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Welcome!

• Welcome to the 2025 Moon to Mars Architecture 
workshops for Industry and Academia

• Your input is critically important to the continued 
success of the architecture effort

• Feedback continues to inform the evolution of 
the architecture

• Participants include 
• …almost 200 registrants 
• …across industry and academia 
• …representing nearly 100 organizations 
• …small and large; new and established 

• We look forward to your participation
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Moon to Mars Architecture
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NASA’s Moon to Mars Strategy 
and Objectives Development

https://go.nasa.gov/4fXVGeY

Beginning in 2022, NASA reset the strategic effort 
to enable human exploration of deep-space
• Objectives based architecting
• Enable flexibility and resilience
• Rooted in systems engineering fundamentals

All of Agency, All of Stakeholders
• Coordinated and collaborative
• Enhanced communication
• Commitment to transparency

Why We Explore
Three Pillars of Moon 

to Mars Exploration



Architecting from the Right
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Moon to Mars Objectives

Science | Enhance our understanding of 
planetary and solar, human biology, and physical 
sciences in unique environments of the Moon, 
Mars, and deep space.

Infrastructure | Develop the power, 
communications, navigation, resource utilization, 
and other capabilities necessary to support 
human exploration.

Transportation and Habitation | Create the 
systems necessary for humans to travel to the 
Moon and Mars, live and work there, and return to 
Earth safely.

Operations | Conduct crewed missions to 
gradually build technologies and capabilities to 
live and work on planetary surfaces other than 
Earth.

The high-level unifying structure that defines a 
system. It provides a set of rules, guidelines, 
and constraints that defines a cohesive and 
coherent structure consisting of constituent 
parts, relationships and connections that 
establish how those parts fit and work together.

Use Cases
Operations executed 

to produce desired 
objective needs

Functions
Actions performed 

to effect desired 
uses cases

Orion 
Spacecraft

Human Landing 
System

Deep Space 
Network

Exploration EVA 
Systems

Lunar Terrain 
Vehicle

Programs & Projects

etc …

Architecture

Rigorous systems engineering applied to identify the needs, understand relationships and identify gaps between 
systems to identify most effective and efficient solutions toward achieving long-term vision.



Architecture Segments
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SUSTAINED LUNAR EVOLUTION
Enabling capabilities, systems, and operations to support regional 
and global utilization (science, etc.), economic opportunity, and 
a steady cadence of human presence at the Moon.

HUMANS TO MARS
Initial capabilities, systems, and operations necessary to 
establish human presence and initial utilization (science, 
etc.) on Mars and continued exploration.

FOUNDATIONAL EXPLORATION
Expansion of lunar capabilities, systems, and operations 
supporting complex orbital and surface missions to conduct 
utilization (science, etc.) and Mars forward precursor missions.

FUTURE SEGMENTS
Continued development and 
exploration at Mars and beyond for 
sustained exploration of the cosmos.

HUMAN LUNAR RETURN
Initial capabilities, systems, and operations 
necessary to re-establish human presence and initial 
utilization (science, etc.) on and around the Moon.

Segment | A portion of the architecture 
that integrates sub-architectures and 
progressively increases in complexity 
and objective satisfaction.



NASA’s Moon to Mars Architecture

February 2025 Moon to Mars Architecture Workshops 6

An Evolutionary Architecture Process: 
Formulating an Exploration Strategy Based on Objectives 

PROCESS & PRODUCTS
Clear communication and 
review integration paths for 
stakeholders

ARCHITECTURE FRAMEWORK
Organizational construct to ensure 
system/element relationships are 
understood and gaps can be identified

TRACEABILITY
Decomposition of Blueprint 
Objectives to executing 
Architecture elements



Architecture Products
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2024 
Moon to Mars 

Architecture

Introduction

Lunar Mobility
Drivers and Needs

NASA’s new campaign of lunar exploration will see astronauts visiting sites of scientific

 

or strategic 
interest across the lunar surface, with a particular focus on the lunar South Pole region.[1] After landing 
crew and cargo at these destinations, local mobility around landing sites will be key to movement of 
cargo, logistics, science payloads, and more to maximize exploration returns. 

NASA’s Moon to Mars Architecture Defini tion Document (ADD)[2] articulates the work needed to achieve 
the agency’s human lunar exploration objectives by decomposing needs into use cases and functions. 
Ongoing analysis of lunar exploration needs reveals demands that will drive future concepts and elements. 

Recent analysis of integrated surface operations has shown that the transportation of cargo on the 
surface from points of delivery to points of use will be particularly important. Exploration systems will 
often need to support deployment of cargo in close proximity to other surface infrastructure. This cargo 
can range from the crew logistics and consumables described in the 2023 “Lunar Logistics Drivers and 
Needs” white paper,[3] to science and technology demonstrations, to large-scale infrastructure that 
requires precision relocation. 

The current defin

e

d mobility elements — the Lunar Terrain Vehicle (LTV) and Pressurized Rover (PR) — 
are primarily for crew transportation, with limited cargo mobility functions. Conversely, planned near-
term robotic missions — such as those being delivered through the Commercial Lunar Payload Services 
(CLPS) program — provide only small-scale mobility. This paper describes the integrated cargo mobility 
drivers for consideration in future architecture and system studies, with a focus on the human lunar 
exploration architecture. Scientific

 
and uncrewed, robotic missions could necessitate additional mobility 

needs beyond those discussed here. 

The cadence, mass, and number of cargo lander deliveries will be timed to meet the operational needs of 
NASA’s lunar architecture, based on factors including science objectives, lighting conditions, and safety 
considerations. In many cases, cargo offlo ading and manipulation will need to be conducted before 
the crew arrives at each landing location (point of origin) and then again at local lunar exploration and 
habitation sites (point of use). These exploration and habitation sites will likely be located away from each 
landing location. This would require mobility capabilities to transport cargo of varying size and mass for 
full utilization within the architecture.    

Current capabilities planned for lunar surface operations are limited to transporting approximately 1,500 
kg of cargo. However, fulfilling other key exploration objectives could require cargo of sizes and masses 
beyond of these planned capabilities, creating the need for additional mobility capabilities. 

