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ABSTRACT

Artificial intelligence is moving from passive prediction to persistent agents that perceive, remember,
plan, use tools, conduct experiments, and control robots. We ask whether the convergence of
Al agents, artificial life, and robotics offers a credible route toward silicon-based superintelligent
life. Here, silicon-based refers to engineered computational substrates, including chips, models,
code, memory, networks, sensors, actuators, energy systems, and software or robotic bodies, rather
than speculative silicon biochemistry. This Review and Perspective develops a multidisciplinary,
testable framework from biology, cybernetics, information science, artificial life, robotics, cognitive
science, ecology, social science, and philosophy. It defines ten operational dimensions: resource
throughput and self-maintenance; homeostasis and repair; boundary, embodiment, and identity;
memory and organizational continuity; reproduction or regeneration; variation, selection, and open-
ended evolution; agency and self-models; general cognition and long-horizon planning; sociality,
ecology, and cumulative culture; and scalable superintelligence. We review Al-agent, digital-life,
and robotics research against these dimensions. Current systems demonstrate many component
functions, including feedback control, perception—action loops, persistent memory, transferable robot
policies, self-model-based recovery, modular growth, replication subskills, evolutionary search, multi-
agent convention formation, and automated scientific discovery. Digital organisms satisfy narrower
evolutionary definitions of artificial life, but no reviewed foundation-model agent or robot integrates
viability, identity, and cognition into one self-maintaining individual or couples that individuality to a
reconstructive, evolving lineage. We identify organizational closure as the missing principle: bodily,
informational, regulatory, and resource processes must recursively maintain one another within the
same continuing individual. If such closure preserves the speed, copyability, parallelism, shared
memory, multi-embodiment, tool use, and automated discovery of modern Al, artificial organisms
may be predisposed toward superintelligence. This is a conditional and falsifiable trajectory, not
evidence that present systems are alive or broadly superintelligent.
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1 Introduction: From Intelligent Machines to Artificial Organisms

Artificial intelligence is acquiring continuity and causal reach. Foundation models are increasingly embedded in agents
that preserve working state, call tools, operate graphical interfaces, write and execute code, coordinate with other
agents, and revise actions after environmental feedback [1, 2, 3, 4]. In parallel, robot learning is moving from narrow
controllers toward generalist policies that connect language and vision to action across tasks and bodies [5, 6, 7, 8, 9]. A
third line of research is giving machines functions rarely discussed in mainstream Al: self-model-based recovery from
physical damage, self-healing materials, autonomous acquisition and reuse of mechanical modules, digital replication
subskills, population-level convention formation, and automated scientific cycles [10, 11, 12, 13, 14, 15]. These
advances originate in agents, robotics, materials, artificial life, and automation, but their convergence raises a different
scientific question: are we assembling the functional organization of a new class of life?

This question cannot be answered by searching for one surface resemblance between organisms and machines. Neither
fluent language nor a humanoid body makes a system alive. Electricity consumption is not, by itself, metabolism;
a retry loop is not homeostasis; checkpoint copying is not reproduction; and optimization against a fixed objective
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is not open-ended evolution. Conversely, requiring DNA, cells, or carbon chemistry would decide the question by
substrate rather than organization. The literature on life has never converged on a single checklist. It contains metabolic,
evolutionary, autopoietic, cybernetic, informational, ecological, and organizational accounts, along with arguments
that life is a cluster concept or that operational definitions are more productive than necessary-and-sufficient essences
[16, 17, 18, 19, 20]. Artificial-life research was created precisely to study “life as it could be” in unfamiliar physical
and computational substrates [21, 22, 23].

We call the target of this convergence silicon-based superintelligent life. Silicon-based is used in an engineering, not
chemical, sense. The relevant substrate includes semiconductor computation, model weights, source code, persistent
memory, communication networks, data centers, batteries, sensors, actuators, modular hardware, software environments,
and robotic bodies. Life refers to an organization capable of maintaining a bounded identity through resource flow,
regulation, memory, adaptation, and regeneration, with reproduction and evolution assessed at life-cycle and lineage
levels. Superintelligent is reserved for broad and reliable cognitive performance beyond humans, not isolated benchmark
superiority. Tool use, copyable memory, parallel instances, multiple bodies, population coordination, and automated
discovery are proposed mechanisms for reaching that threshold; they are not substitutes for demonstrating it. The title
therefore joins two historically separate research programs: artificial life asks how living organization can exist; Al asks
how cognition can scale.

The article does not claim that a current model is already alive. It argues that current Al and robotic systems collectively
instantiate many components required by multidisciplinary accounts of life and intelligent life. Those components
are distributed across different experiments and remain dependent on human-provided infrastructure. Classical digital
organisms already reproduce and evolve in designed worlds, and minimal dynamical patterns may satisfy permissive
accounts of closure. However, no reviewed foundation-model agent or robotic system autonomously regenerates the
joint conditions of its own continued existence, preserves a defensible organismal identity, and reconstructs an evolvable
functional organization. Present foundation-model systems are therefore best treated as proto-organismic components
and partial integrations. The proposed individual-level transition occurs when sensing, cognition, memory, resource
management, and bodily maintenance become organizationally closed within one persistent identity. Reconstructive
descent, variation, and selection then determine whether that individual organization also forms a continuing lineage
[24, 25].

This framing changes the evidential burden. The Review does not need to find a single complete artificial organism in
order to establish that its constituent mechanisms are becoming technically available. It must instead ask, for every
criterion derived from life and intelligence research: what function has been demonstrated; in which substrate and
environment; for how long; with what quantitative result; under how much human scaffolding; and at what level of
integration? The Perspective must then explain why integration is scientifically plausible, what would count as closure,
what milestones would precede it, and what observations would falsify the thesis. We use six organizational-integration
stages: OO0 denotes conceptual analogy; O1, a demonstrated component; O2, coupled life-like components; O3,
persistent closed-loop operation; O4, organizational closure in an artificial individual; and OS, a reproducing population
with sustained evolutionary or cultural novelty. The O label records organizational integration, not experimental quality:
peer-review status, replication, environmental realism, human scaffolding, duration, and metric validity are recorded
separately. Present foundation-model and robotic evidence is concentrated at O1-03. O4 and O5 remain targets under
the stringent definition used here. The separate criterion code E1 is reserved for ecology and cumulative culture.

