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Abstract
Modern naval warships are becoming increasingly complex
and highly technical systems that must be designed to meet
growing global threats and the needs of warfighters. Cur-
rent ship design methodologies, per contra, often reflect tradi-
tional practices that may struggle to effectively keep track of
requirements changes and manage data commensurate with
other digital tools utilized in design. This prompts the ques-
tion: Is it time to modernize early ship design? Recognizing
that a solution to managing design complexity is to migrate
to a more integrated digital modeling environment, the De-
partment of the Navy (DoN) has introduced the DoN Digital
Systems Engineering Transformation Strategy [40]. The strat-
egy recommends an authoritative knowledge repository to re-
duce risk, improve efficiency, and ensure that all requirements
are tracked throughout the lifecycle to produce the warfight-
ing system that users need. This paper explores the chal-
lenges posed by the increasing complexity of ships, how Sys-
tems Engineering (SE) and Model-Based Systems Engineer-
ing (MBSE) can be utilized in conjunction with current ship
design methodologies to achieve efficiencies in modern mili-
tary ship design, and how achieving this level of connectivity
necessitates a shift in existing early-stage design methodolo-
gies and mindsets.

Keywords: MBSE, Ship Design, DoD, digital engineering,
DOORS NextGen

1 Introduction
Present-day ships have become incredibly complicated, typi-
cally with a parts count of many millions, with diverse inter-
operability considerations for command, control, communi-
cations, computer, intelligence, surveillance, and reconnais-
sance (C4ISR), aviation, hull, mechanical, networks, electri-
cal, and other systems [28]. Naval shipbuilding today requires
a high-tech integration of systems that are a mix of various
technologies, including electronics, mechanical systems, and
software, which, particularly for weapon systems, are state-
of-the-art and may still be undergoing development when a
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program begins [3].
Technology can be costly, and the current ship design pro-

cess can be plagued by requirements changes and program
restructuring [32]. A notable example is the USS Zumwalt
(DDG-1000), often lauded as one of the most advanced war-
ships ever but also criticized for cost overruns and challenges
in integrating technology. Initially, the Navy planned to pro-
cure 32 ships, but only three were built at a cost of more than
8 billion each per Program Acquisition Unit Cost (PAUC),
which is the total cost of developing, procuring, and construct-
ing a program divided by the number of units procured. The
PAUC is more than double the Acquisition Program Baseline
(APB) estimate in 2005, as reported in the 2019 Selected Ac-
quisition Report (SAR) [36].

Figure 1 shows a projection of the average number of ships
per year that may be acquired as a function of time for three
different budget-level assumptions (assuming budgets only in-
crease for inflation) [3]. As costs continue to climb, fewer
ships can be purchased, which potentially correlates to mod-
ern individual ship complexity. Ship programs can also suf-
fer from repeated delays due to immature technologies [32].
On average, the ship cycle time from Material Development
Decision (MDD), which the Defense Acquisition University
(DAU) states is “the mandatory entry point into the major ca-
pability acquisition process, informed by a validated require-
ments document” [33] to Initial Operating Capability (IOC),
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Figure 1: Average number of ships acquired per year and
corresponding steady-state fleet size under varying levels of
fixed shipbuilding budgets (adapted from RAND MG484-1.1)
[3].
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or minimal operational capability, is over 15 years, which en-
ables time for obsolescence and technology growth gaps [34].

The design of naval warships has historically been com-
plex and is evident through the management challenges the
US Navy has experienced in warship design [14]. The De-
partment of the Navy has recognized the need for solutions to
manage this complexity. The DoN Digital Engineering Trans-
formation Strategy states an intention to “transform systems
engineering capabilities by using common, composable, inter-
active, model-based systems to store and exchange data, mod-
els, and information within and across programs” [40]. Digital
linkages, communication, and visibility become imperative as
industry looks to MBSE to help capture ship design data in an
“authoritative source of truth” [40] that a digital environment
can provide.

To best align the state-of-the-art modern ship design with
the digital age, an integrative design solution is needed to help
increase cross-functional communication, identify interfaces,
and ensure all requirements are met. Systems engineering
using models can help reduce the risk of design complexity
[9, 19].

In industries where systems engineering is already used,
the evolution from a digitized paper-based design to a dig-
itally connected environment and methodologies is chal-
lenging. But when systems engineering is not prevalent
or well defined/adopted within a program, as can be the
case in early naval ship design, making a decisive move to
MBSE is extremely challenging. This paper analyzes the cur-
rent ship design process, articulates the problem space, and
guides the reader to understand converged solutions of tradi-
tional/modern ship design with SE/MBSE methodologies.

2 Common Navy Ship Design Method-
ologies

There are perhaps many ship design methodologies utilized,
historically and today, but two prevalent methods employed
in early ship design discussed here are the point-based spiral
and set-based design.

2.1 Ship Design Spiral

Point-based design is a traditional iterative design, in which
a baseline design is created, then configuration managed [24].
The ship design spiral is an iterative, point-based design ap-
proach that selects a solution early and iterates it to make it
work [15]. The design spiral traditionally comprises 12 dis-
tinct phases of design activities, from mission requirements to
cost estimates. The maturation of the design proceeds from
the outer ring to the inner through four main phases of de-
velopment: Concept Design, Preliminary Design, Contract
Design, and Detailed Design. In the Concept Phase, Ship
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Figure 2: Ship spiral – design convergence tested and repeated
[35].

Concepts (see Section 2.2) are developed and iterated as the
design matures.

