O ADCS PCB - Data Bus A Cornector [AC10 ACS.AC 10 Sensor PCB - AC10 CDH.AC10 40 Pin Data
Bus]

2 O CDH Processor - Data Bus »* Connector [AC10 COH Microcontroller - AC10 40 Pin Data Bus] <+ 1- None

3 O Comms PCE - Data Bus »* Connector [AC 10 COH Microcontroller - AC10 40 Pin Data Bus] <+ 1-None

4 ) EPS PCE - Data Bus * Connector [AC 10 EPS. AC10 EPS PCE - AC10 CDH.AC10 40 Pin Data Bus] true 3 2-Minor

5 ©) EFS Snitch - Data Bus A EE:S:]necmr[ﬂClO EPS.AC10 EPS Switch - AC10 CDH.AC10 40 Fin Data D false 3 1- Mone

[ (&l DAILI-105 Bus Data Storage Margin [ false O 3- Majar Derived RCE Requirement
7 [&] pAILI-157 C8DH Data Storage [l Record spacecraft health and status D false ¢ 2- Minor

8 (&l DAILI-158 Autonomy [] false & 4 No Similar Requirement |Mo Derived RCE Requirement
g I DAILI-159 Flight Processor Temperature true ¢ 1- None Derived RCE Requirement

Faults

10 [&l paILI-180 Flight Processor Watchdog Timer | (& Activate & system resetin case of anomalies true <+ 1-None

11 [El paILI-151 Flight Processor Satelite Control | [ Manage internal C2 between on board controllers <+ 1-None

12 [® pam-183 capH Telemetry Storage [E] Record spacecraft health and status O 1-None

13 @ DAILI.—].E4.F|ight Processor Fault Detection, | [&] 2.1.36 Provide fault tolerance r 1-Mone

Identification, and Response (FDIR)
14 &l Da1LI-185 Flight Processor Redundancy [& Provide flight software redundancy (Side A/B) true <+ 1- None

(c) CDH

Figure 5.15: SysML Custom table summarizing compatibility assessment of requirement and
interface pairs for (a) EPS, (b) Comms, and (c¢) CDH subsystems.
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expected to change: these being EPS and ADCS. The ADCS subsystem is excluded from
the compatibility summary due to the significant discrepancies discussed in the previous
section. Nevertheless, ADCS interface compatibility depends on the selection of actuators
and sensors; this in turn is determined by the ability of the AC10 components to satisfy
DAILI pointing control and knowledge requirements.

Exploring Rework Actions A rework campaign is generated from the gaps in requirements
and interface satisfaction noted in Table 5.15. Recalling the full description of Step 2.3 of
the generalized procedure, rework assessment requires also supporting discipline analyses to
determine feasibility and detailed aspects of each rework action; further, the impact of design
modifications to potentially invalidate the testing and qualification pedigree of the original
design must be assessed. In applying Step 2.3, we find mixed results in satisfying these
analytical tasks with the information contained in the AC10 and DAILI mission models.

We first enumerate a representative set of rework actions for the EPS, CDH, and Comms
subsystems. These actions are compiled from SME-supported ideation sessions and are
maintained at a level of detail commensurate with early exploratory stages for which LDRM
is intended. In the end-to-end reuse process, these rework actions may each decompose into
a more refined listing, guided by more mature DAILI design information available in later
stages of the V model. Figure 5.16 shows the custom SysML table that consolidates rework
actions by subsystem.

Substantial modification to the auxiliary hardware of the AC10 power system is predicted.
This includes the wing mounted solar cell arrays, the signal routing from these arrays, and the
interfaces between these and the EPS controller/PCB that conditions, stores (in battery),
and distributes the power. Additionally, the battery may require modification to address
a more demanding Depth of Discharge (DoD) requirement and higher power requirements
of DAILI — the primary option here is to resize the battery (i.e., add additional cells).
An alternative is to accept a reduced battery lifetime due to increased degradation caused
by deeper discharges. The existing PCB, with required interface changes, is capable of
addressing DAILI EPS requirements. Modified reuse of the bus EPS is feasible.

For the communications system, no rework actions are derived from the requirement and
interface pairing exercise. However, one entry is included as a catch-all for minor modi-
fications and configurational changes to accommodate the communications hardware (i.e.,
PCB, antennas, signal routing, etc.) in the new DAILI form factor. These re-packaging
considerations are more likely to emerge during detailed design integration via CAD models
that enforce tolerances and dimensional constraints. Thus, the technical inheritance analysis
finds that the communications subsystem of the AC10 spacecraft is reusable on the DAILI
spacecraft without major modifications to the core subsystem elements.

Lastly, reuse of the CDH system for DAILI will require some modifications from its AC10
instantiation. The rework actions derived are primarily related to new functionalities (e.g.,
autonomy) and interactions with subsystems that themselves require rework (e.g., ADCS,
EPS, and payload). The requirements and interface set, however, was not extensive enough
to capture more detailed software and circuitry revisions that are known to have been con-
ducted. This points to questions of model completeness and reliability that directly impact
the effectiveness of the LDRM methodology. Due to the previously mentioned difficulties
encountered with the ADCS model elements, a discussion on reuse feasibility of this system
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Figure 5.16: SysML summary table that consolidates rework actions for DAILI by subsystem

E [ EPS Modifications

®
)
)

)

®

)

)
)

D

Solar Attitude Optimization
Analysis

Given the new 6U form-factor, explore optimal orientation angles for peak power
generation.

Wing Array Dynamic Analysis and |Given new solar array size and form-factor, inform solar array structural design to

Design

Wing Latch Command
Modification

Power Budgeting Analysis

Expand Solar Collection Area

Battery DoD Dedsion

Wing Interface Design

Telemetry Packet Expansion

EPS Components Re-packaging

E [ CDH Modifications

®

P
P

)
)

D

Develop Autonomous Operations
Capabilities

Increased Payload Data Storage

Increased Telemetry /SOH
Storage

Power System Routing and
Interface

ADCS System Routing and
Interface

Payload System Routing and
Interface

CDH Components Re-packaging

E [ Comms Madifications

®

Comms Components
Re-packaging

meet deflection requirements during tumbling.

Given new solar wing design, modify interface to accommeodate and command double
wing latch mechanism

Determine, based on orbit average and peak power requirements, the new solar array

dimensions required.

Expand solar power collection capabilities by adding new cell and panel arrays to the
6l form-factor

Options are (3) resize battery battery count or (b) accept a reduced lifetime from
increased DoD. With the former, interfaces with other EPS components may need
modification

Given new solar wing design, modify interface with power switch and PCE to
accommodate new routing configuration and potentially new wire gauge.
Add additional required data to telemetry packet and add sensors/routing as
necessary.

Given the new form factor and component configuration {TBD) of bus and payload
systems, repackaging including changes to the structural interfaces and routing may
be required.

The ACX model does not stipulate autonomous capabilities. This new operational mode
or capability must be thoroughly developed, tested, and validated.

Near 24/7 operation of the spacecraft and payload reguire improved data storage
capabilities between downlink passes.

Storage space allocated to telemetry and state of hiealth may not to be modified to
accommodate 7 days of storage.

The substantial modifications to the DAILI EPS suggests that routing and type {wire
gauge, etc.) of interface with the central CDH components may require modification.

Component selection of ADCS actuators and sensors drives the interface needs of
command and data routing through CDH.

Transition ACX Payload-COH interface to accommodate the sole DAILL imaging
payload.

Given the new form factor and component configuration {TBD) of bus and payload
systems, repackaging including changes to the structural interfaces and routing may
be required.

Given the new form factor and component configuration (TBD) of bus and payload
systems, repackaging including changes to the structural interfaces and routing may
be required.
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is left for the discussion section.

Verification and Testing Activities A powerful capability enabled by forward-looking mod-
eling practices is the reuse of other systems engineering products usually developed alongside
design specifications. This is especially true of testing and verification activities that often
contribute significantly to mission schedules and budgets. The AC10 model allocates verifi-
cation activities to many of its requirements that can be explored for reuse on DAILI. We
focus specifically on those activities that are related to requirements that lead to rework
actions. To that end, the last column of Figure 5.16 shows the names of AC10 verification
activities that may be re-implemented on DAILI — indeed these activities must be re-run in
order to ensure that design changes have not invalidated results. However, with the AC10-
version of the verification procedures detailed within the model element linked in the table,
it may lead to reduced schedule contributions of the activity on DAILIL.

Several points are evident when reviewing Figure 5.16 in light of verification/testing
reuse: The verification activities enumerated for AC10 span an architectural range from
component-level unit testing (e.g., “Battery cycling”) to verification of integrated capabili-
ties (e.g., “Flat-sat testing”). At lower levels of decomposition AC10 verification activities
may be re-implemented on DAILI with no modifications as they need not consider sur-
rounding aspects (that is, interfaces) of the mission architecture; however, with verification
activities intended for partly or fully integrated elements, the AC10 version should be seen
as a template for the DAILI activity, but the unique architecture of the new mission must
be addressed. Similarly, verification activities span a range of maturity levels that the target
element must achieve before that activity can be conducted. For instance, verification via
the CEM tool (a medium-fidelity concurrent engineering and rapid design tool) of the power
budget allocations may be done early in the architecting process, whereas other activities,
such as fit checks and “flat-sat” testing can only be done in the assembly phases later in the
process. Despite the early-phase focus of LDRM, we include these late-phase activities in its
preliminary reuse WBS; these inform decision makers about the existence of reuse benefits
further down the line.

It should also be noted, that the AC10 verification campaign does not provide an exhaus-
tive source of activities for DAILI. Indeed, there are rework actions for which no suitable
existing AC10 activity is found; further, even actions that do contain reusable verification
activities are not necessarily complete. For instance, for the CDH “Develop Autonomous
Operations Capabilities” action, the verification campaign would include, in addition to the
three activities listed, Day-in-the-life (DITL) testing, unit testing, edge-case scenario testing,
etc., which would need to be uniquely developed for the DAILI mission. Similarly, rework
actions for which component-level verification activities from AC10 have been identified (e.g.,
for “Battery DoD Decision”) will also need to proceed through integration testing at higher
architectural levels as the spacecraft is assembled. Nevertheless, the AC10 verification cam-
paign provides a starting point for its successor, providing a template for many aspects of
future testing and integration.
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5.2.3 Results and Discussion

A primary goal of this case study was to explore the degree to which existing MBSE modeling
practices at an organization may be compatible with the procedure codified in LDRM. Nomi-
nally, incorporation of best practices from the industry survey and other validation activities
would ensure that the methodology and industry practices align well. In reality, however,
this case study reveals mixed results. In the coming sections, we will discuss the implication
of these results — and make recommendations about modeling practices to facilitate future
reuse. We will focus the discussion on three guiding questions:

1. What model transformations were necessary to get the existing models to a state usable
by LDRM?

2. How close are the LDRM’s predictions of technical feasibility and rework to the known
efforts for the DAILI mission?

3. What prevented the effort from yielding better results? Limitations of the methodol-
ogy? Existing modeling practices?

5.2.3.1 Model Transformations

In an effort to assess the true value added by the MBSE modeling prescribed by LDRM,
the preceding analyses were conducted with only the design information maintained in the
AC10 and DAILI models. However, this information was not always in a form in which the
reuse procedure could be easily applied. Thus, some model transformations were necessary;
from a practical perspective, these efforts may be seen as upfront overhead. These model
transformations include:

e Architecture decomposition diagrams — The diagrams shown in Figs. 5.10 and
5.11 are necessary to define the architectural location of the «Mol Technical Need» for
which reuse is being considered. Beyond illustrating the context of the reuse scenario,
this information facilitates the requirement and interface pairing process of subsequent
steps that are dependent on an understanding of the hierarchy of the existing designs.
Neither the AC10 nor DAILI MBSE models contained such decompositions in a stan-
dard form. These were developed from information recorded in the model package
hierarchy (i.e., the file structure) and the unique “flat-sat” views like the one shown in
Fig. 5.9.

e Interface specification diagrams — The closest equivalent to standard interface
specification diagrams in the AC10 and DAILI models were, again, the “fat-sat” views.
These, however, are primarily focused on the physical arrangement of components and
leave some data and energy interfaces ambiguous. As such, standard views of system
interfaces (Figs. 5.13 and 5.14) were derived to facilitate the interface pairing exercise.

In addition to the above transformations, another pre-LDRM task was conducted: appli-
cation of the stereotypes defined in the Reuse Profile. In order to generate the custom tables
and analyses specified in the methodology, relevant model elements must be appropriately

227



stereotyped to allow custom-defined tags/attributes to be populated and manipulated. This
creates the integrated data landscape required of the reuse analysis — it is essentially overlaid
onto the existing model structure.

