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Abstract

Exploring the Universe requires more than transporting instruments: it requires sustaining the
ability to ask questions, build tools and respond to unfamiliar conditions. Advances in agentic arti-
ficial intelligence, generalist robotics and autonomous laboratories suggest that some of these func-
tions could increasingly operate beyond Earth. Yet autonomous discovery does not by itself create an
autonomous engineering system, and neither guarantees a durable civilization. Here we synthesize
evidence across artificial intelligence, robotics, experimental science, space systems and industrial
production to distinguish capabilities already demonstrated from the connections still required. We
argue that autonomous engineering is the critical bridge: transforming knowledge into independently
verified physical capabilities that can be deployed, maintained and improved. Their persistence de-
pends on energy, materials, manufacturing, metrology, computing and institutions; their inheritance
requires re-establishing these dependencies at another site, not merely copying software. We propose
tests of locally developed capability, net scientific—engineering benefit and cross-site inheritance, and
examine their implications for biological continuity and governance. This perspective reframes long-
term exploration around the deployment, development and inheritance of civilization capabilities,
without assuming inevitable expansion or complete self-sufficiency.

1 Introduction: scientific and engineering capabilities beyond Earth

Space exploration has largely advanced by sending carefully prepared capabilities into environments
where their designers cannot readily intervene. A spacecraft carries instruments, operating procedures
and a finite capacity to adapt; subsequent discoveries are interpreted within an extensive terrestrial net-
work of scientists, engineers, manufacturers and institutions. Autonomy already moves some decisions
closer to the observation. Space robotics, however, also reveals how much remains outside the vehi-
cle: mission planning, fault analysis, hardware production and the accumulated experience of specialist
teams. ! The consequential question is therefore not simply whether a robot can act without a command.
It is whether scientific and engineering functions can increasingly be deployed, developed and sustained
where exploration takes place.

Three research trajectories make this question newly actionable. Agentic Al connects reasoning to
tools, memory and feedback. Generalist robot learning seeks reusable perception—action competence
across tasks and embodiments. Autonomous science links experiment selection to physical execution and
interpretation.”* These developments are complementary. A reasoning system can propose an investi-
gation without being able to perform it; a robot can manipulate equipment without selecting informative
experiments; a laboratory can optimize a process without being able to replace a failed instrument. Their
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conjunction could widen the range of problems addressed locally, provided that the interfaces between
them become dependable.

This possibility has a substantial history. Self-reproducing probes and industrial bootstrapping stud-
ies considered how relatively limited initial equipment might enable larger productive systems beyond
Earth.>% Recent Al does not originate that ambition or settle its feasibility. It changes one part of the
problem: how machines might interpret unfamiliar conditions, generate alternatives and coordinate het-
erogeneous operations after deployment. The enduring physical question remains whether those opera-
tions can produce the resources, tools and verified performance on which continued activity depends.

We argue that autonomous engineering is the missing bridge between autonomous science and inher-
itable civilization capabilities. Scientific discovery changes what a system knows; engineering changes
what it can reliably do. A new material prediction is not yet a replacement component. A successfully
fabricated component is not yet a maintained service. A transmitted design is not yet a capability at
its destination. Each transition introduces requirements for realization, measurement, integration and
continuity. Treating these transitions explicitly allows a civilization-scale perspective to be built from
assessable mechanisms rather than inferred directly from progress in Al

The term civilization capabilities is deliberately narrower than civilization. It denotes capacities for
continuing knowledge production, organized engineering, maintenance, coordination and transmission
across sites and generations. Their material embodiments may be robotic, biological or mixed. A col-
lection of machines performing these functions would not thereby acquire the political legitimacy, moral
standing or historical identity of a human society. Conversely, human presence alone would not make
an outpost industrially independent. Technical function, biological continuity and social continuity are
related but distinct questions.

Our organizing sequence—Science—Engineering—Civilization—is consequently a sequence of expla-
nation, not a predetermined trajectory. Engineering enables new instruments and experiments; durable
productive systems sustain both; institutions determine which possibilities should be pursued. Orbital plat-
forms, lunar installations and Martian bases offer different settings for these interactions, not successive
civilizational ranks. More distant exploration tests the same architecture under increasingly demanding
constraints on communication, repair and continuity (Fig. 1).

This article is a critical integrative survey and perspective, not a systematic review or a forecast of de-
ployment dates. We distinguish experimental demonstrations, digital evaluations, engineering proposals
and normative arguments. The evidence establishes important component capabilities but does not estab-
lish a self-sustaining, self-improving extraterrestrial industrial system. Our contribution is a framework
for investigating the connections: what should be demonstrated, what support must be disclosed and what
observations would weaken the proposed benefits.

2 Emerging foundations: agentic intelligence, generalist robotics and au-
tonomous science

2.1 From generated answers to accountable actions

An agentic system does more than generate an answer: it selects actions, interacts with tools or an
environment, receives feedback and revises subsequent behaviour in pursuit of a goal. ReAct made
reasoning—action interleaving explicit, while Toolformer explored learning when and how to invoke ex-
ternal tools. >’ Reflexion used feedback retained as verbal memory, and Voyager accumulated executable
skills in Minecraft.®° These studies identify useful architectural ingredients, but a memory of a successful
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virtual action is not evidence that its physical analogue will work.

Advances in reasoning models expand the search that can occur within such architectures. DeepSeek-
R1 demonstrated reinforcement-learning-based improvements on verifiable reasoning tasks; evaluator-
guided systems such as AlphaEvolve extend code generation into iterative search.'®!! Their relevance
to exploration is the possibility of generating and testing alternatives under explicit constraints. Their
limitation is equally informative: a reliable evaluator is often central to progress. A program can be
checked against tests, whereas a proposed machine may require scarce material, instrument time and
potentially irreversible physical trials.

Software and computer-use benchmarks have made agent performance more operationally meaning-
ful. SWE-bench and SWE-agent connect repository-level tasks to executable evaluation; AgentBench,
WebArena and OSWorld expose failures across interactive environments. '>~!¢ These benchmarks should
inform, not substitute for, physical evaluations. In particular, the human task-duration metric developed
for long software tasks measures the duration of tasks that an Al can complete at a stated success prob-
ability. It does not measure how long a spacecraft or laboratory can remain safely unattended.!” Action
latency, recovery, equipment wear and cumulative resource depletion require separate treatment.

For off-Earth systems, the useful interface is therefore neither unrestricted natural-language control nor
a fixed command catalogue alone. A proposed architecture would allow agents to formulate objectives and
select procedures while requiring executable actions to pass through typed interfaces, resource checks and
permission boundaries. Tool outputs would include uncertainty, equipment state and provenance, rather
than only a success message. This is an architectural proposal: existing agent demonstrations do not
establish the reliability of that complete arrangement.

2.2 Generalist competence and the physical interface

Robot learning has begun to reduce the amount of task-specific programming needed to connect instruc-
tions to action. SayCan combined language-level selection with skill affordances, Code as Policies gen-
erated executable control compositions, and PalLM-E incorporated embodied observations into a multi-
modal language model. '#2° RT-1 and RT-2 explored large-scale instruction-conditioned robotic control
and the transfer of web-derived representations to action.>!>> These approaches broaden the relationship
between semantic understanding and physical behaviour, although their evaluations remain bounded by
available embodiments, training distributions and task definitions.

Cross-embodiment datasets and reusable policies make that boundary a research variable. Open X-
Embodiment pooled robot experience across platforms; Octo and OpenVLA investigated models that can
be adapted to different robotic settings.>?*>* Diffusion Policy and the m family illustrate approaches
to representing continuous, multimodal action, while my.s and Gemini Robotics 1.5 report broader task
or environment generalization.”>~2® The common opportunity is to reuse competence across tasks. The
outstanding question is how reliably this reuse survives changes in sensing, contact mechanics, tooling
and environmental conditions.