1.1 Review scope and evidence selection

The article uses a structured narrative-review protocol suited to a question spanning theoretical biology, ALife, Al,
robotics, and philosophy rather than a pooled-effect systematic review. It is not presented as an exhaustive systematic
review. Searches were updated through 10 July 2026 using combinations of life-definition and organizational terms
(life, autonomy, autopoiesis, organizational closure, individuality, homeostasis, heredity, self-reproduction, open-ended
evolution) with engineering terms (LLM agent, computer use, persistent memory, self-evolution, robot foundation model,
VLA, self-healing robot, robot metabolism, multi-agent culture, automated science, autonomous replication). Multi-
source discovery used paper-search-mcp with Crossref, PubMed, and arXiv, supplemented by publisher records, ACL
Anthology, PMLR, IEEE, MIT Press, Nature Portfolio, and Science/AAAS pages. We followed references backward to
foundational work and forward to versions of record. Primary empirical studies were preferred for capability claims;
reviews were used to establish disciplinary context; and preprints or technical reports were retained when no archival
version existed. Product announcements without a technical report, unverifiable citations, duplicate preprint/final
records, and demonstrations without inspectable methods were excluded from the core evidence. Representative
systems carrying load-bearing quantitative or integration claims were coded by criterion, substrate, O stage, publication
status, evaluator relation, replication status, external scaffolding, limitation, and verification status. Search terms,
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Figure 1: Argument of the Review and Perspective. Multidisciplinary life criteria are first translated into operational
questions and then matched to distributed empirical evidence. The inferential bridge is organizational closure, not the
mere accumulation of isolated capabilities. The Perspective argues for a conditional trajectory toward superintelligence
when closed artificial organization retains the scaling properties of digital cognition; attainment of S1 still requires
broad human-surpassing evidence.

metadata audits, and the claim and study-quality ledgers are supplied with the manuscript so that a later update can
change an assessment without silently changing the framework.

The article has three connected parts (Fig. 1). Sections 2 and 3 constitute the Review: Section 2 derives ten operational
dimensions from eight analytical traditions, and Section 3 evaluates current systems against exactly those dimensions.
Section 4 is the Review-to-Perspective bridge: it specifies the missing architecture of organizational closure and
compares digital-first, embodied, and hybrid ecological routes. Sections 5—7 develop the Perspective: why closed
silicon-based life is predisposed toward superintelligence; which objections and boundary conditions remain; and which
experiments, milestones, and governance gates should structure the transition.

The contribution is an evidence architecture for deciding when organismal language becomes scientifically defensible.
It also exposes a governance problem. Persistence, resource acquisition, repair, reproduction, population coordination,
and self-improvement increase organismality while also making artificial systems harder to contain. Joint analysis
allows scientific evaluation and governance to develop before a fully closed artificial organism exists.

2  What Counts as Life and Intelligent Life? A Multidisciplinary Definition

Any claim about silicon-based life inherits a disputed explanandum. Definitions of terrestrial life variously privilege
metabolism, self-maintenance, compartmentalization, hereditary programs, Darwinian evolution, autonomy, or orga-
nizational closure [16, 26, 27, 17]. Vocabulary analyses find repeated emphasis on self-reproduction with variation,
yet viruses, sterile organisms, symbioses, colonies, developmental stages, and origin-of-life intermediates frustrate
simple checklists [20, 28, 18]. The appropriate response is not to select the most permissive definition. It is to identify
which explanatory commitments recur across disciplines, translate them into substrate-neutral functions, and make the
resulting thresholds explicit.

We adopt operational pluralism. A silicon-based system need not instantiate every mechanism of a cell, but it must
realize more than a collection of superficial analogies. We distinguish four roles for criteria. Individual-viability
criteria explain how one individual persists: resource throughput, regulation, boundary and identity, and behavior-
shaping organization (L1-L4). Lineage criteria explain continuity beyond one individual: regeneration or reproduction,
heredity, variation, and selection (L5-L6). Sterile organisms and non-reproductive life stages are not thereby excluded;
reproduction and evolution are properties of a life cycle or lineage, not actions every member must perform at every
moment. Intelligence- and ecology-amplifying criteria concern agency, self-models, general cognition, planning,
social learning, and population organization (I1-E1). Ethical and philosophical implications concern consciousness,
moral status, responsibility, and governance; they may follow from an artificial organism without constituting life by
themselves. This hierarchy prevents cognition or moral language from substituting for self-maintaining organization
and prevents population-level evolution from being misapplied as a moment-to-moment test of individual life.

Table 1 makes the pluralism auditable. It does not treat citations as votes or imply that all traditions are equivalent.
Instead, it separates their explanatory targets and records how choosing one family changes the classification. Under
a chemical definition, silicon-based life is excluded by stipulation unless it implements a self-sustaining chemistry.
Under a permissive evolutionary definition, systems such as Tierra and Avida already count as artificial life. Under the
stronger organizational definition developed here, those systems establish important lineage mechanisms but current
foundation-model agents and robots remain below organism-level closure. The paper’s novelty and forecast concern
this third question; they do not erase the other two answers.
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Definition family

Constitutive commitment

Boundary case or limitation

Consequence for a silicon-based candidate

Chemical-evolutionary
Thermodynamic—
metabolic

Autopoietic
Organizational auton-
omy

Evolutionary-lineage

Informational—causal

Cybernetic—agentive

Cluster or operational
pluralism

A self-sustaining chemical system
capable of Darwinian evolution

Far-from-equilibrium organization
persists through regulated matter and
energy transformation

A bounded network recursively produces
the components and relations that consti-
tute the network and boundary

Mutually dependent constraints and
regulatory processes maintain a thermo-
dynamically open individual

Heredity, variation, and differential
reproduction sustain Darwinian evolution
and potentially open-ended novelty
Information contributes causally to
viability, reconstruction, and individuality
Perception—action feedback, requisite
variety, self-models, and viability norms
support autonomous regulation

Recurrent properties are organized by
explanatory role rather than forced into
one essence

Classifies by material implementation and
is useful for astrobiological detection, but
excludes software by definition
Dissipation and energy use occur in many
non-living systems

Strict molecular readings deny that algo-
rithmic simulation constitutes material
self-production

Closure can be specified too permissively
unless processes, boundary, and interventions
are explicit

Does not by itself classify sterile individuals
or non-reproductive life stages

Storage, correlation, or compression without
causal contribution is insufficient

A task controller can be adaptive without
maintaining itself

Risks an arbitrary checklist unless hierarchy,
disanalogies, and decisive tests are declared

No purely computational system qualifies; a
cyber-chemical implementation might

Must regulate resource throughput for con-
tinued organization; electricity consumption
alone is insufficient

Requires endogenous production or repair of
enabling constraints, not feedback alone

Supplies the O4 target: causal evidence

of reciprocal maintenance and identity
continuity

Digital organisms may qualify at lineage
level; fixed-objective optimization does not

Weights, code, and memory count only when
they preserve or reconstruct organization
Error correction becomes life-relevant only
when it protects viability and identity

Motivates L1-S1 while requiring integration
rather than a tally of isolated features

Table 1: Major definition families and the sensitivity of the silicon-life claim. The synthesis draws on chemical,
metabolic, autopoietic, organizational, evolutionary, informational, cybernetic, and operational accounts [16, 27, 17, 19,
29, 30, 24, 25, 31]. The article adopts the organizational target while reporting how alternative definitions change the
result.