5.2.3.2 Predictive Results

The predictive capabilities of LDRM are highly dependent on the available design information
for each subsystem. Discrepancies in the modeling practices across the various subsystems
led to difficulties in delivering consistent results across the whole DAILI bus. We summarize
predictions below and discuss how they compare against known design solutions in the DAILI
mission.

e Electrical Power System — Application of LDRM evaluated the AC10 EPS design
to be reusable on DAILI with substantial modifications, as documented in Fig. 5.16.
These modifications were derived from the increased power requirements recorded in
the DAILI model and the increased duty cycle of the spacecraft as compared to its
predecessor. Modifications predicted included a larger solar collection area, increased
battery capacity, and interface changes for a new wing assembly. In the matured
(though not yet launched) DAILI design, we see elements of each of these modified
reuse practices. The 6U form factor results in increased available area for solar power
generation and novel double folded wing panels that appear drastically different than
its AC10 counterpart. However, the underlying architecture of the EPS and its inter-
action with other bus systems remains similar. Thus, the methodology was able to
systematically capture most aspects of the EPS reuse effort.

¢ Command and Data Handling System — Application of LDRM evaluated the
AC10 CDH design to be mostly reusable on DAILI with modifications. A key functional
capability that could not be found in the AC10 design was autonomous out-of-view
operations. The matured DAILI design operates at a 99% duty cycle, unlike standard
AeroCubes (including AC10) which operate at < 1%. Thus, operation (of ADCS
and Payload) during out-of-view of ground stations is confirmed as a novel capability
of the matured DAILI design. Other predicted technical gaps include data storage
requirements and interfaces with other subsystems — namely payload, ADCS, and EPS.
Again, the need for data storage modifications is confirmed by the increased DAILI
duty cycle. Interface modifications are predicted generically, but the quantity and kind
of these in the matured design could not be determined.

e Communication System — Application of LDRM evaluated the AC10 CDH design
to be reusable on the DAILI with minimal modifications. The extent of modifications
predicted relate to the packaging of Comms components in the new form factor of
DAILI that subsequently affect routing and physical interfaces - however these are
considered as modifications to the structural configuration which is not considered
here. However, the primary design reuse decision validated by the methodology is
confirmed in the matured DAILI design: reuse of the redundant radio architecture and
GPS elements. This is confirmed not only by exposure to the known DAILI Comms
design, but also by discussions with SMEs who acknowledge that maintaining the
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system unchanged streamlines the communications licensing for each new AeroCube
mission; in this case, thus, reuse has a further incentive in terms of demonstrating
compliance with government regulations.

e Attitude Determination and Control System — Application of LDRM could not
make a determination on the reusability of the AC10 ADCS system on DAILI. Per the
metrics in Table 5.9, fewer than one fifth of DAILI ADCS requirements could be paired
to similar requirements in AC10. This is a result of the highly specialized requirements
recorded in the AC10 model and the omission of standard or assumed requirements
known to have been satisfied from previous AeroCube missions. As in other subsystems,
an attempt was made to derive requirements from other pieces of data in the AC10
model. However, the resulting effort was deemed so extensive that the results could
not be relied on as a “true” application of the requirements pairing stipulated by the
reuse procedure. The high figure for “unmatched” requirements (those for which the
“derived requirement” process yields no results) would suggest limited reuse, as would
the highly demanding jitter requirements of DAILI necessary for multi-second image
integration. However, this can be neither refuted nor supported by the full inheritance
analysis. In the matured DAILI design, we do find most ADCS actuators and sensors
are variants of AC10 predecessors confirming that some reuse was accomplished.

These findings can be refactored into the standard LDRM outputs that were prescribed
in Chapter 4. These are summarized in Table 5.10 with a focus on the first two outputs -
reuse feasibility and rework campaign summary. Due to a lack of program data recorded
in the models (necessary to populate the cost driver equations in COSYSMO 2.0), a reuse
valuation could not be generated. A future effort may revisit this via in-depth discussions
with program members and could devise a standard approach for recording this information
in the mission.

5.2.3.3 Recommendations

A set of recommendations to address the results and limitations encountered during this
case study are detailed below. These recommendations are aimed at both improving the
modeling practices in the organization (in this case, the AeroCube Program and MBSE
Office at The Aerospace Corporation) and iterating on the current version of LDRM with
practical insights. These include:

1. Enforce consistency in the writing of requirements (i.e., text, metrics, etc.)
across projects in a portfolio or campaign. Requirement templates may be de-
veloped for standard specifications common across space systems (e.g., ADCS pointing
control and knowledge requirements, peak and orbit-average power requirements, etc.).
Discipline teams and past projects may be parsed to extract such standard templates
for each subsystem. Templates should follow the “SMART” requirement format: spe-
cific, measurable, achievable, realistic, and traceable. At the conclusion of a project,
model archiving could include population of requirement libraries to improve upon and
further standardize specifications.
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Table 5.10: Summary of standard LDRM outputs for the DAILI case study

Reuse Feasibility

Rework Campaign

Value Assessment™

Output . Output oo Output .o
Produced? Findings Produced? Findings Produced? Findings
Reuse is feasible Substantial modifications
EPS True . . . True to battery, solar cells, False -
with modifications. .
and wing interfaces
Moderate modifications to
CDH True W.@sma is wmmm:o._m“ True data mﬁogmm and m&&ﬁoc False i
with modifications. of out-of-view operations
capability
Reuse is feasible, No Comms subsystem
Comms  True without modifications. True modifications False )
ADCS  False - False - False -

* Note that due to a lack of program data recorded in the models (necessary to populate the cost driver equations in
COSYSMO 2.0), a reuse valuation could not be generated. A future effort could revisit this via in-depth discussions
with program members and could devise a standard approach for recording this information in the mission model.
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. Be exhaustive about modeling requirements. Avoid “unstated” require-
ments. If the MBSE system model is truly to capture a design in its entirety, require-
ments sets must be complete. This includes both “standard” requirements common
across projects in a portfolio as well as project-unique, novel requirements. In this
effort, libraries of standard, reusable requirements archived over past projects, per
recommendation 1, may also be a helpful tool.

. Define a standard decomposition for requirement traceability to facilitate
one-to-one comparison across projects. In particular, a transition from func-
tional, non-performance specifications (i.e., L1 — L2) to formal, solution-specific ones
(i.e., L3 +) should be consistent across all architectural elements. From an MBSE
modeling perspective, this also suggests adoption of a standard SysML approach to
decomposing, deriving, and nesting requirements in a hierarchy. There are currently
various, often ambiguous ways to do this within SysML. One approach should be en-
forced.

. Adopt a consistent approach to representing system interfaces. SysML in-
ternal block diagrams are a common tool used to capture interfaces — both abstract
(i.e., generic structural, data, energy, and material flows) as well as physical (i.e., the
actual specifications that capture pin in/out, gauge, loads, etc. of the flow). Again,
a standard approach for representing these facilitates comparison across missions and
promotes better understanding of reuse scenarios.

. Avoid duplication of information in the system model. This was encountered
multiple times, especially in the AC10 model, where the same design element was repre-
sented in multiple diagrams with different model elements. Ensuring non-duplication
across various modelers and teams is crucial; this suggests the need of a dedicated
“model-curator” role in the modeling effort.

. Maximize, to the extent possible, integration of tools related to validation
and verification. A valuable first step towards tool integration in SysML is of the
tools that validate/verify a design. Especially in the early architecting stages, tools
such as the CEM tool and others may be integrated into the parametric capabilities of
SysML. This can ensure from the outset that design are progressing towards workable
solutions.

. Expand MBSE pathfinder and "as a service" efforts to additional projects.
In addition to further demonstrating the potential of MBSE to aide in mission archi-
tecting and reuse of designs/models, this would likely lead to two outcomes: 1) building
up of an MBSE model catalog to act as both a template for future non-AeroCube efforts
and a foundation for successor AeroCube projects and 2) refinement and increasing re-
liability of modeling efforts as modelers and discipline engineers become familiar with
the tools and converge on solutions to particular architecting problems (e.g., MBSE
use-cases including reuse).
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5.2.3.4 Conclusion

This case study sought to apply LDRM onto a real flight project. The DAILI mission, was
one of the first CubeSats in the AeroCube program to be supported by MBSE modeling
throughout its development. Its predecessor, AC10, was the first. The availability of near-
comprehensive MBSE system models for each mission presented an excellent environment
in which to test both the methodology and the organization’s modeling practices. Partic-
ularly since these were early pathfinder efforts at supporting flight projects with MBSE,
this case study may influence follow-on efforts with recommendations encouraging improved
“design/modeling for reuse” practices.

Technical inheritance analyses were conducted to explore reuse of four subsystems of the
AC10 bus onto the new DAILI architecture. The model content allowed for the full analy-
sis and relevant insights to be generated for three of the four subsystems: EPS, CDH, and
Comms. Issues were encountered in the ADCS effort due to the significant modeling discrep-
ancies across the two missions. These discrepancies emerged primarily in the requirements
sets for AC10 and DAILI and lead to questions of model quality, consistency, and com-
pleteness. Nevertheless, application of LDRM was able to deliver outputs in terms of reuse
insights that compare well with the known design solutions implemented on the now-mature
DAILI spacecraft.

5.3 Case Study 2 - Mandated Reuse in the Space Launch
System

The second case study examines how reuse decisions - and the way in which they are made
- impact some of the largest and most complex of space endeavors: the development of
new launch vehicles. Since it received congressional authorization in 2011 the Space Launch
System (SLS) has consumed a significant portion of NASA’s annual budgets and has been
marred by delays. Embedded into the initial formulation of the architecture are several
instances of mandated reuse - that is, instances of design reuse that are imposed on a
project from its outset. Notionally, the intent behind these decisions is to immediately reap
the benefits of reuse in terms of cost and project schedule. However, as has been shown
throughout this thesis, such decisions must be systematically explored in order to improve
their likelihood of success on a project. This case study explores the rationale, process, and
results of some of these reuse decisions, and importantly, how application of the legacy reuse
methodology may have altered programmatic results. We focus specifically on the propulsive
elements of the core stage of the launch vehicle.

5.3.1 Problem Context

Since its inception, SLS was intended as a Shuttle-derived launch system. Two congressional
mandates in the initial funding allocation in the 2010 NASA Authorization Act stipulated
such heritage reuse [27]:

1. "To the mazimum extent practicable, utilize workforce, assets, and infrastructure of the
Space Shuttle program in efforts relating to the initiation of a follow on Space Launch
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System." — Among these assets were existing propulsive elements of the Shuttle system
including the Space Shuttle Main Engines (SSME), generically known as RS-25’s, and
the Solid Rocket Boosters (SRB) that assisted the orbiter during the first few minutes of
ascent. Other assets related to these elements include the manufacturing, production,
and assembly equipment scattered at NASA and contractor sites in Alabama, Florida,
Utah, and others.

2. "To the extent practicable, extend or modify existing vehicle development and associated
contracts necessary to meet the requirements in paragraph (1), including contracts for
ground testing of solid rocket motors.” — Congress further stipulates that NASA should
strive to use elements produced as part of existing contracts in its new launch system.
The particular focus of this mandate is the recently (as of 2011) cancelled Constellation
program and the constituent Ares I and Ares V vehicles. The Ares I vehicle was to be
comprised of a single 5 segment Shuttle-derived SRB core.

The above mandates do not explicitly specify which heritage components NASA is sup-
posed to reuse. However, they clearly direct NASA to prioritize reuse over from-scratch
development “to the maximum extent practicable”. These mandates are certainly oriented
towards cost and schedule savings as well as reliance on flight-proven systems; this is espe-
cially true as it is not only designs, but also physical instances of those designs (i.e., existing
hardware), which yield more immediate production cost savings. The mandates are also —
and perhaps primarily — understandable political decisions by Congress that seek to produce
visible results from previous expenditures and potentially save existing jobs.

In order to meet these congressional requirements, by the earliest gates of the SLS design
process, NASA had selected to reuse two major propulsive elements: the RS-25 cryogenic
LOy/LH, engines from the Shuttle Main Propulsion System (MPS) and the SRB segments.
Existing hardware include 16 RS-25’s recovered from the various Shuttle orbiters as well as
enough SRB motor segments to build sixteen 5-segment boosters. At this stage, NASA also
elected to not attempt to recover and reuse any SLS hardware after a launch, thus limiting
the number of launches achievable without construction of new hardware or of new designs
altogether. This led to efforts to develop successors to these components, which often ran
parallel to near-term SLS goals.