Bimanual and mobile manipulation further extend the repertoire relevant to laboratories and main-
tenance. Low-cost demonstration learning, Mobile ALOHA and HumanPlus connect human-provided
experience to coordinated physical tasks.?°~*! Demonstration collection and autonomous execution must
nevertheless be reported separately. A system can act autonomously after substantial human work has
structured its data, workspace and recovery procedures. AutoBio provides a complementary warning
through a simulated professional biological-laboratory benchmark: specialist workflows expose demands

that ordinary domestic manipulation evaluations may not capture. >
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The implication is not that generalist robotics is irrelevant to space because terrestrial tasks differ. It
is that transfer should be measured by the adaptation burden: new demonstrations, tooling modifications,
calibration, validation and interventions required to obtain specified performance. A generalist policy
that substantially reduces this burden would be valuable even if it requires qualification at every destina-
tion. Conversely, a visually impressive task demonstration says little about months of operation unless
component failures, unsuccessful attempts and support activities are included.

2.3 Autonomous science as a heterogeneous set of achievements

Autonomous science predates contemporary language models. Robot-scientist studies automated hypoth-
esis generation and testing in functional genomics, including subsequent manual confirmation of conclu-
sions.33-** Later platforms linked machine learning to reaction exploration, Al-informed flow synthesis
and executable chemical procedures.?>37 These examples occupy different positions between human-
designed workflows and machine-selected investigations. In the flow-synthesis platform, practical details

supplied by human experts remained part of the route from proposed synthesis to execution. *®

Closed-loop experimentation has demonstrated tangible gains in bounded domains. A mobile robotic
chemist conducted 688 experiments over eight days in a photocatalysis campaign.®® Autonomous thin-
film experiments, carbon-nanotube growth, battery-protocol optimization and Bayesian reaction opti-
mization provide distinct examples of feedback connecting measurements to subsequent experimental
choices.?**? Their diversity matters: the scientific loop can be instantiated through different instruments
and decision methods. It should not be equated with a single model family or an aspiration to automate
every role in a laboratory.

Language-model-based systems add another layer. Coscientist combined information access, computa-
tion and laboratory tools for chemistry tasks, whereas the later Al co-scientist system organized hypothesis
generation and refinement with scientist participation and experimental validation in selected biomedical
settings.*>** These are distinct systems despite their similar names. Together they suggest ways of con-
necting broader scientific reasoning with specialized experimental infrastructure; neither establishes a
laboratory capable of independently constructing and sustaining its own equipment.

Scientific Al also contributes without directly controlling a laboratory. AlphaFold advanced protein-
structure prediction, GNoME expanded computational materials search, and Al-assisted discovery of
algorithms or mathematical constructions produced outputs assessable by specialized evaluators.*~°
Symbolic-regression approaches seek interpretable relationships from observations, including sparse dy-
namical models and physics-informed expression search.>'=>3 Such tools could support local inference
or design. The evidential distinction is that prediction, mathematical verification and experimentally es-

tablished material behaviour are different achievements.

That distinction is especially important when discovery claims depend on automated characterization.
A-Lab connected computationally selected inorganic targets to robotic synthesis and characterization,
but its published correction qualified phase-identification and novelty claims.>*>> The lesson is not that
automated discovery lacks value. It is that a closed experimental loop can still contain an inadequate
evidential loop. A system must preserve raw observations, competing interpretations and routes to in-
dependent confirmation, especially when a conclusion will authorize fabrication or deployment. Recent
assessments of self-driving laboratories likewise emphasize integration, transferability and experimental

provenance. 36,57
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2.4 What flight experience contributes

Space autonomy supplies experience that terrestrial Al benchmarks cannot. The Remote Agent archi-
tecture connected planning, execution and model-based diagnosis; autonomous science operations on
Earth Observing One connected onboard analysis to observation planning.>®>° AEGIS demonstrated au-
tonomous targeting for Curiosity’s scientific instrument operations on Mars.® These systems show that
useful decisions can move away from continuous ground involvement without requiring a generally intel-
ligent agent.

The physical envelope is equally consequential. Axel and DuAxel explored mobility architectures for
extreme terrain, while Astrobee was designed for free-flying research and assistance inside the Interna-
tional Space Station. !> The latter’s operational anomaly report documents software updates, hardware
replacement and ground repair.®> Such support is not an embarrassment to be removed from the evi-
dence; it is part of the demonstrated system. The comparison in Table 1 and Fig. 2 therefore separates
decision capability from the infrastructure that makes it available. No single row establishes the entire
science—engineering—continuity chain.

3 Autonomous engineering: turning discovery into new physical capabili-
ties

3.1 A capability is a verified service, not an isolated artefact

Scientific knowledge becomes engineering capability only when it supports a reproducible intervention
under specified conditions. We define a physical capability as the ability of an identified system to de-
liver a measurable service within a stated operating envelope, with documented resource and support
requirements. Examples include producing oxygen of a specified purity, positioning a sensor to a re-
quired accuracy or replacing a worn seal while preserving pressure integrity. The definition includes
throughput, reliability and duration where relevant; an artefact that succeeds once may not yet satisfy it.

This framing separates three kinds of novelty. A design may be new to a model, new to the local instal-
lation or new to the scientific literature. Local capability development needs the second, not necessarily
the third. Re-establishing a known separation process with unfamiliar feedstock could substantially im-
prove an outpost without constituting a globally novel discovery. Conversely, a globally novel design that
cannot be manufactured or verified locally does not enlarge its usable capability. Claims of autonomous
engineering should specify which form of novelty is being tested.

Evidence already reaches beyond parameter adjustment in a fixed laboratory. Al-driven design of quan-
tum experiments and broader work on physics-experiment design explore configurations outside familiar
human choices.%*% Automatic design and manufacture of simple robotic forms, and robotic construction—
evaluation cycles for morphological evolution, connect computational search to physical realization. °6-67
Human-LLM robotic co-design illustrates a different, collaborative arrangement. ®® These studies support
parts of the proposed bridge while making its missing connections visible: real deployment additionally

needs qualified materials, integration and continued service.

3.2 The discovery-to-service cycle

We propose an engineering cycle with six linked functions: specify a need; investigate constraints; gen-
erate and select a design; realize it physically; verify its performance independently; and deploy it with
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maintenance and retirement procedures (Fig. 3). These are not necessarily separate agents. They are
responsibilities that must remain distinguishable even if implemented by a shared model. In particular,
the process that proposes a solution should not be allowed to redefine its acceptance criteria after seeing
the result.

Need specification begins with a service deficit rather than an invitation to invent. A rover may lack
sufficient traction, a reactor may be losing efficiency, or a sensor may require a replacement mount. The
system should first consider established procedures, reconfiguration, spare parts and waiting for assis-
tance. Open-ended search becomes useful when those alternatives fail, consume excessive resources or
cannot meet a changing requirement. The ability to decline an unnecessary invention is part of competent
engineering.

Investigation then connects available observations to the relevant uncertainty. Material analysis might
distinguish a poor feedstock from a malfunctioning furnace; controlled trials might distinguish tool wear
from a planning error. The scientific question should be selected for its decision value. Learning a
general material law is valuable when it changes several future choices, whereas a simple acceptance test
may suffice for a one-off replacement. In this way science and engineering reinforce each other without
requiring every repair to become a research programme.

Design search must include the means of realization. Geometry, composition and control policy should
be optimized jointly with available machines, fixtures, joining methods, sensors and permitted operations.
The recent physics-design literature makes clear why search-space construction and evaluator fidelity mat-
ter.% For local engineering, manufacturability is not a final filter applied to an otherwise unconstrained
design: it shapes the admissible design space from the outset. A less efficient component may be prefer-
able if its production route is inspectable, repeatable and repairable using existing equipment.

Realization should generate an evidence-bearing artefact. Each item needs a traceable relationship to
its design version, material batch, process history and inspection results. Independent verification can
use a separate instrument, held-out loading condition, external laboratory or a precommitted test proto-
col that the designer cannot modify. Independence is functional rather than merely organizational: two
agents using the same flawed simulator and sensor do not provide two independent checks. Deployment
then proceeds within the tested envelope, with observable warning conditions and an explicit route to
withdrawal.

3.3 Anillustrative lunar materials-to-tool pathway

Consider a hypothetical lunar robotic installation that needs a replacement fixture for sample preparation.
The example is a proposed integration experiment, not a reported lunar achievement. The installation
arrives with power, manipulators, a small processing unit, imported electronics, calibration artefacts and
a limited inventory of consumables. Its initial procedures do not include a qualified fixture made from
the encountered local material. Success would mean establishing that service locally, not reproducing the
entire installation.

