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Abstract

Model-based systems engineering (MBSE) is a model in which the relationships between system components are specified and
integrated. MBSE has become essential in various scientific applications, as it helps ensure that systems work well across dif-
ferent areas by improving team collaboration at work and by making the design process more efficient. However, the main role
of MBSE lies in its use in astrophysical missions and overall physical and engineering missions. Traditional methods of modeling
often struggle to provide a completely diverse view of complex systems because of their limited scope. MBSE with systems
modeling language (SysML), on the other hand, offers significant advantages in these domains in lieu of the onion model of its
systems, where the model is developed and completed in layers. This study explores in depth how MBSE and SysML can improve
astrophysical and physical missions by thoroughly examining their biases and their use in previous missions, as well as discussing
their potential challenges and plausible solutions. This study identifies and reviews the critical metrics for measuring success in
astrophysical missions and suggests the factors that should be considered when reviewing scientific data. Furthermore, by ex-
amining case studies from previous missions by NASA, ESA, etc., this study aims to demonstrate the clear advantages of using
MBSE for designing, testing, and validating complex astrophysical systems for broader applications in the field and beyond.
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1. Introduction

Model-based system engineering is a relatively new approach
to systems engineering that moves away from the traditional
approach and instead focuses on modeling the relationships
between system components, including hardware components,
functional software, system requirements, and verification ar-
tifacts. The MBSE approach is very effective at minimizing
errors and helping engineers develop a complete and con-
sistent system. Rather than simply a change in approach,
MBSE focuses on completely removing the old document-
centric systems engineering and moving to a model-centric
system to design, verify, and validate systems [1].

Using the MBSE approach, the requirements development,
behavior analysis, architecture development, and verification
and validation information are all determined and completed
before proceeding down to the next layer. This approach is a
powerful way to break large, complex systems into more man-
ageable pieces [1]. Various authors have focused on aspects of
model-based verification and how MBSE can be used to guide
requirements verification in a meaningful way. Astronomical
instrumentation systems, whether ground-based or space-
based, often contain multiple interdependent subsystems and
must balance multiple novel scientific objectives against con-
straints, including cost, timelines, and environmental factors

(2]

Understanding SysML is highly relevant in understanding the
context of MBSE, as it provides a structured and systemized
approach for developing complex models. SysML (Systems
Modeling Language) is a standardized modeling language es-
pecially designed for systems engineering. SysML uses the
extension UML (Unified Modeling Language), and it is de-
signed to support the analysis, design, verification, and vali-
dation of complex systems. In the case of MBSE, SysML
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plays an important role in providing a unified modeling frame-
work for representing systems. Its diagrams and notations im-
prove communication among stakeholders. SysML ensures
that all requirements are met and that all changes are managed
effectively; it attempts to resolve issues early through analysis
and verification. Its tool system makes it a very efficient sys-
tem for engineering across various domains.

Given these capabilities, systems modeling language (SysML)
offers essential tools for organizing relationships between data
objects in graphical diagrams and executing behaviors in a
model as simulations. SysML is used for requirement dia-
grams to visualize and organize requirements, structure dia-
grams are used to define the hierarchical decomposition of the
system and the interfaces between components, activity dia-
grams are used to define block behaviors, and interface speci-
fication tables and allocation matrices are used to support
model execution [2].

Traditional approaches in systems engineering include docu-
ment-centric systems engineering, which involves creating
and managing a vast array of documents, such as requirement
specifications, design explanations, test plans, and verification
reports, which are too complex to maintain when the docu-
ments are interrelated. The waterfall method was obtained
where every phase is performed through a linear and sequen-
tial approach, and returning to the previous phases is difficult,
as each phase must be completed before the next phase begins,
which makes it a rigid structure to follow when there are
changes that can be included. The verification and validation
processes rely on manual and extensive testing, and their dis-
advantages are that they are time-consuming and prone to er-
ror. Hence, a shift was made to MBSE using SysML models
where these issues were addressed, which included enhanced
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collaboration and improved verification and validation.
MBSE improved efficiency and decision-making while also
catching up with innovation. MBSE’s approach provides a fu-
ture where complex astrophysical systems can be handled.