5.3.2 Applying LDRM

In the coming sections, we will explore these cascading design/hardware reuse decisions
in the context of the systematic methodology we have developed. The lack of publicly
available, comprehensive, and up-to-date design information for these propulsive elements
means that we cannot apply LDRM end-to-end. Also, unlike in the previous Case Study,
there are no MBSE models available to interrogate. However, we will develop analysis
snippets with representative digital models to demonstrate how our methods can shed light
on the technical and programmatic reuse complexities on SLS. We will determine the degree
to which mandated reuse contributed to the schedule delays and cost overruns NASA and
its contractors have encountered with SLS.
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5.3.2.1 RS-25 Reuse and Core Stage Delays
LDRM Application

The RS-25 is the cryogenic LO,/LH, staged combustion rocket engine that propelled
Space Shuttle orbiters through most of their ascent to orbit. It was developed by Rocket-
dyne (now Aerojet Rocketdyne) and was designated SSME while in service with the Shuttle
program. Throughout its service life, starting with STS-1, the design was upgraded several
times leading it to becoming one of the most powerful, reliable, and efficient bi-propellent lig-
uid engines. As a staged combustion engine, it sacrifices engineering complexity for increased
efficiency as measured by a specific impulse near 453 seconds. Adding to the complexity of
the engine itself is the series of manifolds, fuel lines, and valves and other propellant manage-
ment components that make up the remainder of the Shuttle MPS. While the MPS design
led to a highly successful and reliable propulsion system, it also created a highly integral
(as opposed to modular) system. The more integral a system, the more interfaces it must
satisfy, and the more intricate reusing the design becomes.

After early trades and architecture studies, including some carryovers from the Constel-
lation program, NASA managers selected a Core Stage SLS architecture consisting of four
RS-25 engines in a traditional in-line stack. In order to better understand this configuration,
we turn to Design Structure Matrix (DSM) representations of the main propulsive elements
of the Core Stage, as developed in a thesis by Good [51|. Good captures structural and ma-
terial (flow) interactions between the components of the SLS configuration — these are shown
in Figs. 5.17a-b. This representation is amenable to the interface analysis of Step 2.2 of the
LDRM procedure. First, we must convert the DSM to SysML IBD’s that we have shown as
a suitable template to capture system interfaces. Applying this model transformation, we
obtain the interface diagrams for the SLS Core Stage propulsion system design at the time
of its CDR. An example of the material interface diagram is shown in Fig. 5.18. In order to
complete the interface pairing step, we must access similar data for the Shuttle MPS. This,
we extract from existing design information from historical design documentation — note
that this digitization is a required effort when applying MBSE methods to many predecessor
designs.

Historical Shuttle design documentation shows that the Shuttle MPS can be decomposed
into nearly identical functional components to those of the SLS Core Stage”. Further, these
components interact with one another in similar ways such that the interface diagrams
for the Core Stage propulsion are nearly identical to those that would be generated for
its predecessor Shuttle MPS system. However, as we have noted previously, the existence
of similar interfaces in two systems does not immediately imply satisfaction of interface
requirements in the mission of interest by the reused design/hardware. Indeed, zooming into
the details of each interface we see substantial differences, brought about primarily by the
different vehicle configuration and choice of engine number. More precisely, the movement
to an in-line stack demands rerouting of the two way material flows; this is compounded by
the addition of a fourth engine (and its accompanying pluming, manifolds, etc.) into the

"For this effort, the Shuttle orbiter subsystems description (including detailed schematics) by Whitman
and the Shuttle MPS system operational description maintained by NASA KSC were employed extensively.
[144, 100, 127]
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Figure 5.17: DSM’s capturing (a) material flow and (b) structural interfaces of the SLS Core
Stage components. Borrowed from Good [51].
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engine section. This emergence of interface dissimilarities in lower levels of analysis reminds
us of the importance of descending to the appropriate level of architectural decomposition
and design detail when implementing LDRM.

We frame these findings via the SysML products specified by the Reuse Metamodel,
and specifically, the «Mol Required Interface» stereotype. The focus here is on the engine,
engine section, and LOy and L H, components defined in the DSMs. Fig. 5.19 shows a SysML
custom table that enumerates the interfaces and their satisfaction details: gap magnitude
and parameters necessary for a notional COSYSMO 2.0 analysis. Gap magnitude is best
illustrated graphically via the annotated interface diagram of Fig. 5.20. We collapse both
structural and material interfaces into this diagram, as the existence of the latter implies the
former for any standard fluid flow. The diagram shows three types of interface gaps between
the RCE and the Mol: 1) those with minor gaps, 2) those with major gaps, and 3) those
with no similar interface in the Shuttle MPS. Minor gaps are found primarily immediately
adjacent to the RS-25 engines and auxiliary flows such as fill/drain and bleed elements for
fuel and oxidizer. Major gaps are found primarily where the engine section routes major feed
lines and other components to the engines. Lastly, non-similar interfaces emerge with the
multi-purpose helium system and with the hydrogen tank-engine section interface, which is
not present with the external tank arrangement in Shuttle.

Most notably, none of the SLS Core Stage interfaces are immediately satisfied by the
supposedly reusable Shuttle design. Indeed, this interface analysis predicts reuse and inte-
gration of the Engine Section to be an extremely complex endeavor. Absent a comprehensive
set of design requirements for the other half of the inheritance analysis, we may attempt an
interface-only application of the COSYSMO 2.0 tool. Recall that interfaces are one of the
four size drivers parameterized in the tool. The output of the tool can be seen as a notional
representation (positive/negative, magnitude) of the impact of attempted interface reuse on
the system, not as a true-to-program estimate. Table 5.11 summarizes the interface contri-
bution to the size driver term in the COSYSMO 2.0 governing equation (Eq. 4.1). The case
described above represents the “With Reuse” case, whereas the “From Scratch” case comes
from collapsing all interfaces into the “New” category. We see that nominally interface reuse
actually reduces the contribution to the size driver term. However, we recall a second term in
Eq. 4.1: the cost drivers, which capture the programmatic complexities and other qualitative
factors in a summary factor that modulates the initial estimate.

Table 5.12 shows the set of 13 cost drivers and their associated values for the reuse and
from-scratch cases. The reuse case is penalized by the “Migration complexity”, “Technology
Risk”, and “Requirements Understanding” and benefits from “Personnel experience/continuity”.
Overall, the product of all cost driver items results in a large penalty on the reuse case. Ul-
timately, COSYSMO 2.0 predicts systems engineering effort for the “With Reuse” case at
91.7 Person-Months and for the “From Scratch” case at 64.2 Person-Months. These figures,
while notional, estimate a 43% increase in systems engineering effort for the reuse case due to
the significant complexity in migrating and integrating the reused elements. This estimate
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Figure 5.19: Compatibility summary of the structural interface pairing between Shuttle and
SLS MPS elements.
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Table 5.11: COSYSMO 2.0 Cost Driver parameter values for the (left) with reuse case and
(right) the from scratch case. Note how migration complexity and technology risk of reuse
lead to a higher multiplier factor.

Parameter With Reuse From Scratch

Requirements Understanding 1.36 (Low) > 1 (Nominal)
Architecture Understanding 1 (Nominal) = 1 (Nominal)
Level of Service Requirements 1.32 (High) = 1.32 (High)
Migration Complexity 1.54 (Very High) > 1 (Nominal)
Technology Risk 1.32 (High) > 1 (Nominal)
Documentation 1 (Nominal) = 1 (Nominal)
# and diversity of installations/platforms 1.23 (High) = 1.23 (High)
# of recursive levels in the design 1 (Nominal) = 1 (Nominal)
Stakeholder team cohesion 1.22 (Low) = 1.22 (Low)
Personnel /team capability 0.66 (Very High) = 0.66 (Very High)
Personnel experience/continuity 0.82 (High) < 1 (Nominal)
Process capability 1.21 (Low) = 1.21 (Low)
Multisite coordination 1.15 (Low) = 1.15 (Low)
Tool support 1 (Nominal) = 1 (Nominal)
Cost Driver Multiplier 4.124 1.819

Table 5.12: COSYMO 2.0 Size Driver tabulation (interfaces only) and calculation of the size
driver summation term (4.1) with reuse vs. from-scratch.

Easy Nominal Difficult

New 4 1 2

Modified 0 3 7

With Reuse Deleted 0 0 0
Adopted 0 5 3

Managed 0 0 0

From Scratch New 4 9 12

Interface Contribution to Size Driver Summation
With Reuse = 65.9
From Scratch = 105.2
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does not account for material, manufacturing, and other program costs®. Manufacturing
costs would be expected to decrease in the reuse case, especially for the mostly unmodified
RS-25 engines; however, the same cannot be said for ultimate flight-article production and
integration where the interface complexity issues would be expected to arise.

The above analysis suggests a middle ground approach to reuse. In this approach, the
engine designs and hardware are reused, but their accompanying propellant management
and routing systems are designed/built from scratch for the new vehicle configuration.

Predictions and Known Outcomes

We have detailed how the design/hardware reuse decisions made for SLS were mandated from
the outset of the mission by Congress and high-level NASA leadership. These were driven
by a mixture of political motivations and some practical realities — namely, the availability of
Shuttle hardware and its proven success. The degree to which a systematic and coordinated
reuse analysis was conducted prior to these decisions is not known; we further know that
Shuttle design documentation was not in a state amenable to MBSE and digital engineering
methods. We can conjecture, then, that no such integrated reuse analysis like the one
developed in this thesis was employed. But we do know, from the preceding section, what
such a methodology would have yielded in its decision support capacity. And we now explore
the accuracy of these outputs.

From data presented in Good’s thesis, it is possible to compare intended vs. realized
reuse [51]. The plot in Fig. 5.21 shows an interesting relationship between the two. The
right axis records the ratio of intended Shuttle MPS hardware reuse in the Core Stage as
the design matured through SRR, PDR, and CDR. Clear in this plot is the decision by
mission designers after SRR to attempt to reuse many ancillary Shuttle MPS components in
addition to the RS-25 engines themselves. This reflects both a) an initial mandate by NASA
for Boeing to reuse Thrust Vector Component hardware from Shuttle and b) an internal push
by Boeing to maximize MPS component hardware reuse including valves, filters, regulators,
lines, etc. It is expected that these reuse decisions would occur after high-level requirements
are set during SRR.

The left axis shows cumulative design change requests over time for the Core Stage
propulsion system, as recorded by Boeing. Along the time of peak intended design/hardware
reuse, there is also a knee in the change request curve suggesting the drop in intended reuse

8We can attempt to place "with-reuse" COSYSMO estimates of SLS in the context of other super-heavy
class launch vehicles, such as SpaceX’s Starship. A 2020 NASA OIG report estimates total SLS development
costs of around $18.1 billion [101]; rough estimates for Starship place a comparable figure at around $8
billion. We normalize these by launch mass capabilities (95 mT and 100 mT to LEO for SLS and Starship,
respectively), to arrive at figures for total developed cost per kg to LEO: $80,000/kg for Starship and more
than twice as much ($189,000/kg) for SLS. Looking now at the Cost Multiplier ratio for "with-reuse" vs.
"from-scratch" in Table 5.11 (that is, 4.124/1.819 = 2.27), we can get an idea of what SLS development costs
might have been if developed from-scratch in light of the interface issue we have discussed. We arrive at a
new SLS estimate of $83,500/kg, much more in line with Starship; this suggests that poor reuse decisions
may account for a large portion of the differences in programmatic outcomes between SLS and Starship.
This rough analysis places reuse decisions in the context of development efforts yielding similar capability
launch vehicles; it does not account for actual costs per launch and the organizational differences between
a government agency like NASA and a private company like SpaceX. In this sense, Starship’s operational
factors (namely, hardware reusability) make expected launch costs less than SLS by at least two orders of
magnitude, however this is not the focus of our COSYSMO estimate.
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thereafter. The two sharp decreases in intended reuse correspond with MPS pre-valve testing
failures in the new SLS configurations; these failures brought to light the difficulties inherent
in adapting the MPS components for the new configuration and the performance envelope
required by SLS. This steady trend of divergence suggests that reuse decisions were locked-in
too early in the architecting process and technical infeasibilities emerged later, when changes
are more costly to incorporate. The fact that this divergence continued to occur through
CDR and into production is predictive of issues later in integration.