The system first characterizes feedstock variability and compares feasible processing routes. Electro-
chemical extraction studies and regolith-based additive-construction work motivate candidate operations,
but their terrestrial demonstrations do not provide a ready-made lunar production line.%~"> Small spec-
imens are produced to test properties relevant to the fixture. If the material is unsuitable for a precision
interface, the system may instead use it for a coarse support around an imported precision insert. This
hybrid solution can constitute genuine capability growth while leaving its imported dependency explicit.

The design is then fabricated and tested against a previously specified service: holding a sample within
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a tolerance over repeated preparation cycles, without unacceptable contamination or degradation. An
independent metrology channel evaluates the result. Only after passing does the fixture enter routine use.
Subsequent observations update the process record and may reveal that an apparently successful material
has unacceptable wear or cleaning requirements. Those failures belong in the evaluation, including the
material and instrument time consumed before a useful design is obtained.

The decisive outcome is neither the number of candidate geometries generated nor the percentage of
fixture mass that is locally sourced. It is a measured increase in qualified service relative to alternatives,
including imported replacement, conventional preprogrammed fabrication and ground-assisted redesign.
The same campaign should be repeated on a different feedstock batch, with an independently prepared
installation. This transforms an appealing scene of lunar manufacturing into a falsifiable claim about
autonomous engineering.

3.4 Adaptation, repair and sustained improvement

Robotic resilience offers an important but narrower precedent. Continuous self-modelling and learned be-
havioural repertoires have enabled machines to recover useful locomotion after damage. >’* Behavioural
compensation is not physical repair: a robot that walks with a damaged limb has not manufactured a
replacement actuator. Nevertheless, compensation can preserve service while a slower engineering cycle
diagnoses the fault and prepares a repair. These mechanisms should be composed, not conflated.

Deployment of learned control on a tokamak provides another instructive boundary. Reinforcement
learning supported magnetic control of real plasma configurations within an established experimental
installation.”> This is evidence that learned methods can participate in demanding physical control. It is
not evidence that Al has constructed a self-sustaining energy system. The distinction generalizes: suc-
cessful operation of an advanced machine does not establish autonomy over the industrial processes that
produced it.

The stronger proposition is that local research and engineering can generate cumulative net benefit.
Additional capabilities may create new scientific opportunities, improve maintenance or reduce a costly
dependency. They can also introduce incompatibilities, increase inspection burden or divert resources
from reliable operations. We therefore propose net capability gain as a comparison of service delivered
over a declared interval under matched initial resources and support constraints. It is not a universal
scalar: oxygen, calibrated measurements and safe operating time should remain separate unless an explicit
mission valuation combines them.

An improving system must retain the ability to reproduce its own successful procedures. Uncontrolled
changes to models, instruments or material recipes can make apparently accumulating knowledge opera-
tionally unusable. A stable baseline, versioned updates, independent acceptance tests and a recoverable
configuration are therefore enabling infrastructure for learning, not restrictions external to it. The engi-
neering bridge is complete only when the new capability becomes available to subsequent work under
known conditions—and can be withdrawn when those conditions no longer hold.

4 Sustaining intelligence and production beyond Earth

4.1 From autonomous tasks to supported productive systems

An installation can be highly autonomous in deciding what to do while remaining dependent on imported
parts, terrestrial computation and human maintenance. Conversely, a physically durable instrument can
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perform only a narrow set of preprogrammed actions. Decision autonomy and support autonomy should
therefore be represented separately (Box 1). For any claimed capability, the system boundary must include
its enabling services and identify which are local, stocked, imported or remotely supplied.

Dependency analysis is more informative than a single self-sufficiency percentage. Producing most
structural mass locally does not resolve dependence on a small but indispensable controller. Nor does
importing that controller invalidate the benefits of local construction. The appropriate representation is a
network of required services and alternative supply routes. Some dependencies are conjunctive: a process
needs power, feedstock and measurement simultaneously. Others are substitutable: a component may be
repaired, fabricated, drawn from reserves or obtained from another site. An AND-OR representation
captures this distinction more faithfully than a linear supply-chain diagram.

Such a representation also changes the objective of bootstrapping. Instead of maximizing the number of
locally produced items, an installation would seek to reduce consequential interruptions while expanding
useful output. The value of a new process depends on which bottleneck it removes and which dependen-
cies it adds. This extends the logic of industrial bootstrapping proposals while retaining their conditional
status.® Table 2 organizes the principal continuity services and makes their alternatives explicit.

4.2 Energy, resources and thermal balance

Energy availability determines which scientific and engineering operations can coexist. Experiments,
processing, computation, communications and survival functions compete for power and heat-rejection
capacity. A proposed scheduler should therefore allocate not only electrical energy but also peak power,
cooling capacity and recovery time. An experiment that is inexpensive in reagents may still be costly if it
prevents the system from charging reserves or operating a critical thermal-control service.

Solar and fission systems illustrate different continuity architectures rather than a universal preferred so-
Iution. The Kilopower programme and KRUSTY experiments provide ground-based evidence for a com-
pact fission-power approach, not evidence of an autonomously maintained extraterrestrial reactor. %"’
An exploration architecture must separately assess fuel provision, conversion machinery, maintenance,
deployment and authorization. Al-assisted control cannot be credited with resolving those dependencies

merely because it can optimize operating parameters.

Resource utilization likewise requires distinctions between availability, extraction and qualified supply.
MOXIE’s design and Mars results establish a specific, important case: oxygen production from the Mar-
tian atmosphere using an Earth-built instrument.”®° The published results do not establish a complete
propellant installation, sustained settlement-scale output or local manufacture of the electrolysis system.
Those are separate integration and scaling questions. Treating the demonstration narrowly preserves its
significance: a resource-processing step was performed on another planet, rather than only in an analogue
environment.

For solid resources, elemental abundance alone is insufficient. Useful feedstock requires extraction,
separation, transport, storage and characterization at a quality compatible with the downstream process.
The engineering system must also manage residues and consumables. A new material route may exchange
one dependency for another—for example, reducing imported bulk material while increasing demand for
processing hardware or specialized reagents. The relevant comparison includes the full service chain and
its maintenance, rather than only the output of the central reactor.

Environmental differences should enter these assessments as explicit variables. An orbital interior,
an exposed lunar worksite and a pressurized Martian facility present different combinations of contact
dynamics, atmosphere, dust exposure and thermal constraints. It would be premature to extrapolate a
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single terrestrial learning curve across them. A useful research strategy is to identify which interfaces
can be standardized and which must be requalified locally, so that transfer preserves validated knowledge
without assuming identical conditions.

4.3 Manufacturing, assembly and metrology

Manufacturing capability is an ecosystem of processes, not a synonym for a three-dimensional printer.
Metallic additive manufacturing connects processing conditions to structure and properties; its engineer-
ing utility depends on inspection, repeatability and the intended application.° Results from the Interna-
tional Space Station’s 3D-printing technology demonstration illustrate why controlled comparison mat-
ters: material and process characterization are necessary to interpret the effect of the operating environ-

t.81

ment.®" Producing a shape is only one step towards qualifying a component.

Discrete assembly offers a complementary route. Reversibly assembled cellular materials, coordinated
material-robot systems and ARMADAS demonstrations show how designed interfaces can support con-
struction from standardized elements.®>8% This approach can exchange some demands on general ma-
nipulation for regularity in the built environment. Its demonstrated scope must remain clear: assembling
prefabricated modules on Earth is not producing those modules from lunar feedstock. Nevertheless, im-
ported modular elements may enable substantial local reconfiguration before extensive local manufactur-
ing becomes practical.

The strategic choice is therefore not between a fully general robot and a fully standardized environment.
It is how to co-design machines, parts and procedures so that useful flexibility is achieved with man-
ageable complexity. Common interfaces can reduce the variety of tools, fixtures and recovery routines.
Interchangeable components can expand the set of repairs possible from a limited inventory. Reversible
joining can preserve material and enable inspection. These are proposed architectural benefits that should
be assessed against losses in structural efficiency, performance and compatibility.