Mobility Needs

One of the largest drivers of mobility needs on the lunar surface is moving cargo from its landing site to 
its point of use. Numerous factors drive cargo point of use, many of which necessitate separation from 
landing sites (e.g., darkness caused by a lander’s shadow, point of use contamination by landers, or blast 
ejecta from lander plume surface interactions). These relocation distances can include the following 
factors: 
• Separation from lander shadowing (tens of meters)
• Lander blast ejecta constraints (>1,000 m) due either to separation between the lander and existing 

infrastructure or lander ascent
• Support for aggregation of elements in ideal habitation zones from available regional landing areas 

(up to 5,000 m)
For more insight into lunar lighting considerations, see the 2022 Moon to Mars Architecture “Lunar Site 
Selection” white paper.[4]
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Lunar Surface
Cargo

The exploration of the lunar surface, as described in NASA’s Moon to Mars Architecture Defini tion 
Document (ADD), will require a wide variety of landed systems, including scientific

 

instruments, habitats, 
mobility systems, infrastructure, and more. Given diverse cargo needs of varying size, mass, cadence, 
and operational needs, access to a range of cargo lander capabilities offer s strategic benefit. 

While current cargo lander development activities will contribute to meeting some cargo delivery 
demands, a substantial gap in lander capability remains. This paper characterizes lunar surface cargo 
delivery needs, compares those needs with current cargo lander capabilities, and outlines strategic 
considerations for fulfilling this architectural capability gap.

Note: Cargo deliveries to Gateway are already instantiated in the Moon to Mars Architecture 
through the Gateway Logistics Element (GLE). GLE flig ht s will supply Gateway with critical 
deliveries that maximize the length of crew stays on Gateway. While use of the Gateway as a 
logistics cache for lunar exploration could be considered, this paper does not attempt to 
speculate on concepts of operation. Instead, it specifically addresses architectural gaps for 
cargo deliveries to the lunar surface. The specific

 

functions fulfilled by GLE may be found in Table 
3-6 of ADD Revision A.[1] 

Cargo Lander Architecture

Lunar surface exploration will require the delivery of assets, equipment, and supplies to the lunar  
surface.[1] While some limited supplies and equipment may be delivered alongside crew on NASA’s 
Human Landing System (HLS), the breadth and scale of logistical needs for deep space exploration 
require additional surface cargo lander capabilities.

NASA has developed a conceptual reference mission for cargo lander delivery that will be added to the 
ADD in revision B. This reference mission:
• Delivers non-offlo aded and/or offlo aded cargo to the lunar surface.
• Provides all services necessary to maintain cargo from in-space transit through landing on the lunar 

surface until the cargo is either offlo aded from the lander or in an operational state where these 
services from the lander are no longer needed, in accordance with cargo lander provider agreements.

• Ensures successful landing at an accessible and useable location on the lunar surface with suffic i ent  
precision.

• Establishes safe conditions on the lunar surface for the crew to approach the lander.
• Verifies health and functionality of non-offlo aded and/or offlo aded cargo. 
• Performs any lander end-of-life operations — including potential relocation — ensuring that the cargo 

or other surface assets are not adversely affec t ed by the lander after landing operations.

As noted above, cargo deliveries will need support service interfaces to ensure safe delivery of cargo 
to the surface. Service interfaces may support the offlo ading of cargo, compatibility to surface mobility 
system interactions, and/or providing resources to the cargo, such as power, communications, data, 
and/or thermal dissipation. Services may be needed from landing to until the cargo is fully operational, 
including before or after the cargo is offlo aded to the surface.

Landers and cargo may also need additional, crew-focused lander interfaces such as extravehicular 
activity (EVA) touch interfaces to support crew interactions. Lastly, given potential crew interaction at or 
near a lander, landers must have the ability to safe itself after landing so that crew are protected while in 
a landers’ vicinity.

NASA’s Architecture 
Definition Document

Architecture 
White Papers

Executive
Overview

13
Revision B
Published
December 13

NASA documents its roadmap for deep 
space exploration in the Architecture 

Definition Document. 
The agency updates the document yearly 

and publishes it alongside other public-
facing products including white papers 

on relevant topics and an executive 
overview of the architecture. 

NASA’s Moon to Mars
Architecture Website
nasa.gov/architecture



2024 Feedback Key Takeaways

• Communication has improved.

• Stakeholders appreciated transparency 
regarding decisions and decision-making.

• Industry desires more clarity on the agency’s 
investment priorities.

• Industry and academia would appreciate being 
involved earlier in the gap definition process. 

• Enable more discussion opportunities at 
workshop.
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• Building community is integral to success. 

• Partners want to engage their own domestic 
stakeholders and build support for space.

• Emerging space agencies desire more clarity on 
where they can engage in the architecture.

• Partners desire clear paths through pre-
formulation to element initiation.

Industry and Academia Workshop International Partner Workshop

We’ve tailored our architecture products to meet desires expressed at last 
year’s workshops. Your feedback and engagement is critically important to the 

continued success of the Moon to Mars Architecture. 



Architecture Concept Review 2024 (ACR24)
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At ACR24, agency leaders representing each of NASA’s mission 
directorates, centers, and technical authorities provided 
concurrence on architecture updates:
• Revision B of NASA’s Architecture Definition Document (ADD)

• Two new Moon to Mars Architecture elements

• Architecture-driven technology gaps definition and prioritization

• Initial Mars surface power technology decision

• Prioritization of 5 additional Mars architecture decisions 

• 12 white papers

NASA published ACR24 products on December 13. This includes 
revision B of the ADD, the 12 white papers, and an executive 
overview of the architecture. 