While there are many derivations of the design spiral first
penned by Evans [18], a recent representation of the ship de-
sign spiral is shown in Figure 2. In this example, at the end of
each cycle around the spiral, design convergence is tested. If
the design does not converge, then another cycle at the same
fidelity is reiterated. If converged, then the next stage of de-
sign is entered, where the steps are repeated at higher levels
of fidelity [28].

Ship design (based on the spiral) starts with requirements
for the mission, possibly including a Concept of Operation
(CONOPS). A CONOPS is typically a document containing
characteristics of a proposed system from the user’s viewpoint
and how that system fits into a larger system [33]. Once the
system is defined, the spiral process proceeds with defining
proportions and powering, hull form, and general arrange-
ments of the ship, moving from a part of the spiral with less
information into very specific instructions. The use of the de-
sign spiral typically continues through Contract Design and
Detailed Design [28].

As the spiral often involves design activities within func-
tional areas, product-driven bottom-up design transpires due
primarily to 1) legacy ship builds and 2) domain subject mat-
ter expertise (e.g., warfare systems). In this approach, de-
sign begins with specifying the requirements and capabilities
of individual subsystems, and the iterative spiral interactions
among constituent subsystems and between those subsystems
and the environment [28].

2.2 Set-Based Design (SBD)

Set-based design is an approach used in engineering and prod-
uct development that explores a wide range of design alterna-
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tives. Through a process of elimination, infeasible or highly
dominated regions of the design space are discarded, and the
design space becomes more restricted [15]. Thanks in large
part to a policy memo from the Commander of Naval Sea
Systems outlining high-level SBD goals in early ship design
phases [34], SBD is increasingly being used to improve qual-
ity and responsiveness in US naval ship design projects [15].

In the SBD process, engineers of different systems (i.e.,
electrical systems, combat systems, etc.) communicate ranges
of solutions with associated derived requirements on other
systems and levels of performance [28]. Focus is placed on
identifying key knowledge gaps, conducting experiments and
analyses to resolve the knowledge gaps, and deferring associ-
ated design decisions until the knowledge gap has been closed
[15]. Initially, the range of solutions may need to grow to
enable a sufficiently large region of feasibility at the intersec-
tion of independent solutions. After the design space has been
reduced, engineers produce additional levels of detail of the
subsystems to refine the solution.

In early-stage exploration, requirements should be analyzed
to determine which are “tradable” and which are not. Require-
ments that are not tradable are those in which the system so-
lution would not have significant value if the system did not
meet the requirement. Multiple concepts are developed and
compared, and the concentration is on the tradable require-
ments; it assesses the combinations of tradable requirement
values for feasibility, effectiveness/utility, and affordability
[16].

A Ship Concept is a representation of the Key Performance
Parameters (KPP) and Key System Attributes (KSA) of the
ship [28]. A Ship Concept is often documented as a Ship
Placemat, which is ubiquitous in the ship industry as a repre-
sentation of the key parameters of a ship design. At the start
of Preliminary Design, following a Capabilities Development
Document (CDD) approval, the requirements and CONOPS
for the ship are mostly fixed [33]. A Ship Concept helps ship
designers keep track of notable SBD outcomes and KPPs of
the design as it matures.

In “A Case for Continuous Concept Development in Ship
Design”, CDR Page outlines how SBD is being used suc-
cessfully in the DDG(X) Program, stating “ the design team
proved it could scale to a system of systems level, making it
appropriate to apply (SBD) to early-stage efforts” [34]. Simi-
larly, in another program, the Small Surface Combatant Task
Force also used SBD to help identify and mature requirements
[34]. SBD affords the opportunity for the design to take on a
more modern, agile design approach. Agile here is defined as
an adaptive, iterative, incremental development. SBD projects
arrive at a design solution by systematically eliminating re-
gions of the design space rather than by selecting a solution
early and iterating it through a design spiral to make it work
[15].

In summary, SBD is about eliminating solutions that are
likely not optimum rather than choosing one and modifying it

to solve the given problem. SBD techniques are ideally suited
for communicating individual design solution opportunities
and requirements to systematically narrow down the design
space while improving design fidelity [28].

2.3 Are Complexity Needs Met by the Design
Methods?

In the Ship Spiral Design, early design decisions are consid-
erably more significant than later-stage decisions. Often the
ship design is “done” when time has run out, not necessarily
when the design is converged or optimal [28]. For this rea-
son, the design spiral may be more appropriate to refine an
existing solution, rather than as a method to achieve the initial,
almost optimal converged starting concept [28]. Also lacking
in the design spiral is a proper approach to define the ship
requirements and fully explore the problem domain before
formulating trade-off analysis of possible solutions, because
the process starts when requirements have already been de-
fined in agreement with the client, which are used as inputs to
develop a balanced solution [10].

The SBD method is conventionally described as a process
of generation and elimination, but there are pitfalls that arise
in applying this method. The way specific details are man-
aged can directly impact the success or failure of the design
outcome. For example, delaying decisions confers no intrin-
sic benefit of its own; value is created only when such a delay
is designed to generate lead time to gain specific types of
additional information needed to make a better decision. Oth-
erwise, delay is merely procrastination, which reduces focus
and dissipates momentum [15].

The design of a warship should seek to reduce complexity
through the acquisition and construction of the warship, and
the design process itself [14]. Perhaps, due to design com-
plexity, failure to look at ship design holistically as stated
in Section 1, and the balance of refining the optimal solution,
non-optimal outcomes have resulted. While by many accounts
a success, the USS Zumwalt (DDG-1000) is missing a variety
of necessary defense features for any modern ship, such as
anti-torpedoes, long-range air defense missiles, and anti-ship
missiles [32]. As the time and costs involved in acquiring
technologically advanced ships grow, it is possible that the
complex user needs are not being adequately addressed.