Metrology is a particularly consequential dependency because it underwrites claims about other de-
pendencies. A local process cannot establish precision simply by repeatedly reporting agreement with
its own drifting sensor. Calibration artefacts, independent measurement principles, reference materials
and environmental records need maintenance and replacement strategies. Cross-site comparison can help
detect divergence, but agreement between sites sharing a faulty reference is not proof of accuracy. The
ability to maintain trustworthy measurement is thus part of the productive capability being inherited, not
merely a preliminary test before inheritance.

An autonomous workshop should also account for the machines that maintain its machines. Tool wear,
damaged connectors, contaminated optics and failing sensors can interrupt otherwise successful work-
flows. The system need not manufacture every replacement locally, but it must identify credible recovery
paths for important failure modes. A workshop that can make thousands of uncomplicated parts yet can-
not restore one essential positioning axis may have a larger catalogue than a more modest installation, but
lower continuity of service.

4.4 Electronics and computation as material dependencies

Computing is often treated as the transferable part of the architecture: copy the model, upload the software
and resume operation. This overlooks the physical system required to interpret those files. Processors,
memory, storage, power electronics, interconnects and sensors have different failure modes and replace-
ment requirements. Work on radiation-induced soft errors, single-event upset and hardness assurance
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establishes why component behaviour and environmental qualification cannot be inferred from terrestrial

performance alone. %387

No evidence assembled here demonstrates a locally closed off-Earth supply chain for advanced semi-
conductor manufacture. This does not make sustained intelligence impossible; it makes architecture
choice central. Nearer-term systems could combine qualified imported electronics, protected reserves, re-
placeable modules, fault detection and a hierarchy of computational services. Longer-term studies could
ask which component classes are worth producing locally and which should remain specialized imports.
These are different questions from whether Al can design an improved circuit or controller.

Computational efficiency can ease, but not eliminate, these dependencies. Energy-aware computing,
model compression, distillation and memory-efficient attention address different parts of the computa-
tional burden.3¥! Their reported benefits are workload- and hardware-dependent. A smaller model
that consumes less energy may also require more retries or human assistance. The relevant metric is re-
source use per successfully qualified service, with the computing required for adaptation and verification
included—not parameter count alone.

A resilient computational arrangement could separate infrequent deliberation from continuous control.
Compact, qualified controllers could maintain safety-critical functions; larger models could plan investi-
gations during suitable resource windows; Earth or another site could supply non-urgent analysis when
communication permits. Versioned local knowledge and executable fallbacks would preserve useful oper-
ation during outages. Such a hierarchy is a design hypothesis, not evidence that existing general-purpose
models are flight-qualified. Its value should be tested by deliberately removing remote computation and
observing which services remain available.

Continuity finally requires an explicit time horizon. A reserve-based architecture may be adequate
for a bounded mission even if it cannot replenish its processors. A multi-site network may provide a
robust alternative to local fabrication if transport and access remain reliable. For much longer intervals,
finite reserves and delayed replacement become increasingly restrictive. The choice between stockpiling,
repair, local production and exchange should therefore be made against declared service requirements and
disruption scenarios. Complete self-sufficiency is neither a necessary starting condition nor a conclusion
that can be obtained by extrapolating partial autonomy.

S Building and inheriting civilization capabilities across space

5.1 The seed as a system of capabilities

If scientific and engineering functions can be sustained locally, an initial installation could become more
than a fixed inventory of instruments. It could be a seed for a changing repertoire of capabilities. The
seed would include knowledge, machines, measurement references, material stocks, energy access and
rules for operation. Its defining property would not be small size or a promise of self-replication. It would
be the demonstrated ability to establish additional useful services within declared resource and support
boundaries.

A practical seed might initially combine a survey platform, a modular workshop and a small experi-
mental facility. Scientific observations would inform site-specific engineering choices; engineering would
supply improved sampling, repair or processing tools; the resulting infrastructure would support further
investigation. This positive feedback is the constructive centre of the perspective. It also has a measur-
able failure condition: the additional activities may consume more maintenance, material and verification
effort than the services they create. A seed should be evaluated by that balance over time, not by the rhetor-

10



Agentic Al and Robots Explore the Universe Working draft v1.2

ical appeal of exponential growth.

The seed concept is plural. A remotely supported research node, a robotically maintained industrial
facility and a human settlement have different requirements. A robotic observatory may preserve scien-
tific continuity without food production or biological reproduction. A human community requires health,
care, social organization and legitimate collective decision-making in addition to technical services. A
biological-digital system may use organisms for selected production processes while retaining conven-
tional machinery elsewhere. There is no reason to assume that one architecture is optimal across all
destinations and purposes.

5.2 Five forms of inheritance

We distinguish digital, mechanical, industrial, biological and social inheritance (Fig. 4). Digital inher-
itance transfers representations: models, code, observations, designs and process records. Mechanical
inheritance transfers or reconstructs physical arrangements, including tools, robots and modular assem-
blies. Industrial inheritance re-establishes the interdependent services required to produce, qualify and
maintain those arrangements. Biological inheritance continues living systems through reproduction and
ecological support. Social inheritance maintains knowledge practices, institutions, purposes and the ca-
pacity to revise them.

Digital inheritance is powerful because a successful procedure can be transmitted without physically
transporting every object it describes. Yet its operational value depends on provenance, interpretability
and compatible execution. FAIR principles and reproducible computational research provide foundations
for making scientific records reusable. °>?* An off-Earth capability record would need to add local material
assumptions, calibration history, equipment interfaces, failure cases and permissions. Even a perfectly
preserved file may fail to produce a useful outcome if its tacit or physical prerequisites are missing.

Mechanical inheritance has instructive precedents with sharply bounded meanings. Modular robotic
self-reproduction demonstrated assembly from supplied components, and RepRap investigated printers
that could contribute to making further printers. °*°> Neither should be interpreted as closed production
from raw environmental resources. Their contribution is to make some parts of reconstruction explicit and
repeatable. For exploration, the relevant question is which dependencies can be transferred as information,
which require prefabricated modules and which can be reconstructed by local processes.

Industrial inheritance is more demanding because the receiving site must restore a network rather than
a single object. A copied furnace design needs compatible refractory material, heaters, control electron-
ics, sensors, feedstock and a way to verify temperature and output. Some may be inherited physically,
some produced locally and some exchanged. The target need not reproduce the source site’s machines
exactly. It must meet equivalent service specifications with documented substitutions. This functional no-
tion permits adaptation while preventing the untested assumption that identical software creates identical
capability.

Inheritance should consequently be assessed as re-establishment. A source site provides a versioned
capability package; a receiving site starts from a declared inventory and altered conditions; independent
tests determine whether the service becomes available and remains available (Box 2). A successful trans-
fer records both what was inherited and what had to be rediscovered. Repeated transfers can then reveal
whether experience reduces adaptation effort or whether site-specific engineering remains the dominant
cost.

11
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5.3 Biological continuity without conflating reproduction and civilization

Biological systems offer functions that are not straightforward replacements for mechanical production.
Synthetic-biology and Mars-biotechnology perspectives identify possible roles in food, materials, thera-
peutics and waste processing. °~*® Cyanobacterial life-support studies include both architectural propos-
als and experiments under controlled, Mars-relevant conditions.??1%0 These are reasons to investigate
biological production, not evidence that an autonomous Martian ecosystem has been achieved.

Biological production also introduces coupled dependencies. Organisms require suitable environments,
nutrients and contamination control; useful output depends on ecological and process stability. Nitrogen

cycling illustrates the integration challenges in bioregenerative life-support systems. '°!

The engineering
question is whether a biological pathway provides a better qualified service than a physical or chemical
alternative after accounting for monitoring, containment, failure recovery and waste handling. An intelli-
gent controller can assist with these tasks but cannot infer ecological stability from short-term productivity

alone.

Evidence on reproductive continuity must be handled with particular care. Mouse sperm preserved
aboard the International Space Station has subsequently supported reproduction after return to Earth;
longer storage studies extend that specific evidence base. '°>!%3 Early mouse embryos have also developed
to the blastocyst stage during an ISS experiment. '** These findings do not demonstrate a complete mam-
malian reproductive cycle in space, multigenerational health under partial gravity, or human reproductive
safety beyond Earth. Nor can an ISS storage environment be treated as equivalent to every deep-space
radiation environment.