ADD Rev B Updates

• ADD Revision B updates add 50+ pages of new content 
including the two new appendices and the two new 
exploration elements

• The revision also reflects a refined and updated objective 
decomposition that seeks to improve clarity and embrace 
lessons learned

• Updated Definitions (Appendix D) reflected in the 
Objective Decomposition:
o Refined definition of utilization payload to include equipment
o Included an all-encompassing term of “Exploration Asset”
o Better defined the delineation between large and small cargo
o Included call out to samples in addition to commodities and 

logistics items 
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Decomposition Updates

• Characteristics and Needs
o Updated for better accuracy, clarity, and consistency

o Implemented new numbering schema for better organization

o Rewrote for science objectives to improve clarity and consistency

o Utilized model-based systems engineering (MBSE) environment

• Lunar Use Cases and Functions
o Refined to better align syntax and remove overlapping or redundant functions
o Added “bucketing” or classes of capabilities to better align assets with functions
o Updates reflect two years of lessons learned and stakeholder feedback

• Mars Use Cases and Functions
o Added for the Transportation & Habitation, Mars Infrastructure, and Operations Objectives 
o Followed similar syntax and nomenclature of lunar objective decomposition

• Asset Mapping Tables
o Split utilization payloads into equipment, science/research payloads, and technology demonstrations
o Clarified interpretation of asset mappings as a contribution to the architecture by an asset
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New Element: Initial Surface Habitat
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Initial Surface Habitat
Enables expanded exploration capabilities up to 4 
surface crew, establishes opportunities for Mars-

forward precursor missions, and increased exploration 
capabilities and science during missions 

Architecture Elements Approved at ACR24

FN# Primary Functions Met by Element

FN
-H

-1
01

 L

Enable a pressurized, habitable environment on the 
lunar surface for short durations (days to weeks)

FN
-H

-2
01

 L

Operate habitation system(s) in uncrewed mode 
between crewed missions on the lunar surface

FN
-P

-4
02

 L Provide power for deployed external surface 
utilization payload(s) and/or equipment for long 
durations (months to years+)

FN
-U

-2
01

 L

Provide intravehicular activity facilities, utilization 
accommodation, and resources, operable during 
crewed and uncrewed increments on the lunar 
surface

+15 additional functions.



New Element: Lunar Surface Cargo Lander
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Lunar Surface Cargo Lander
Dedicated cargo lander to deliver logistics, utilization, 
small exploration assets, and other cargo to the Moon; 

payload capacity on the order of 2 tons 

Architecture Elements Approved at ACR24

FN# Primary Functions Met by Element

FN
-T

-2
02

 L Transport a moderate amount of cargo (1000s of kg) 
from Earth to south pole region sites on the lunar 
surface

FN
-T

-2
04

 L Transport a moderate amount of cargo (1000s of kg) 
from Earth to distributed sites outside of the south 
pole region on the lunar surface

FN
-T

-4
02

 L

Provide precision landing for cargo transport to the 
lunar surface

FN
-T

-4
03

 L

Enable landing on the lunar surface under all 
lighting conditions



To learn more, read the associated white 
paper and participate in the workshop white 
paper poster session and/or briefing.
www.nasa.gov/architecture

New ADD Appendixes
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• With a broad array of needs competing for technology 
development resources, the agency must judiciously 
target priority technologies that enable NASA to achieve its 
exploration goals

• NASA has applied rigorous systems engineering processes 
to develop and prioritize architecture-driven technology 
gaps to inform technology development investments

• The resulting list is included in Appendix C of Revision B of 
the Architecture Definition Document and will be updated 
annually

Architecture-Driven Technology Gaps
APPENDIX C

Key Moon to Mars Architecture Decisions
APPENDIX B

• In laying out an architecture decision roadmap, it is 
critically important to understand how key drivers relate to 
each other and how an architecture can change depending 
on the order in which decisions are made

• NASA has applied rigorous systems engineering principles 
in laying out an architecture decision roadmap that clearly 
identifies a logical order in which decisions may be made 
based on their precedence relationships

• NASA documents these decisions in Appendix B of the 
Architecture Definition Document and will update yearly as 
new decisions are identified or made

• As part of the 2024 Architecture Concept Review, NASA 
added five additional decisions to its initial list of seven 
priority Mars decisions. Additionally, NASA made it’s first 
Mars decision, selecting nuclear fission and the primary 
surface power generation technology for initial crewed 
missions to Mars. 



2024 White Papers

February 2025 Moon to Mars Architecture Workshops 15

1 Mars Entry, Descent, and Landing Challenges
2 Humans in Space to Accomplish Certain Objectives
3 Artemis Accomplishing Decadal Recommendations
4 International Partnerships: Policies, Opportunities, & Engagement
5 Responsible Exploration
6 Mars Surface Power Tech Decision
7 Mars Crew Complement Considerations
8 Mars Ascent Propellant Considerations
9 Lunar Mobility Drivers and Needs

10 Lunar Surface Cargo
11 Lunar Reference Frame
12 Architecture-Driven Technology Gaps

NASA’s Moon to Mars
Architecture Website
nasa.gov/architecture All products are hosted on 

the architecture website.
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Introduction

Responsible 
Exploration

NASA’s Moon to Mars Objectives, established in 2022, include recurring tenets that provide guidance 
for how NASA should explore. The sixth recurring tenet reads, “Conduct all activities for the exploration 
and use of outer space for peaceful purposes consistent with international obligations and principles for 
responsible behavior in space.”

NASA’s Architecture Defini tion Document, in its discussion of how the recurring tenets shape NASA’s 
Moon to Mars Architecture, calls for considering the responsible use of space from legal, policy, ethical, 
and societal perspectives.[1] The document establishes the specific

 
systems engineering approach that 

NASA uses to achieve its Moon to Mars Objectives, but inclusion of ethical, legal, and societal implications 
(ELSI) into the agency’s Moon to Mars Architecture remains an open area of analysis. 

NASA considers ELSI important to exploration. NASA’s Moon to Mars Strategy and Objectives document 
outlines three pillars of exploration: science, inspiration, and national posture.[2] Ethical, legal, and 
societal factors are present within each of these reasons to explore — and at their intersections. 