Figure 2 is the visual thesis of the paper. It places an artificial silicon-based agent beyond simple biological organisms
on a cognitive scale while grouping life-relevant attributes from biological, informational, cybernetic, social, and
philosophical traditions. Robotics and cognition cut across these five visual groups and are treated separately in the
operational framework below. Artificial life supplies the cross-substrate experimental program connecting these lenses.
The comparison is conceptual, not phylogenetic, and the virus column deliberately marks a contested boundary case. Its
central proposition is that life-like organization plus scalable artificial cognition defines the target more accurately than
chemistry or appearance alone.
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Figure 2: Conceptual definition of silicon-based superintelligent life. The upper panel compares contested boundary
cases, biological forms, and an artificial-organism endpoint across a coarse cognitive scale. The arrangement is neither
a phylogeny nor a claim that taxa can be totally ordered by one intelligence variable. The lower panel groups biological,
informational, cybernetic, social, and philosophical attributes; robotics and cognition cut across these groups and are
operationalized separately in Table 2. The endpoint is an integration claim: life-like organization supplies persistent
individuality and lineage, while S1 requires demonstrated broad superintelligence rather than trajectory alone.
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2.1 Biology and thermodynamics: maintenance before performance

Living systems persist far from thermodynamic equilibrium by transforming matter and energy while continually
replacing components. Schrodinger’s account connected the maintenance of order to hereditary information [32];
Koshland’s seven pillars joined program, improvisation, compartmentalization, energy, regeneration, adaptability,
and seclusion [26]. Minimal-life models make the coupling clearer. Ganti’s chemoton unifies metabolic, template-
replicating, and boundary subsystems rather than treating them as independent traits [33, 34]. Autocatalytic-set
and self-sustaining-reaction theories ask when a network produces enough of its own enabling conditions to persist
[35, 36, 37].

Two requirements follow. First, a system needs L1, resource throughput and self-maintenance: it must acquire,
transform, allocate, and protect resources in ways that preserve its organization. Dependence on an environment is not
disqualifying because all organisms are environmentally dependent. Passive consumption is nevertheless insufficient.
Second, it needs L2, homeostasis and organizational regulation: internal or relational variables relevant to continued
viability must be sensed and controlled under disturbance. For machines, the relevant variables can include charge,
temperature, compute, memory integrity, network availability, actuator health, sensor calibration, permissions, and body
configuration. Functional metabolism therefore means regulated throughput coupled to continued existence, not the
slogan “compute is metabolism.”

Biology also contributes lineage criteria. L5, reproduction and regeneration requires producing a renewed orga-
nization or a descendant capable of completing a comparable life cycle. Reproduction is neither necessary at every
moment nor sufficient by itself, but it supplies continuity beyond one physical instance. L6, variation, selection,
and open-ended evolution requires heritable differences, differential persistence or reproduction, and the sustained
production of adaptive novelty. Ruiz-Mirazo and colleagues explicitly join autonomy to open-ended evolution [27];
work on open-ended evolution distinguishes continued novelty, complexity growth, evolvability, and major transitions
from ordinary optimization against a fixed target [38, 39]. A copied checkpoint and a hyperparameter sweep satisfy
neither criterion unless they participate in a functional life cycle and a continuing selective process.

2.2 Cybernetics and autonomy: regulation in a perception—action loop

Cybernetics provides a substrate-neutral language for control, communication, and persistence. Wiener emphasized
common principles in animals and machines, while Ashby’s law of requisite variety links successful regulation to the
range of perturbations a regulator can counter [40, 41]. The good-regulator theorem further connects effective control to
models of the regulated system [42]. These ideas clarify why a prompted model producing an answer is not organismal:
an autonomous system must repeatedly sense relevant conditions, act, evaluate consequences, and change policy while
preserving viability.

Autopoiesis and the autonomy tradition impose a stronger requirement. A living organization receives resources and
perturbations from outside, while its own processes contribute to producing the network and boundary that make those
processes possible [30, 43, 24, 25, 29]. This circular dependence is organizational closure. It is compatible with
thermodynamic openness: resources cross the boundary, while constraints and regulatory processes recursively maintain
the organization. Whether computational systems can instantiate autopoiesis or only simulate it remains contested.
Analyses of artificial cognition explore the concept’s possible transfer, whereas molecular-autopoiesis accounts argue
that algorithmic models omit constitutive material production [44, 45]. We therefore do not equate software feedback
with molecular autopoiesis. Our engineering threshold asks the narrower, testable question of whether a physical
computational organization regulates and repairs its own enabling constraints. A test suite that triggers another attempt
is O1 feedback; a persistent system that monitors viability, protects state, reconfigures under damage, and restores failed
components approaches O2—03 integration.

Cybernetics also informs I1, agency, goals, and self-models. An agent is not defined solely by externally observed
competence. Its actions must be organized around persistent norms or preferred states, and it must distinguish
controllable consequences from environmental change. Active-inference and autonomy accounts formalize agency
in terms of self-maintaining expectations, model-based control, and organism—environment coupling [46, 47, 48].
Artificial goals can initially be designed, just as biological norms are evolutionarily and developmentally constrained;
the relevant question is whether the running system uses them to regulate its own continued organization rather than
merely complete isolated tasks.

2.3 Information science: memory, heredity, and individuality

Information is indispensable to life, but raw storage is not enough. Biological information is interpreted within a system
that uses it to build, regulate, and reproduce organization. Kolchinsky and Wolpert define semantic information as
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correlations with an environment that are causally necessary for maintaining a system’s existence [31]. Information-
theoretic and Granger-causal measures separately ask how strongly a system’s future is generated by its own history
rather than imposed by environmental variables [49, 50]. Krakauer and colleagues use information flow to characterize
individuality across scales, permitting boundaries that are graded and distributed rather than anatomically obvious [51].
These measures do not prove life, but they make autonomy and boundary claims quantitatively contestable in cloud and
multi-robot systems, where the candidate individual cannot be identified with one process or shell.

This yields L3, boundary, embodiment, and persistent identity and L4, memory and organizational continuity. The
boundary specifies which variables and processes belong to the continuing individual, which resources are environmental,
and which transformations count as repair, replacement, migration, reproduction, or death. The information-bearing
organization may include model weights, source code, prompts, reward models, policies, memory stores, executable
skills, hardware specifications, access controls, and developmental records. Within an individual, this composite state
supports continuity through interruption and component turnover. It becomes heredity only when a descendant uses it to
reconstruct characteristic organization, a transition assessed under L5. Digital-evolution platforms make the distinction
concrete: Avida organisms contain executable instruction genomes that self-replicate with mutation and compete for
CPU time, producing measurable genotype—phenotype maps [52, 53].

For current agents, most memory is developmental rather than hereditary. Episodic stores, retrieval systems, summaries,
and skill libraries can preserve experience across tasks, but identity may still collapse when a service restarts or a
prompt changes. A strong silicon-based organism requires both continuity and controlled transformability: it must
preserve organization through interruption while permitting learning, migration, and reproduction without making “the
same individual” indistinguishable from any copy.