MBSE has already proven immensely beneficial at NASA by
creating a single, centralized model of the entire system, cap-
turing all relevant information. The 7-step interface manage-
ment (Identify, Capture, Define, Allocate, Verify, Comply, and
Integrate) used in several NASA flight projects also became a
part of MBSE [3]. MBSE can detect potential problems early
in the design process, which can save time and work. MBSE
is also used throughout the project’s lifecycle, which ensures
that design, planning verification, and validation considera-
tions are met. MBSE also improves communication where
everyone has access to the latest information.

The OSIRIS-REx Science Processing and Operations Center
(SPOC) is at the heart of the process of characterizing the as-
teroid and collecting the sample. The SPOC team has chosen
an MBSE approach to facilitate the development of the OSI-
RIS-REx ground system and, more specifically, the SPOC.
This formally applies modeling to support system require-
ments, design, analysis, verification, and validation activities
[1]. In the Europa mission, the resulting plan called for the
MBSE environment to be in place and ready to support the
project team. By leveraging the existing infrastructure and a
modest additional investment, striking advances in the capture
and analysis of designs using MBSE were achieved. The mod-
eling artifacts quickly became the single source of authorita-
tive information once the capture phase was completed [4].

There are five main problem areas identified by NASA’s Jet
Propulsion Laboratory (JPL), which is common to many large
complex system projects. (1) Mission complexity is growing
faster than our ability to manage it. (2) System design emerges
from the pieces, not from an overarching architecture. (3)

Knowledge is lost at the boundaries of project lifecycle phases.

(4) Knowledge and investment are lost between projects. (5)
Technical and programmatic aspects of projects are poorly
coupled. Ontologies and conceptual modeling provide a well-
defined vocabulary for system engineers to capture infor-
mation with a precise meaning. This creates consistency and
correctness across modeling artifacts and engineering do-
mains for analysis, design, and the resulting documentation
for the integration of a multiplicity of system views and mod-
els and reuse across projects. Model transformation is a key
technology that promotes the single source of the truth para-
digm and uses the same information consistently for different

purposes [5].

The challenges in MBSE and SysML have made systems
much more complex and have increased the intensity of cal-
culations. This would require the training of astronauts and
space scientists, which would lead to enormous investments
[1]. Additionally, SysML and MBSE data can be inefficient if
complex data are produced in large volumes, which restricts
their ability to maintain efficiency and consistency. This
would also require a large workforce to process and analyze
these data.

The purpose of this study is to show the extensive applications
of SysML and Model-Based Systems Engineering approaches
and their methodologies to ensure the best success in NASA
missions with the integration of SysML and Model-Based
Systems Engineering approaches, best practices, and finding
solutions to problems. This study is also intended to highlight
the challenges faced in NASA missions when traditional ap-
proaches are used and the quality of data, efficiency, and over-
all mission performance. Requirement analysis is first used to
check the requirements of mission items via SysML. The de-
sign phase uses model navigation, as well as various table and
diagram types, to advance system design. In the developmen-
tal phase, the focus will be on how SysML helps in the devel-
opment of mission requirements and architecture and reduces
gaps between the two. The study will also examine how
SysML supports the verification process by tracking user de-
tails such as date, sponsor, state, and UID. Finally, this re-
search addresses the challenges and limitations of adopting
SysML and MBSE for NASA missions and evaluates the per-
formance and outcomes of these approaches [6].

2. Discussion

2.1. Metrics and parameters for success

The assessment of mission success in astrophysics is funda-
mentally linked to specific metrics and parameters that gauge
the effectiveness of space missions. Understanding these met-
rics is crucial for optimizing mission design and ensuring that
objectives are met. This section outlines key metrics, includ-
ing scientific data quality, mission lifetime, and instrument
performance, which serve as benchmarks for evaluating the
success of astrophysics missions.

Scientific Data Quality: The quality of scientific data collected
by a space mission is a critical metric for measuring success.
The key factors to consider include resolution, which is the
ability to resolve small details in the data. Sensitivity: The ca-
pacity to detect small signals or changes in the data. Field of
view: The area of the sky that the telescope can observe. Data

50
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accuracy and precision: The degree to which the data accu-
rately represent the true state of the universe. Data Complete-
ness and Coverage: The extent to which the data cover the en-
tire sky or a specific region.

Mission Lifetime: The lifetime of a space mission is vital for
measuring success. Important parameters include the duration
of the mission, the number of scientific observations made,
and the overall effectiveness of the mission.