The aerospace community has expressed significant demand for consideration of ELSI in exploration. 
Participants at NASA’s 2022 Moon to Mars workshop in London considered a range of ELSI topics, 
including public communications, responsible use, and disposal of waste. Participants at the 2022 Lunar 
Surface Science Workshop on inclusive lunar exploration discussed challenges related to diversity and 
inclusion in the lunar community.[3] Additionally, the 2023–2032 Planetary Science and Astrobiology 
Decadal Survey by the National Academy of Sciences recommended that NASA solicit expert views about 
the ethics of planetary in-situ resource utilization.[4]

While NASA has already begun considering ELSI in Moon to Mars exploration, fully infusing ELSI into the 
Moon to Mars Architecture will require new systems engineering frameworks and enhanced collaboration 
with industry, academia, and the international community. This paper summarizes recent work at NASA 
related to ELSI of Moon to Mars effor t s to inform future architecture decisions.

Ultimately, NASA embraces its duty to responsibly explore for the 
 benefit of humankind.  ELSI issues are core to that aim.

Ethical, Legal, and Societal Implications of the Artemis 
campaign and NASA’s Moon to Mars Architecture

Note: NASA is not the only organization tackling ELSI issues. Other U.S. government agencies, international 
organizations, and the broader space sector are having discussions about the inclusion of ELSI in space 
program development and execution. In the U.S., the Defense Advanced Research Projects Agency and 
National Science Foundation are actively considering how to incorporate ELSI into program development 
and contributing research. Internationally, the United Nations Offic e for Outer Space Affai r s held a 
conference on sustainable lunar activities in June of 2024, which included discussion of ELSI topics and 
aimed to foster avenues for global cooperation.[5]  

Figure 1: The three 
components of 
ELSI.  (NASA)
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Introduction

Mars Surface Power
Technology Decision

NASA has selected nuclear fission power as the primary surface power generation technology for 
crewed missions to Mars. The decision was adopted as part of the 2024 Architecture Concept Review 
cycle and will inform development of the Humans to Mars segment of the Moon to Mars Architecture. 

This paper updates a white paper from the 2023 Architecture Concept Review, “Mars Surface Power 
Generation Challenges and Considerations.”[1] It summarizes the drivers and constraints that informed 
this architecture decision and provides an overview of NASA’s decision-making considerations.

Background

As part of the 2023 Architecture Concept Review 
cycle, NASA began identifying driving decisions 
needed to define  initial human missions to Mars. 
This effort identified  the selection of the primary 
Mars surface power generation technology as a 
key decision because of its down-flow impacts 
on NASA’s Mars architecture and Mars-forward 
considerations for NASA’s lunar architecture. 

NASA involved numerous internal stakeholder 
communities (such as technology developers 
and safety experts) in its assessment process. 
ESDMD coordinated relevant data and technical 
expertise across NASA’s mission directorates and 
technical authorities, collating these inputs into 
a decision package for consideration by agency 
leadership at the 2024 Architecture Concept 
Review and subsequent meetings of the executive 
council. These bodies reviewed the package and 
accepted the recommendation that nuclear 
fission serve as the primary Mars surface power 
technology. 

Selecting nuclear fission establishes the primary 
power generation technology for the Humans to 
Mars architecture segment but does not dictate 
funding for technology development or restrict 
other power technologies that could operate on 
the Martian surface. Instead, it offer s an initial 
assumption for narrowing the architectural trade 
space and lays the groundwork on which flow-
down architectural and implementation decisions 
may be made.

NASA’s selection of nuclear power technology over 
non-nuclear power technology was driven primarily 
by the need to mitigate the risk of loss of mission. To 
make the decision, NASA traded numerous power 
technologies, ultimately down selecting to nuclear 
fission systems versus photovoltaic arrays with 
energy storage (i.e., solar panels with batteries).

Although solar power may have a lower per unit 
cost, fission power is more robust and better suited 
to the Martian environment. Fission can provide 
consistent power generation for a wide range of 
potential landing sites, around the clock, and 
during global dust storms. It also offer s advantages 
in landed mass and volume.

Image 1: Artist concept of 
space fission surface power 
systems. (NASA)

Note: This paper is concerned with the primary 
power generation technology for an initial crewed 
Mars exploration campaign. The potential for 
supplementary, backup, and redundant systems 
remains an open area of architectural analysis. 
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Mars Entry, Descent, and Landing
Challenges for Human Missions

History provides numerous examples of the challenges of landing on Mars — only 12 out of 19 attempted 
robotic landings have been successful.[1] Human missions to Mars will introduce new challenges that 
must be addressed. 

To land humans on the Red Planet and then safely return them to Earth, NASA must pursue advances in 
fli

g
ht  testing, atmospheric deceleration systems, propulsive descent systems, characterization of rocket 

interactions with the surface, guidance and navigation systems, and modeling and simul ation of these 
elements. Only then can Martian astronauts begin to meet NASA’s Moon to Mars Objectives.[2]

This white paper introduces atmospheric entry, descent, and landing (EDL), discusses some of the 
unique challenges of Mars exploration, and provides insight into the advancements necessary to land 
the first human explorers on the surface of the Red Planet. This is a high-level overview, with referenced 
publications providing further detail into landing systems and engineering challenges.

What is EDL?

EDL is one of the highest-risk phases of spaceflig ht . During EDL, the spacecraft enters and transits a 
planetary atmosphere, decelerates, and touches down onto the planetary surface. Through EDL, NASA will 
place astronauts and payloads at planned surface locations for exploration and science, as well as near 
surface infrastructure such as habitats, supplies, surface mobility vehicles, and Earth-return vehicles. 
Figure 1 shows the concept of operations for the most recent NASA Mars EDL system, the robotic Mars 
2020 mission, which landed the Perseverance rover and Ingenuity helicopter.

Figure 1: Illustration of EDL for the NASA Mars 2020 mission. (NASA/JPL)
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Mars Crew Complement
Considerations

Crew complement — or the number of as tronauts on a mission to accomplish set responsibilities — 
is a key driver for human exploration architectures, with flow-down impacts on most elements and 
sub-architectures. As such, it was identifie

d

 by NASA as a priority decision in the 2023 Moon to Mars 
Architecture white paper, “Key Mars Architecture Decisions.”[1]

The number of astronauts an architecture must accommodate has direct implications for a habitable 
element’s volume, performance of associated environmental control and life support systems, power 
needs, crew support system considerations, and logistics needs (e.g., for utilization, food, clothing, 
medical supplies, etc.). The number of crew that an architecture must support also drives the necessary 
capabilities for human-rated ascent and descent vehicles and all other exploration systems at the 
destination. In determining crew complement, it is important to look beyond just the first mission towards 
what the desired end state for the architecture is. For example, the first Space Shuttle flig ht  only carried 
two astronauts, but the vehicle was designed to accommodate more.