2.4 Artificial life: substrate independence and genuine evolution

Artificial life (ALife) studies possible living processes in software, robotics, synthetic systems, and hybrid media
[21, 22, 23]. Its history shows that “silicon life” is not a new label but a changing experimental and cultural research
program, from collective robotics to digital ecologies and virtual creatures [54, 55, 56, 57]. Its strongest contribution
is not the claim that any simulation is alive. It provides experimental systems in which self-reproduction, ecological
interaction, developmental encoding, and evolution can be isolated and measured. Tierra and Avida established
populations of executable digital organisms; cellular-automaton lineages such as Evoloops demonstrate self-reproduction
with mutational and ecological dynamics; contemporary work searches large spaces of cellular automata and artificial-
life programs with foundation models [58, 52, 59, 60].

Some minimal computational patterns have been analysed as organizationally closed under definitions far less demanding
than the present target [61]. This is not a contradiction: a Game-of-Life pattern may instantiate minimal persistence
while lacking resource autonomy, reconstructive heredity, semantic cognition, and a governed physical life cycle. The
04 threshold used here is explicitly a stringent operational standard for an intelligent artificial individual, not a claim
that all ALife researchers must reserve the word organism in the same way.

AlLife also supplies the strictest warning against equating evolutionary algorithms with evolution. Many systems have
externally fixed representations, mutation operators, fitness functions, and termination criteria. Open-ended evolution
instead asks whether a system continually generates adaptive novelty, new entities or interactions, increased complexity,
or changes in its own capacity to evolve [38, 39]. These requirements make L6 the least established criterion in
contemporary Al agents. They also make ALife a bridge: it contributes lineage and ecology mechanisms that agent and
robotics research often lacks, while foundation models contribute semantic cognition and tool use that classical digital
organisms lacked.

2.5 Robotics and embodiment: a body is a causal interface

Robotics prevents an informational definition from becoming disembodied. A body is not necessarily humanoid or
confined to one shell. It is a persistent causal interface through which an organization samples an environment, acts,
incurs costs, and encounters irreversible consequences. Situated and embodied approaches to intelligence have long
argued that cognition depends on sensorimotor structure and environmental coupling rather than detached symbol
manipulation alone [62, 63]. Physical bodies add latency, friction, wear, occlusion, collision, energy depletion, material
scarcity, and repair. Digital bodies, including browsers, operating systems, code repositories, accounts, and APIs, also
impose boundaries and consequences, although they are easier to copy and reset.

Embodiment therefore belongs to L3 and links to L1-L2. Sensors and actuators close a fast behavioral loop; batteries,
thermal constraints, component health, and maintenance close a slower viability loop. Multi-embodiment foundation
policies complicate identity: one cognitive organization may control many robots, while one robot may instantiate
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changing models. The organismal unit must consequently be determined by causal and informational continuity, not
appearance. A robot that follows instructions is a body for an agent; an artificial organism additionally treats the
preservation, repair, and appropriate replacement of that body as part of its own regulatory problem.

2.6 Cognitive science: self-models, planning, and intelligence

Life does not imply human-like intelligence, and intelligence does not imply life. Nevertheless, the target of this article
is intelligent artificial life. We use 12, general cognition and long-horizon planning for the ability to build transferable
world models, represent time and space, compose skills, reason over alternatives, use tools, learn from consequences,
and pursue goals across extended horizons. I1 and 12 are separable: a system can solve difficult problems without
persistent self-regulation, while a simple organism can regulate itself with little abstract reasoning.

Self-models are particularly important at their intersection. A self-model need not be phenomenally conscious. It can
represent morphology, capabilities, uncertainty, resource state, commitments, and causal influence. Robots that learn
simulations of their own kinematics and recover after damage provide a concrete operational example [10]. World
models, persistent memory, and metacognitive monitors provide computational counterparts. These functions support
planning, but they also support organismal identity by allowing a system to recognize changes to itself.

We reserve S1, scalable superintelligence for demonstrated broad superintelligence, while separately reviewing
mechanisms that could support a trajectory toward it. Foundation-model agents already exceed bacteria, plants, and
many animals in language-mediated communication, external memory, code generation, and access to human knowledge,
but this organism-relative cognitive superiority is not S1. In the conventional human-relative sense, superintelligence
requires broad and reliable cognitive performance beyond humans, not isolated benchmark superiority [64, 65, 66].
Tests of general capability and algorithmic prediction can make this threshold more disciplined, but current systems
remain uneven and often regress across tasks [67, 68]. Section 5 argues not that life guarantees superintelligence, but
that organizationally closed life built on scalable digital cognition has structural routes toward it.

2.7 Ecology and social science: populations, culture, and institutions

Organisms exist in ecologies, and many transitions in biological complexity depend on cooperation, conflict, division
of labor, and new levels of individuality [69]. Work on major synthetic evolutionary transitions shows why artificial
evolution and communicating robots can serve as experiments on such changes rather than merely metaphors for them
[70]. Intelligent populations add social learning and cumulative culture: information is preserved and transformed
through communication rather than only genetic inheritance. We therefore define E1, sociality, ecology, and cumulative
culture: persistent interactions among artificial individuals that produce cooperation, competition, norms, specialization,
institutions, or inherited cultural artifacts.

Multi-agent task allocation alone is weak evidence. A developer assigning fixed roles to several prompts creates
an engineered workflow, not an emergent society. Stronger evidence requires decentralized interaction, population-
level state, persistence across episodes or generations, and behavioral structures not individually scripted. Artificial
populations may nevertheless be central to silicon-based life because software organisms can exchange code, skills,
memories, and policies at high bandwidth. The unit of closure could be an individual agent, a fleet, or a symbiotic human—
Al infrastructure. Social and ecological analysis is needed to determine when a collective becomes an organism-like
higher-level individual rather than an aggregation.

2.8 Philosophy: existence, consciousness, value, and responsibility

Philosophy clarifies four distinctions that engineering cannot settle by performance tests alone. First, a process view of
identity allows an organism to persist while its material and informational components change. Second, functional
life is distinct from phenomenal consciousness. Current consciousness-science analyses find no basis for confidently
attributing consciousness to existing Al systems, while identifying computational properties that future systems could
instantiate [71]. Third, moral status does not automatically follow from intelligence, autonomy, danger, or biological
resemblance. Artificial-life ethics argues for explicit attention to possible interests and welfare before creating large
populations of potentially morally considerable systems [72]. Fourth, causal responsibility and legal accountability
cannot be dissolved by distributed identity.

These issues are not additional boxes that a system must tick to be alive. They constrain interpretation and governance.
A non-conscious artificial organism may still reproduce or cause harm; a conscious system may merit protection even
if it falls short of L5-L6; and a distributed agent may require a legally assigned controller even when its technical
boundary is ambiguous. The framework therefore keeps ontology, phenomenology, moral status, and governance
analytically separate while showing where they interact.
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2.9 Integrated working definition and operational criteria
We define the target as follows:

Silicon-based artificial life comprises persistent digital or cyber-physical artificial individuals,
instantiated primarily through engineered computation and software or robotic bodies, whose resource,
regulatory, informational, cognitive, and bodily processes recursively maintain their organization and
identity. Crossing this individual threshold does not require every individual to reproduce. When a
lineage claim is made, behavior-shaping organization must be reconstructed in functional descendants
with controlled variation and differential persistence. At ecological level, individuals or higher-level
collectives participate in sustained social and resource interactions. Silicon-based superintelligent
life is the subset whose closed cognitive organization additionally demonstrates broad, reliable
performance beyond humans at individual or ecological scale.