Human continuity adds requirements beyond those addressed by preserved genetic material. The NASA
Twins Study and wider spaceflight-biology synthesis document interacting physiological and molecular
responses that motivate continued research. '°>19 A durable human presence would also require care
across the life course, education, consent and social support. Genetic inheritance alone does not transmit
language, engineering practice or collective purpose. Treating people as replaceable biological compo-
nents of a technical system would therefore be both ethically unacceptable and analytically inadequate.

Research on Al-designed living assemblies provides a separate, bounded example. Reconfigurable bi-
ological constructs and kinematic replication of cell assemblies show that design and reproduction-like
processes can intersect under controlled laboratory conditions. 9719 They do not establish independent
ecosystems, general biological manufacturing or a route to human continuity. Their relevance here is
conceptual: different mechanisms can reproduce structure, function or information, and the input envi-
ronment must be specified for each.

5.4 Social learning, institutions and multiple sites

Technical knowledge on Earth is distributed across people, tools and organizations. Research on cumu-
lative culture emphasizes how social learning supports adaptations that exceed an individual’s capacity
to reinvent them; models of cultural transmission also show conditions under which complex skills can
be lost. 9110 These findings motivate attention to transmission networks, not a claim that any particular
human historical case predicts the fate of an off-Earth community. Archives, training and opportunities
for practical participation all matter when expertise must remain usable.

For human-containing systems, social inheritance should preserve the ability to question and change
inherited arrangements, not merely obedience to founding instructions. For robotic systems, long-lived
operational rules still require identifiable authority, revision procedures and records of consequential
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decisions. Work on social-ecological systems and polycentric governance offers ways to reason about
interacting resource users and institutions.'!""!'? Applying those ideas to space is a proposal requiring
adaptation, not an empirical result already established for extraterrestrial settlements.

A network of sites could make inheritance useful before any site becomes self-sufficient. One node
might specialize in precision measurements, another in bulk processing and another in scientific obser-
vation. Shared specifications and redundant services could permit cooperation without identical infras-
tructure. Knowledge could move more readily than large equipment, while strategic stocks could buffer
transport interruptions. But specialization also creates vulnerabilities: the loss of a unique supplier or
trusted reference can affect several nodes at once. Network resilience must therefore be tested under
correlated failures and contested access, not assumed from the number of locations.

The broader implication is that civilization capabilities might spread by selective re-establishment
rather than by exact copying of complete settlements. A new node could inherit only the functions needed
for its scientific or infrastructural role and acquire others later. This architecture accommodates robotic
precursors, human—machine collaboration and biological-digital combinations without prescribing one
inevitable succession. It also leaves room for a deliberate decision not to establish a productive installation
where scientific, environmental or social reasons favour restraint.

5.5 Distant exploration as a boundary test

Outer-Solar-System and interstellar scenarios sharpen rather than remove these requirements. As timely
external assistance becomes less available, local diagnosis, preservation of knowledge and restoration
of key services become more important. Historical self-reproducing-probe proposals remain useful con-
ceptual boundary cases, but their assumed manufacturing and propulsion capabilities are not established
by contemporary agent demonstrations.> The appropriate next step is to identify the dependencies that
survive increasingly severe support restrictions, not assign a date to autonomous galactic expansion.

Models of interstellar settlement explore how transport, site suitability and finite settlement lifetimes
can shape spatial patterns. !> Arguments about technosignatures likewise distinguish the persistence of
technological traces from that of their creators. !'* These theoretical perspectives make longevity and prop-
agation scientifically interesting; they are not observations of extraterrestrial civilizations or evidence that
human expansion will follow the modelled dynamics. Our framework contributes a complementary ques-
tion: what physically and institutionally supports the continuation assumed by such models? Exploring
the Universe becomes a study of enduring capabilities as well as reachable destinations.

6 Testing and governing the transition: a research agenda

6.1 Measure the connections, not a composite impression of autonomy

The central research problem is compositional. Evidence that agents can plan, robots can manipulate and
laboratories can optimize does not establish that their combination will reliably develop new services.
Interfaces can introduce incompatible assumptions, error propagation and new demands on supervision.
Evaluation should therefore target the transitions between knowledge, realization, qualified use and inher-
itance. Fig. 5 organizes these tests by scale and evidential gate; Table 3 states the claims and observations
that would count against them.

Every experiment should declare the initial system boundary, environment, task distribution, operating
interval and allowable external support. Human contributions include advance preparation, demonstra-
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tions, interventions, maintenance and post hoc interpretation. Computational support includes model
training where relevant, local inference, remote tool calls and emergency access to stronger systems. Re-
source accounting includes failed trials, discarded material, calibration, tool replacement and reserves
consumed. A ground-assisted system may be the best architecture; the requirement is to compare it hon-
estly with alternatives rather than obscure its support.

The resulting evaluation should report a vector of outcomes: qualified service delivered, unsuccessful
or unsafe attempts, time to recovery, material and energy use, human effort and dependence on unavail-
able services. Critical dependencies should be stress-tested individually and in combinations. Removing
a remote server while leaving a hidden fallback connection available is not an independence test. Equally,
disabling a dependency outside the claimed operating envelope does not refute a narrower claim. Bound-
aries must be agreed before the result is known.

Statistical discipline is particularly important when physical experiments are expensive. Work on
reinforcement-learning evaluation shows how few runs, variable implementations and point estimates can
produce misleading rankings. !'>!1® Engineering demonstrations should retain unsuccessful campaigns
and report uncertainty across tasks, conditions and independent repetitions. A reliability claim cannot
be inferred from a single long successful run without considering failure exposure and the population of
operating conditions. Detailed operational case studies remain useful, but their evidential role should be
stated separately from comparative estimates.

6.2 Three decisive experiments

The first experiment tests locally developed capability. An installation receives a service requirement
that its qualified initial procedures cannot meet, together with a fixed resource inventory and safety enve-
lope. It may investigate, redesign and fabricate, but acceptance criteria and independent verification are
established in advance. The lunar-fixture scenario in Section 3 provides one possible terrestrial analogue.
Success requires repeated service after development, not merely a working prototype. Comparators in-
clude a fixed automation pipeline, a prequalified library with adaptation, and human-assisted engineering
under explicitly costed communication conditions.

The test should distinguish solution retrieval from local development without demanding global novelty.
A hidden initial capability, a premanufactured task-specific part or a decisive unreported human correction
would weaken the interpretation. So would a result that works only with the exact discovery batch or
fails independent inspection. A positive result would show that the system can expand its qualified local
repertoire within the declared boundary. It would not yet show that such expansion is economically
preferable or sustainable.

The second experiment tests net scientific—engineering benefit. Matched installations perform a cam-
paign of useful operations while one is allowed to allocate resources to research and capability devel-
opment. Baselines can use conventional optimization, maintenance and a fixed procedure library. The
comparison tracks cumulative delivered services, downtime, resource depletion and external labour over
an interval long enough to expose the costs of development and upkeep. An improvement limited to
prototype performance, offset by excessive calibration or maintenance, would not establish net benefit.

This experiment should examine the direction of feedback. Does better characterization produce
components that improve later scientific work? Do new instruments provide observations that materially
improve subsequent engineering decisions? Or does the system repeatedly rediscover fragile solutions
without accumulating reusable knowledge? Withholding the experimental-learning component, the
engineering-realization component or the inherited record in separate comparisons can help identify the
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source of benefit. Where sample sizes are limited, these comparisons should be framed as mechanistic
evidence rather than precise universal effect estimates.

The third experiment tests cross-site inheritance. A source installation transfers a capability package to
an independently configured receiver with different material batches, equipment or environmental condi-
tions. Starting inventories and permitted assistance are recorded. The receiver must establish and sustain
an equivalent service under local verification, with adaptation effort and additional imports included.
Baselines include documentation alone, transferred software alone and conventional expert-led transfer.
Failure despite successful digital copying would locate the missing physical or organizational dependency
rather than merely label the receiver insufficiently intelligent.

The strongest version repeats transfer across several sites and after a controlled loss of a supporting
function. It asks whether the inherited package contains enough information to diagnose and restore
service, not just reproduce a demonstration under ideal conditions. Successful transfer with substantial
imported modules remains meaningful if those modules are disclosed. What would weaken the broader
inheritance proposition is persistently increasing specialist effort, unresolvable dependence on the source
site or loss of independently verified performance after adaptation.