Instrument Performance: This metric evaluates the ability
of the instruments to collect high-quality data, with a focus on
their sensitivity and resolution.

Mission Selection: Astrophysics missions are selected not
only for their potential to address fundamental scientific

With MBSE

MBSE developed specifically for each mission
30
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o

u

Traceability Trade-off analysis

questions but also for their feasibility within technological
constraints. Notably, NASA missions, such as the Hubble
Space Telescope (HST), the James Webb Space Telescope
(JWST), and the Chandra X-ray Observatory, have played
critical roles in advancing our understanding of the universe.

Role of Model-Based Systems Engineering (MBSE) and
SysML in Mission Selection: MBSE and SysML are instru-
mental in tracing requirements throughout the mission lifecy-
cle. They help establish well-defined success parameters and
optimize mission design to achieve these objectives. Further-
more, these methodologies facilitate the evaluation of differ-
ent mission concepts, identifying the most effective and effi-
cient approaches for achieving scientific goals without the
need for extensive practical trials, thereby saving time, energy,
and resources [7].

Without MBSE

Traditional approach Is used

Risk assessment

Cost estimation  Design space exploration

Figure 1. The traditional mission selection process highlights potential bottlenecks and limitations.

2.2. Study Design and Comparisons

This study compares model-based systems engineering
(MBSE) with traditional spacecraft design methods. MBSE
focuses on detailed analysis and verification during the design
phases, leading to more robust systems. Traditional methods,
such as atomic clocks and analog-to-digital converters

51

(ADCs), assess spacecraft conditions but lack MBSE flexibil-
ity and depth.

MBSE offers several advantages. It breaks down systems into
manageable parts, making troubleshooting easier. It also al-
lows for thorough exploration of design options, reducing un-
foreseen issues. MBSE supports trade-off analysis, helping
stakeholders balance cost, condition, and risk. Overall, MBSE
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provides a structured, flexible framework, improving upon
conventional methods.

Studies were included if they provided insights into MBSE
and SysML or reported their impact on mission success in sys-
tems of systems (SoS) or cyber-physical systems (CPS) [7].
Studies that did not cover MBSE or SysML or were not rele-
vant to NASA missions or astrophysics were excluded. This
ensured that the gathered data were relevant and valuable for
comparing MBSE with traditional methods in spacecraft de-
sign.

2.3. Study Design and Comparisons

To comprehensively understand the selection of models, spe-
cific examples from existing research must be analyzed. This
analysis helps to identify common criteria that can serve as a
foundation for future projects. Examining the work of Chris-
tian Nigischer et al. (2021) [8] reveals several critical criteria.
For early formal evaluation activities such as design space ex-
ploration or verification, it is essential to create additional
models using modeling languages capable of meeting the ex-
tended requirements for simulation and computation. This in-
volves incorporating additional stereotypes with specialized
semantics and properties to represent simulation language-
specific model artifacts within SysML. When the SysML and
simulation models are fully defined, only the parameters need
to be transferred between the SysML editors and various sim-
ulation and computation environments to enable thorough
analysis of the described system. The use of standardized
meta-models can significantly ease model transformations for
freely available simulation languages, thereby preventing the
proliferation of divergent and incompatible meta-model rep-
resentations.

Continuing with the insights from Todd J. Bayer et al. [4], lev-
eraging existing infrastructure with a modest additional in-
vestment can lead to significant advances in the capture and
analysis of designs via MBSE. Analyses such as the computa-
tion of technical margins are crucial for verifying and validat-
ing designs against mission objectives. Other fundamental
analyses in science mission design include evaluating science
margins, cost estimation, and sizing of the flight system. A key
aspect of all space missions is data balance, particularly for
remote sensing missions, which are designed to send instru-
ments to a destination to take measurements and return data to
scientists on Earth. The use of more sophisticated radiation
analysis is also recommended to eliminate some of the con-
servative assumptions typically made.
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Finally, the study by Daniel R. Wibben et al. (2015) [1] high-
lights the benefits of the MBSE approach over traditional
methods. One of the primary advantages is the "onion model,"
where the system is developed in layers starting from the top-
most level. Using MBSE, the requirements development, be-
havior analysis, architecture development, and verification
and validation information are all determined and completed
before moving on to the next layer.