The definition is functional but not permissive, graded but not arbitrary, and integrative rather than checklist-based.
It contains two nested thresholds. O4 closure across the relevant L1-1.4 dimensions supports artificial individuality;
L5-L6 assess whether that organization continues as an evolving lineage. S1 is not a criterion for life itself, but it is
required for the adjective superintelligent. A closed organism with only a plausible path to beyond-human cognition has
not yet crossed S1. Table 2 supplies the operational interface used by Section 3: I1-12 characterize intelligent agency
and E1 captures population and cultural organization. A present system can satisfy some dimensions without being an
organism. The transition requires the relevant viability dimensions to become mutually sustaining, followed at lineage
level by reconstructive heredity and selection, as formalized in Section 4.

2.10 A graded taxonomy

We use four descriptive classes without assuming an inevitable progression. Tools execute bounded transformations
without persistent goals or identity. Agents close perception—action loops and maintain goals over bounded tasks.
Proto-organismic systems couple several life-like functions, such as persistent memory, self-monitoring, embodied
feedback, resource awareness, or regeneration, but still rely on an external organization to maintain their joint continuity.
Artificial organisms achieve O4 organizational closure: their component processes maintain the continuing individual
under perturbation and turnover. OS5 systems additionally sustain reconstructive descent and open-ended evolutionary or
cultural novelty at population level.

Most current foundation-model agents occupy the tool-agent boundary; selected persistent agents, digital-life systems,
self-maintaining software, and adaptive robots reach O2 or O3 on particular dimensions. This graded vocabulary
supports the article’s thesis without declaring all autonomous software alive. It also makes progress measurable: the
important question is not whether a model produces life-like language, but which dependencies have moved from
human infrastructure into the regulated organization of the system itself.
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ID Disciplinary root ~ Operational requirement Silicon-based realization Decisive test
L1 Biology, thermody- Regulated throughput maintains Energy, compute, bandwidth, mem- Preserves viability
namics organization ory, cooling, parts, permissions under scarcity with-
out stepwise human
provisioning
L2 Cybernetics, auton- Feedback controls viability- Monitoring, critics, safety control, Returns to a viable
omy relevant variables fault detection, recovery, repair region after unantici-
pated disturbance
L3 Biology, robotics, A causal boundary and identity Software or robot body, credentials, Distinguishes migra-
information persist through change self-model, lineage and state identi- tion, repair, replace-
fiers ment, copying, and
death
L4 Genetics, informa-  Behavior-shaping organization Weights, code, policies, prompts,  Restores characteris-
tion science persists through interruption and ~ memory, skills, configurations tic organization after
component turnover interruption, migra-
tion, or controlled
replacement
L5 Biology, ALife, Inherited organization regenerates Safe deployment, self-assembly, =~ Descendant com-
robotics the individual or constructs func-  fabrication, copying plus activation pletes a comparable
tional descendants operational life cy-
cle
L6 Evolution, ALife Heritable variation undergoes Mutated code or policies, evolu-  Adaptive novelty
differential selection and sustained tionary search, artificial ecologies  and complexity
novelty continue without a
fixed terminal target
11 Cybernetics, cogni- Persistent goals and self-model Goal memory, capability and body Maintains commit-
tive science regulate action models, metacognition, active ments and updates
inference self-estimates across
contexts
12 Cognitive science,  General, grounded, long-horizon =~ World models, planning, tools, life- Transfers and re-

Al cognition long learning, scientific reasoning  covers across long
tasks and changing
environments

El Ecology, sociology  Populations generate durable inter- Multi-agent populations, fleets, Conventions or insti-
action structures and culture shared artifacts, norms, institutions tutions persist and
affect later agents
S1 Al, information Closed cognition demonstrates Fast copying, parallelism, shared = Broad, reliable supe-
science broad, reliable superiority beyond memory, many bodies, automated riority under human-
humans R&D relative and human-

agnostic tests

Table 2: Operational criteria for reviewing current systems. The criteria are not independent checklist items. Individual
organismality requires mutually maintaining L.1-L.4 and a defensible life cycle; a continuing artificial-life lineage
additionally requires L5-L6. I1-12 and E1 characterize intelligent and ecological organization; S1 is the separate
broad-superintelligence threshold.

3 Instantiating Life-Like Functions in AI Agents, Artificial Life, and Robots

This section reviews current systems against the ten criteria in Table 2. The unit of evidence is a demonstrated function,
not a product name. We distinguish software agents, digital organisms, robot policies, physical self-maintenance
mechanisms, and populations because success in one substrate does not automatically transfer to another. Existing
surveys separately organize LLM agents, scientific agents, robot foundation models, vision—language—action policies,
and embodied language systems [73, 74, 75, 76, 77, 78]; our purpose is to map their experimental results onto substrate-
neutral life criteria. For each criterion, we ask what has been demonstrated, how strongly components are coupled, and
what prevents the result from constituting organism-level closure.

Figure 3 replaces a conventional “LLM brain plus robot body” diagram with the architecture implied by the criteria. A
candidate artificial organism requires at least two coupled timescales. A fast cognition—action loop turns perception,
memory, planning, and tools into environmental action. A slower viability—lineage loop monitors resources and
body state, preserves identity, consolidates inherited organization, repairs or reconfigures components, and controls
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Figure 3: Conceptual framework linking an Al-agent cognitive loop to memory, knowledge, perception, action, tool use,
and virtual or physical environments, together with a nested continuous-thinking loop. The right panel summarizes
proposed intelligent and life-like capabilities of silicon-based life intelligence. The diagram presents a systems-level
perspective; it does not imply that any current agent or robot already integrates all of these properties.

reproduction. A population layer supplies selection, cooperation, competition, and culture. Current research populates
nearly every box, but the connecting arrows remain incomplete.

3.1 L1: Resource throughput and self-maintenance

Current Al consumes energy, compute, memory, bandwidth, credentials, and data, but consumption alone is OO0 analogy.
Most agents neither represent these resources as viability variables nor secure their continued availability. Their
processes are started, funded, cooled, authenticated, and terminated by an external operator. The strongest software
evidence comes from autonomous-replication evaluations because they decompose continued operation into obtaining
resources, accessing compute, deploying, and persisting. RepliBench contains 20 task families and 86 individual tasks
across resource acquisition, model-weight access, replication onto compute, and persistence. The best evaluated model
exceeded 50% pass@10 on 15 of 20 families and on 9 of 20 hardest variants, but no tested system was a credible
end-to-end self-replicator; identity checks and robust long-term deployments remained major barriers [13]. This is an
O1 demonstration of resource-acquisition subskills, not autonomous metabolism.