These issues are clearly illustrated in Fig. 5.22 which overlays the same intended reuse
data with schedule slip history of the first SLS launch, Exploration Mission 1 (EM-1) through
and potentially beyond 2021. We see in this plot two notable features. First, through the
3 year design effort from program approval to CDR, the schedule remains stable indicat-
ing either overly optimistic management or a lack of visibility to eventual emergent issues.
Schedule slips begin once the design moves from paper to metal. A superficial view of this
phenomena would suggest that production and testing are exclusively the causes of these
delays, and not reuse decisions. Indeed, such issues did arise including: contaminated fuel
plumbing, a misaligned welding machine leading to the scrapping of a fuel tank, inadequate
weld strengths, and even a tornado causing significant damage at Michoud Assembly Facility
[101]. However, only one of these issues (contaminated fuel plumbing) can be directly tied to
the Engine Section that was the most delayed item, residing on the critical path throughout
the entire development effort. To explain this phenomena, we note how the schedule slips
begin shortly after divergence accelerates into and through CDR. Such late stage divergence
would naturally lead to new designs or fixes being developed rapidly as production stands
by. These rapid solutions in a nominally waterfall development approach further compound
the reuse-related challenges locked into the design in earlier stages.

Reuse of the auxiliary Shuttle MPS components (that is, RS-25 adjacent components)
ultimately fell to below 10% on the Core Stage MPS. Our analyses predict substantial in-
tegration issues relating primarily to the Engine Section; such issues are likely explanations
for the observed divergence. Thus, we may surmise that the early reuse decisions, led at
least in part to underlying issues in the design that only emerged during production. This
hypothesis is strongly supported, if not confirmed, by the fact that the Engine Section was
the longest delayed item, ultimately being delivered by Boeing for integration into the wait-
ing Core Stage 3 years beyond its initial delivery date. While it cannot be claimed that
use of LDRM would have prevented these complications altogether, it would have uncovered
probable issues with reuse of the auxiliary (lower level) MPS components during the early
stage decision making that locked-in these choices. Instead of the substantial late-phase
divergence, we may have have seen a larger upfront from-scratch effort with less schedule
pressure to allow for a more systematic development approach. This may have prevented
delays later in production and integration.

5.3.2.2 SRB’s and Shuttle-derived Boosters

We can add onto the findings of the Core Stage reuse analysis by briefly discussing the
other major architectural element for which reuse was pursued — the boosters. Again, due
to lack of extensive design data, the focus is on exploring how the methods developed here
may have supported a mandated reuse scenario. The added consideration that LDRM is
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particularly suited to handle is the unique campaign/enterprise context that impacted the
booster reuse problem; namely, the predecessor Constellation program within which the
Shuttle SRB modifications began.

Though the Constellation program was ultimately cancelled, several elements of the ar-
chitecture found new life in the SLS program. The planned Ares I launch vehicle of the
Constellation program was developed as a solid rocket-powered first stage that reused exist-
ing Shuttle SRB segments. The Ares [-X demonstrator mission launched with a four-segment
Shuttle-heritage SRB, a fifth segment simulator, as well as simulated upper stage and Orion
vehicle masses. It was the only Constellation program launch, but it successfully demon-
strated repurposing of the Shuttle SRB’s for other launch configurations. Among modifi-
cations that would have been made for the Ares I vehicle were: addition of a fifth motor
segment, a change to the Propellant/Liner/Insulation (PLI) inside the motors, change in
throat diameter and nozzle in the aft section, removal of recovery parachutes and related
equipment, and redesign of the forward nosecone to interface with the interstage and upper
stage of Ares I.

It is more appropriate, then, to say that SLS is attempting to reuse the designs from
Constellation with the hardware from the Shuttle program. These will boost Blocks 1 and
1b variants of SLS into orbit, while a new composite booster design is being developed for
when Shuttle hardware runs out. These system-of-systems complexities are addressed in
Steps 1 and 3 of the generalized reuse procedure and are captured in a decomposed «Cam-
paign/Enterprise Context» block shown in Fig. 5.23. Among the non-technical campaign
constraints imposed on SLS is the congressional mandate to reuse existing development
projects; among the technical constraints are the launch mass to LEO requirements that
increase from 90 mT for Block 1 to 130 mT for Block 2. The latter configuration drives the
planned improvements to Booster performance in the Advanced Booster requisition.

Figure 5.24 emphasizes the iterative nature of the revived SRB’s design life. The process
of defining new capabilities and design parameters, analyzing the gaps between these and
current SRB capabilities, and developing a modification regime is repeated for Constellation
and SLS. Performance capabilities mostly build off of each other, with the fifth segment
addition and new PLI developed for Ares I being maintained for the SLS boosters. Also
carried over were test and qualification activities of the five segment boosters conducted
during Constellation. Configurational factors, however, revert some of the Constellation
planned modifications on SLS including replacement of the interstage interface with a stan-
dard nosecone and modified attachment fittings for SLS’s side-mounted arrangement. Fig.
5.23 also shows an as-yet unknown design approach underway by Orbital ATK (now Northrop
Grumman Innovation Systems, NGIS) for the Advanced Boosters, which will be required by
the ninth flight of SLS. NGIS claims that the new design will develop new forward struc-
tures, a new nozzle and throat assembly, improved ballistics, simplify stage assemblies, and
leverage composite structures. These changes suggest a more substantial from-scratch effort
than the Constellation/Shuttle to SLS Block 1 SRB reuse effort.

Preparation of booster elements for SLS EM-1 experienced fewer delays and program-
matic issues than the Core Stage, discussed previously. The only substantial issue occurred
early in qualification testing where voids were found in the PLI in the motor casings; these
voids could potentially lead to trapping of ignited propellant and cause catastrophic failure.
The issue was traced to the new insulation being used that replaced the Shuttle-era insula-
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tion, which contained harmful asbestos. The impact of such a change may have emerged via
the technical inheritance analyses (and specifically the detailed discipline models) applied
to the new SLS human-safety and environmental requirements that precluded use of the
heritage insulation. This issue was eventually remedied via a new insulation formulation.
The SRB’s were among the first major elements delivered to the launch site for integration,
more than a year before the Core Stage arrived due to aforementioned delays.

A possible explanation for this lack of substantial programmatic issues affecting the
larger mission may be the high modularity of the SRBs compared to the rest of the archi-
tecture. Even with modification and addition of new motor segments, the SRB’s remain
a self-contained system that only interface structurally with the rest of SLS at the joint
locations. Thus, even issues that arose within the SRB system — such as the PLI voids —
were remedied without unintended propagation of these changes to other SLS components.
This was quite the opposite with the Shuttle MPS reuse decisions made for the Core Stage®.
Codification of these factors in the context of LDRM would have revealed these contrasts as
early decision-making progressed and was refined, had mandated reuse not been adopted.

5.3.3 Findings and Discussion

As is unfortunately typical for most large engineering programs, SLS has encountered tech-
nical and programmatic issues every step of the way. A NASA Office of Inspector General
(OIG) report summarizes the situation as follows: “Each of the major element contracts for
building the SLS for Artemis [—Stages, ICPS, Boosters, and RS-25 Engines—have expe-
rienced technical challenges, performance issues, and requirement changes that collectively
have resulted in $2 billion of cost overruns and increases and at least 2 years of schedule
delays” [101]. Further, the report cites Core Stage production as the primary factor con-
tributing to SLS launch delays “due to its position on the critical path and corresponding
management, technical, and infrastructure issues”. The report ultimately places the blame
for these issues on “Boeing’s poor performance” and NASA’s lacking management of its con-
tract with them. However, as we have shown, particularly for the Core Stage it is likely that
reuse decisions locked-in early in the architecting process cascaded into the production issues
eventually witnessed, especially with the MPS auxiliary components in the Engine Section.

The key takeaway of this case study should not be that reuse should not have been
pursued. However, a glaring omission found during this research was a systematic and
unbiased approach to explore the potential of design/hardware reuse during early decision-
making for SLS. LDRM would have been a good starting point for such analyses. Appropriate
use of it may have revealed that a middle-ground reuse approach was preferable to the
mandated reuse of most elements of the Shuttle MPS for the Core Stage. Further, with SRB
reuse, it could have prompted the technical inheritance analyses as early as the Constellation
program to understand the impacts of the new human-safety and environmental requirements

9Limitations in available data for this case study preclude use of the CPI metric discussed in the footnote
to Step 2.3 of the methodology procedure. While total count of change requests is available in Good’s thesis,
these changes are reported in bulk and are not attributed to particular components of the reused systems.
Based on the findings of this study and the hypothesis relating preferable reuse instances with change
absorbers, we would expect the engine section and neighboring elements to exhibit CPI > 0 indicating
change multiplication.
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that eventually emerged in the PLI voids. One caveat arises from the OIG report: namely,
the volatility of requirements would have required multiple runs through the methodology
procedure at each major requirement change. This introduces another complexity of large,
often politically motivate endeavors — significant fluidity in program vision and direction.
Reuse decisions of this magnitude are often out of the hands of technical experts; however,
the outputs of LDRM may have provided engineers with the support to qualify some of the
bolder, yet more superficial, reuse mandates of Congress and NASA leadership.

5.4 Conclusion

This chapter has tested and applied the LDRM methodology developed in Chapter 4. First,
a validation effort was undertaken to demonstrate both internal and external validity. Inter-
nal validity was claimed by the systematic approach adopted for methodology development
that included inputs from Subject Matter Experts, industry practitioners, synthesized best
practices, and canonical systems theory. External validity was tested via the virtual Lego
design/build experiment that gauged the performance of test and control groups to make
assessment about reuse factors and decisions in a hypothetical rover design. Validity in this
regard is qualified by the simplistic environment in which the experiment took place and the
mixed (though mostly supportive) quantitative results and statistical analysis. With these
caveats in mind, it was found that access to LDRM outputs improves reuse decision making
by as much as 28%.

Next, application of LDRM was shown for two different examples in the space industry.
In the first, the full technical procedure was demonstrated for a small program of technol-
ogy demonstration and science gathering CubeSats. We leveraged access to existing MBSE
models to derive reuse findings that closely agree with the known outcomes of the reuse
effort between AC10 and DAILI. Recommendations were synthesized to improve the MBSE
modeling practices to facilitate future reuse of designs and models in the AeroCube portfolio.
In the Space Launch System case study, we did not have access to extensive MBSE mod-
els; instead, we focused on specific reuse issues that arose during development and created
representative MBSE models to illustrate how the methodology may have captured the con-
text and improved decision making. The focus was on campaign/enterprise-level decisions
that often mandated reuse before technical feasibility and programmatic impact assessments
could be conducted.

Taken together, findings of both case studies can be summarized with the following points:

¢ Reuse outcomes are closely tied to the architectural level at which they are
defined. Tied to this are the modularity characteristics of an element — the count and
connectedness of lower level components. This is especially evident in the Core Stage
reuse where MPS reuse complicated integration of the RS-25 engines.

e Technical feasibility is not always the central driver of reuse decisions. Of-
ten political or campaign/enterprise-level decisions demand or exclude reuse before
supporting analyses may point to the prudence of such actions.

e Availability of digital models improves the completeness of reuse analyses.
This is demonstrated by the contrast in depth and quantity of LDRM products for
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the first and second case studies. Where these are lacking, digitization efforts should
be undertaken to ensure comprehensive design information for the prescribed LDRM
analyses.
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Chapter 6

Discussion Points and Conclusion

We conclude this thesis with a summary of the key findings of the research effort related to
legacy design reuse and development of an MBSE methodology to provide decision support.
We synthesize these findings from the set of research tasks that included:

e initial problem exploration and formulation,

refined theory-generation via the industry survey and interviews,

LDRM development from conceptual ontology to MBSE implementation,

LDRM validation via both logical and experimental methods

application to two case studies, which capture noteworthy mission types in the current
space industry

The systematic approach adopted throughout each of these efforts informed not only the task-
at-hand, but also the complex picture of design reuse. Perhaps the insight that emerged most
consistently from each research avenue explored is that “reused” designs rarely if ever appear
in the new mission exactly as they did in their native missions. Adaptation actions to the
design and how it interacts with neighboring elements in the new architecture (and indeed
the larger campaign) are the norm. Additionally, reuse decisions do not have a designated,
static slot or phase in the architecting process, nor should they. Instead, they are matters
so integral to the systems engineering process that they must be dynamically explored and
revisited throughout the maturation of a mission as other decisions are made, changes are
decided upon, and new interactions emerge. The methodology presented in this thesis is
intended as the first step in that reuse lifecycle.

In the first section of this chapter, we will elaborate on some of these broad findings
and discussion points that have emerged from development and application of LDRM. We
will develop recommendations for “designing and modeling for reuse” in future efforts as well
as explore the organizational considerations for implementing reuse and MBSE modeling
practices. In the second section of this chapter, we revisit the intended uses cases of LDRM
and the larger contributions noted in Chapters 1 and 2; we will explore the degree to which
these were satisfied and their potential impact on future work. We will then conclude the
chapter, and this thesis, with a discussion on limitations of the research and methodology
as well as additional research directions that may be pursued.

