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The National Aeronautics and Space Administration's (NASA) Moon to Mars (M2M) architecture is the roadmap for long-term exploration. It sets the course for humanity’s future in space exploration, guiding NASA’s missions from lunar surface operations to the first steps on Mars and the journey beyond. NASA’s M2M Enterprise is a dynamic, complex, and continuously evolving architecture that includes collaboration with partners in industry, academia, and the international community. While significant progress has been made, with key milestones such as the successful launch of Artemis I in 2022, much work remains to develop the new capabilities needed to achieve the Agency’s ambitious goals and objectives. As NASA forges ahead, the Agency is consistently conceptualizing and developing innovative systems to enhance the effectiveness of the overall architecture and meet these objectives. Historically, the early stages of system development have been document-centric, relying heavily on Microsoft Office tools to compile preliminary data and analysis. This approach has led to the creation of extensive paper trails, often resulting in inefficiencies and fragmented collaboration. To accelerate development timelines and enhance communication among teams, a shift away from these document-based methods is needed. This paper outlines a Model-Based Systems Engineering (MBSE) approach aimed at transforming the initial phases of NASA programs and projects. The approach includes a seed model designed for reusability across different concept maturation teams, offering a more integrated, collaborative, and efficient development process. The initial application of the seed model, along with key insights gained, excluding sensitive information, are detailed to convey the importance in continuing to establish this forward trajectory into a model-centric paradigm.

I. Introduction
A. Model Based Systems Engineering

MBSE as defined by the International Council on Systems Engineering (INCOSE) is the formalized application of modeling to support requirements, design, analysis, verification, and validation activities beginning in the conceptual design phase and continuing through development and later lifecycle phases. By leveraging MBSE, teams can create comprehensive, dynamic models that capture unique data types, including behavior, requirements, structure, key parameters, and the interactions between each data type. Fundamentally, MBSE is a practice that improves upon the consistency and efficiency of systems engineering processes utilized throughout a program/project’s lifecycle. Some of the key benefits of developing models include, but are not limited to, 1) improving communication of data with an adaptable user interface tool that allows for many internal and external data visualization options, 2) centralizing the configuration and data management of information developed throughout the project/program lifecycle, 3) building direct and indirect traceability throughout data sets, 4) querying data to support assessments and stakeholder decision making, and 5) automatically highlighting changes to the data to evaluate for potential impacts. With MBSE, teams can make more informed decisions, optimize resource use, and ensure consistent alignment with system goals, all of which contribute to a more efficient and successful program or project outcome. As such, MBSE greatly improves communication, both internally to teams through a common model and vocabulary as well as across multiple teams via data exchanged through a federated modeling ecosystem, as can be seen below in Fig. 1. 
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[bookmark: _Ref199397067]Fig. 1. Document-centric to Model-Centric Paradigm Shift
Ensuring traceability across ever-evolving data sets managed by multiple teams is incredibly important. For an enterprise as large, complex, and dispersed as human spaceflight programs are at NASA, with teams across multiple centers and many commercial and international partners, detailing the full architectural traceability and interactions within the architecture become even more challenging. Capturing and maintaining this traceability allows these multiple teams to efficiently build towards the overarching NASA goals and objectives, ensuring that every decision and change is rooted in the Agency’s objectives. A structured modeling approach enables that traceability across data sets and teams, while building the necessary minimum level of consistency (e.g., standardized terminology, a defined set of object types and relationships for common use) that allows for a cross-organizational shared understanding at a conceptual level. Utilizing MBSE for such an important facet of a large enterprise improves collaboration and facilitates the seamless handoff of data within and across teams. This additional level of direct communication helps enable the early identification of potential risks and issues. Thus, optimizing the efficiency of systems engineering processes early in a project lifecycle, maximizing returns on the investment, and laying a solid foundation for success.
B. NASA Program/Project Lifecycle

The NASA program/project lifecycle is a structured phase gate process for managing system development and the associated deliverables, maturity, and decisions to proceed. A concept begins when there is a recognized opportunity and identified architecture need(s), thus beginning “Pre-Phase A – Concept Studies”. The concept is refined further through design and implementation phases of development, including operations, sustainment, and closeout. This lifecycle occurs over multiple years, with many review milestones along the way as outlined in NASA Policy Requirements (NPR) 7120.5[footnoteRef:6], as can be seen in Fig. 2. These milestones include phase gate reviews such as Mission Concept Review (MCR), System Requirements Review (SRR), and so on, each requiring successful completion of technical deliverables to ensure the success criteria of that milestone has been met. [6:  NPR 7120.5 - NASA Space Flight Program and Project Management Requirements] 
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[bookmark: _Ref199397559]Fig. 2. NASA Project Lifecycle