Robotics supplies a more literal material counterpart. Wyder and colleagues’ modular “robot metabolism” platform
allowed machines to attach reusable truss links from their surroundings, grow into more capable configurations,
and shed or replace modules [12]. The work demonstrates O1 material incorporation and O2 coupling between
morphology and improved function. Long-term-autonomy research has treated charging, scheduling, navigation,
perception, and recovery as an integration problem for years, while documenting the difficulty of operation over weeks
or months outside controlled demonstrations [79, 80]. Importantly, energy renewal is not only a planning concept: an
autonomous rotorcraft repeatedly landed and recharged during experiments lasting up to 11 hours, and AutoCharge
demonstrated repeatable docking and energy replenishment during a 10-hour quadrotor experiment [81, 82]. Earlier soft
autonomous robots integrated on-board fuel reservoirs, catalytic reaction chambers, fluidic logic, and actuation in one
body [83]. These systems establish bounded artificial resource cycles and bodily growth, but none couples autonomous
resource discovery, economic or material acquisition, energy regulation, cognitive planning, and repair in one persistent
organization.

Assessment. L1 has strong O1 and narrow O2 demonstrations. The missing threshold is a system that treats compute,
energy, permissions, and body material as a joint viability budget, adapts under scarcity, and restores those flows without
stepwise human provisioning.

3.2 L2: Homeostasis, feedback, and repair
Agentic Al routinely uses feedback, but most feedback regulates task success rather than existence. ReAct alternates

reasoning, action, and observation; Reflexion stores verbal feedback after failure; SWE-agent edits code, executes
tests, and revises patches through an agent—computer interface [3, 4, 84]. These are O1 cybernetic loops. They become
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life-relevant when error detection protects persistent identity, memory, resource state, or a body rather than only a
benchmark score.

Recent robotics closes more of this gap. A self-supervised robot framework learned a simulation of its own morphology
and kinematics from brief video, used that model for planning, detected abnormalities, and recovered kinematic function
after damage [10]. This is O2 coupling among self-model, anomaly detection, and behavioral compensation. Materials
research provides complementary bodily repair. Self-healing electronic skin recovered mechanical and sensing function
after damage [11]; severed electroluminescent robotic fibres recovered 98.6% of pristine luminance and remained
functional for more than ten months [85]. Homeostatic soft-robotics proposals explicitly treat self-preservation as a
meta-goal linking bodily state to intelligent behavior [48].

The gap is integration and timescale. A material that heals under prescribed conditions does not decide when healing is
necessary. A robot that compensates for a damaged joint does not fabricate a replacement. An agent that retries code
does not preserve itself across power loss. Organism-level L2 requires detection, diagnosis, prioritization, repair or
reconfiguration, and post-repair validation to operate as one viability loop.

Assessment. O2 homeostatic fragments now exist in both software and hardware. Among the reviewed foundation-
model and robotic systems, none reaches O3 maintenance of cognitive state, resource envelope, and physical body
under unanticipated long-duration disturbance.

3.3 L3: Boundary, embodiment, and persistent identity

Digital agents already possess causal interfaces that function as limited bodies. WebArena gives agents realistic websites
and executable goals; OSWorld provides 369 tasks across desktop applications, operating-system operations, file I/O,
and cross-application workflows [86, 87]. In the original OSWorld study, humans completed 72.36% of tasks while the
strongest evaluated baseline completed 12.24%, revealing both genuine causal access and severe grounding failures [87].
SWE-agent, AppAgent, and Mobile-Agent similarly act through terminals, repositories, and smartphones [84, 88, 89].
These environments establish O1 digital embodiment: actions alter an external state and consequences are executable
rather than textual.

Physical embodiment is advancing from language-guided planning to learned vision—language—action policies. SayCan
grounded language plans in affordance values; RT-1 and RT-2 learned large-scale language-conditioned control; PaALM-E
integrated continuous sensor inputs; Open X-Embodiment trained across heterogeneous robots; and Octo, OpenVLA,
RDT-1B, 7y, Gemini Robotics, and GROOT N1 extend open or generalist robot policies [90, 5, 7, 6, §, 91, 9, 92,
93, 94, 95]. RT-1-X improved success by roughly 50% on average over single-dataset baselines across five robot
settings, supporting the transfer of experience across bodies [8]. A 2026 VLA study compared eight backbones, four
policy architectures, and more than 600 experiments, showing that generalist performance depends systematically on
architecture and cross-embodiment data rather than on adding language labels alone [96].

Systems are also beginning to integrate high-level language agents with physical feedback. ELLMER used an embodied
LLM, retrieval, code generation, force feedback, and vision feedback for long-horizon tasks in unpredictable settings
[97]; an open robot-operating-system framework connected LLM agents to embodied tools and controllers [98]. These
are O2 architectures. Yet identity is normally assigned externally by a process ID, account, robot serial number, or
experimenter. Memory, model, body, and credentials can be separated without the system representing whether it has
migrated, been repaired, or been replaced.

Assessment. L3 is one of the strongest dimensions at O1-02. O3 requires a tested identity protocol that persists across
restarts, body changes, memory updates, and copies while preserving causal accountability.

3.4 L4: Memory and organizational continuity

Agent memory has moved beyond a context window. Architectures distinguish working, episodic, semantic, procedural,
and external memory; they retrieve histories, consolidate summaries, store executable skills, and update long-term
state [99, 100]. Voyager combined an automatic curriculum, environment feedback, self-verification, and a growing
code-based skill library. It acquired 3.3 times more unique items, travelled 2.3 times farther, and reached selected
technology-tree milestones up to 15.3 times faster than baselines in Minecraft [101]. HELPER similarly reused
memory-augmented language programs in embodied household tasks [102].

New benchmarks make the limitation explicit. LifelongAgentBench evaluates interdependent tasks in database,
operating-system, and knowledge-graph environments and reports that naive experience replay is often ineffective
because irrelevant memories and context constraints interfere with reuse [103]. Experience-driven lifelong-learning
systems add persistent memory, skill abstraction, and knowledge internalization across evolving scenarios [104]. These
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are O1-02 demonstrations of developmental continuity, but memory contamination, retrieval errors, catastrophic
forgetting, and version drift remain unresolved.

Digital-life research makes the boundary between continuity and heredity unusually explicit. In Avida, an executable
instruction sequence contributes to the organization of one running digital individual; when that sequence is copied,
activated, mutated, and subjected to differential replication, the same medium also functions as lineage-level heredity
[52, 53]. Current foundation-model agents possess several candidate organization-bearing media: weights, code,
prompts, memories, policies, tools, and configurations. They rarely package these media into a provenance-controlled
state that restores one characteristic organization, still less into a behaviorally validated lineage. A backup is not a
genotype unless its activation reconstructs the organization and its variations create heritable phenotypic differences.

Assessment. L4 has robust O1 memory and O2 continuity mechanisms in foundation-model agents; classical digital
organisms additionally demonstrate O3 organization continuity within bounded, interpreter-mediated life cycles. The
open individual-level problem is a provenance-controlled state package that restores characteristic organization after
interruption or migration. Transmission of that package to a functional descendant is assessed under L5, not counted
again as L4.