3 Confluence of a Modern Solution
Systems engineering (SE) has been practiced for many years,
long before the term was coined to describe its methodology.
As the name implies, it is engineering related to the whole
system.

The International Council on Systems Engineering (IN-
COSE) defines systems engineering as the “transdisciplinary
and integrative approach to enable successful realization, use
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and retirement of engineered systems, using systems princi-
ples and concepts, and scientific, technological, and manage-
ment methods” [23]. At its core, it is a holistic analysis of
the system to ensure that what the user wants is what the user
gets.

Systems engineering starts with a definition of the desired
capabilities and evolves the solution through various subsys-
tems and components required to meet capabilities over the
life of the system. With an understanding of SE principles,
one can appropriately tailor the SE process to the development
of any system or find a solution to any problem [43].

3.1 Types of Requirements

Given how important the idea of a requirement is to what the
Office of the Chief of Naval Operations (OPNAV) does, it is
surprising how often the term “requirements” is used in the
absence of a specific context. In the Navy, a requirement is
nominally defined as the capabilities or conditions possessed
by a system or a component needed to solve a problem or
achieve an objective [5].

User needs are requirements that are often defined early
in the life cycle of a system as capabilities. Capabilities are
high-level concepts that describe the key performance or tasks
that a system must capture in its design [33]. Capabilities
have a connection to system requirements, often in the form
of derivation relationships. Future capability requirements
usually must evolve from existing capabilities or take present
or projected capabilities into account. For example, a com-
pletely unconstrained requirement that suggests a platform or
weapon that is physically incapable of operating with existing
or programmed platforms is likely to be changed to ensure
interoperability [5].

A key difference between capabilities and requirements is
that requirements can originate from many sources, be spon-
sored by different stakeholders, and are usually captured at
different levels of abstraction. System capabilities should al-
ways represent a consolidated view of the system or enterprise.
Capabilities in the DoD are typically captured in the form of
an Initial Capabilities Document (ICD), a subsequent CDD,
or both [33].

The terms “Big R” and “little r” refer to whether a require-
ment has been validated by a recognized decision authority,
such as the Resources and Requirements Review Board (R3B)
or the Joint Requirements Oversight Council (JROC). Gener-
ally, “Big R” requirements are JROC or R3B validated re-
quirements. Validation is essentially an entry fee to qualify to
compete for resources. So “little r” requirements are any non-
validated expression of need [5]. “Big R” requirements can
be equated to stakeholder needs, and “little r” often describes
derived requirements.

3.2 Importance of Requirements and Func-
tional Analysis

To quote a senior naval architect, “the spiral is understood, but
how do we design so that we don’t miss requirements?” To
ensure a converged, integrated design in which requirements
aren’t missed requires an SE methodology [23]. SE can help
ship design to “not lose requirements” because it is a holistic
and interconnected evaluation of the system. It helps inform
the ship design and keep it accountable to the user’s needs [9].

As described in Figure 2, the ship design spiral’s initial
phase is “mission requirements”. To mitigate the unrequired
needs identified in Section 1, the proper analysis of require-
ments forms the imperative first step in any design method-
ology. In systems engineering, requirements analysis encom-
passes the definition and refinement of system, subsystem,
and lower-level functional and performance requirements and
interfaces to facilitate the Architecture Design process [33].

Ship requirements analysis often starts with parent specifi-
cations or requirements from other like-ship designs of similar
class [28] to build into a system-level requirements baseline.
Typically led by the Ship Design Manager, a Final Specifi-
cation reading session lasts about six weeks and is reviewed
based on SWBS (Ship Work Breakdown Structure) groups.
SWBS is the basic context within which the entire ship design
effort is planned, managed, and documented [28]. These read-
ing sessions are usually held at critical milestones in the de-
velopment cycle and are often attended by all Subject Matter
Experts (SMEs) to ensure visibility. Multiple reading sessions
are required to mature the requirements [28].

It is extremely important that the ship as a system has nec-
essary, measurable, and verifiable requirements, which must
be parsed into single, testable, standalone requirements state-
ments [33]. In this first step of analysis, requirements are
often grouped by type, which are typically either functional,
nonfunctional, or programmatic [33]. A functional require-
ment is a task, also called an action or activity, that must be
accomplished to provide an operational capability or to sat-
isfy an operational requirement. Non-functional requirements
describe quality attributes of the system, such as reliability,
security, and availability. Programmatic requirements are im-
posed on the management of the system as opposed to the
system itself (i.e., schedule, required meetings, etc.).

Requirements analysis must clearly define the functional re-
quirements and design constraints [20], prioritizing the func-
tions of a naval ship rather than the individual components
that constitute it [10]. In functional analysis, functions are an-
alyzed by decomposing higher-level functions into lower-level
functions, resulting in a description in terms of what the prod-
uct should logically do and what performance is needed [20].
Functional requirements define quality (how good), quantity
(how many), coverage (how far), timelines (when and how
long), and availability (how often). Constraints in the design
stage define those factors that limit design flexibility, customer
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Figure 3: Top-down and bottom-up requirements conver-
gence.

Figure 4: DOORS NextGen Requirements Traceability Ma-
trix.

or regulatory standards, such as environmental conditions, in-
ternal or external threats, and contract [20].