247



6.1 Designing and Modeling for Reuse

LDRM was developed and applied with the assumption that design information for reuse
candidate elements abides by the 4 A’s of reusability described by Agresti. These are avail-
ability, awareness, accessibility, and acceptability. The first three characteristics are intrin-
sically related to the modeling standards (or lack thereof) and MBSE maturity of the user
organization. These practices directly impact the future reusability of the models — that is,
the ease with which LDRM (or other similar efforts) may be implemented.

Availability ~ Availability is characterized by the retention of design information such that it
is not lost or destroyed. Design and model availability is promoted primarily by the building
and maintenance of model archives. At the completion of each mission — or periodically,
upon passage of key review milestones — records of the mission kept in its governing system
model should be made in a central mission repository. An effective model repository is not
simply a file location where data is dumped; rather, organizations must have established
standards by which repositories are populated. These methods shall ensure that the right
information is maintained in an understandable and retrievable form for future design team.
An example of such an approach is described in Appendix B, which contains a submission
to a NASA MBSE Space Habitat Component Library challenge. *

Identifying what constitutes “the right information” is another task necessary to promot-
ing availability of designs and models. Such information includes the pieces of data most
necessary for future redeployment of an asset. We can distinguish between categories: (a)
design/model content and (b) design/model metadata. Content includes the descriptive
and analytical results of the design process recorded in the system model; such information
explicitly used in the methodology includes, among others:

e Architecture diagrams: functional decompositions, formal decompositions (commen-
surate with design maturity)

e Interface diagrams: of each category (structural, information, energy, and material),
as appropriate

e System requirements: in an appropriate hierarchy from functional to formal /performance
specifications

e Verification methods and testing procedures: protocols used to ensure satisfaction of
requirements and qualification of flight components

The standards required to consistently populate the archive have implications on the
design/modeling process itself. Namely, it should, to the degree possible, adhere to these
templates to facilitate eventual migration of the live design to the repository. Limiting
custom model artifacts — and importantly, limiting the modeling of critical pieces of design
information in non-standard ways — is critical to ensuring true availability of model content
on future projects. As found with the first case study, such efforts extend to the writing and
recording of system requirements; reusable templates should be established for commonly

!The author of this thesis was selected as one of two co-winners for this challenge, based on this submission.
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used requirements. These templates should be stored in requirement libraries to facilitate
rapid specification of future missions. Mission-unique requirements cannot abide by these
standards, but should be written such that the performance or function being specified is
clear, verifiable, and, to the extent possible, separable from the unique mission context.
Absent these consistency characteristics, substantial model transformations like the ones
seen in the first case study are likely necessary for each new implementation of LDRM.

The second category of data is metadata, which records information about the models
themselves. Cloutier notes the value of patterns when performing systems architecture tasks.
These patterns — like the standards discussed above, for model content — facilitate repeated
use of a known procedure [24]. However, they note that applicability of the pattern must
first be determined via its metadata. Table 6.1, borrowed from Cloutier identifies recom-
mended pieces of pattern data to record. Viewing the archive as the pattern and each design
entry as an instance of the pattern, important metadata includes: problem context, problem
description, diagrams, known uses, and related patterns (or entries). In addition to these,
the archive should further record basic information including: key milestone years, launch
year, responsible organizations, active status, points of contact, etc.

A final consideration regarding availability is the immutability of archive records. The
archive should record a system’s design information at “pencils down” and should not be
affected by future reuse efforts. Alterations to the design of record obscure the true history
of a project and could affect future reuse decisions. Thus, any effort leveraging these records
should only “pull” form the archive without back-flowing rework actions. LDRM affirms
this by definition of the intermediary «Reuse Candidate Element» stereotype between the
methodology’s workflow and the asset archive. Thus, by consistently recording model con-
tent and metadata of record, an organizations model archives may also serve a role as a
design catalog that future reuse efforts can leverage.

Awareness and Accessibility While availability establishes the need for a design record-
ing and archiving process, the remaining “A’s” characterize how the organization and project
teams interact with this archive. These interactions relate to both social (awareness) and
technological (accessibility) factors. The former requires that architects and designers under-
taking new projects be knowledgeable of the reusable artifacts from which they may borrow.
Such awareness is brought about when diverse project teams or business units throughout the
organization socialize with each other about their capabilities and experiences — both syn-
ergies and gaps. Specific to reusable designs in model archives, awareness may be improved
simply by the requirement of each mission team to archive their own designs. Additionally,
organizations adopting matrix structures may further encourage awareness; such structures
increase communication and collaboration on projects by assigning team members to multi-
ple departments or projects at a time. This removal of organizational silos would naturally
tend to further socialize the use and reuse of MBSE models.

From the technological perspective, accessibility requires physical (or rather, digital) ac-
cess to the model locations and permissions to retrieve model records. The primary consider-
ation here regards the sensitivity of the design information regarding defense/national secu-
rity, company secrets or proprietary information (especially in multi-agent endeavors), and
material falling under the jurisdiction of International Traffic in Arms Regulations (ITAR)
and Export Administration Regulations (EAR) policies. In these cases, organizations are
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Table 6.1: Summary of pattern attributes recommended by Cloutier to ensure pattern
reusability [24]; may be adapted for archive design/model reuse.

Form Heading Explanation
Pattern Name: The name of the pattern should be descriptive to enable the pattern user to
understand the usage.
Aliases:; " Other names by whlch the pattern may be known
Keywords Keywords which assist in Iocatmg appropnate patterns ina reposntory
Problem Context:  Brief discussion of the types of situations in which the problem may oceur - it
should be broad enough to allow for any number of situations in which the problem
. Mmayarise_ —
Problem What is the problem this pattern can be used to solve?
_Description: _
Forces: What challenges exist in the problem being addressed by the pattern, and the

problems in applying the pattern? May also include constraints the pattern may
impose if used. May describe the pattern from multiple views

__Pattern Solutlon Dlscu53|0n on how the pattern solves the problem bemg addressed.
Dlagrems ~ This can be one or more dlagrams necessary to represent the pattern This can be
~any notational method desired.
Interfaces: " Discussion of the critical interfaces or information flows necessary in implementing

the pattern - what parameters of the interface can change and which ones can not.
What are the interface dependencies if any’?

Resul_tl_n_g_Context{ What are the unaddressed issues remammg ‘when the pattern is applled!used

Exampl-e An example of how the pattern may be applied. Usually in the form of a diagram or
model
Pattern Rationale: Why the pattern works B I
Known Uses: ~ Where else is the pattern belng used in other places or appllcatlons’?
Related Patterns:  Other patterns that may work in conjunction or in association with this pattern
References: Other information that may be useful in understanding or applying the pattern
Author(s): ~ Who documented the pattern? May add a date if desired.
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typically required to restrict access to certain information, thereby impacting the effective-
ness with which reuse can be implemented across mission types. Nevertheless, organizations
should, to the extent possible, house their model records in a safe yet widely accessible
construct such that projects across the enterprise can benefit from reuse.

A further accessibility complication relates to technological boundaries created by diverse
tool sets and data practices. Even within an organization or project team, a common under-
standing of data and the tools that consume, transform, and generate it is often lacking. A
simple example of this may be using multiple types of units to represent the same parameter
in a design problem. Such disconnects can lead not only to operational failures, but also to a
misunderstanding about the capabilities and scope of a design solution stored in an archive.
A powerful solution to this problem lies in the realm of data ontologies and the integration
of data into digital threads. Enforcement of an authoritative definition (ontology) and re-
lational network of data (thread) yields a data landscape much more resilient to erroneous
interpretation by project teams often separated by time and experience.

6.1.1 Model Curation

A natural result of the increasing digitization of the engineering process — and especially of
the cataloguing of mission models — is the proliferation of vast amounts of data. The sheer
volume of information to be archived, maintained, and redeployed demands an effort of its
own, known as model curation. Rhodes defines model curation as “lifecycle management,
control, preservation and active enhancement of models and associated information to ensure
value for current and future use, as well as repurposing beyond initial purpose and context”
[115]. This term encompasses data curation as well as the model constructs themselves that
organize and capture the data. Thus, model curation practices yield a new digital design
reuse modality that is a hybrid of design data reuse and MBSE model reuse. It is clear,
then, that appropriate preservation of mission models is critical to effective application of

LDRM.

6.1.1.1 Model Curator as a Role

In a report on the digital curation workforce, the National Academies acknowledge “the
human capital necessary to utilize and sustain the abundance of new digital information”
[26]. This is true of the large set of tasks related to the maintenance and curation of
MBSE model/design archives. These tasks may best be conducted by a new set of job
roles within product /mission teams, working in close collaboration with project management
and discipline engineers. These roles may be present at various organizational levels from
engineering teams, through mission management, and at the enterprise level. At each level,
curators’ responsibilities will focus in two areas. First, in a rear-looking role, ensuring that
archives are being leveraged correctly, that is, with awareness of the underlying assumptions
and context of the native models. Secondly, in a forward-looking role, enforcing modeling
practices in agreement with established standards that facilitate archival and reuse.
Rhodes finds that curator roles at higher, even leadership, levels ensure continuity of
knowledge and organizational buy-in into the MBSE paradigm [115]. Even with these rec-
ommended roles, it is becoming increasingly necessary for all members of project teams and
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management to be competent in MBSE modeling methods. The trend of design digitization
is only increasing, and a return to traditional documentation and systems engineering meth-
ods seems unlikely. The ability to interpret, manipulate, and record information in modern
digital methods is now essential. Doing so in a coherent manner throughout an organization,
however, requires dedicated model curators.

6.1.1.2 Obsolescence — of Models and Designs

Obsolescence generally occurs when an artifact is no longer usable, typically from having
become outdated. In our area of interest, two related forms of obsolescence are observed:
MBSE model obsolescence and design obsolescence. Each of these phenomena occur for
different reasons, have different impacts, but must both be addressed by appropriate "De-
sign/Modeling for Reuse" methods.

MBSE model obsolescence is a phenomena dictated by the evolution of modeling prac-
tices, tools, and languages over time and throughout an enterprise or organization. Organi-
zations naturally desire to integrate theoretical and practical improvements in new models.
However, these changes to modeling practices may leave behind existing models in a state
that is not usable in the new environments. This is particularly evident when new model-
ing tools — with limited file interchange compatibility — are introduced. Such events render
models developed before the transition essentially useless, requiring substantial transforma-
tions or the recreation of entirely new models compatible with new practices. Changes to
ontologies between projects can also render data in a native model in-conflict with the new
definitions, or yield instances of overloaded data. Such ambiguities in how data is understood
can lead to operational and reuse failures. Prudent model curation practices should seek to
understand and mitigate the impacts of modeling and ontological changes on the reusability
of models.

Design obsolescence is a natural obstacle to reuse. It can be generally attributed to the
emergence of new innovations that render inferior an original design solution. In particular,
disruptive technological change — which alters the underlying metrics by which a technology
is judged — often leads to the obsolescence of the underlying infrastructure for producing
and deploying the original design. Other causes may include a lack material suppliers and
manufacturing methods, as well as discovered weaknesses in the original design. Model
curation does not prevent design obsolescence but must be aware of it as it occurs, removing
these obsolete designs from the pool of reusable assets.

6.1.2 Reusability Metric

Objective metrics measuring aspects of reusability can aid designers in even the preliminary
questions regarding design reuse. These can help decision-makers to filter out candidates
even prior to use of LDRM; indeed, as the methodology presented here is a quite involved
process, such metrics could lead to effort savings in the initial design solution exploration
stages. Validation of such metrics is typically based on continuous industrial application
and multiple case studies, which are beyond the scope of this thesis; however, we present a
starting point for a design/model reusability metric.
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6.1.2.1 Design Reuse Readiness Level

A brief discussion on the software Reuse Readiness Level (RRL) was presented in the Liter-
ature Review in Chapter 2. This measurement scale, developed by the NASA Earth Science
Data Systems (ESDS) working group, applies an approach similar to the TRL scale to the
reuse of software. The 1 to 9 scale asks users to gauge various characteristics of the software
system to determine it’s potential reusability. These characteristics are [99]: documentation,
extensibility, intellectual property issues, modularity, packaging, portability, standards com-
pliance, support, and verification /testing. Each of these factors is scored on the 1 to 9 scale,
with the ultimate RRL being equivalent to the lowest sub-score from among the nine factors.
The final RRL value provides an assessment of the reusability of the software element and
the degree of effort, cost, and risk expected of the reuse process.