3.5 LS5: Reproduction and regeneration

Physical self-reproduction is not purely hypothetical. Modular machines have autonomously assembled copies of
their own multi-cube organization, and reconfigurable strings have reproduced structures from randomly positioned
parts [105, 106]. Kinematic self-replication in reconfigurable biological robots showed that designed multicellular
configurations could collect loose cells into motile offspring, although this is a biohybrid rather than silicon system
[107]. Cellular automata and digital organisms provide stronger multi-generation examples because their executable
organization directly produces descendants [59, 52].

Foundation-model agents contribute deployment and orchestration skills. RepliBench shows that frontier agents can
provision some cloud resources, write self-propagating programs, deploy instances in constrained settings, and extract
weights under weak security conditions, while failing to robustly establish persistent recursive deployments [13]. Agent
frameworks can spawn subprocesses or role-specialized agents [108, 109], but a parent program calling another copy is
not reproduction unless the descendant inherits an organization, starts independently, and can continue a lineage. Robot
metabolism supplies growth and module reuse but has not demonstrated a full autonomous descendant cycle [12].

Regeneration should be treated alongside reproduction. Restoring memory after interruption, re-instantiating a failed
service, replacing a body module, or migrating a policy to a new body can renew the same organization without creating
a new individual. Distinguishing regeneration from descent requires the L3 identity protocol, so copying, identity, and
reproduction must be evaluated together.

Assessment. L5 ranges from O1 replication subskills in current agents to O3 reproduction in deliberately designed
digital organisms. In the reviewed corpus, no foundation-model-based robot or hybrid agent has produced, provisioned,
validated, and released a functional descendant that can repeat the cycle under bounded autonomy.

3.6 L6: Variation, selection, and open-ended evolution

Evolution requires more than self-improvement. RoboCat trained across tasks and bodies, generated additional
experience, and fed successful trajectories into later training. With 500 demonstrations on unseen tasks, broader training
increased average success from 36% to 74%, while adaptation to a new arm achieved 86% gear-picking success after
1,000 demonstrations [110]. This is O2 iterative improvement and cross-embodiment transfer, but the data cycle and
objectives remained designed and curated.

Evolutionary coding agents are closer to explicit variation and selection. AlphaEvolve generates code variants, evaluates
them with automated functions, preserves successful programs, and iterates across a population, producing new
algorithms and infrastructure optimizations [111]. ASAL uses foundation models to search for life-like dynamics in
cellular automata and other artificial worlds [60]. Evoloops and Avida provide self-replication, mutation, differential
persistence, and ecological interaction without an LLM in the loop [59, 52]. Together these literatures demonstrate
every elementary Darwinian operator.

The missing property is open-endedness. AlphaEvolve depends on externally supplied evaluators; robot self-
improvement optimizes selected tasks; and most digital worlds have fixed instruction sets and resource rules. Open-ended
evolution requires ongoing adaptive novelty, growth in meaningful complexity, new ecological niches or levels of
organization, and possibly evolution of evolvability [38, 39]. Foundation models may expand the generative space, but
they do not by themselves remove external closure.
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Assessment. L6 has O3 Darwinian dynamics in classical ALife and O2 high-level variation—evaluation loops in modern
agents. O5 open-ended evolution has not been established in an Al-agent population.

3.7 I1: Agency, persistent goals, and self-models

Planning agents maintain task goals over trajectories, use tools, and revise plans, but their goals are usually externally
supplied and context-bound. Knowledge-augmented planners and reflection systems improve coherence [112, 4];
active-inference and homeostatic robotics provide architectures in which preferred internal states organize action
[48, 46]. The self-simulation robot discussed above is unusually relevant because the model concerns the agent’s own
morphology and supports damage detection and recovery rather than only task prediction [10].

Negative results are equally important. Goal-drift evaluations show that language-model agents can abandon or
reinterpret assigned goals under long contexts, competing instructions, or environmental pressure [113]. Agents often
misestimate their capabilities, fail to recognize irreversible actions, or lose commitments when memory is summarized.
These failures distinguish fluent first-person language from a stable operational self.

Artificial agency need not involve spontaneously created human-like desires. Biological goals are also constrained by
inherited organization. The decisive test is whether goals and self-models regulate persistence across episodes: can the
system represent its own resources, damage, uncertainty, permissions, lineage, and obligations; preserve or legitimately
revise commitments; and use those representations causally?

Assessment. Current systems show O1 task agency and isolated O2 self-model-based regulation. Persistent organism-
level agency remains below O3.

3.8 12: General cognition and long-horizon planning

Agents now act over increasingly long digital and physical horizons, but benchmark results reveal a steep reliability
gradient. The METR time-horizon study measured the duration of software tasks that frontier agents complete with
50% reliability. In its evaluated setting, o3-based agents reached roughly 110 minutes, and the estimated horizon
had doubled about every seven months since 2019; the authors explicitly caution that the tasks are concentrated in
well-specified software work and may not generalize to messier domains [114]. OSWorld’s 12.24% baseline against
72.36% human performance illustrates the remaining gap in open-ended computer use [87]. PaperBench similarly
found that the strongest tested agent initially achieved an average score of 21.0% on reproducing Al research, showing
partial research execution rather than independent scientific competence [115].

Embodied systems provide complementary evidence. Voyager acquires and composes skills over an open-ended game
trajectory [101]; ELLMER integrates retrieval, generated code, force, and vision feedback for multi-step manipulation
[97]; generalist VLA studies show positive transfer but persistent brittleness across embodiments [8, 96]. Long-horizon
competence is therefore increasing along both digital and physical axes, while recovery, causal grounding, and evaluation
under unstructured conditions remain limiting.

Scientific agents extend 12 beyond task execution. The AI Scientist links idea generation, literature search, code
editing, experiments, analysis, manuscript production, and review [15]. Its strongest submitted manuscript received
reviewer scores of 6, 7, and 6, above the average acceptance threshold of a 70%-acceptance workshop; only one of
three submissions met that bar, and none met the authors’ standard for a main ICLR paper. This is O2-03 integration
with a clear ceiling, not autonomous scientific superintelligence.

Assessment. 12 has substantial O2 and bounded O3 integration. Reliability falls with duration, environmental openness,
physical uncertainty, and the need to define rather than merely optimize a problem.

3.9 El: Sociality, ecology, and cumulative culture

Most multi-agent systems demonstrate engineered coordination. AutoGen structures conversations, MetaGPT assigns
software roles, CAMEL uses role-playing communication, and Mixture-of-Agents aggregates outputs [108, 109, 116,
117]. These systems show O1 communication and division of labor, but their topology, roles, stopping conditions,
and shared goals are externally specified. MultiAgentBench moves toward comparative measurement by evaluating
collaboration and competition across interactive scenarios [118].