3.3 No Requirement Left Behind
A solution to the problems of missed requirements and silos
of design is a convergence of top-down, traditional SE and
bottom-up, integrated ship design. In a converged approach,
engineering often begins with various operational scenarios
and uses an SBD methodology to identify gaps in understand-
ing. Analyses based on these gaps can provide information
to help update and/or add additional design requirements [39]
and merge with existing system requirements (or initial spec-
ifications), and can be derived to identify the requirements
of the subsystems and related components. In Figure 3, the
“what” or problems that have been identified by the user (stake-
holder needs) overlap and converge with the set-based design
requirements and the “how” or solutions to the problems via
systems engineering and requirements analysis. The “what”
requirements are derived down to answer the “how”, and to en-
sure that SBD solutions are also answering stakeholder needs.

Systems engineers typically employ a different methodol-
ogy to mature requirements than explained in Section 3.2.

Requirements development is usually handled within work-
ing groups, which are attended by specific functional area
SMEs. A requirements management tool, such as DOORS,
is a system engineer’s legacy choice for maturing and man-
aging requirements. DOORS NextGen, which is web-based
(depicted in Figure 4), can be part of the digital thread of con-
nectivity to other digital authoring tools [19]. A web-based
tool offers real-time requirements collaboration between sys-
tems engineers and designers, greatly improving productivity
and efficiency and reducing errors. Within any requirements
management tool, a unique ID is created for each standalone
item (which can be programmatic/functional/non-functional
requirements or “information only”, described in 3.2). This is
an identification (numbers, letters, and both) uniquely associ-
ated with the artifact to enable traceability to all derivations
and products throughout the lifecycle.

3.4 Systems Engineering Can Help Manage
Early Design

Steps within the spiral involve independent teams, so even
with cross-functional and integrated product teams, miscom-
munication and gaps in visibility can result in silos of design,
inefficiency, and missed requirements. A combined set-based
and SE methodology has a great potential to manage the con-
straints of the design due to the ability to build knowledge in
parallel, especially for advanced and non-mature technologies
[8].

Spiral design looks at how smaller systems fit into the
larger system needs, while SE looks at the user’s needs to
develop the system. SE cannot mandate a top-down approach
— rather, SE can help complement a bottom-up approach with
SE methodology to ensure bidirectional traceability of all user
needs.

A solution to the convergence with SE looks more like a
“meet-in-the-middle” approach to requirements analysis and
synthesis, as seen in Figure 3. This compromise ensures that
design approaches are not lost, and are strengthened as they
merge together, which are hosted and connected within a dig-
ital environment.

Although SBD affords a more agile approach than the de-
sign spiral (see Section 2.2) in early ship design, the develop-
ment of the system and its operational, functional, and physi-
cal elements (defined in Section 4) and their interrelationships
and constraints must also be clearly defined. Functions must
be based on performance requirements — what the system has
to do — to complete traceability. The top-level performance
requirements must be derived so that they can be allocated to
their respective lower-level functions. This ensures that ev-
ery function allocated to a component is traceable back to a
top-level requirement.

This process is not complete until all performance require-
ments have been allocated to elements of the system [23].
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4 Shift to MBSE

4.1 Definition of MBSE

Traditional Systems Engineering is often referred to as a
document-based approach. This approach is characterized by
the generation of textual specifications and design documents
and is rigorous, but has some limitations. Because information
is spread across many documents, it can be difficult to assess
the relationships between requirements, design, engineering
analysis, and test [19]. Progress of the systems engineering
effort is based on the documentation status, which may not ad-
equately reflect the quality of the requirements and design. Be-
cause of these limitations, traditional SE method practitioners
now increasingly look to Model-Based Systems Engineering
(MBSE) methodologies. MBSE is the formalized application
of modeling to support the requirements, design, analysis, ver-
ification, and validation activities of the system, beginning in
the conceptual design phase and continuing throughout the
development and later phases of the life cycle [23].

The central point of MBSE is that it is still SE — just en-
hanced with models and diagrams.

4.2 MBSE in Practice

MBSE can help address the problem of complexity of ship
design by offering a single source of truth: a scalable and
traceable digital model of the system and its requirements
[19]. It also improves efficiency and ensures that all require-
ments are validated in the operational environment of the sys-
tem [9]. MBSE helps to graphically relate requirements to
the functional abstraction and design documentation of the
ship. MBSE modeling languages also demand precision. This
yields clear and precise requirements, which are more readily
verified and tested [23]. MBSE also enables stakeholders to
interact within the collaborative modeling environment as SE
artifacts are developed, vetted, and approved.

Industry and Department of Defense programs are moving
to MBSE to help direct system design. The Office of Naval
Research (ONR) has sponsored research for a new Power
Electronic Power Distribution System (PEPDS) for Navy ves-
sels. The PEPDS architecture team has successfully base-
lined a functional architecture using an MBSE approach that
it believes will help propose alternative designs and select
a preferred design [2]. Also, in 2009, the Submarine War-
fare Federated Tactical Systems (SWFTS) program conducted
a Model Driven Architecture (MDA) study to determine if
MDA should be the next step in the program’s continuous
SE process improvement. The MDA study predicted a posi-
tive Return on Investment (ROI) when converting to MBSE.
Based on that successful validation, the SWFTS program tran-
sitioned to MBSE for all ongoing work [25].

NASA has been investigating the use of MBSE since 2009.
Currently, there is an MBSE leadership team at every cen-

ter, NASA has published its own SE Modeling Handbook,
and it is applying MBSE to a number of projects, including
Advance Air Mobility projects (includes unmanned aerial sys-
tems), Power Propulsion Element (a Gateway/Artemis sys-
tem), and Lunar Surface Architecture projects [26].