6.3 Trustworthy inference and constrained action

Autonomous development raises a distinctive assurance problem: the system is intended to change what
it can do. Safety arguments tied to an initial configuration cannot automatically be extended to its suc-
cessors. The research agenda should therefore connect uncertainty estimation, constrained control and
change management. Bayesian approximations and deep ensembles provide approaches to predictive un-
certainty, while conformal prediction supplies coverage guarantees under specified assumptions. !!7-119
None supplies unrestricted guarantees under arbitrary environmental change, and confidence estimates

should not be treated as authorization to act.

Runtime constraints can provide a separate layer. Control-barrier-function methods formalize restric-
tions on admissible system behaviour within modelled conditions.'?" Their usefulness depends on the
adequacy of the model, sensing and actuation assumptions. A proposed exploration architecture would
couple such qualified control layers to agents that recommend actions but cannot silently redefine safety
boundaries. If an intended capability requires a new envelope, it should enter an explicit requalification
process.

The risks also extend beyond a faulty prediction. Reward misspecification, side effects and unsafe
exploration are established concerns in Al safety, while systems-safety research emphasizes hazardous
interactions that may occur without an individual component failing. '>!-'?? For a productive installation,
a locally successful optimizer could consume a shared reserve, contaminate a scientific sample or make
a component incompatible with another node. Evaluation must therefore include coupled services, adver-
sarial or erroneous tool inputs, and recovery from compromised records. A more accurate model is not
by itself a complete systems-safety argument.

6.4 Governance is part of the capability architecture

Technical competence does not determine who may deploy it, alter an environment or establish a new site.
The Outer Space Treaty assigns States Parties responsibility for national space activities and requires au-
thorization and continuing supervision of non-governmental activities; Article IX addresses due regard
and harmful contamination.'>> COSPAR planetary-protection policy provides a distinct, non-binding
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guidance framework for protecting scientific investigation and the Earth from relevant contamination
risks. '>* Neither should be reduced to a generic label of responsible Al nor treated as resolving all ques-
tions of resource allocation or future social organization.

The engineering implication is that permission must accompany capability. Proposed systems should
separate permission to inspect, sample, fabricate, modify infrastructure and establish additional nodes.
Local decision-making under delayed communication needs pre-agreed limits, escalation rules and safe
fallbacks. A system authorized to maintain one observatory should not infer permission to expand in-
dustrial activity because it predicts a scientific benefit. Transfer packages should preserve the scope of
authorization and require destination-specific approval where appropriate.

Oversight also needs evidence that remains intelligible across time and institutions. Decision records
should connect proposed actions, supporting observations, accepted uncertainty, authorizations and actual
outcomes. Independent verification and the ability to suspend a service require resources that must be
designed into the installation. For human communities, governance must additionally protect agency,
participation and the possibility of revising inherited rules. These are normative commitments of the
proposed architecture, not consequences mechanically deduced from engineering performance.

6.5 A programme organized by gates, not dates

The near-term opportunity is a shared terrestrial testbed in which laboratories, robots and maintainable
production equipment operate under declared limits on support. Subsequent studies can introduce un-
familiar materials, interrupted communications and environmental qualification before attempting rele-
vant flight demonstrations. Progression should depend on evidence: repeatable new service, positive
campaign-level benefit, verified transfer and acceptable oversight. A successful terrestrial result warrants
a better-defined next test, not an automatic claim of readiness for the Moon or Mars.

Open capability records, comparable intervention accounting and cross-institutional replications would
make these tests cumulative. Space engineers can contribute operational reliability and resource disci-
pline; Al and robotics researchers can contribute adaptable decision and action systems; experimental
scientists can contribute valid inference; manufacturing researchers can contribute process qualification;
social scientists and affected publics can shape institutional arrangements. The research programme suc-
ceeds if it identifies architectures that sustain useful exploration with fewer consequential dependencies—
even if the best solution remains a deliberately interdependent human—machine network.

7 Conclusions

The convergence of agentic Al, generalist robotics and autonomous science creates an opportunity to re-
consider what is sent into space. Alongside instruments with fixed functions, future missions might carry
systems capable of developing additional scientific and engineering services after deployment. Existing
research supports important elements of that possibility, but not the assumption that they already form a
self-sustaining whole.

Autonomous engineering provides the central connection. It links inquiry to design, physical realiza-
tion, independent verification and maintained use. Its success should be judged by qualified service and
cumulative benefit, not the apparent intelligence of a planner or the novelty of a generated artefact. Energy,
feedstocks, production, measurement and computing determine whether those gains persist. Institutions
determine which actions are legitimate and which risks are acceptable.

Inheritance extends the question from one installation to many. Digital records can carry knowledge,
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but a receiving site must re-establish the physical and organizational conditions that make it usable. Me-
chanical, industrial, biological and social continuity cannot be collapsed into software replication or a
single measure of autonomy. Recognizing their differences permits a broader range of architectures,
including robotic precursors, human—machine communities and specialized networks that remain inten-
tionally interdependent.

The proposed transition from autonomous science through autonomous engineering to inheritable civi-
lization capabilities is therefore a research hypothesis with observable intermediate claims. Tests of local
capability development, net benefit and cross-site re-establishment can reveal both its promise and its
limits. The ambition is not to assume that machines will inevitably spread civilization throughout the
Universe. It is to understand whether, where and under whose authority the capacity to investigate, build

and learn can become durable beyond Earth.
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Boxes

Box 1 | Three operational meanings of autonomy

Scientific autonomy is the capacity to select and conduct investigations, interpret evidence and update
a scientific account within a declared scope. A platform may be autonomous in choosing experiments
while relying on humans for reagent preparation or interpretation of difficult results.

Engineering autonomy is the capacity to turn requirements and evidence into physically realized, inde-
pendently qualified and maintained services. Planning or fabrication alone does not meet this definition.
Nor does behavioural adaptation necessarily constitute physical repair.

Support autonomy is the capacity to retain specified services for a stated interval under stated restric-
tions on external labour, material, energy, information and computation. It is not a universal property of
a robot and should not be expressed without a system boundary.

These dimensions need not rise together. A sophisticated scientific agent connected to Earth-based
servers may have substantial scientific autonomy and limited support autonomy. A robust preprogrammed
spacecraft may exhibit the opposite pattern. Reports should distinguish human demonstrations from de-
ployment interventions, remote model calls from onboard inference, and inventory consumption from
replenishable local production. Planned support is part of the architecture, not automatically a failure.
Unreported support makes comparisons uninterpretable.

Box 2 | Why transferring a recipe is not yet inheriting a capability

Suppose site A develops a qualified process for a replacement fixture and sends site B its design, controller
and experimental record. Digital transfer is complete when the files arrive intact; capability inheritance
is not. Site B must determine whether its feedstock, tools, sensors, processing conditions and acceptance
requirements support the same service.

A proposed capability package therefore contains six elements: the service specification and operat-
ing envelope; design and executable procedure versions; material and equipment prerequisites; calibra-
tion and independent acceptance protocols; failure records and recovery procedures; and the applicable
authorization and change-control requirements. Provenance and reproducibility principles support the

information layer, but physical re-establishment requires additional tests. >3

The receiver may reproduce, adapt or substitute the original process. Success is established by inde-
pendent local verification and sustained service over a declared interval, with labour, imports and failed
attempts reported. Functional equivalence does not require identical machines. A negative result is in-
formative if it identifies a missing dependency or an invalid transfer assumption. The key distinction
is between possessing an instruction and possessing the conditions under which that instruction reliably
works.
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Table 1 | Representative evidence and the boundary of the demonstrated system

The studies are selected exemplars, not a ranked leaderboard or a complete evidence census. Durations refer only to the reported experiment or operational record,
not a common unattended-operation metric. Support statements identify dependencies relevant to interpreting the result; absence of an intervention count is not
evidence of zero interventions.