Operationally, crew complement must account for the skills necessary to carry out planned tasks. The 
number of astronauts enables crew time available to accomplish the functions necessary to achieve 
mission objectives. These activities include utilization for science, outreach, and instrument deployment, 
as well as mission overhead for systems monitoring, maintenance, and troubleshooting. 

Additionally, the number of astronauts has implications for the range of crew expertise available on a 
given mission. This consideration is particularly relevant for deep space missions, where the operational 
paradigm differ s from spaceflig ht  in low-Earth orbit. At destinations like Mars, a crew must operate with 
communications delays and potential disruptions that prevent real-time communication with flig ht  
controllers and subject matter experts back on Earth.[2]  

Historically, crew complement has been a secondary consideration define d by the capabilities of pre-
selected exploration elements. As such, crew complement has been determined based on a limited set 
of capabilities or more general qualitative statements.  

The process of architecting from the right — as outlined in “NASA’s Moon to Mars Strategy and Objectives 
Development” document[3] — allows a more holistic and integrated approach. NASA architects can 
evaluate the drivers and flow-down impacts of crew complement to identify the number of crew needed 
to achieve Moon to Mars objectives[4] during a human Mars mission. 

This methodology for deriving the number of crew to Mars vicinity and the Martian surface — which may 
be different values — will identify architectural characteristics that have the most significant impacts to 
the decision. Due to inherent flow-down impacts for most aspects of mission planning, it is critically 

important that NASA establishes crew complement early in the stages of architecture development. 

Crew Health and Performance Considerations

Unlike purely robotic missions, human exploration missions must consider both the physical and 
psychological health of the crew. A mission architecture must accommodate crew health and performance 
needs with an appropriately sized crew complement and prevent or mitigate scenarios where health 
issues could affe

c
t  mi s sion goals or, more importantly, jeopardize safe return of the crew. 

The unique challenges of a Mars mission require an architecture to consider human system risks. Some 
of these risks include crew behavioral health, team dynamics, probability of crew medical conditions 
(and duration of associated care), and integration of the human system with other exploration systems. 
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Mars Ascent
Propellant Considerations

A human Mars architecture must deliver astronauts to the surface of Mars and return them safely to Earth. 
The rocket equation dictates that the further along a roundtrip mission a mass travels, the more massive 
its transportation system must be, increasing costs. Therefore, it is important to minimize the mass that 
must be delivered to Mars.

For most proposed human Mars architectures, the single largest category of mass that must be delivered 
to the Mars surface is the propellant required for the crew’s ascent to Mars orbit upon completion of their 
surface mission. Production of ascent propellants from in-situ resources would significantly reduce the 
propellant mass that must be delivered. This is possibly the single most significant application for in-situ 
resource utilization (ISRU).  

NASA’s Moon to Mars Objectives call for the demonstration of “…Mars ISRU capabilities to support an 
initial human Mars exploration campaign.”[1] Potential resources present at Mars include the Martian 
atmosphere, surface materials (i.e., regolith), and water in the form of buried ice sheets, ice mixed with 
near-surface regolith, or minerals containing chemically bound water. In addition to their potential for 
propellant production, these Martian resources could be used for applications including:
• breathing gases for crew cabin use, for extravehicular activity (EVA) life support, and to make up for 

airlock losses.
• water for crew consumption, radiation protection, and crop growth.
• building materials for landing/launch site berms, radiation protection, and habitat construction.

Not surprisingly, architectural concepts including ISRU have received a great deal of attention. Studies 
examining Martian ISRU for propellant production for robotic and human Mars missions began in earnest 
shortly after the Viking lander missions of the 1970s. More recently, NASA has undertaken a variety of 
studies to characterize the options available for the first crewed missions to Mars.[2, 3, 4, 5] 

However — as with all architecture decisions — there are trade-offs involved. NASA must understand 
how the transportation of propellant to or the manufacture of propellant at Mars will affec t  its overall 
exploration architecture. Either option would require pre-positioning infrastructure (i.e., ISRU equipment 
or propellant and its associated fueling infrastructure). This white paper outlines ISRU considerations for 
Mars ascent vehicle propellant.

Figure 1: Illustration of a large 
Mars ascent vehicle, astronauts, 

and ISRU infrastructure on the 
surface of Mars. (NASA)
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Lunar Surface
Cargo

The exploration of the lunar surface, as described in NASA’s Moon to Mars Architecture Defini tion 
Document (ADD), will require a wide variety of landed systems, including scientific

 

instruments, habitats, 
mobility systems, infrastructure, and more. Given diverse cargo needs of varying size, mass, cadence, 
delivery locations, and end users, access to a range of cargo lander capabilities offer s strategic benefit. 

While current cargo lander development activities will contribute to meeting some cargo delivery 
demands, a substantial gap in lander capability remains. This paper characterizes lunar surface cargo 
delivery needs, compares those needs with projected in-work cargo lander capabilities, and outlines 
strategic considerations for fulfilling this architectural capability gap.

Note: Cargo deliveries to Gateway are already instantiated in the Moon to Mars Architecture 
through the Gateway Logistics Element (GLE). GLE flig ht s will supply Gateway with critical 
deliveries that maximize the length of crew stays on Gateway. While use of the Gateway as a 
logistics cache for lunar exploration could be considered, this paper does not attempt to 
speculate on concepts of operation. Instead, it specifically addresses architectural gaps for 
cargo deliveries to the lunar surface. The specific

 

functions fulfilled by GLE may be found in Table 
3-6 of ADD Revision A.[1] 

Cargo Lander Architecture

Lunar surface exploration will require the delivery of assets, equipment, and supplies to the lunar  
surface.[1] While some limited supplies and equipment may be delivered alongside crew on NASA’s 
Human Landing System (HLS), the breadth and scale of logistical needs for deep space exploration 
require additional surface cargo lander capabilities.