4.3 MBSE Features and Advantages

MBSE can support SBD by keeping track of all knowledge
gaps, analyses, and resultant requirements that arise. This
enables naval architects and engineers to work with a com-
mon set of data throughout the life cycle. In addition, the
MBSE environment offers an Authoritative Source of Truth
(ASoT) — or a central element around which all activities
and data revolve — for all SBD data [37]. The MBSE en-
vironment provides complete traceability between any SBD
artifact, requirements baselines, and eventual ship specifica-
tions. Without this type of modeling, there is no means to
update in near-real time the response variables based upon
design decisions (inputs) and/or requirement changes. This
update with SBD and an integrated MBSE model provides an
improved decision analysis to evaluate and select alternatives
in early design [39].

A modeling environment capable of managing the capa-
bility concepts and configurations is an important enabler of
using SBD in concept exploration [16]. A modeling environ-
ment called Framework for Assessing Cost and Technology
(FACT) leverages SysML (to be discussed in Section 4.5.2).
FACT is a framework that provides a structure to collabora-
tively conduct analysis of complex systems [16]. Used within
an MBSE environment, FACT, coupled with other structures
(like a SWBS or Product Breakdown Structure), could enable
the management of SBD in the concept phase.

MBSE establishes a visually traceable and scalable systems
model to reduce risk and gain efficiency to help ensure that all
requirements are validated. One dynamic view of the model is
a traceability matrix. This kind of matrix enables the project
team to ensure that requirements are allocated from the system
to the subsystem, to ensure that each requirement is validated,
and to evaluate gaps in allocation and validation [23]. An
MBSE environment can be utilized instead of an SE tool like
DOORS (discussed in Section 3.3) for requirements manage-
ment, or it can be used in conjunction with a tool like DOORS
via an MBSE software plug-in as part of a digital environment.

Other advantages of MBSE include:

• Auto-generation of documents: reports, specifications,
etc. are exported from the repository, not self-authored,
using templates created and stored in the MBSE model.

• Reduces risk: proposed changes to the baseline can be
quickly and comprehensively assessed for impact on the
integrated system [9].

• Facilitates communication: Using a single repository for
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the technical baseline provides an ASoT, reducing mis-
communication amongst the team.

• Improves quality: mistakes made by trying to maintain
configuration control of technical elements contained in
disparate documents, tables, etc., can be avoided by up-
dating the model element once and auto-propagating ev-
erywhere it is used [9]. This enables the engineering
team to “define it once, use it many times . . . ”.

Finally, perhaps one of the biggest advantages of a pro-
gram using MBSE is the ease of reporting metrics, as the
data originates from one source. MBSE can define metrics
to assess design progress by establishing completion criteria
for the design, which is beneficial to leadership and program
management [19].

4.4 MBSE — SE Methods Modernized with
Models

Models serve as the principal means of capturing and commu-
nicating knowledge about a system over its life, replacing the
typically large number of discrete static artifacts (documents)
that increase in inconsistency as each evolves over time [29].

In Systems Engineering, the “V” is an illustration of SE
activities throughout a system’s lifecycle — time and maturity
proceed from left to right, while the core depicts evolving the
baseline from user requirements to final system [23].

Figure 5 shows the traditional SE “V”, or the roadmap of
ship design from concept to final verification and validation of
the system, coupled with model-based methods, to illustrate
the convergence of early ship design and MBSE. The various
model views are created to support the iterative ship design
process. MBSE begins with analyzing the requirements of the
user, on the left side of the “V”, while the engineering teams
are analyzing the inherent structure and required functions. Si-
multaneously, a system of systems breakdown and functional
analysis may take place. The “Model” is the core of the “V”,
depicted by the requirements/structure/behavior cube, which
is the hub of all design and behavior data. The green “agile”
spiral on the left side of the “V” indicates a more adaptive,
iterative development, as discussed in Section 2.2.

4.5 How to Get Started with MBSE
4.5.1 Have a Plan . . . Literally

For any new undertaking to be successful, especially one of
such magnitude as converging methodologies, a plan of action
is advisable. A Digital Engineering Strategy (DES) provides
a holistic overview of the goals of digital engineering within
a project. The DES, which could be based on the DoN Digi-
tal Systems Engineering Transformation Strategy [40], should
outline the goals of the use of models and the digital environ-
ment, such as:

• Authoritative source(s) of information

• Accurate and complete requirements

• Digital infrastructure and interfaces

• Reduced risk earlier in the lifecycle than with traditional
tools

The Digital Engineering Strategy is an important roadmap to
help the Lead Systems Engineer and the Program Manager
manage the MBSE aspects of the digital engineering expec-
tations for the program. It must identify needs and articulate
vision, objectives, and metrics [44].

The DES is a living document that will evolve along with
the lifecycle and will be subordinate to the Systems Engineer-
ing Plan (SEP). DAU defines the SEP as “help for Program
Managers to develop, communicate, and manage the overall
SE approach that guides all technical activities of the program,
and documents key technical risks, processes, resources, met-
rics, SE products, and completed and scheduled SE activities”
[33].

As the digital model-based strategy is facilitated by the sys-
tems engineering team, the DES and SEP will together com-
municate the details of systems engineering planning to the
entire team. Once a commitment to MBSE is made and a strat-
egy is in place, the program will look to the systems engineer-
ing team for the next steps. MBSE implementation requires
three things: a modeling language, a modeling methodology,
and a digital tool, which are discussed in the following sec-
tions.