This approach is highly effective for breaking down large,
complex systems into more manageable components. It also
offers the ability to visualize the architecture for all stakehold-
ers and provides the flexibility to make changes quickly,
which is particularly important early in the design process.
Additionally, requirements verified through analysis, inspec-
tion, or demonstration are assigned specific verification events,
ensuring that the correct actions are performed.

2.4. Systematic methods for data and bias as-
sessment

We plan to employ a systematic data extraction methodology
to ensure an unbiased and comprehensive analysis.

For data extraction, reference management software such as
Zotero is used to manage search results efficiently, extract key
data (authors, titles, keywords), and organize references.

The risk of bias assessment involves using the selected re-
search, which will then be critiqued with the following ques-
tions in mind for the detection of potential sources of bias.
How the search was conducted—e.g., whether the authors pri-
marily searched the literature for particular MBSE tools,
methods, or mission types such as telescope vs. exploration—
will be taken into account for selection bias.

Publication bias involving the analysis will also allow for the
possibility that studies with negative or inconclusive results
were not produced.

Study design and methodology include evaluating the extent
to which the study design and methodology assist in answer-
ing the research question, the rigor of data collection and anal-
ysis, and the likelihood of researcher bias affecting the re-
search design or presentation of results.

Reporting bias involves the evaluation of the completeness
of the reporting of findings in each study, which will be as-
sessed by including all relevant information irrespective of
whether the results are positive, negative, or statistically sig-
nificant.
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This organized methodology provides a holistic, unbiased re-
search synthesis of MBSE applications in the future astro-
physics missions of NASA.

2.5. Data Synthesis and Mission Success Metric

Model-based systems engineering (MBSE) requires a focus
on data synthesis and the measurement of key indicators of
mission success for successful operation and assessment of
comprehensive systems. This section expounds on the strict
methods we use to examine important success indicators, in-
cluding the satisfaction of requirements, system dependability,
design effectiveness, and final mission outcome. The provided
table gives an extensive overview of these metrics, showcas-
ing the methods used as well as our data synthesis approaches
in our evaluations.

2.6. Methodological Rigor

2.6.1. Credibility

For an astrophysical mission to be credible, there must be deep
engagement with the subject matter, including extensive col-
laboration with NASA engineers, scientists, and stakeholders.
Techniques such as persistent observation and triangulation [9]
(using multiple data sources such as interviews, project docu-
mentation, and system models) are essential to the mission.
Peer debriefing, along with experts in MBSE and astrophysics,
is necessary for relevant feedback and processing of the valid-
ity and credibility of the mission [10].

Mission Success Metric Description

Data Synthesis Approach

Requirement Satisfaction

Evaluating to which extent mission require-
ments and objectives are met

Reviewing, documenting, and calculating the
percentage of requirements that have been ful-
filled.

System Reliability
ing the mission

Evaluating the reliability of the system dur-

Analyzing failure missions and calculating the
success rate of operations.

Design efficiency

their efficiency

Evaluating the use of MBSE and SysML
models in the design process and assessing

Calculating the percentage of planned designs
that are met in the design process.

Mission Outcome

Reviewing the success of the mission

Reviewing and calculating the percentage of
achieved objectives.

Cost Effectiveness

Staying within budgeted costs

Cost—benefit analysis, return on investment
calculations.

Communication Essentiality
rupted

Communication should be easy and undis-

Enhanced radiophones, redundant network

Error reduction
of error by prior validation

Increase convenience by reducing chances

Moving to a model-centric one to design, ver-
ify, and validate systems

System Simplicity
other possible errors

It makes the system less complex to reduce

The system is developed in layers beginning
from the topmost level.

Table 1. Data-driven success metrics used in space technology methodologies

2.6.2. Transferability
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Transferability can be achieved by providing extremely de-
tailed and scientific descriptions of the MBSE processes, tools,
and methodologies used in various specific NASA projects.
Detailed contextualization [Lincoln, Y. S., & Guba, E. G.
(1985) of the specific astrophysics missions, the systems

| MBSE Lifecycle for Astrophysics Missions l

=

involved, and the unique challenges faced allow other re-
searchers and practitioners to assess the applicability of the
findings to their projects. This detailed contextualization en-
sures that the findings are not only relevant but also adaptable
to different settings within the field of astrophysics.