NASA has developed a conceptual reference mission for cargo lander delivery that will be added to the 
ADD in revision B. This reference mission:
• Delivers non-offlo aded and/or offlo aded cargo to the lunar surface.
• Provides all services necessary to maintain cargo from in-space transit through landing on the lunar 

surface until the cargo is either offlo aded from the lander or in an operational state where these 
services from the lander are no longer needed, in accordance with cargo lander provider agreements.

• Ensures successful landing at an accessible and useable location on the lunar surface with suffic i ent  
precision.

• Establishes safe conditions on the lunar surface for the crew to approach the lander.
• Verifies health and functionality of non-offlo aded and/or offlo aded cargo. 
• Performs any lander end-of-life operations — including potential relocation — ensuring that the cargo 

or other surface assets are not adversely affec t ed by the lander after landing operations.

As noted above, cargo deliveries will need support service interfaces to ensure safe delivery of cargo 
to the surface. Service interfaces may support the offlo ading of cargo, compatibility to surface mobility 
system interactions, and/or providing resources to the cargo, such as power, communications, data, 
and/or thermal dissipation. Services may be needed from landing to until the cargo is fully operational, 
including before or after the cargo is offlo aded to the surface.

Landers and cargo may also need additional, crew-focused lander interfaces such as extravehicular 
activity (EVA) touch interfaces to support crew interactions. Lastly, given potential crew activity at, with, 
or near a lander, each lander must have the ability to safe itself after landing so that crew are protected 
while in the lander’s vicinity.

As NASA returns to the Moon to establish a long-term presence there, navigation capabilities will be 
critical to all aspects of science and exploration. Accurate and precise lunar navigation data improves 
safety, enhances planning, and enables crewed and robotic missions to achieve agency goals. 

NASA’s Moon to Mars Objectives[1] — the agency’s vision for crewed, deep space exploration — include 
a lunar infrastructure goal to “Develop a lunar position, navigation and timing architecture capable of 
scaling to support long term science, exploration, and industrial needs.” Additionally, the National 
Cislunar Science and Technology Strategy[2] — a 2022 White House Offic e of Science and Technology 
Policy product — calls for NASA to lead the development of standards around “a Lunar reference frame 
tied to the celestial and terrestrial reference frames.”

NASA’s Moon to Mars Architecture[3] — the agency’s roadmap for achieving the Moon to Mars Objectives 
— includes the Communications and Position, Navigation, and Timing (C&PNT) sub-architecture. NASA 
documents the architecture, including its C&PNT components, in the agency’s Architecture Defini tion 
Document,[4] which is updated annually.

To empower sustained exploration of the Moon, NASA must thoughtfully consider the navigation standard 
it incorporates into the Moon to Mars Architecture. This white paper identifies key considerations for 
the selection and implementation of or lunar reference frames for NASA’s Artemis campaign. 
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Lunar Reference
Frames

What is a Reference Frame?
The International Astronomical Union define s a reference system as the “theoretical concept of a system 
of coordinates, including time and standards necessary to specify the bases used to define  the position 
and motion of objects in time and space” and a reference frame as “practical realization of a reference 
system.”[5] Simply put, reference frames help mission planners understand where things are in space 
relative to one another.

Reference frames enable cartography, navigation, and operations on planetary bodies. They also create 
a shared navigation vernacular for mission planners, empowering cooperation and coordination that 
transcend boundaries of language or nation. 

At the Moon, NASA has historically used two differ ent body-fixed reference frames, each with differ ent 
applications: Mean Earth and Principal Axis.

Figures 1: Simplified  di agram highlighting diffe

r

ences between lunar reference frames. (NASA)
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Lunar Mobility
Drivers and Needs

NASA’s new campaign of lunar exploration will see astronauts visiting sites of scientific

 

or strategic 
interest across the lunar surface, with a particular focus on the lunar South Pole region.[1] After landing 
crew and cargo at these destinations, local mobility around landing sites will be key to movement of 
cargo, logistics, science payloads, and more to maximize exploration returns. 

NASA’s Moon to Mars Architecture Defini tion Document (ADD)[2] articulates the work needed to achieve 
the agency’s human lunar exploration objectives by decomposing needs into use cases and functions. 
Ongoing analysis of lunar exploration needs reveals demands that will drive future concepts and elements. 

Recent analysis of integrated surface operations has shown that the transportation of cargo on the 
surface from points of delivery to points of use will be particularly important. Exploration systems will 
often need to support deployment of cargo in close proximity to other surface infrastructure. This cargo 
can range from the crew logistics and consumables described in the 2023 “Lunar Logistics Drivers and 
Needs” white paper,[3] to science and technology demonstrations, to large-scale infrastructure that 
requires precision relocation. 

The current defin

e

d mobility elements — the Lunar Terrain Vehicle (LTV) and Pressurized Rover (PR) — 
are primarily for crew transportation, with limited cargo mobility functions. Conversely, planned near-
term robotic missions — such as those being delivered through the Commercial Lunar Payload Services 
(CLPS) program — provide only small-scale mobility. This paper describes the integrated cargo mobility 
drivers for consideration in future architecture and system studies, with a focus on the human lunar 
exploration architecture. Scientific

 
and uncrewed, robotic missions could necessitate additional mobility 

needs beyond those discussed here. 

The cadence, mass, and number of cargo lander deliveries will be timed to meet the operational needs of 
NASA’s lunar architecture, based on factors including science objectives, lighting conditions, and safety 
considerations. In many cases, cargo offlo ading and manipulation will need to be conducted before 
the crew arrives at each landing location (point of origin) and then again at local lunar exploration and 
habitation sites (point of use). These exploration and habitation sites will likely be located away from each 
landing location. This would require mobility capabilities to transport cargo of varying size and mass for 
full utilization within the architecture.    

Current capabilities planned for lunar surface operations are limited to transporting approximately 1,500 
kg of cargo. However, fulfilling other key exploration objectives could require cargo of sizes and masses 
beyond of these planned capabilities, creating the need for additional mobility capabilities. 