Please note that this paper does not compare or recommend
one language, methodology, or tool over another, but offers
some possibilities for further exploration.

4.5.2 Modeling Language

A modeling language provides a holistic understanding of
a system or structure that people can consistently under-
stand. The modeling language facilitates the description of the
system-of-interest primarily leveraging graphical constructs
[27]. Some examples of modeling languages are: 1) Object-
Process Language (OPL): a subset of English that employs
both the visual (graphical) modality and the verbal (textual)
modality. It is the first modeling language to combine high-
level algebraic and set notations of modeling languages with
a rich constraint language and the ability to specify search
procedures and strategies [41]. 2) SysML (Systems Modeling
Language): a general-purpose system architecture modeling
language for SE applications defined through an open stan-
dard and the de facto language for MBSE [17, 19]. 3) UML
(Unified Modeling Language): a language that primarily helps
software developers visualize and construct new software sys-
tems [30].
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4.5.3 Modeling Methodology

An MBSE methodology implements a process using a model-
ing language and describes how the process steps should be
performed (what to model and when) [7]. Some examples
of MBSE methodologies are: 1) OOSEM (Object-Oriented
Systems Engineering Method): an integrated framework that
combines object-oriented techniques, a model-based design
approach, and traditional top-down SE practices [19, 27].
2) MagicGrid: aligned with SysML and IEEE 15288, tool-
independent roadmap based on a framework of domains and
MBSE pillars [1]. 3) Harmony-SE: an agile approach to sys-
tems and software development that is centered on require-
ments and architecture-focused [42].

4.5.4 Modeling Software Tool

A modeling tool is a software package that is used to create,
review, and manage system models in accordance with a mod-
eling language. The MBSE methodology can be implemented
by one or more MBSE tools. But choosing the right modeling
tool for a program really starts with a good understanding of
the needs and processes. Some examples of MBSE model-
ing software tools are: 1) Cameo Systems Modeler or similar
products from CATIA No Magic [1], 2) Enterprise Architect
from Sparx Systems [38], and 3) Rhapsody Architect from
IBM [21].

4.6 Architecting the System with MBSE

Using digital modeling tools and methods over traditional
system engineering techniques can help best create the sys-
tem architecture. Many groups, including the International

Council on Systems Engineering (INCOSE), advocate for an
architecture-centric model [9]. Architecture is defined as “the
art of designing and building something.” In SE terms, a
representation of the system can be referred to as the system
architecture.

Although there is not a universally accepted definition of
system architecture, [9] defines system architecture as the for-
mal representation of a system or other complex entity to
clarify:

• Its structure, interfaces, and internal and external rela-
tionships

• The behaviors exhibited by the entity and its elements,
both internally and externally

• The global rules to which the entity and its elements must
conform in order to meet their allocated requirements

An example of a notional architecture is shown in Figure 6.
Building the architectures within the MBSE model enables

configuration control of requirements, visibility to interfaces,
and the ability to track cost and design decisions. By ensur-
ing that the desired beginning is manifested in the end state,
MBSE, like SE, boils down to “connecting the dots”. To im-
plement a design roadmap in MBSE, a representation of the
system must be created; the genesis of this can be referred to
as the system architecture.

The time, cost, and complexity problem of new ship con-
struction requires a sophisticated system architecture to track
the intricate design and ensure user needs are met. This fo-
cuses on suitability, viability, and desirability, while design
focuses on compatibility with technologies and other design
elements and the feasibility of construction and integration
[22].
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Figure 6: Notional ship architecture interrelationship through a central single source of truth MBSE model [4].

MBSE typically begins with an analysis of the problem
without prior knowledge of its internal structure or behavior.
In ship design, there is a need to prioritize the functions of a
naval ship rather than the individual components that consti-
tute it [10], which is where MBSE practice and a top-down
approach can help. A well-modeled architecture enables the
reuse of components to ease development and management
for current and future programs or projects [11], can provide
the necessary linkages to SBD decisions to track static and dy-
namic elements of design (the “middle out” process described
in Figure 3), and can improve the overall decision-making
process.

The holistic architecture can be defined as a conceptual
model that describes the operational, logical, and physical
architectures of the vessel, together with the interrelationships
between the three architectures [11].

4.6.1 Operational Architecture

The MBSE model begins with the operational scenario and
decomposes it into its requisite parts and levels of abstraction
to define the operational needs of the system [9]. Operational
architecture is a description of the requirements, tasks, oper-
ational elements, and information flows required to perform
or support a warfighting function. In the DoD, an operational
scenario is often described using a CONOPS [33] (see section
2.3). The operational architecture contains information on the

temporal behavioral characteristics of the vessel, in a given
mission scenario [11].

4.6.2 Logical/Functional Architecture

A logical, or functional architecture expresses the detailed
functional, interface, and temporal aspects of the system that
are essential to gain sufficient insight and to communicate
unambiguously the behavior of the system in its intended op-
erational environment [33]. It embodies the design-agnostic
physical representation of the system to allow maximum flex-
ibility in the design trade space [22]. The logical architecture
may be aligned with the ship SWBS breakdown.

The development of a functional architecture and the defini-
tion of system functions should not be performed in isolation;
they should be developed incrementally with stakeholder re-
quirements and the architecture to ensure that the appropriate
functions and interfaces are identified [33]. Defining the func-
tional or logical architecture of the ship design mitigates the
impact of requirements and technology changes of system de-
sign [23] and identifies the functional baseline of the system.