Traditionally, these technical deliverables have been products developed with document-centric methods, introducing the potential for traceability and clerical errors between the data sets developed as well as discrepancies in the disjointed products. Corrections to such inconsistencies can lead to cost and schedule impacts and more than often require review and approval through large boards of personnel to maintain consistency across documents and organizations within NASA. While utilizing an MBSE approach doesn’t remove the need for such boards to maintain the efficacy of the data, the role of ensuring cross-product consistency can be minimized with a shift from the document-centric to model-centric processes. Furthermore, as team members change through a lifecycle spanning multiple years, there may be difficulties in data handoffs and an overall lack of rationale or historical context supporting certain system development decisions.
C. [bookmark: _Hlk198295408]Project Roles and Responsibilities
	Within NASA’s Exploration Systems Development Mission Directorate (ESDMD) there is an organizational demarcation of responsibilities between pre-formulation activities and formulation activities. Fig. 3 displays the organizational structure of this demarcation with the Strategy & Architecture Office (SAO) and the Moon to Mars Program Office (M2MPO) responsible for those activities, respectively. As such, SAO leads the pre-formulation efforts of defining the overarching strategic architecture (i.e., decomposing NASA’s objectives into high-level needs for implementation and operations) and maturing new concepts for eventual inclusion into the M2M Architecture. SAO does this by conducting strategic analyses to identify new capabilities that can provide solutions to architectural gaps and analyzing the trade spaces available for concept definition. Within SAO, these new capabilities are then down selected, and a pre-formulation project team (PPT) is created to continue to mature the concept until it is ready to be brought to a concept feasibility evaluation as part of a Mission Concept Review (MCR) (shown above towards the end of Pre-Phase A in Fig. 2). After MCR and prior to the Acquisition Strategy Meeting (ASM), SAO formally hands the concept off to the M2MPO, commencing project formulation. M2MPO then takes the lead, focusing on hardware development, mission integration, and risk management to advance the concept through formulation toward implementation.
[image: ]
[bookmark: _Ref198734847][bookmark: _Ref198734841]Fig. 3. ESDMD Organizational Chart
As the M2M Architecture has evolved to even higher levels of complexity, with the incorporation of new systems into the architecture adding to the scale of interdependencies and integration needs, there has been a greater drive towards utilizing MBSE to manage these complexities. As such, NASA’s ESDMD has been progressively moving from a document-centric to model-centric paradigm over the past few years. Both SAO and M2MPO have been pushing towards utilizing modeling environments as a primary method of managing their data and associated traceability. With both teams embracing MBSE, it is logical and advantageous to use specifically designed concept models as the foundation and delivery mechanism for transferring data and technical products both before and after MCR. Since SAO is responsible for defining the strategic architecture and pre-formulation concept development, adopting a modeling approach for these concept models that aligns with SAO’s processes is critical for a smooth and effective transition to M2MPO. To ensure seamless integration, SAO developed and implemented an approach with that end goal in mind.
II. Approach
D. Approach Overview: Introducing MBSE to Pre-Formulation

The approach to introduce MBSE early into the NASA Project Lifecycle consists of a few main components, each described in more detail below: identifying technical review products that have opportunities for MBSE solutions, developing a seed model, incorporating the seed model alongside new PPTs as they are stood up and work towards MCR, receiving feedback and lessons learned from PPTs to further refine the seed model and incorporate changes for subsequent PPTs; all while collaborating with M2MPO and other stakeholders for effective transition. MagicDraw was the selected MBSE tool due to its standards compatibility, collaboration capabilities, and configuration management features.
E.  Technical Review Products and MBSE Opportunities