Mobility Needs

One of the largest drivers of mobility needs on the lunar surface is moving cargo from its landing site to 
its point of use. Numerous factors drive cargo point of use, many of which necessitate separation from 
landing sites (e.g., darkness caused by a lander’s shadow, point of use contamination by landers, or blast 
ejecta from lander plume surface interactions). These relocation distances can include the following 
factors: 
• Separation from lander shadowing (tens of meters)
• Lander blast ejecta constraints (>1,000 m) due either to separation between the lander and existing 

infrastructure or lander ascent
• Support for aggregation of elements in ideal habitation zones from available regional landing areas 

(up to 5,000 m)
For more insight into lunar lighting considerations, see the 2022 Moon to Mars Architecture “Lunar Site 
Selection” white paper.[4]
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International Partnerships and
NASA’s Moon to Mars Architecture

Since its inception, NASA has engaged the international community to advance its science, exploration, 
and space technology goals. Cooperation between NASA and international partners typically occurs on 
a no-exchange-of-funds basis, where each party funds its respective activities in pursuit of shared goals. 
Incredible programs like the International Space Station and James Webb Space Telescope would not be 
possible without international cooperation. International relationships also broaden NASA’s education 
and public engagement effo

r

t s, inspiring people from the U.S. and around the globe.

Today, international partnerships are an essential part of NASA’s ambitions for deep space exploration, 
enabling humanity’s return to the Moon and the journey to Mars and beyond. International space agencies 
provide essential capabilities that will enable NASA to achieve its Moon to Mars Objectives.

Published in 2022, NASA’s Moon to Mars Objectives define  the agency’s goals of deep space  
exploration.[1] NASA’s Moon to Mars Architecture decomposes the objectives into the functions needed to 
achieve them.[2] International cooperation encompasses all aspects of the architecture, but it is especially 
important for addressing capability gaps. 

NASA’s Moon to Mars Objectives, Recurring Tenet 1
International Collaboration: partner with international community to 

achieve common goals and objectives. 

NASA’s process for incorporating cooperative activities into the Moon to Mars Architecture involves a 
series of pre-formulation activities and milestones that vary depending on the nature of the proposed 
cooperation — for example, activities for science payloads may be differ ent than those for human-tended 
infrastructure. This white paper details how NASA engages with prospective international partners in 
support of the agency’s science, exploration, and space technology goals.

Figure 1: Decomposition of NASA’s Moon to Mars Objectives into component architecture features. (NASA)

2024 Moon to Mars Architecture Concept Review 1

2024 
Moon to Mars 

Architecture

Introduction

Humans in Space to 
Accomplish Science Objectives

Teleoperated robotic probes are the primary means to conduct space science, but human explorers can 
enable or enhance particular types of science. Crewed missions are, of course, essential to investigations 
of the human body itself in space. Astronauts also possess complex problem-solving abilities and are 
adaptable to changing mission parameters. Additionally, human explorers inspire the public, engaging 
them in space science and discovery. 

Astronauts can perform complex tasks that enable or enhance scientific

 

investigations as 
researchers and operators, but also in building, integrating, and maintaining science instruments and  
experiments.[1] Astronauts can identify desired objects/specimens/situations, discover and react to 
unforeseen situations and events, and provide context of specimens and their curation. They are suited 
to tasks requiring complex movements, fine  manipulation or dexterity, or hand-eye coordination. These 
include precision emplacement of scientific

 
instruments, maintenance and calibration of scientific

 

instruments, and operations of instruments to acquire measurements. 

Sending human explorers to other worlds requires larger, more complex, and more costly systems than 
purely robotic missions. However, several space science community documents capture the particular 
advantages of crewed exploration to science. This white paper examines the scientific

 
activities that 

may be enabled or enhanced by astronauts, specifically considering priorities identified  by the National 
Academies of Science, Engineering, and Medicine; NASA; and the science community as a whole.

The Benefits of Crewed Science

Science enables exploration; exploration enables science.
 

In this white paper, exploration refers to missions by humans beyond low Earth orbit — crewed missions 
to the Moon, Mars, and other destinations — while science refers to the traditional space science 
disciplines (planetary science, astrophysics, heliophysics) as well as physics, biology, chemistry, and 
studies of human physiology, psychology, and human health countermeasures in space. 

Astronauts on and around the Moon and Mars will conduct fiel d work and fundamental research to answer 
longstanding planetary science questions and redefine  our understanding of the solar system, the lunar 
and Martian environments, and the human body’s response to those environments.[2]

NASA’s Human Research Program focuses on developing methods to protect the health and performance 
of astronauts in space, and when they return to Earth. Currently, the International Space Station and 
Earth-based ground analogues conduct most of the U.S.’s space-based biological and physical science 
research.[3] The lessons learned aboard the space station and at ground analogues are informing planning 
for the Artemis campaign and beyond,[4] and their investigations will expand as the Artemis missions 
progress.

For space science disciplines, humans can enable more complex fiel d science than robotic explorers. 
Humans demonstrably improve tasks that require complex movements, fine  manipulation, and dexterity. 
Astronauts can empower precision emplacement, operation, maintenance, and calibration of scientific 
instruments in situ. Astronauts can identify objects, specimens, or situations relevant to a study area. 
They can react to evolving mission parameters, turning unforeseen events into opportunities for discovery.
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Priority Science Objectives Enabled 
through NASA’s Moon to Mars Architecture

Crewed lunar exploration, beginning with the Artemis campaign, provides NASA an opportunity to 
significantly advance humanity’s understanding of the origin and evolution of the Moon, the characteristics 
of cislunar environments, and their impacts on biological systems. NASA has implemented an objective-
based approach to address high-priority and high-impact science questions.

The agency documented this approach in NASA’s Moon to Mars Strategy and Objectives Development 
document[1] and the objectives in the Moon to Mars Objectives document.[2] The National Academies’ 
decadal reports,[3] which establish science priorities for NASA’s Science Mission Directorate, were 
the source material for the Moon to Mars science objectives and further break down those objectives 
into strategic investigations and are summarized in Appendix C of the Mars Strategy and Objectives 
Development document.[1]

Collectively, these documents establish what NASA wants to achieve in exploring the Moon and Mars and 
why it’s important. NASA’s Moon to Mars Architecture, as define d in the agency’s Architecture Defini tion 
Document,[4] outlines how NASA will achieve these aims. 