We can adapt the software-focused RRL scale to our problem. A Design RRL value can
then be appended to a design’s archived record. Table 6.2 shows a down-selected list of
reuse characteristics as well as descriptions of the 1, 5 and 9 values (extremes and middle).
We note that some characteristics take on different nuances than for the software case. For
instance, software documentation relates to the user guides, API manuals, commented code,
etc.; however, in our more generic case, this is expanded to include how all aspects of the
design information are captured — either in traditional document-centric approaches or in
modern model-based ones. The last two characteristics — Staff Experience and Verification
— are relative to the new project for which reuse is being considered; therefore, these should
be re-evaluated for each new project of interest.

With these factors in mind, we can define standard descriptions of each Design RRL
score. These are a first-pass description with a focus on the extreme and middle RRL
values. Future work is suggested to refine these definitions and those of the underlying
characteristics. These records may be used to inform which reuse candidate elements are
input into the methodology for a more comprehensive, systematic assessment of its reuse
potential in the new mission of interest 2.

e RRL 1: Limited reusability; the design is not recommended for reuse con-
sideration. Documentation is not comprehensive nor digitally stored and staff are
new to the unqualified design; it is also a highly integral system with limited severabil-
ity of interfaces from the native context; there are significant issues with information
sensitivity compliance.

e RRL 2: Initial reusability; the design may not be practically suited for reuse consider-
ation.

e RRL 3: Basic reusability; the design may be considered for reuse with substantial
effort, cost, and risk.

2Design RRL metric is intended to capture the general readiness of a design and its constituent models
to be reused, not to measure the aptness for reuse on a particular mission of interest (with its unique
requirements, interfaces, environment, etc.). For this reason, Design RRL was not incorporated as an output
of LDRM; however, in future efforts, the LDRM procedure could be augmented to contribute to RRL
calculation for an archived design by making note of its quality of documentation, degree of modularity, and
information security compliance - all sub-metrics of the larger RRL metric, per Table 6.2.
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Table 6.2: Proposed adaptation of NASA ESDS Software RRL for a Design reusability metric for select reuse characteristics.

Definition

RRL 1

RRL 5

RRL 9

Documentation

Modularity

Information
Compliance

Staff Experience

Verification
and Testing

Clarity, completeness,
and form of the design
documentation.

Degree of coupling

and severability between
the design and it’s
architectural neighbors

Degree to which original
design information can
be shared with the new
project team in
compliance with security,
confidentiality, and
ownership of data

The level of experience
of the project staff
with the native design.

The degree to which

the functionality and
applicability of the asset
has been demonstrated.

Entirely static-document
based, not centrally stored

Highly integral,
interfaces difficult to sever

Highly sensitive
information, stored in
dark/siloed locations

No original staff
still present

Native project testing
records incomplete

Comprehensive static
document-based, with
some digital model support

Clear knowledge of
complex interfaces;
some standard interfaces

Standard regulations in
place, some proprietary
information to be cleared

Some original staff present

Full testing regime
documented in native
environment

Entirely digital and
integrated in a system
model

Highly encapsulated,
with entirely
standardized
interfaces

No issues with
intra-organization
data sharing

Near-same design team
as for native design

Qualification done
in relevant conditions
to new project
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e RRL 4: Reuse is possible; the design may be considered for reuse with some effort,
cost, and risk.

e RRL 5: Reuse is practical; the design may be considered with reasonable
effort, cost, and risk. Documentation is comprehensive and supported in places by
digital models, including native environment testing; it is a complex design, but its
interfaces are well understood and partially severable; some native project staff is still
around, though some information compliance concerns exist.

e RRL 6: Design is reusable; the design may be considered for reuse by most project
teams.

e RRL 7: Design is mostly reusable; the design can be considered for reuse with minimal
impact on effort, cost, and risk.

e RRL 8: Design reuse has been successfully demonstrated previously.

e RRL 9: Design is highly reusable; the design is intended to be considered
for reuse. The design process was carried out in line with MBSE “Design/Model
for Reuse” principles, including documentation of qualification testing in a relevant
environment; it is a highly modular design that maximizes use of standard interfaces;
the new project team is very similar to the native one and there are no barriers to
design data reuse.

6.1.3 Designing/Modeling for Reuse Recommendations

The above discussion can be synthesized into a set of recommendations that promote "De-
sign/Modeling for Reuse" practices. Adoption of these practices may facilitate not only use
of LDRM, but also of other MBSE use-cases as well. Implementing the recommendations
do come at a cost, however. This upfront "tax" on design and model reusability includes
the budget and effort required to set up the underlying data infrastructure, establish stan-
dards on data and metadata, and the standardization-related overhead imposed on each new
project. Organizations should view these costs as an investment to establishing practices that
will become beneficial to all future projects - essentially amortizing most contributors to this
"reusability tax". "Design/Modeling for Reuse" recommendations, then, can be summarized
as follows:

1. Archive designs via standard patterns specifying model content, format, and
metadata critical to future reuse efforts.

2. Adhere to archive standards, to the extent practical, during modeling for a new
design effort. This enforces consistency across models, reducing required model trans-
formations and facilitating comparison across projects.

3. Socialize established practices in and value-added of MBSE-based archiving
of designs across an organization via communication and cross-organization interactions
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4. Ensure enterprise-wide accessibility to design records and modeling standards
and patterns; this may be constrained by data security constraints.

5. Prevent obsolescence of models by making informed decisions on the adoption
of new modeling practices, languages, tools, and ontologies; where existing modeling
methods must be replaced, assess impact on the reusability of existing models.

6. Adopt usage of a reusability metric, like Design RRL, to assess the potential
reusability of a design.

7. Implement the above recommendations and other organization-wide modeling practices
with the creation of a model curator role at various levels of the business hierarchy.

6.2 Thesis Summary

The central contribution of this thesis is the Legacy Design Reuse in MBSE methodology.
It directly addresses the thesis statement posed at the beginning of this work: namely, to
codify best practices in legacy design reuse in a widely-applicable, industry-oriented, and
rigorous fashion. Thus, LDRM’s value proposition is delivery of systematic assessments and
quantitative metrics that lead to improved reuse decision making - this procedure, its inputs,
and value-adding outputs are reproduced in graphical form (as opposed to formalized SysML
diagrams) in Fig. 6.1. Such systematic assessments were found to be lacking in industry
and could be seen as causes of legacy reuse decisions either not fully realizing potential
benefits, or failing entirely. LDRM was developed to remedy this limitation, particularly by
addressing the following use cases in an early architecting effort (up to Phase A) for a new
mission:

e Exploration of existing designs that may merit consideration for potential reuse.

Compatibility of an existing design to satisfy the functionality and constraints of the
new mission; identification of key gaps in this compatibility.

Enumeration of key rework actions required to address gaps.

Assessing impact of rework actions on programmatic risk (cost/schedule performance).

Comparative assessment of reuse solutions vs. an equivalent from-scratch effort.

Each of these use cases is represented in the generalized procedure that is then imple-
mented in a rigorous and repeatable fashion via the MBSE environment specified by the
Reuse Metamodel and Profile. Claims of validity of the methodology are qualified by cer-
tain subjective decision points within the procedure as well as promising results from a
limited design/build/reuse experiment; results from this experiment may be reinforced in
follow-on work by expansion of the participant pool and refinement of design constraints
and participant instructions. Practical findings from application of LDRM to industry case
studies revealed insights that led to recommendations regarding modeling practices as well as
avoidance of decision lock-in too early on.The MBSE paradigm delivers benefits in terms of
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Figure 6.1: Summary graphic of the LDRM procedure
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integrating the relevant analyses in a centralized, authoritative design environment. This en-
vironment also aides organizations in establishing and enforcing consistency across projects,
enabling proper implementation of this (and other) standardized methodologies as well as
facilitating future reuse.

In summary, development of the central contribution of this thesis - namely, the LDRM
methodology - was supported by or led to each of the following additional contributions.
Taken together, they present a step toward leveraging emerging digitization paradigms and
industry insights to address longstanding issues in systems engineering and design.

6.2.1 Contribution 1: Update on the State of Reuse Best Practices
via a Practitioner Survey and Interviews

In the area of design reuse, a review of existing literature primarily found works focused on
planned reuse, platforms, and product families. Few comprehensive discussions, however,
covered unplanned or heritage reuse. To complement the findings of the small set of existing
work, we carried out an extensive survey of industry practitioners. The findings from the
survey were further reinforced by more in-depth, qualitative interviews with select partici-
pants. These studies pointed to a space industry where the value of legacy reuse is clearly
recognized, but so to is an understanding that uninformed legacy reuse practices tend to
fail to fully realize reuse benefits. It also demonstrated a consensus by respondents about
the critical elements of a structured procedure for improved legacy reuse. The other half
of the survey explored the practitioners’ experience and opinions of MBSE. Older efforts to
summarize such factors conclude by reiterating the potential value of MBSE while acknowl-
edging consistent barriers to continued adoption. We found that the sense of the industry
remains the same as of 2020, albeit with increased adoption of MBSE methods as these be-
come better socialized throughout organizations. This work, then, contributed to the overall
literature by providing an up-to-date picture of the states of the two intersecting disciplines.

6.2.2 Contribution 2: Formally Defined the Unplanned Reuse Do-
main via a Reuse Ontology

The concept of reuse is an overloaded term in complex engineering systems literature and
practice. Even descending to terms like “design reuse” and further to “heritage” and “legacy”,
we see a multitude of nuanced uses that make a consistent understanding of the reuse problem
difficult to obtain. Without this, efforts to systematically address reuse fail from the outset.
To that end, before the LDRM development effort was conducted in earnest, we began with
a conceptual framing of the domain via a Reuse Ontology. The scope of the ontology is
framed by the questions and use cases for which LDRM is intended - namely legacy design
reuse in early architecting stages; therefore validity /completeness is limited to this extent.
Future research efforts can use this ontology as a starting point for further building out the
conceptual understanding regarding larger reuse efforts. For instance, future work exploring
how implicit knowledge and mental models can impact legacy reuse scenarios can refer to
Fig. 4.3 and the subsequent discussions in that Section to frame their work alongside that
presented here. Thus, this work provides the starting point for a continued and coordinated
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research campaign on design reuse.

6.2.3 Contribution 3: Generalized Reuse Procedure Incorporating
Best Practices and Areas of Improvement

A key finding of the literature review and industry studies was a lack of systematic methods
for assessment of legacy design reuse scenarios. The generalized legacy reuse procedure pro-
vides such a systematic approach. It was synthesized from systems theory as well as industry
practitioner input ensuring not only theoretical rigor but also that practical considerations
are addressed. Best practices are incorporated into the procedure alongside areas that were
found to be lacking - such as the asset archiving mechanisms - to improve upon the cur-
rent state of the practice. While MBSE is the intended environment for implementation
of this procedure, even absent the requisite infrastructure, the generalized procedure can
form the starting point of more rigorous legacy reuse practices in traditional design envi-
ronments. Therefore, this thesis delivered a lacking and desired approach to addressing the
reuse question - in both traditional and MBSFE environments.

6.2.4 Contribution 4: Use-Case Encouraging Greater MBSE Adop-
tion

One of the prominent barriers to wider adoption of MBSE is an inability to demonstrate
the value-added by a paradigm that is non-trivial to learn and implement. Engineers and
managers see a substantial effort to adopt MBSE with limited hard evidence of its value.
To that end, sources from both literature and targeted interviews cite the need for clear
use-cases of MBSE that demonstrate this value. This thesis provided one such use-case,
specific to systems engineering effort related to legacy reuse. It illustrated how the upfront
cost to document and record design information in richly detailed graphical models can
pay dividends when it comes to the complex analyses required to inform decision making.
It showed also how the coordination and centrality of data in a governing system model
facilitates the integration of more traditional engineering models to arrive at coherent decision
support findings. Therefore, this thesis contributes an important use case encouraging greater
adoption of MBSE at organizations and in project teams that may be hesitant to do so.

6.2.5 Contribution 5: Designing and Modeling for Reuse Recom-
mendations

While the primary goal of this thesis is to improve legacy design reuse assessment capabil-
ities, a secondary goal is to encourage adoption of design principles that make designs and
models themselves more reusable in the future. This forward looking vision is summarized
by the “Design/Modeling for Reuse” recommendations presented earlier in this chapter. The
foundation of these recommendations is that the reuse of information captured in system
models is most feasible when such information is recorded and archived in a standardized
fashion — this includes system requirements, architectural decompositions, interface repre-
sentations, other model artifacts, and even project metadata. Thus, we advocate for the
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establishment of central mission model archives that are consistent, publicized throughout
complex enterprises and widely accessible, to the extent possible given data security concerns.
These practices further require development of data ontologies that ensure unambiguous un-
derstanding of the information conveyed by models and the flow of data across integrated
tools. From an social/organizational perspective, we recommend increased socialization of
MBSE practices via cross-team communication and matrix project structures as well as the
creation of dedicated model curator roles at various organizational levels.