At a project’s MCR the required technical deliverables are expected to be at a preliminary or initial level of maturity. These deliverables will continue to evolve—being refined, developed, and finalized—after the transition to M2MPO. These products play a critical role in shaping both the system concept and its final design, serving as key references for stakeholders seeking detailed information.
To identify the most effective approach for early integration of MBSE into the project lifecycle, an assessment was conducted on the effectiveness in developing these technical deliverables within a modeling environment. That assessment included discussions with Subject Matter Experts across NASA (including from M2MPO) with knowledge of the milestone deliverables and expectations about how best to translate that information from a document-centric to model-centric environment and the ongoing maintenance of that information throughout the project lifecycle. SAO has collaborated closely with the M2MPO, as they are the most closely aligned stakeholders to this process. As such, SAO’s goal is to ensure that the pre-formulation models are well-positioned for a successful transition following MCR. Prior to initiating seed model development, SAO surveyed Program and Project MBSE leads within the M2MPO to identify the most compelling reasons to introduce MBSE early in the lifecycle. The feedback was overwhelmingly positive, highlighting benefits such as: (1) improving traceability to data sources, (2) implementing a standardized approach to model development that facilitates stakeholder review and future transitions, and (3) reducing the effort required to incorporate technical product data. These discussions allowed the team to plan pathfinding opportunities for seed model development such that the risk of inconsistent or redundant documentation was reduced both in the short-term pathfinding activities and long-term transition from document-space to model-space. Thus, utilizing MBSE to create these technical products provides a method to enable full architectural traceability of the data while also providing an internal version control capability of the associated data, enhancing both the data clarity and maintainability.
Figure 4 presents a selection of the assessment’s results, including the MCR technical products, their expected maturity levels, and potential opportunities for MBSE application. It is important to note that some products are designated as having “No major benefit with MBSE approach.” While MBSE can technically be applied to nearly any system or document, its use should be driven by returned value. In certain cases, traditional document-based tools such as the Microsoft Office Suite may provide a more efficient and less complex solution.
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[bookmark: _Ref200114405]Fig. 4. Example MCR Products and Associated MBSE Opportunities
The mapping in Fig. 4 underscores the importance of applying MBSE with intent—targeting the products where it can provide meaningful impact without introducing unnecessary overhead. By identifying these opportunities, teams can align modeling efforts with project priorities, improving consistency, traceability, and decision-making. This approach lays the groundwork for a scalable MBSE strategy that evolves with the system as it matures through later lifecycle phases.
F. Seed Model Development

Following the review of technical deliverables for MCR, the next step to integrate MBSE early in the project/program lifecycle was the development of the seed model. This model was designed to be both scalable and tailorable to meet team needs as the project evolves. It is purposefully built to support the development of the technical deliverables discussed in the previous section, enabling compliance with the defined success criteria for an MCR, as outlined in NPR 7123.1[footnoteRef:7]. Before seed model development began, several concepts had already gone through the pre-formulation process within SAO before transitioning to the M2MPO. Some of these efforts produced independent MBSE models to support the development of technical products that met MCR entrance and exit criteria. However, these efforts occurred without coordination or standardization across teams regarding how to structure the required data and products. With this lack of consistency amongst deliverables and multiple types of data transition (documents and models), SAO, with feedback from the M2MPO, set out to develop a more standardized process and method for building these technical deliverables and the related data that are eventually transitioned between the two organizations. [7:  NPR 7123.1 - NASA Systems Engineering Processes and Requirements] 