61

System or study Demonstrated function Setting and reported extent Support boundary Verification and interpretive limit

AEGIS % Autonomous selection of Curiosity operations on Mars Earth-built rover and Flight science targeting; not new
science targets for instrument instruments; ground-defined instrument design or local manufacture
observations mission context

Astrobee %263 Free-flying robotic research ~ ISS interior; anomaly report Ground updates, crew-supported Flight operations with documented

Mobile robotic chemist?3®

and assistance; operational
fault handling

Closed-loop photocatalysis
experimentation

covers more than 750 free-flyer
operating hours as of March
2022

Terrestrial laboratory; 688
experiments over eight days

replacement and return of faulty
hardware for repair

Existing instruments, prepared
research setting and supplied
materials

support; reported hours are not one
intervention-free run

Activity measurements within a bounded
campaign; not autonomous laboratory
replenishment

A-Lab>*% Robotic synthesis and Terrestrial laboratory; reported  Installed Interpret using the corrected article; phase
characterization of inorganic  17-day campaign synthesis/characterization assignment and novelty require
targets equipment and available qualification
precursors
Coscientist** Language-model-guided Selected terrestrial chemistry Pre-existing tools and Task and chemistry validation; does not

Al co-scientist*

27
To-5

chemistry with information,
code and laboratory tools

Hypothesis generation and
refinement with
specialist-agent collaboration

Vision—language—action
generalization to new
environments

tasks

Selected biomedical
applications, including in vitro
validation

Terrestrial household
manipulation evaluations

experimental platform

Scientist-in-the-loop framing,
selection and experimental work

Co-training data, supplied
embodiments and prepared
evaluation conditions

establish independent infrastructure
maintenance

Evidence for supported scientific
reasoning; not an autonomously operated
biological facility

Defined task performance; not
qualification under planetary conditions

Continued on next page
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System or study

Demonstrated function

Setting and reported extent

Support boundary

Verification and interpretive limit

Morphological robot
evolution ¢’

ARMADAS 8

MOXIE”

Robotic construction, testing
and iterative design of
locomoting assemblies

Autonomous assembly of
modular structural elements

Oxygen production from
Martian atmospheric carbon
dioxide

Controlled terrestrial
experiments

Metres-scale structures
demonstrated in terrestrial
gravity

Mars; cited paper reports seven
production runs in 2021

Supplied components, assembly
infrastructure and evaluation
space

Prefabricated standardized
modules and designed assembly
interfaces

Earth-built instrument
integrated with Perseverance
and mission support

Physical design—build feedback; not
raw-material closure or field maintenance

Ground assembly evidence; lunar
infrastructure remains an application
vision

Planetary resource-processing
demonstration; not settlement-scale

continuous production or local instrument
replacement
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Table 2 | Services required to sustain intelligence and production

The service network contains both joint requirements and alternative supply routes. Continuity options are design choices to be compared, not capabilities assumed
to exist locally. The relevant metric is qualified service under declared disruptions, not locally produced mass alone.

Service

Principal dependencies

Continuity alternatives

Evidence or design precedent

Required continuity test

Energy and heat rejection

Feedstock preparation

Manufacturing and assembly

Metrology and quality
assurance

Electronics and sensing

Computation and knowledge
storage

Logistics and maintenance
coordination

Source, conversion, distribution,
storage, radiators or other
appropriate thermal interfaces

Characterization, excavation or
collection, separation,
processing, storage,
consumables

Machines, tooling, fixtures,
joining, process control,
qualified materials

Calibrated instruments,
standards, reference materials,
independent measurements,
traceable records

Qualified components,
packaging, connectors, power
conversion, diagnostic access

Power, cooling, processors,
memory, storage integrity,
software and model
compatibility

Transport, handling, inventories,
scheduling, compatible
interfaces, authority to exchange

Redundant sources; protected
reserves; load prioritization;
replaceable conversion modules

Local extraction; recycling;
imported specialty inputs;
alternative qualified recipes

Fabrication; modular assembly;
reversible reconfiguration;
stockpiled components

Redundant principles; protected
references; cross-site comparison;
periodic external calibration

Reserves; modular replacement;
repair where feasible; selective
imports or local production

Efficient local models; verified
fallbacks; replicated archives;
delayed remote assistance

Local buffers; pooled reserves;
alternative suppliers; reduced
interface diversity

Ground fission-system studies '*”’

MOXIE and regolith-processing
work 77

Additive and discrete
manufacturing 508!83

Proposed extension of qualification
and provenance requirements>®

Radiation mechanisms and
assurance literature %%

Compression, distillation and
memory-aware computation 89-91

Proposed multi-site synthesis;

operational support experience 63

Maintain critical services through a specified
generation or cooling shortfall

Recover acceptable output across batch
variation and a disrupted input supply

Replace a consequential component and
demonstrate repeated service, including
inspection cost

Detect a planted sensor bias without relying on
the same flawed measurement chain

Restore a required service after a representative
electronics failure; disclose replenishment
route

Operate through loss of remote compute and
reconstruct service from an independently
checked archive

Sustain priority services through loss of a
unique supplier or delayed transport
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Table 3 | Questions that make the perspective falsifiable

The tests below are proposed, not performed in this article. Baselines must share declared initial resources or report their differences explicitly. A weakening
result constrains the specified proposition and operating envelope; it need not refute every possible architecture.

(44

Question

Proposed test and outcome

Essential comparison

Observation that would weaken the
claim

Q1. Which functions can be
deployed with less external
support?

Q2. Can a deployed system
develop a new local physical
capability?

Q3. Does the
science—engineering feedback
produce net benefit?

Q4. Can production and
computing remain available?

Q5. Can capability be inherited
across sites?

Q6. Can a multi-site system
remain governed and resilient?

Run scientific and maintenance tasks with
controlled delays, outages and recorded
intervention budgets

Require a previously unavailable service; verify
fabrication, integration and repeated use
independently

Compare cumulative qualified services,
resources and downtime with and without
capability-development cycles

Remove critical support pathways and inject
representative faults over a declared interval

Transfer a capability package to an
independently prepared site with changed
conditions; test service locally

Exercise authorization changes, disputed
resource requests and correlated outages in
simulation or controlled analogues

Fixed autonomy, teleoperation or
ground-assisted operation, with
support costs stated

Prequalified procedure library and
expert-assisted adaptation

Matched-resource installations using
conventional optimization and
maintenance

Stockpiling, repair, local fabrication
and network supply alternatives

Files alone, documentation alone and
expert-led transfer

Centralized and distributed
arrangements with matched duties and
oversight resources

Apparent autonomy disappears when
hidden preparation, remote computation
or rescue actions are counted

Only a retrieved design is produced;
qualification fails; or an undisclosed
task-specific asset is essential

Development, verification and upkeep
consume more resources than the
additional service returns

High local mass production coexists with
immediate failure after loss of one
indispensable imported item

Digital copying succeeds but local service
cannot be re-established without
increasing specialist dependence

Nodes bypass authority, propagate
unverified changes or lose shared critical
services despite nominal redundancy
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Figures

a Exploration across environments

Orbit

Observe « service ¢ investigate

Distant exploration
Sense * navigate « relay

Robotic servicing

\ Robotic probe

Earth support

Moon Mars

Sample - fabricate « verify Maintain « process * sustain
Local fabrication

Sealed biolab (cutaway)

Shared capabilities across all environments

b Science-Engineering—Civilization

SCIENCE ENGINEERING CIVILIZATION CAPABILITIES
Ask < Observe ¢« Explain P Design « Build « Verify P Sustain « Coordinate * Inherit
Evidence and models Qualified physical capability Continuity across sites

Energy « Materials » Metrology « Computing  Institutions

Conceptual architecture « Not to scale « Facilities are illustrative, not existing settlements

Figure 1: Exploring the Universe through deployable, developing and inheritable capabilities. a, Illustrative
roles for agentic Al and robots across orbital, lunar, Martian and distant-exploration settings. Scenes combine
instrument servicing, sampling, local fabrication, facility maintenance, material processing and contained
biological research. Earth remains an explicit source of support. Dashed links indicate possible
cross-environment exchanges, not literal trajectories or presently deployed connections. b, A shared framework
connects scientific inquiry, verified engineering and the sustained, coordinated inheritance of capabilities.
Bidirectional arrows represent feedback, not an inevitable historical progression. Energy, materials, metrology,
computing and institutions underpin all three. Activities coexist across settings: no planet corresponds to a single
conceptual stage. The original vector illustration is conceptual and not to scale; proposed facilities are not existing
settlements, and the scene does not establish self-sufficiency or successful capability inheritance.
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Demonstrated functions do not yet form a complete chain