Realizing these ambitions requires a multi-disciplinary approach that integrates the scientific community; 
NASA’s mission directorates, centers, and technical authorities; international partners; academic 
institutions; and commercial entities. United under the architecture framework, NASA and its partners 
can realize a safe and sustained campaign of robotic and human exploration that reveals the secrets 
of the universe for the benefit of all.

Science Implementation Strategy

In response to decadal recommendations, 
NASA’s Science Mission Directorate is developing 
its Implementation Plan for a NASA Integrated 
Lunar Science Strategy in the Artemis Era.[5]  The 
document — currently in draft — provides a 
snapshot of how NASA intends to implement the 
science strategy outlined in the recent decadal 
survey in planetary science: Origins, Worlds, and 
Life: A Decadal Strategy for Planetary Science 
and Astrobiology 2023–2032 (OWL).[6]  While this 
initial implementation plan focuses on planetary 
science, the Science Mission Directorate plans 
to produce an additional document that includes 
science strategies drawn from SMD directorate-
specific

 

science disciplines’ decadal surveys and 
associated Moon to Mars Objectives, as well as 
Human Research Program goals and objectives.  

This white paper focuses on the current 
implementation plan for the OWL strategy. It 
overviews how NASA will integrate science 
discipline areas with architectural elements as 
they come online. 

Science Implementation Challenges

The OWL, Moon to Mars Strategy and Objectives 
Development document, the National Academies’ 
The Scientific

 
Context for Exploration of the 

Moon,[7] the Lunar Exploration Analysis Group’s 
Advancing Science of the Moon,[8] and other 
community documents identify six primary lunar 
science challenges shown in Table 1. Three are 
architecture-dependent; three will require the 
incremental buildup of knowledge over time 
through investigations across varied lunar surface 
destinations.

Table 1: Six primary lunar science 
challenges. (NASA)

Lunar Science Challenges
Associated Lunar/
Planetary Science 
(LPS) Objective(s)[2]

1 South Pole-Aitken Basin Sample Return LPS-1, LPS-2

2 Lunar Geophysical Network LPS-1, LPS-2

3 Cryogenic Volatile Sample Return LPS-3

4 Lunar Chronology LPS-1, LPS-2

5 Lunar Formation and Evolution LPS-1, LPS-2

6 Lunar Volatiles LPS-3
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Architecture-Driven
Technology Gaps

NASA has a long history of developing new and innovative technologies that empower space exploration 
and benefit humanity. The next phase of global human space exploration, beginning with the Artemis 
campaign and defin

e

d in NA S A’s Moon to Mars Architecture,[1] will continue to advance technology. 

With a broad array of needs competing for technology development resources, the agency must 
judiciously target priority technologies that enable NASA to achieve its exploration goals. To this end, 
NASA has applied rigorous systems engineering processes to develop and prioritize architecture-driven 
technology gaps to inform technology development investments.

NASA’s Moon to Mars Objectives document[2] define s the agency’s goals for crewed exploration of deep 
space. The Moon to Mars Objectives and Strategy document[3] outlines the systems engineering approach 
that decomposes the objectives into a cohesive and extensible Moon to Mars Architecture. The objectives 
defin

e
 what NASA wants to achieve; the architecture define s how the agency will accomplish them. 

NASA’s Exploration Systems Development Mission Directorate (ESDMD) leads the integration of the Moon 
to Mars Architecture and identifies technologies the agency must advance or develop to meet future 
architecture needs. This year, for the first time, NASA has published a prioritized list of these architecture-
driven technology gaps in Revision B of its Architecture Defini tion Document.[4] 

What is a Technology Gap? 

A technology gap exists where a performance 
target defin

e
d in the architecture exceeds current 

capabilities of state-of-the-art technologies, or 
the capability does not exist at all. The gaps are 
solution-agnostic — they document a capability 
need, but do not prescribe a specific

 
technological 

solution. Left open, the gaps will prevent NASA 
from achieving all its exploration objectives.  

This is a narrow defini tion: a technology gap is not 
simply an area of the architecture that requires 
further work or the initiation of an element. If 
NASA can initiate a project or program to meet an 
architectural need using existing technology, then 
that area is not a technology gap. Architecture-
driven technology gaps require entirely new 
technologies or significant performance 
advancement in existing technologies to establish 
a capability needed to achieve the Moon to Mars 
Objectives. 

Technology Push and Pull 

Much of NASA’s architecture work involves 
identifying unallocated functions and filling 
them with new or existing exploration assets or 
elements, the hardware and systems that enable 
exploration. However, there are instances where 
filling a gap in the architecture requires new 
technology. In these instances, architecture-driven 
technology gaps provide architecture technology 
pull. The architecture can also provide pull for 
new technologies that significantly enhance 
capabilities. Technology push also exists where 
technologies do not yet have a traceable planned 
element or mission for infusion, but capability 
developers expect that the capabilities will be 
necessary in the future.

Defin

i

ng Terms

Technology Pull: innovation to meet documented mission needs.
Technology Push: innovation to meet anticipated mission needs.



Logistics and Mobility: BAA App R
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• To advance its lunar logistics strategy, NASA released a Broad Agency 
Announcement through the Next Space Technologies for Exploration Partnerships-
2 (NextSTEP-2) Omnibus

• The request sought proposals from industry that might advance lunar cargo and 
mobility capabilities. Proposed areas of study included:
o Logistics Carriers
o Logistics Handling and Offloading
o Logistics Transfer
o Staging, Storage and Tracking
o Trash Management
o Surface Cargo Transportation and Mobility Systems
o Integrated Strategy

Opportunities for collaboration with industry 
for early studies and trades will continue



What’s Different this Year?

We want to hear from YOU!
• We’ve retooled the workshops to promote more 

engagement and interaction between all present

• We’ve added non-NASA panelists to broaden the 
perspectives highlighted in discussions

• We’re focused on finding avenues to collaborate 
that close architecture and technology gaps
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