Multiple factors drove the development of the seed model process and the flexibility built into the seed model. First, from a lifecycle perspective, a pre-formulation project has the ever-present programmatic constraints arising from available resources (i.e., personnel and budget constraints), as well as the agreed upon scope and agreed upon schedule leading up to MCR. Programmatic constraints, as with all projects, require a balancing act to efficiently meet milestone requirements for development. These drivers and constraints provide a unique challenge, especially considering the temporary nature of PPTs. Though NASA has a rich history of development, SAO and M2MPO are the product of recent reorganization, including, changes in roles and responsibilities. Thus, PPTs are often comprised of individuals that may or may not have been a part of a PPT previously, may or may not continue with the project after MCR, and have wildly varying levels of MBSE experience. These varying levels of MBSE experience range from knowing what the acronym stands for to having extensive experience in building MBSE models. As such, utilizing a flexible framework that provides the capability to produce consistent products that meet MCR entrance and exit criteria helps temporary PPT personnel perform their concept maturation activities effectively. With a push towards utilizing MBSE more broadly and maintaining the fidelity of this data across organizations and throughout the lifecycle process, this challenge directly led to the creation of a seed model approach.
From a modeling perspective, there is a positive cost-benefit assessment to produce the technical deliverables in a modeling environment. Each project is unique in the specific data that is required for system development, but as with the lifecycle process itself, the standardization of an approach and management of the data throughout the lifecycle processes helps maintain the fidelity of the data and its traceability from inception to integration. Thus, shifting the process to a data-centric configuration allows for the information to remain reliable and traceable, especially as it crosses organizational barriers throughout that process. Cross-organizationally, building the modeling environment and the model interconnections in a way that maintains data interconnectivity during that transition allows the pre-formulation teams to generate data and products that meet MCR success criteria, while also minimizing or eliminating re-work post transition to align with M2M needs as the project continues through formulation. 
Fig. 5 displays how the data is maintained across model and organizational barriers as it transitions from a pre-formulation project into an official NASA project. Additionally, it can be seen in Fig. 5 that three levels of data exist within this modeling environment: (1) high-level architectural data (i.e. goals, capabilities, high-level requirements), (2) single system/concept model data (i.e., PPT models, M2M project models), and (3) integration model data that works to integrate across ongoing efforts to complete the architectural picture for objective satisfaction. The middle level of data (2) is what the seed model directly supports. However, to be fully effective, the seed model must be both informed by and compatible with data built in level (1) and other models within level (2) such that level (3) is possible. This allows for the modeling environment to avoid circular references, while providing a path for feedback from ongoing developments. By integrating the modeling environment across the two organizations and utilizing a layered model approach, independent models for future M2M projects have been set up for success to maintain project specific data as they move through the formulation process, while also enabling the integration of data for architectural analysis needs for both SAO and M2MPO.
[bookmark: _Ref198130287][image: ]
Fig. 5. ESDMD Integrated Modeling Environment
From a process perspective, the ongoing development of the seed model has occurred in parallel with pre-formulation activities over the past year, incorporating lessons learned from earlier, independent efforts. Recently, the seed model has reached a point of initial operational capability (IOC) and is being used by one current pre-formulation project team, with several more teams anticipated to begin concept maturation efforts within the next six months, all of which can benefit from this capability. As such, the seed model development team has employed an iterative process that allows the team to expand the framework to align with upcoming project needs, enabling continuous improvement. This process, shown in Fig. 6, includes release of a Point of Departure (POD) model for use by future near-term PPTs (i.e., A, B), while development efforts to expand the PODs capabilities are ongoing. Additionally, feedback from the first set of PPTs (A, B) is also incorporated before the following POD release (POD 2) for the subsequent PPTs (i.e., C, D). This process, which reflects a hybrid sprint development for new capabilities and feedback updates, works in concert with the intermittent and temporary nature of PPTs. By following this process, the development team can enhance the usability and effectiveness for current and future pre-formulation projects within a modeling environment.
[image: ]
[bookmark: _Ref200114529]Fig. 6. Seed Model Development Process

M2MPO teams have provided constructive and ongoing input throughout development, including recommendations on optimal model structure and insights into which sections offer the most value—particularly the Concept of Operations and alignment with Agency goals. Through consistent engagement and effective communication with the M2MPO, the seed model development team is confident in a smooth and efficient handoff of project models. The handoff between SAO and M2MPO is one of the primary drivers for the seed model. Extending beyond ensuring model interconnectivity to allow for data crossover/usage, maximizing the usability of the model for both the PPTs and M2MPO post-MCR, drives the need for some level of consistency within the seed model for usage across multiple teams. As such, the seed model’s organization is designed to balance modeling standardization, which ensures the consistency across the modeling ecosystem, with the necessary flexibility to tailor model development to specific project needs, ensuring that both minimal (per standard) and maximal (per unique need) success criteria can be achieved. The seed model is built and organized in a way that accommodates a wide range of model proficiencies. Several of these accommodations include a defined folder organization, exemplar template diagrams, and embedded desktop instruction support. This embedded support provides direction for how to navigate the model, build and interrelate model elements, and build data and views in a way that meets the milestone criteria. As shown in Fig. 7, the model has been organized in a way that provides an easy to navigate structure and user interface for multiple modeler skill levels. 
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[bookmark: _Ref198736866]Fig. 7. Model Navigation
Within the model containment tree is a Start Here section that includes multiple Dashboards. These dashboards provide a basic set of expectations (often using visual examples) for different areas in the model, providing guideposts for what is required to meet MCR criteria, as well as other useful methods/examples for building out pre-formulation concept design data. These dashboards, seen in Fig. 8, include notes that describe how to build certain aspects of the model, highlighting the relevant modeling element types and modeling relationships available for team members to use, and include empty diagrams ready for population. Additionally, exemplars of required deliverables of milestone entrance and exit criteria are built into the seed model to help modelers understand what an expected MCR product includes and for eventual usage leading into MCR. The information shown in these navigation panels help team members with varying levels of expertise to assemble both the products and their relevant data necessary for pre-formulation team success. 
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[bookmark: _Ref198127117]Fig. 8. Navigation Dashboards
While the framework of the model is provided, the seed model enables tailoring of product development, wherein teams can focus their modeling efforts to address key technical areas where the greatest impact can be made while leaving room for modeling adaptation and expansion as the project progresses. In addition, the model enables Cameo Collaborator publishes for both regular project status reports as well as publishes meant for internal and external review of the relevant project data through a web-based viewer, thus not all team members need to have the SysML tool, in this case MagicDraw, installed on their machines. These aspects of the seed model allow the PPTs to meet their individual team’s needs while still developing data within the overall modelling environment in accordance with a defined metamodel structure to maintain consistency. From a cross-organizational and project lifecycle perspective, this adaptability fosters collaboration, improves efficiency, and supports a streamlined systems engineering process that can evolve in line with project requirements.
G. Implementation of Seed Model and Lessons Learned