Study-scoped evidence from Table 1 « no summed autonomy or maturity score

DECISION REALIZATION CONTINUITY
System / evidence _Sele_ct Phy§|ca| De5|gr_1 /' Produce/ Indep?nd_ent Maintain / _Cros_s-snte Setting / boundary
inquiry action adaptation assemble qualification recover inheritance

AEGIS Y ® Mars flight
See Table 1 Autonomous targeting
Astrobee ISS flight
See Table 1 . O O Ground / crew recovery
Mobile robotic chemist ° ° Terrestrial laboratory
See Table 1 Prepared platform + inputs
A-Lab t ° ° Terrestrial laboratory
See Table 1 Corrected characterization
Coscientist (2023) Y ° ° Terrestrial chemistry
See Table 1 Installed laboratory tools
Al co-scientist (2026) Y 0] o) Biomedical studies
See Table 1 Scientist-in-the-loop
o.5 ) Terrestrial robotics
See Table 1 Task-specific evaluation
Morphological evolution ® Y ® Terrestrial construction
See Table 1 Supplied components
ARMADAS ° Ground demonstration
See Table 1 Prefabricated modules
MOXIE Y Mars flight
See Table 1 Earth-built processing unit

@ Demonstrated within the cited task O Externally / human supplied Not established here
“Produce / assemble” includes synthesis or resource processing; it does not imply hardware manufacture or industrial closure.

Independent qualification is separate from an optimizer’'s own feedback. Biomedical validation is externally performed; its scope differs from
engineering-service acceptance.

1 Interpret A-Lab with its published correction. Blank-chain cells are evidence boundaries, not proof that a capability is absent.

Figure 2: Demonstrated functions and unverified connections. The ten rows correspond to Table 1. Filled
circles mark task-scoped demonstrations; open circles mark explicitly external or human contributions; short
dashes mean that the cited evidence does not establish the function, not that it is impossible or absent. Production
includes synthesis and resource processing, not necessarily hardware manufacture. Independent assessment is
distinguished from an optimizer’s own feedback; the externally performed biomedical validation is not equivalent
to engineering-service acceptance. Settings and support boundaries remain visible. A-Lab is interpreted with its
published correction. This qualitative first-draft synthesis is not a common benchmark, maturity score or
demonstration that the rows compose into one system; cell-level sources accompany the editable figure.
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Autonomous engineering turns knowledge into maintained service
Proposed architecture « independent acceptance separates search from deployment

a The discovery-to-service cycle

ACCEPTANCE GATE
Need Investigate Design Realize Verify Operate
Specify a service Observe, test L, Respect local L Fabricate, L Independent test; Monitor, maintain
and its limits and explain means + assemble criteria fixed in and retire safely
constraints and integrate advance
4 i
L Reject — revise or abandon -------- -
Capability register
Operating evidence — new scientific questions ———— versjon « evidence * envelope *
dependencies
b Joint requirements and alternative routes C lllustrative lunar fixture: not a flight result
All required inputs must be available An installed system, local material and declared imported
dependencies
Energy Feedstock Tools Metrology
| | | | 1 Characterize 2 Compare
Feedstock + constraints | Feasible process routes —I
—> Qualified fabrication
3 Make 4 Qualify
A recovery route can be an alternative —

Specimens + fixture Repeated service tests

Repair
Stocked spare @-» Service restored Compare net delivered service
Baselines: imported part, fixed recipe, ground-assisted
Import redesign

Count all resources: energy * material « tools * metrology « computing « human assistance ¢ authorization

Figure 3: The autonomous engineering bridge. a, A declared service need leads through investigation, locally
constrained design, realization and independent verification to maintained operation. Rejected designs return to
revision or abandonment; accepted outcomes enter a versioned capability register whose operating evidence
informs further inquiry. b, AND denotes joint requirements for qualified fabrication; OR denotes alternative
recovery routes, conditional on their own prerequisites. The inputs shown are illustrative, not an exhaustive
dependency list. ¢, The hypothetical lunar fixture proceeds from characterization through route comparison and
fabrication to repeated-service tests. Its benefits must be compared with imported parts, fixed recipes and
ground-assisted redesign, including all resource and support costs. The diagram proposes a mechanism and test,
not a demonstrated integrated lunar system.
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Inheritance means re-establishing capability at the receiving site

Five complementary pathways « functional equivalence does not require identical machines

a What continues—and what must be rebuilt

TRANSMITTED OR CONTINUED REQUIRED AT THE RECEIVING SITE
Digital Models ¢ code « designs « evidence Compatible compute, interfaces and provenance
Mechanical Machines « modules « tools « spares Assembly, calibration, testing and repair
Industrial Production and maintenance know-how Feedstocks, processes, metrology and qualified output
Biological Organisms and reproductive processes Environment, nutrients, health, containment and care
Social / Learned practice « organizations « rules Education, participation, responsibility and revision
institutional

Digital copying is not industrial closure. Biological reproduction is not cultural learning. Authority and legitimacy do not transfer automatically.

b A transfer becomes inheritance only after local acceptance

Site A Audit Adapt Verify Site B
Qualified capability — | Prerequisites + support — | Local substitutions — | Independent — | Sustained service
acceptance

------------ Return failures, adaptations and revised evidence Smmmmmmmmmmees

c A differentiated network can remain deliberately interdependent

Science + metrology Repair + computation

Calibrated observations « Knowledge exchange > | Maintenance + archives !

! Distant node

----------- Material production PRSP -0 ™ | Reassess support

Qualified material output

Solid: knowledge « Dashed: material or conditional support « Resilience must be tested under shared failures.

Figure 4: Capability inheritance requires local re-establishment. a, Digital, mechanical, industrial, biological
and social/institutional pathways preserve different objects and require complementary support at the receiving
site. Authority and legitimacy are not automatically copied. b, A transfer from site A becomes an inherited
service at site B only after prerequisite audit, adaptation and independent local acceptance; failures and revised
evidence feed back into the record. ¢, A proposed differentiated network exchanges knowledge through solid links
and material or conditional support through dashed links. More distant nodes require their support assumptions to
be reassessed. These exchanges are architectural possibilities, not proven resilience: shared failures and
interruptions must be tested. Not every node is assumed to contain people or biological production.
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Advance by evidence gates, not by a calendar forecast

Proposed tests across research contexts  all cells are research designs, not completed results

Component Integrated Environmental Flight-relevant Multi-site
studies terrestrial facility qualification context system
Q2 New tool; Closed Changed feedstock New service within Recipient

Local capability

independent test

discovery-to-service
loop

or operating
conditions

an approved
envelope

Mission service

establishes a
compatible service

Network benefit

Q3 Useful output Campaign-level Benefit persists

Net benefit versus full cost gain; matched after environmental versus external versus coordination
resources change support burden cost

Q5 Recalibration on Transfer across Requalify under Re-establish after Cross-site transfer;

Inheritance new hardware independently different local declared support independent local
prepared conditions loss acceptance
workshops

a Shared evidential requirements

Account over time

Failures, upkeep + service
delivered

Declare support
Human work + remote compute

Verify independently
Acceptance outside the optimizer

Stress dependencies
Outages, faults + recovery

b Governance remains a distinct condition

Permission to act Contamination control Change audit + oversight Human agency +

participation

Tests can run in parallel. A positive result narrows the next question; it does not imply readiness for more distant deployment.

Figure 5: An evidence-gated research programme. Columns specify research contexts, not dates or a
compulsory sequence. Rows organize proposed tests of locally developed capability (Q2), net
scientific—engineering benefit (Q3) and cross-site inheritance (Q5), as defined in Table 3. a, Shared evidential
requirements include declared support, independent acceptance, campaign-level accounting and dependency stress
tests. b, Governance is a separate condition spanning permission, contamination control, change oversight and
human agency where relevant. Tests may proceed in parallel; success motivates a more precisely bounded next
experiment rather than automatic readiness for a more distant destination. No cell reports a completed experiment.
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