Figure 6 depicts the MBSE model as the center of require-
ments, structure, and behavior of a system. The structure and
behavior of a system define the logical/functional architecture
of the design. In this notional example, the propulsion plant
is broken down into a few elements. The requirements (func-
tional and non-functional) of the subsystem are identified at
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the top right, and the bottom right is a sequence diagram de-
scribing one of the behaviors of the subsystem. All of this
data is connected in the model so the designer can see how
the requirements relate to the structure and identify interfaces
in the behavior of the requirements.

4.6.3 Physical Architecture

Once a logical architecture is defined (see Section 4.6.2), con-
crete physical elements must be identified that can support
functional, behavioral, and temporal features as well as the ex-
pected properties of the system deduced from non-functional
system requirements. The term physical architecture is a con-
traction of the expression Physical View of the System Archi-
tecture [6]. The physical architecture is defined by the hard-
ware, software, and interfaces that implement the behaviors
in the logical model and describe relationships among actual
physical system elements, including hardware and software
[23]. The System of Systems (SoS) will be defined by a high-
level physical architecture, which will be utilized to define
the relevant SoS relationships, interfaces, and constraints [6].
Programs, such as the Expeditionary Mobile Base ship, have
employed SWBS for the ship system of systems and broken
out components of the ship architecture [28].

The physical architecture is also quite important to build
test cases for verification of performance requirements, and
can be used to manage the ship’s lowest-level configuration
items (i.e., hardware and software entities that satisfy an end-
use function and that can be uniquely identified at a given
reference point).

4.7 Overcoming MBSE Challenges

The successful integration and implementation of modern ship
design with SE and MBSE present significant technical chal-
lenges in the ship acquisition process, as previously outlined.
To achieve the best results, change must be planned, com-
municated, and implemented at all levels of design and man-
agement. As discussed in Section 4.5.1, including a Digital
Engineering Strategy to inform management of the intentions
of the digital engineering team helps manage expectations of
what is achievable.

With any new shift in methodology or process, training is
recommended. A program must establish and evaluate the
competencies of the MBSE workforce that require new skills,
proficiency, knowledge, and training, and must provide retool-
ing of the workforce to maintain subject matter expertise [40].
To integrate MBSE into the existing ship design process, a
certain level of MBSE capability is preferred, depending on
the number of subsystems or the sophistication of the system,
and who is using or referencing the model. Some training
recommendations for hands-on practitioners include SysML
(an MBSE language, see 4.5.2) by OMG, which offers indus-
try standard certifications at different levels of competency

[31]. The Government also provides resources for MBSE
guidance/training, such as those offered by DAU and the Dig-
ital Engineering Book of Knowledge [13].

Beyond the planning and technical challenges, a further
formidable barrier to success, as noted in Section 1, is cultural
change. Implementing MBSE requires not only new tools and
updated processes but also a fundamental shift in the organi-
zation’s culture. For veterans accustomed to traditional and
legacy processes, adapting to these changes may be the most
imposing obstacle.

Another, arguably obvious, challenge to MBSE adoption is
communication. Effective communication between Program
Management, the Lead Systems Engineer and Ship Design
Manager, the MBSE Team and the Integrated Product Teams
(IPTs) and Cross Product Teams (CPTs) is imperative to en-
sure that the teams are on the same path in implementing
MBSE (this is where a Digital Engineering Strategy can be
most effective; see Section 4.5.1). If the leadership teams
agree on methodology, proper tasking will flow to the team-
mates. This ensures that the subject matter experts’ output
changes in the design to the SE team, so that necessary up-
dates can be made to the model once, propagated throughout
the model data, and appropriately configuration controlled.

Embracing new ideas and methodologies also introduces
issues of trust. It is important to ensure that managers/team
leads trust the new way of doing things when there may be lim-
ited observable metrics and success stories to “prove” MBSE
adoption will be a success. Trust is inherently coupled to
communication. Clearly defining how and why MBSE en-
hances, rather than disrupts, existing processes - documented
in a framework like the DES - helps the broader team align
with MBSE adoption, minimizes uncertainties, and fosters
trust.

4.7.1 Unify the Vernacular

Merging unique design methodologies has another unantici-
pated problem — an uncommon lexicon. Seemingly benign,
the lack of a ubiquitous language within the program can re-
sult in misunderstanding, miscommunication, and, most egre-
giously, rework.

Systems engineering has its own definitions, and MBSE
defines the granularity of these based on a chosen modeling
language (discussed in Section 4.5.2). Ship design also has
its own language — for example, design is often described
in cycles [28], while SE milestones might be described in
phases [33], or as mentioned in Section 3.1, requirements can
be referred to as “Big R”/“little r” in OPNAV, while Systems
Engineering may refer to these requirements as stakeholder
needs/derived requirements.

The dictionary is a useful artifact for reconciling domain-
specific definitions. Architecture in the ship world could mean
the physical entities of the design, while SE systems architec-
ture could be operational, logical, and physical views of the
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system. An MBSE dictionary could also include an agreed
meaning of terms like verification – which answers the ques-
tions “Does it meet the requirements, and did we build it cor-
rectly?” and validation – which answers the questions “Are
we building the right thing, and do we have the right design?”
[33]. These two terms are often used interchangeably in many
domains.

5 Discussion and Future Work

The implementation of MBSE in new programs, especially
those without a defined SE presence, poses unique challenges
outside of the obvious technical issues. MBSE does not re-
place traditional SE, nor does it replace traditional ship design
– rather, it strengthens and enhances both. Success depends
on full involvement in and commitment to the scope of the
MBSE effort, for example, by a DES as described in Section
4.5.1, and in ensuring appropriate resources for the MBSE
team, its methodologies, and its goals. Creating a collabo-
rative digital environment helps the systems engineers, and
functional area engineers, look at system requirements, how
they are allocated to their respective areas, understand areas
of overlap, and model behaviors that beget new requirements
and constraints on the system that need to be addressed.