I —

Define Mission Objectives and Reguirements

Identify key scientific goals and constraints

Develop SysML Models

Create detailed system models using SysML

Design Space Exploration and Trade-Off Analysis

Execute the mission plan and launch the spacecraft

| System Verification and Validation |

Ensure all systems meet requirements and perform as expected

| Mission Implementation and Launch

Evaluate different mission designs and trade-offs

Fig-

ure 2. MBSE is utilized for astrophysics missions with the help of systems-based modeling techniques.

2.6.3. Dependability

Dependability is the consistency and reliability of the research
findings over time. This can be ensured by maintaining sys-
tematic documentation of the research process, including de-
tailed notes on the implementation of MBSE practices, chal-
lenges encountered, and solutions developed. Methodological
consistency across different phases of the study and a depend-
ability audit by an external reviewer can further enhance the
reliability of the findings [11].

3. Conclusion

One critical assumption is the necessary expertise in both
MBSE and SysML. Furthermore, this level of correctness, for
the creation and maintenance of the model, is in many cases
impractical and extremely resource intensive. However,
MBSE provides the user with improved communication and
collaboration among stakeholders and mission designs that are
optimized, and it can also evaluate different mission concepts
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without practical implementation. Future work will focus on
developing standardized meta-models to ease model transfor-
mations and increase the integration of MBSE and SysML
with other simulation and computation environments. Stand-
ardized meta-models result in the seamless sharing of infor-
mation between different modeling tools and environments.

Additionally, the application of MBSE and SysML in astro-
physics missions would lead to a more collaborative and in-
terdisciplinary approach to mission planning and execution.
Since it provides a common framework for communication
and collaboration, the methodology would ensure more inte-
gration in mission design and implementation.

To conclude, this research derives a solid foundation upon
which to evaluate the potential of MBSE in increasing mission
success for future NASA astrophysics projects. By identifying
limitations and defining future research paths, this study con-
tributes to the ongoing debate in the field and builds the
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foundation for successful MBSE application in the exciting
world of astrophysics exploration.

The study demonstrated that Model-Based Systems Engineer-
ing (MBSE) and Systems Modeling Language (SysML) can
significantly enhance the success of future NASA astrophys-
ics missions. A framework was established to define, measure,
and evaluate key performance indicators.

Our approach included data extraction, bias assessment and
synthesis to ensure a thorough and objective analysis. The
findings highlight the many benefits of using MBSE & SysML
across a mission’s life cycle. These included aspects such as
requirement traceability, concept trade-off analysis, and infor-
mation exchange among stakeholders.

However, implementing MBSE & SysML for astrophysics
missions is not without challenges, such as developing do-
main-specific SysML libraries, integrating with existing engi-
neering tools, and addressing data ownership and security [12].
MBSE is critical to mission success in previous NASA pro-
jects such as the Mars Science Laboratory [13]. Multidiscipli-
nary systems have much promise, but there are technological
and cultural barriers that need to be overcome. Some limita-
tions of MBSE include the need for improved modeling lan-
guage integration and methodologies, which need additional
study. Establishing performance metrics and value models,
promoting modeling tool interoperability, and developing
MBSE best practices and certifications will streamline the
process of adoption in other industries over the next decade.
Such a model-based methodology will largely assist in han-
dling complexity, enhancing cooperation, and fostering inno-
vation. MBSE is vital for advanced systems in medicine and
engineering, with standardized processes and improved usa-
bility. With further validation studies and standardized MBSE
languages, communication barriers can be overcome by fos-
tering diverse engineering disciplines and simulation software,
ensuring transformative impacts. The application of MBSE
principles extends beyond traditional engineering domains, as
demonstrated in our studies on pathogen detection systems
and glucose sensing technologies, highlighting the versatility
of this approach in addressing complex challenges across var-
ious scientific fields. Multidisciplinary systems have much
promise, but there are technological and cultural barriers that
need to be overcome [14] [15] [16] [17] [18] [19] [20].

Future work should focus on developing cost-benefit analysis
frameworks for MBSE in astrophysics missions, standardiz-
ing meta-models for model transformations, and integrating
MBSE tools with NASA’s existing software. The potential is
enormous. While there are challenges, the benefits are too
large to ignore.
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In conclusion, the authors hope that the findings and recom-
mendations can shape discussions about the use of MBSE and
SysML in space exploration. These findings pave the way for
more successful, impactful, and cost-effective missions in the
years to come.
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