6.3 Limitations as Directions for Future Work

We have conducted an extensive effort for informing, developing, validating, and applying
the LDRM methodology. In order to yield a viable product in a timely and digestible fashion,
however, each of these tasks required certain simplifications, assumptions, or sometimes just
acceptance of practical realities that limit the scope or fidelity of LDRM and its outputs.
These limitations can act as a kick off point for follow on efforts at an improved and more
reliable approach - and perhaps generate further insights related to design and modeling
practices.

6.3.0.1 Industry Study

Limitation 1: The study population within the space industry consisted primarily of respon-
dents from one organization. Their collective responses may be biased by the activities,
mission types, and business/engineering practices at that organization - to the exclusion of
experiences from other agencies in civil and commercial space.

e Future Work 1: A follow-on study or refresh of the results of this survey may be con-
ducted to include respondents from a wider target population within the space industry.
Another approach to refine industry input would be via a Delphi study, which gathers
domain experts to further validate LDRM’s applicability to industry problems.

6.3.0.2 LDRM Development

Limitation 2: The methodology is intended for early architecture phases. While influencing
reuse decision-making at this stage is critical, there is often significant volatility in the design
information inputs. This may lead to uncertainty in its outputs or a departure of mission
context rendering its outputs irrelevant.

e Future Work 2: LDRM may be augmented with uncertainty evaluations at key analy-
sis milestones such as the rework assessment and the programmatic impact estimates.
These estimates would account for requirements volatility and potential sources of di-
vergence that could impact the viability of results. Some quantitative outputs of LDRM
could then be reported with error-bars; for instance, the COSYSMO 2.0 outputs could
be examined to determine how the entire distribution of "with-reuse" estimates com-
pares with a similar distribution of "from-scratch" estimates. Where there is overlap,
additional probabilistic assessments could help to interpret results. Future work can
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also attempt to link the early-phase analyses of this methodology with more refined
reuse efforts in detailed design and later phases to create a feedback loop improv-
ing LDRM’s predictive capabilities while demonstrating how reuse plans change as a
design matures. This would have an additional effect of adding granularity to reuse
findings at levels of decomposition below the reuse candidate to understand lower level
modifications not initially captured by LDRM.

Limitation 3: LDRM does not presently account for impacts of design modifications and
rework on the rest of the architecture of the Mission of Interest. These downstream impacts
of a modification are necessary to get a clearer picture of both the technical and programmatic
implications of reuse on the larger architecture.

e Future Work 3: A refined iteration of LDRM’s procedure could include change prop-
agation analysis as part of the rework effort assessment. This was attempted in a
rudimentary way for the Luna modules with the Change Propagation Index metric
developed by Giffin but results were inconclusive. This may be attributed to the sim-
plistic Lego environment within which the designs were captured. Further study can
test the hypothesis that change multipliers make for poor reuse candidates while change
absorbers make for favorable reuse candidates, all else being equal.

Limitation 4: The programmatic impact assessment module of LDRM is reliant on the
COSYSMO 2.0 tool whose output is an estimate of systems engineering effort. However,
systems engineering is one of several contributors to project cost and schedule in addition
to testing, production, integration/assembly, etc. The impacts of a reuse decision on each of
these is not currently captured.

e Future Work 4: Additional programmatic analysis tools may be integrated into the
procedure to capture these additional contributors. A candidate type of analysis to
explore is system dynamics, which attempts to capture the behavior of the various
technical, organizational, and other aspects of a system in a dynamic model. Such a
model, with validated parameters, could be used to better approximate project schedule
and phase-distributed costs with and without reuse. This approach is demonstrated
by META CODA System Dynamics model developed at MIT.

Limitation 5: LDRM’s outputs are focused on the Mol-specific reuse potential of the can-
didate element. However, for archiving and quickly filtering reusable assets, a "reusability"
metric is desired by industry respondent. In this chapter, we introduced a preliminary defi-
nition of the Design RRL metric that, if refined, could act as such a metric.

e Future Work 5: Starting with the groundwork for Design RRL laid in this Chapter,
future work can refine and validate the metric to deploy it as another piece of de-
sign/model metadata tagged in reusable model libraries.

6.3.0.3 Validation

Limitation 6: While the validation results of the design/build experiment are promising, two
issues may obscure claims of validity: 1) a small response set of "ground truth" volunteers
leading to high variance in ground truth metrics and 2) overly simplistic constraints for the
body/chassis module that skewed data for that module.
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e Future Work 6: A follow-on study would benefit from lessons learned from the Lego ex-
periment shown in this thesis. A larger volunteer group would be solicited and a second
iteration of constraint specifications would be defined. Also, the design environment
could transition to in-person sessions with real-world design problems as opposed to
asynchronous virtual Lego studies. In this more complex design environment, existing
validation metrics could be replaced or augmented with more rigorous and insightful
metrics that in the original Lego experiment could not have been calculated due to its
simplicity - such as Sinha and de Weck’s Structural Complexity Metric [125] discussed
in a footnote in Section 5.1.3.2.

Limitation 7: Validation of the cost/schedule impact assessment module of the methodology
was done in piecemeal fashion. This approach assumed that given independent validity of
the technical assessment (inputs) and of COSYSMO 2.0 (outputs), we could claim validity
of the whole module. This is a reasonable assumption, but one that can be reinforced with
improved validation efforts.

e Future Work 7: A statistical validation experiment may be conducted given access to
large data-sets of programmatic data for historical missions in a space domain (for
instance, launch vehicles). Batch application of the programmatic analysis module can
be attempted to statistically test its ability to predict outcomes of known reuse and
from-scratch design decisions.

6.3.0.4 Others

Limitation 8: An issue consistently encountered in the MBSE literature and across industry
users is the expense and effort required to train staff in modeling methods and vendor tools.
Indeed, this is reinforced in our industry survey as well, with more than 57% of respondents
identifying "more effort to learn" as a key limitation of reuse related MBSE methods. This
is not a limitation of our method, but one that can impact adoption of this and other MBSE
methodologies.

e Future Work 8: Future efforts could develop MBSE & Reuse curricula as modules in
larger training courses digital engineering and MBSE. These modules would focus on
reinforcing the core modeling practices and standards that lead to reusable models
(per the Design/Modeling for Reuse recommendations) and which facilitate LDRM
implementation.

6.4 Concluding Thoughts

The reuse of flight-proven, legacy designs is a common and often worthwhile practice in the
space industry. However, we have found that decision-makers tend to be over-optimistic in
their judgments of the cost/benefit balance of reuse decisions. This may be attributed to the
lack of consistently applied, systematic methods for assessing the technical and programmatic
impacts of unplanned, legacy reuse. This, in turn, leads to design decisions that do not
account for the often substantial effort required to redeploy an existing asset on new missions,
with new environments, new constraints, and new performance envelopes.
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This thesis improves this cycle by introducing the LDRM methodology as its central
contribution. It is intended to inform decision making with a systematic approach for a)
assessing the feasibility of a reuse candidate, b) determining the rework campaign required to
adapt the design to the new mission, and c) estimating and comparing cost/schedule impacts
of the reuse decision against a comparable from-scratch solution. Basing LDRM in the MBSE
environment attempts to reap benefits that emerge from integrated, authoritative data in a
rigorously defined, multi-view modeling language - increasing adoption of MBSE promises to
compound these benefits as digital libraries of reusable designs are built up by organizations.
The benefits of LDRM therefore, are two fold. On one hand, it addresses current limitations
in reuse practices, providing architects with quantitative metrics and strategic support for
making objective reuse decision. On the other hand, it provides a powerful use-case for
increasing adoption of MBSE in an organization’s engineering processes.

As the space industry is reinvigorated with bold new visions for exploration and colo-
nization, maintaining realistic campaign budgets and timelines will be critical. At the same
time, these endeavors will require substantial innovations in space technologies. Perhaps
counter-intuitively, more efficient and effective reuse of legacy designs can aid in spurring
such innovations - by allowing engineers to focus their value-adding work on new development
while buying down risk on the costly missions that demonstrate and refine these innovations.
Therefore, while LDRM may focus on historical designs, it can become a powerful tool for
sustainably realizing the daring and complex science and exploration missions of the future.
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6{
MIT

AEROASTRO

Introduction and Welcome Statement

Thank you for agreeing to take part in this study! The primary focus of this survey is design reuse in mission or
product development projects undertaken across a diverse set of industries. A common thread across the

target industries is the complex and interdisciplinary engineering systems they develop. A secondary focus is
on Model-based Systems Engineering practices, especially those which may relate to design reuse. We are
hopeful your feedback will assist us in understanding both the current state of design reuse practices and
MBSE as well as areas in which they can be improved.

This survey is being conducted by a doctoral candidate in the Engineering Systems Lab in the Department of
Aeronautics and Astronautics at MIT, under the supervision of Prof. Olivier de Weck. The records of this study
will be kept private. In any report that might be published, we will not include any information that will make it
possible to identify any individual person or organization. The survey should take about 15 to 30 minutes to
complete. If you have any questions or concerns about this study or questionnaire, you may contact the

researcher at alextruj@mit.edu.

Where unique or specialized terms are used, please rely on the definitions provided in the question prompt.

Click the arrow below to begin.
Demographics and Organizational Questions

Which of the following most closely describes your area of responsibility at your organization?

Systems Engineer

Other Engineering Discipline
Project Management
Production/Manufacturing
Supply Chain

Business Development

R&D

Professor/Instructor

O0OO0OO0OO0OO0O0O0O O

[Other, please specify
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With which of the following industries are you most closely associated?

@) Space (Space systems and Launch Vehicles)
(O Aecrospace (Aerial systems)

O Automotive

(O Medical Devices or Biotechnology

QO Building Architecture and Construction

(O Computer Hardware and Software

(O Consumer Electronics

O | [Other, please specify

Questions on the Prevalence of Design Reuse in the Organization and Industry

This survey is focused mainly on design reuse. Design reuse refers to the redeployment of the design of
an element from a past mission or product to a new mission or product of interest. It includes the reuse of
design specifications, descriptive and analytical models, and/or any other explicit knowledge that is
codified into engineering products. Note that it is distinct from physical hardware reuse (e.g. SpaceX
Falcon 9 core stage). Throughout the remainder of this survey, some questions may ask you to think

of design reuse broadly, whereas other questions may ask you to focus more narrowly on specific subsets

or aspects of design reuse, such as planned or unplanned reuse.

How much experience do you have with design reuse? This may include your involvement in projects
that have employed reuse, as well as your knowledge of other projects you were not involved in.

O A great deal of experience

(O A moderate amount of experience

O A little experience

(O No experience at all

Which of the following do you consider to be potential benefits of design reuse in a product or mission

development project?

(Select all that apply)

O More available resources for value-adding engineering

[J Reduced manufacturing and integration costs
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[J Reduced manufacturing and integration timelines
|:| Reduced programmatic risk

[J Reduced technical risk

[J Reduced development costs

[J Reduced operations and maintenance costs

[J Reduced development timelines

[J Reduced testing/certification timelines

[J mmproved technical performance

[J Reduced testing/certification costs

O | [Other, please specify
[J None of these/no benefits

Thinking of product or mission development projects you have been involved in or that you know about
in your organization or industry, approximately what percentage of these would you say have employed

design reuse in some fashion?

(Indicate response using the sliders below)

Percentage Don't
know
0 25 50 75 100

Design Reuse in
projects I have |:|
participated in:

Design Reuse in

projects in my O
organization:

Design Reuse in

projects in my O
industry

Planned design reuse occurs: when a design is developed from the outset with the explicit intent of being

reused on a subsequent product or mission (e.g., product lines and platforms).

Unplanned design reuse occurs: with designs that were not originally developed with the explicit intent of

being reused (e.g., opportunistic legacy reuse).
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How common would you say planned and unplanned design reuse are in the product or mission

development projects in your industry?

(Select one response for each category below)

Neither
Very Somewhat =~ Common nor  Somewhat Very
Common Common Uncommon  Uncommon  Uncommon

Planned design reuse O O O O O
Unplanned design o) O O O O

reuse

Which of the following statements do you most agree with?