Program leadership must recognize that the potential bene-
fits of MBSE extend throughout the entire lifecycle of the pro-
gram rather than being limited to early development phases
alone [12]. MBSE Return on Investment (ROI) is not easily
quantifiable, so ROI is often expressed as an overall reduction
in risk, with better communication and traceability compared
to traditional ship design. Currently, using MBSE metrics to
justify ROI should be avoided to refrain from “over-promising
and under-delivering” the system. To quantify valid metrics,
traditional design and MBSE-driven ship design would — per-
haps in a small subsystem — need to be performed separately
and compared to each other. Using this “apples to apples”
comparison could lead to a standard by which to gauge MBSE
ROI.

Future work regarding SE/MBSE could center around es-
tablishing an SE/MBSE team for effective communication and
trust within the program and could identify training/expertise
levels needed within a program. The SE Guidebook provides
a framework for program structure [33].

Another potential future discussion of MBSE in ship de-
sign could involve redefining the requirements analysis and
convergence process as seen in Figure 3. Using parent spec-
ifications to define the initial specifications, as described in
Section 3.2, and then tailoring those to meet the top-down
analysis and SBD requirements, is a legacy process that may
warrant introspection to identify inefficiencies.

While this paper focuses on the left side of the SE “V”,
another discussion of MBSE in ship design could elaborate
on the lifecycle after construction, in the realization of the

design and operation of the ship. MBSE can also be helpful in
understanding the breadth of programmatic requirements like
training, support, and sustainment. MBSE can work together
with other digital tools and methodologies that comprise the
full breadth of Digital Engineering, such as Product Lifecy-
cle Management (PLM), which would more fully define the
lifecycle digital thread.

6 Conclusions

The Navy ship design process has been implemented for gen-
erations, but to meet the complexities of current global threats,
the DoN Digital Systems Engineering Transformation encour-
ages a more connected, digital environment using models and
an ASoT. This could be a forcing function for the military and
industry to rethink the current approach to early ship design.

An analysis of current ship design methodologies uncov-
ers shortcomings and proposes a convergence of the outlined
methods and Model-Based Systems Engineering (MBSE). Al-
though SBD affords a more agile approach than the design
spiral in early ship design, the development of the system and
its operational, functional, and physical elements and their in-
terrelationships and constraints must also be clearly defined.
MBSE and a well-modeled architecture can provide the nec-
essary linkages to SBD decisions to track static and dynamic
elements of design, so that functions of the ship are prioritized
over individual components, defining “what” is necessary to
meet the customer’s requirements before solving “how” to
achieve those objectives. A proposed convergence solution
begins with a disciplined application of Systems Engineering
(SE) best practices, which includes top-down requirements
analysis, architecture development, and traceability. MBSE
builds on traditional SE rigor and satisfies the digital connec-
tivity need by offering an ASoT and providing the methodol-
ogy to create an integrated, digital, graphical representation of
the ship’s requirements, structure, and behavior. MBSE offers
a configuration-controlled, collaborative digital environment,
which is especially necessary during the concept and prelim-
inary stages of ship design but is also vital throughout the
lifecycle to create the digital thread that ensures user needs
are met. MBSE mitigates risk by reducing the chances of
overlooking the implications of changes and decisions made
throughout the lifecycle and provides a legacy of connected
data for the next generation ship build.

The SE team, Program Management, and engineering
teams must work collaboratively to set and manage expec-
tations for the efficacy of MBSE. Achievable goals must be
defined to overcome the cultural shift and barriers to success
that will allow a model-driven ship design process that en-
sures that all necessary requirements are validated in the final
product.
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A Acronyms
• APB – Acquisition Program Baseline

• ACAT – Acquisition Category

• ASoT – Authoritative Source of Truth

• C4ISR – Command, Control, Communications, Com-
puter, Intelligence, Surveillance and Reconnaissance

• CDD – Capabilities Description Document

• CDR – Commander

• CONOPS – Concept of Operations

• CPT – Cross Product Team

• DAU – Defense Acquisition University

• DES – Digital Engineering Strategy

• DoD – Department of Defense

• DoN – Department of the Navy

• DOORS – Dynamic Object Oriented Requirements Sys-
tem

• FACT – Framework for Assessing Cost and Technology

• ICD – Initial Capabilities Document

• IPT – Integrated Product Team

• INCOSE – International Council on Systems Engineer-
ing

• KPP – Key Performance Parameter

• KSA – Key System Attribute

• MBSE – Model-Based Systems Engineering

• MDAP – Major Defense Acquisition Program

• NASA – National Aeronautics and Space Administration

• ONR – Office of Naval Research

• OOSEM – Object-Oriented Systems Engineering
Method

• OPNAV – Office of the Chief of Naval Operations

• PAUC – Program Acquisition Unit Cost

• PEPDS – Power Electronic Power Distribution System

• PLM – Product Lifecycle Management

• ROI – Return on Investment

• SAR – Selected Acquisition Report

• SBD – Set-Based Design

• SE – Systems Engineering

• SEP – Systems Engineering Plan

• SME – Subject Matter Expert

• SWBS – Ship Work Breakdown Structure

• SysML – Systems Modeling Language

• UML – Unified Modeling Language
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