The seed model was successfully implemented for the first time on a NASA ESDMD project in early 2025 and is currently being implemented by a second team that began in early June 2025. This project has provided an opportunity to test the model in a real-world setting, allowing the team to leverage its adaptable framework. As the project progressed, feedback from users and team stakeholders (ranging from modelers to leadership) has been incorporated to refine the seed model’s structure and functionality, adding capability, and ensuring that it can continue to meet the evolving needs of multiple pre-formulation projects. The previous description of the model above includes lessons learned from the first PPT, incorporated for future PPTs to use within the seed model. These improvements span changes to model organization, milestone output needs, modeler usability, and integration with M2MPO stakeholders.
Feedback received from stakeholders in the first implementation of the seed model was positive, but there was oversubscribed descriptive modeling within the seed model for the MCR technical deliverable expectations. The abstraction level was expected to be higher than what the seed model prescribes. However, this implies that the workload needed to produce the technical deliverables presented for MCR (such as the Ground Rules, Assumptions, and Constraints, applicable Agency strategic goals, and Concept Documentation) is much less than the workload to produce these assets within a document-based space. This implication is based on the personal experience of the PPT modeler, based on expectations the modeler was given for required manhours to produce those technical deliverables. These expectations conflicted with the output provided after completion, wherein the technical deliverables were provided with more detail than expected and required to meet the criteria. However, the first pre-formulation team included a modeler with proficient MBSE experience which can bias the results. Therefore, this feedback should be considered as the first datapoint that demonstrates the usefulness of MBSE within this environment. However, additional feedback is required from modelers with less previous experience.
	As more pre-formulation project teams begin their modeling efforts this year, there is an expectation of additional feedback and improvement opportunities with respect to both the model and the modeling process. It is anticipated that broader engagement and feedback will follow based on more varied levels of MBSE experience and the breadth of skillsets amongst PPT modelers. In the future, more lessons will be gathered, including a greater understanding for determining the optimal number of modelers (likely dependent on proficiency levels) and time required for initial development. A survey of the test case PPTs members will help assess the balance of resources for model creation and maintenance. This will also inform, within the scope of the milestone criteria, what should and what should not be modeled within the MBSE environment. Feedback from additional PPT personnel will enable updates to the seed model, as driven by the iterative seed model development approach. 
	The SAO Pre-Formulation System Engineering Model Management Plan development for future pre-formulation projects will standardize the model-based technical deliverable expectations for the seed model applications, dependent on project type, modeling efficiency, and scope. Additionally, the development of a configuration management plan will be examined—specifically whether it’s effective to start the plan early in the process or introduce the plan later as the team determines best fit for its specific makeup and tasking. Finally, as teams and models transition to M2MPO, addition lessons will be learned regarding collaboration and linkages within the M2MPO modeling ecosystem. Identifying and understanding best practices for facilitating communication and ensuring integration across technical domains will be critical to optimizing the model’s utility. These insights will guide adjustments to the approach and refine the process for future implementations.
III. Conclusions
H. Conclusions
The integration of MBSE through the development and implementation of the seed model has begun to enhance the effectiveness and efficiency of systems engineering processes early in the NASA program and project lifecycle. By providing a scalable and tailorable framework, the seed model addresses varying levels of modeling expertise and resource constraints to maximize utility for all pre-formulation projects. By leveraging the seed model, pre-formulation projects will benefit from clear traceability of project technical data to the M2M Architecture as they transition between organizations and move through lifecycle milestones. Moving from a document-centric to model-centric paradigm has and will continue to improve collaboration and maintain greater alignment with program goals. The success of this initial implementation will not only demonstrate the model’s potential but also provide valuable insights that will guide future applications and further refine the seed modeling approach.
The successful application of this model on a specific NASA project has already demonstrated its value in improving collaboration, traceability, and decision-making while allowing for iterative refinement based on real-world feedback. Moving forward, the lessons learned from this initial implementation will shape the seed model’s development, enhancing future pre-formulation development. Overall, the approach supports a streamlined, adaptable systems engineering process, laying the groundwork for the successful delivery of complex systems, and ensuring alignment with program goals throughout the lifecycle.
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