O Planned design reuse is much more common than unplanned design reuse

(O Planned design reuse is somewhat more common than unplanned design reuse
(O Planned and unplanned design reuse are equally common

(O Unplanned design reuse is somewhat more common than planned design reuse
(O Unplanned design reuse is much more common than planned design reuse

(O Neither planned nor unplanned design reuse are common

Based on your experiences, is pursuing unplanned design reuse worthwhile?

O Yes
O No

O Unsure

Block 7

Which of the following statements comes closest to your own opinion about unplanned design reuse in your
industry?

O Design reuse is typically successful and fully realizes benefits predicted at the start of the
project

(O Design reuse is typically successful but does not fully realize benefits predicted at the start
of the project

O Design reuse is typically unsuccessful
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(O 1 cannot generalize about my experience with unplanned design reuse in my industry

Which of the following statements comes closest to your own opinion about planned design reuse in your
industry?

@) Design reuse is typically successful and fully realizes benefits predicted at the start of the
project

(O Design reuse is typically successful but does not fully realize benefits predicted at the start
of the project

(O Design reuse is typically unsuccessful

O 1 cannot generalize about my experience with planned design reuse in my industry

In a case where unplanned design reuse is either unsuccessful or fails to fully realize its potential

benefits, which of the following might you consider as principal causes?

(Select all that apply)

Failure to allocate cost or schedule margin for unexpected reuse complications
Organizational push-back ("not invented here" syndrome)

Failure to predict detrimental emergent impacts (i.e., impacts that emerge from the
interactions of the candidate reusable asset and other elements in the product or mission)

Lack of availability of comprehensive design information for the candidate reusable asset
Failure to estimate reuse cost and schedule requirements

Lost knowledge or forgotten lessons from the reusable asset's native product or mission
Failure to identify required design adaptations or rework

Failure to understand contextual gaps across missions or products (e.g., different objectives,
environments, constraints, programmatic realities, etc.)

| [Other, please specify

00 oOoooo0O O0oadad

Design reuse efforts are too complex for individual causes to be identified

Questions on the Implementation of Design Reuse for a Project

A structured process is characterized by: systematic, standardized, and comprehensive sets of procedures

and analyses
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How structured or unstructured is the typical decision making process for an unplanned design reuse

scenario?

@) Very structured

(O Somewhat structured
(O Somewhat unstructured
QO Very unstructured

How structured or unstructured is the typical decision making process for a planned design reuse

scenario?

O Very structured
(O Somewhat structured
(O Somewhat unstructured

(O Very unstructured

Recall that a structured process is defined as: a systematic, standardized, and comprehensive set of
procedures and analyses

What impact would a structured process for evaluating design reuse scenarios have on the success
of unplanned design reuse efforts?

O 1t would make them more successful

QO 1t would have no impact on their success
QO 1t would make them less successful

(O Unsure/Don't know

What impact would a structured process for evaluating design reuse scenarios have on the success
of planned design reuse efforts?

O ' It would make them more successful

QO It would have no impact on their success
QO It would make them less successful

(O Unsure/Don't know
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Questions Assessing Respondent's Opinions Regarding MBSE as it Relates to Reuse

Model-based Systems Engineering (MBSE) is defined by INCOSE as: the formalized application of
modeling to support system requirements, design, analysis, verification and validation activities
beginning in the conceptual design phase and continuing throughout development and later life cycle
phases. One intended capability of MBSE is to facilitate reuse via standardized modeling methods and

digitization and centralization of design information.

How familiar are you with the concepts, methods, processes, and tools of MBSE?

O Very familiar
O Somewhat familiar
(O Not familiar at all

To what degree have the principles of MBSE been adopted at your organization?

O Organization-wide and implemented on every project

O Organization-wide and implemented on most projects

O On a project-to-project basis, at project manager's discretion
(O Only on select pilot projects and/or R&D efforts

(O My organization has not taken steps to adopt MBSE

For which specific capabilities or benefits is your organization adopting MBSE?

O To thread system information throughout the lifecycle of a mission or product
[J To facilitate communication by using a single and up-to-date source of truth
[ To improve risk and safety understanding through system transparency and traceability

[ To improve reusability of designs and engineering work efforts by consistently modeling
and centrally storing them

[J To improve collaboration and interdisciplinary engineering by establishing a shared
understanding of the system

O | [Other, please specify

[(J None
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How would your organization rank the importance of "Improving reusability of designs and engineering
work efforts" as a desired capability of MBSE efforts?

O At or near the top - extremely important

O Near the middle - average importance

(O At or near the bottom - limited importance

How is design information captured in your organization?

O Entirely in documents
(O Predominantly in documents, but sometimes in digital models
(O Predominantly in digital models, but sometimes in documents

QO Entirely in digital models
O | [Other, please specify

(O Don't know or cannot say

How are design models and databases stored in your organization?

O Mostly in a central location, accessible across projects throughout the organization
(O Mostly in a decentralized locations, accessible only to individual projects or groups
(O An equal combination of central and decentralized locations

(O Don't know or cannot say

How much effort (technical, programmatic, etc.) would be required to reuse digital models from previous
projects in new projects in your organization?

O Minimal effort

(O Moderate effort

QO Substantial effort

(O Unsure/Don't know

Do you think that a structured process for evaluating unplanned design reuse scenarios could be founded
in the methods and tools of MBSE?

284



O Yes, and I already know of one. (If you can identify it by name, please do so.)

(O Yes, although I have not seen one

ONO

O Unsure

What benefits, if any, would an MBSE-centric structured process have over current best practices for

evaluating and implementing unplanned design reuse?

(Select all that apply)

O be more widely applicable

(O require less effort

[J be more rigorous

|:| be more consistent across projects
|:| be less costly to implement

[ be easier to learn

[ yield more reliable results
O | [Other, please specify

(] None

What challenges, if any, would an MBSE-centric structured process have over current best practices for
evaluating and implementing unplanned design reuse?

O require more effort to learn

[J be less consistent across projects

[J would not yield more reliable results

[J be more costly to implement

[ require more effort to implement

|:| would experience organizational push-back

|:| be more difficult to integrate with existing design processes
O | [Other, please specify

|:| None
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Do you think an MBSE-centric structured design reuse process would be valuable to product or mission

development projects in your industry?

O Yes
O No

O Unsure

Survey Conclusion

Please provide any comments on the topics of design reuse and MBSE that you think should be
considered in our research.

Please provide any feedback or issues you encountered during this survey.

Powered by Qualtrics
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Which of the following do you consider to be essential elements of a structured process for evaluating unplanned design reuse scenarios?

(Select all that apply.)

O

Pattern for cataloging reusable design artifacts
Pattern for cataloging whole missions/products

Pattern for a descriptive model of the mission/product of interest

o oo

Method to identify candidate reusable designs from a reusable asset catalog
Method to identify candidate reusable designs directly from a predecessor mission/product
Method to quantify requirements gaps across native missions/products and the mission/product of interest

Method to identify required design reworl/adaptation tasks

Ooo0ooo

Method to quantify design reuse effort costs
Method to guantify design reuse effort schedule
Method to compare design reuse effort with from-scratch design efforts

Method for synthesizing design reuse recommendations

Ooooo

Definition of metrics for assessing a design's potential to be reused

|

Other, please specify

Figure A.1: Question soliciting opinions on essential elements of a structured reuse method-
ology. This question was asked to two populations of respondents - Aerospace Corporation
and Space Industry at-large. The third population - from the Systems Architecting online
course - did not see this question and it thus is not included in the full survey depicted in
this appendix.
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Appendix B

Concepts for Cataloguing Reusable
MBSE Model Elements

Motivation and Problem Statement

In its Technology Roadmap publications, NASA describes an emerging need for “asset li-
braries that can provide the flexibility and expressiveness required to define complex sys-
tems quickly and effectively through the reuse of common entities across multiple spacecraft
projects” [97]. To that end, the MBSE Habitat Library Challenge, held by NASA and
Assist2Develop in 2020, sought “creative space architecture representations and system de-
compositions” that could act as starting points for “librar|ies| of SysML elements for common
physical and functional elements”. The focus of the study was on key elements of current and
future space habitats such as space station modules and interplanetary travel habitats. The
challenge specification placed particular emphasis on functional decomposition of habitat
architectures such that library entries could be stored independent of their native mission;
also desired was a demonstration of the types of data and meta-data that would be necessary
to redeploy the assets in a rapid architecture composition exercise. The following sections
detail the submission of the author of this thesis, which was selected as one of two co-winners
of the challenge.

Solution Approach

The approach to addressing the challenge problem statement was divided into three segments.
The first segment details development of the SysML infrastructure necessary for building
and using the library. It contains a metamodel for how the mission of interest should be
described for the library structure to be usable., This metamodel, shown in Fig B.1, focuses
decomposition of the mission into the habitat element; the habitat is then described by its
subsystems, and each subsystem by the functions it delivers. A form-function allocation then
specifies a library element that satisfies each functional requirement (the green block). The
metamodel also specifies key characteristics of the mission including the environment within
which it will operate (this determines whether a surface or space habitat is desired) and
the other constraints such as mission duration. This segment also contains a SysML Profile
(shown in Fig B.2), which defines the relationship and attributes between subsystems, their
functions, and the catalogued components (elements of form) that satisfy them. Lastly, this
section contains the value-type and unit definitions used to track properties of functions and
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components as well as a folder for storing the images used to deliver a more user-friendly
graphical interface for navigating the library.

The second segment is the component library itself. It is organized as follows: Major
subsystems that would be present in any space or surface habitat are identified (as shown
in the library dashboard in Fig. B.3, with the graphical icons mentioned previously) —
these subsystems are the first level of organization of the library. Next, each subsystem is
decomposed into the full set of possible functions this subsystem may be required to deliver
(note, not all functions in each subsystem would be required for any one habitat). An
example is shown in Fig. B.4 for the Extra-Vehicular Activity (EVA) system: each type of
EVA (surface or space) is further decomposed into key functions including some common to
both (e.g., mobility, pressurization) but with different formal solutions.

Each function may be achieved by the set of designed components recorded in the library.
Those sample components recorded in this library (like the EVA components shown in green
Fig. B.5) are sourced from the literature and web. Most components are at the "Assembly"
level of a standard architectural decomposition (which traces down from Whole Architecture
to Major Element to Subsystem to Assembly to Sub-Assembly to Piece Part). Appropriate
figures of merit (e.g., TRL/heritage, Owner, etc.) and performance parameters (e.g., mass,
power, volume, etc.) are recorded as value properties on their blocks. These metrics, recorded
in a consistent fashion for all components, allows for the rapid bottoms-up assessment of key
metrics required for systems-level analyses such as mass and power budgeting.

The third segment of the submission relates to an exemplar case that applies the li-
brary principles to a Mars Transit Habitat. It begins with a component-agnostic mission
description that is developed from the Metamodel described previously. This also includes
a high-level requirements traceability that sets the context for the habitat design problem.
Next, for each major subsystem, functions (from the library’s function catalog), are applied
to the mission of interest. This decomposition is shown in Fig. B.6. Then, catalogued
components within each function’s library entry are allocated as deemed necessary to satisfy
the requirements. To separate the catalogued definitions for each function and component
from their specific application to the Example Case, the SysML "Instance" construct was
used. Therefore, each element in the Example Case is merely an instantiation of the func-
tions and components in the library. In this way, the library acts as the Master from which
copies are made, as necessary, preventing “backflow” of any changes to the blocks into the
“pencils-down” version of the component recorded in the library.

The purpose of this effort was to demonstrate the functional cataloguing principles that
were deemed critical for consistent and effective libraries for architecture composition. As
such, completeness of the library components is not claimed; indeed development and main-
tenance of the library infrastructure presented here is an ongoing and dynamic task at an
organization that chooses to adopt it.
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Figure B.1: Habitat component library metamodel decomposition the mission into the habi-
tat subsystems, functions, and components.

bdd [Profile] Library Organization Profile [ Library Profile ]J
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Figure B.2: Profile that defines the stereotypes employed to relate subsystem, function, and
component blocks in SysML
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|
2. Function/Component Library
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and Life Support Systems Human Factors and Crew Electrical Power System
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Extra-vehicular Activity Communications and
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\ @
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i Components Catalogued
Supportability and Listing Function Listing
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Figure B.3: Package view of the high-level subsystem organization of the Habitat component
library.
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Figure B.4: Representative functions of the EVA subsystem of a generic habitat mission;
decomposed into surface and space, with key functions allocated to each.
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Figure B.5: Component records (in green) catalogued for each function; key design/systems
attributes recorded for each.
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Figure B.6: Sample functional decomposition for the exemplar problem Mars Transit Habi-

tat; only functions relevant to a space transit habitat are recorded.
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