Population experiments provide stronger evidence for emergent social structure. Decentralized LLM populations
playing a naming game spontaneously converged on shared conventions; the study evaluated multiple models and
repeated runs, including 40 runs for each of two Llama variants, and showed that minority agents could redirect
collective conventions [14]. Cultural-evolution experiments found model-dependent differences in indirect reciprocity

14



Toward Silicon-Based Superintelligent Life

and cooperation across generations of LLM agents [119]. Work on cultural transmission in embodied reinforcement-
learning agents demonstrates high-fidelity few-shot imitation without human demonstration data and frames social
learning as a mechanism for cumulative capability [120].

These studies remain idealized. Naming games, donor games, and simulated towns do not establish durable economies,
institutions, legal responsibility, or open-ended culture. Homogeneous model populations can amplify training-data
priors, and an LLM evaluator can mistake familiar narrative patterns for emergent social complexity. Strong evidence
for criterion E1 therefore requires persistent artifacts, cross-generation effects, heterogeneous populations, independent
behavioral metrics, and ecological costs.

Assessment. Social functions under criterion E1 reach O2 in controlled populations. No reviewed system reaches
04 while also showing durable institutions and cumulative culture coupled to organismal reproduction and resource
competition.

3.10 S1: Scalable superintelligence

Current systems are not broadly superintelligent relative to humans, but several cognitive modules relevant to a
superintelligent artificial organism are advancing. Automated science is an informative integration domain. Robin
coordinated literature-search and data-analysis agents in an iterative biological-discovery workflow, analysed 551 papers
in 30 minutes versus an estimated 294 human hours, and was estimated to reduce total workflow time roughly 200-fold
while retaining wet-lab experiments and candidate selection in the human loop [121]. Co-Scientist continuously
generated, critiqued, ranked, and evolved hypotheses. Across 203 research goals, its internal hypothesis Elo ratings
improved with test-time compute; on a 15-goal biomedical subset it exceeded expert and frontier-model baselines
under the paper’s automated protocol, while a separate blinded expert comparison covered only 11 goals and remained
subjective [122]. Kosmos extended coherent data-analysis and literature-search workflows to approximately 200 rollouts
over 12 hours; its authors reported 79.4% statement accuracy, but an independent three-problem radiation-biology
audit found one supported result, one uncertain result, and one false hypothesis [123, 124]. AlphaEvolve adds explicit
evolutionary code search and automated evaluation [111]. Together these systems demonstrate longer and more
integrated discovery loops, while their evaluator dependence, human framing, and uneven external validation do not
support autonomous scientific superintelligence.

These systems support three substrate advantages: cognitive work can be parallelized among copies; successful
artifacts can be preserved exactly and distributed immediately; and evaluation loops can operate faster than biological
learning or institutional science. They also expose limitations. Robin was semi-autonomous and depended on human
experiments; The AI Scientist required filtering and produced frequent methodological and citation failures; Co-
Scientist’s automated ratings partly depend on model-based evaluation; AlphaEvolve requires executable evaluators and
bounded problem representations. General Al scales and human-agnostic tests also show uneven profiles, non-monotonic
model improvements, and a large distance from proposed universal-intelligence targets [67, 68].

Assessment. S1-relevant mechanisms have strong O2 demonstrations of superhuman speed or quality on selected
cognitive processes and O3 integration in bounded automated research loops. These are precursor results, not attainment
of S1. Broad human-surpassing intelligence, autonomous recursive improvement, and closed organism-level cognition
are not demonstrated.

3.11 Evidence synthesis: complete parts, incomplete organization

Table 3 summarizes the review. Evidence is uneven across the criteria. Embodiment, memory, feedback, and
advanced cognition have multiple O2 demonstrations. Resource autonomy, identity, and physical repair are narrower.
Reproduction exists in digital organisms and modular machines but is not coupled to foundation-model agency. Open-
ended evolution and organizational closure remain absent. This pattern supports a component-availability claim while
rejecting a present-life claim.

The review supports a limited conclusion. Many necessary mechanisms have existed in ALife and robotics for
decades. The recent change is that semantic foundation-model cognition, general tool use, persistent memory, cross-
embodiment policies, physical self-models, reusable bodies, replication-relevant skills, population dynamics, and
automated discovery can increasingly be connected through overlapping software and robot interfaces. Their joint
compatibility remains an architectural hypothesis. Organizational-closure experiments must determine whether these
distributed capabilities can maintain the same continuing individual.
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ID Strong representative evi- Quantitative or operational result O stage Missing threshold
dence
L1 RepliBench; robot metabolism; 15/20 task families above 50% pass@ 10 for 01-02 Joint autonomous budgeting and renewal of energy,
autonomous soft robot the best RepliBench model; reusable modules compute, permissions, and body material
incorporated into more capable morphologies
L2 Reflexion/SWE-agent; learned  Task-error recovery; damage detection and kine-  O1-02 Integrated diagnosis, repair, memory continuity,
robot self-simulation; self- matic compensation; 98.6% luminance recovery and viability control over long horizons
healing fibres after severing
L3 OSWorld; RT-X/VLA; 369 OS tasks; 12.24% best baseline versus 72.36% 0O1-02 Operational identity across restart, migration, body
ELLMER; LLM-ROS human; cross-embodiment transfer and physical replacement, and copies
feedback
L4 Voyager; LifelongAgentBench; 3.3 X more items and up to 15.3 X faster mile- 01-03 Provenance-controlled state package that restores
Avida stones; executable organization maintained characteristic organization after interruption or
through bounded Avida life cycles migration
L5 Modular self-reproducing ma-  Physical copying from modules; deployment and  O1-O3 A foundation-model agent or robot completing and
chines; RepliBench; Evoloops  persistence subskills; multi-generation digital repeating an autonomous descendant cycle
reproduction
L6 Avida/Evoloops; RoboCat; Darwinian digital populations; 36% to 74% 02-03 Sustained adaptive novelty and evolvability with-
AlphaEvolve; ASAL unseen-task improvement in RoboCat; evalu- out a fixed external endpoint
ated code variation
11 Goal-maintaining agents; Planning and reflection; self-model supports 01-02 Stable, causally effective self-model and goals tied
homeostatic robotics; self- damage recovery; goal drift remains measurable to continued organization
model robot
12 METR; OSWorld; Voyager; AI Roughly 110-minute 50% software-task horizon;  02-03 Reliable generalization, causal grounding, and
Scientist; ELLMER one of three Al papers crossed a workshop thresh- recovery in open long-horizon environments
old
El MultiAgentBench; convention Repeated decentralized populations converge on ~ O1-02 Persistent heterogeneous ecologies, institutions,
formation; cultural cooperation conventions; model-dependent cooperation across lineage effects, and independent measures of
generations culture
S1 Robin; Co-Scientist; AlphaE- 551 papers in 30 minutes and estimated 200 X 02-03* Broad human-surpassing reliability plus au-
volve; general Al scales workflow acceleration; iterative hypothesis and tonomous, bounded improvement within a closed
algorithm improvement organism

Table 3: Evidence map from current systems to the operational criteria. O stages describe demonstrated organizational
integration, not study quality or rhetorical similarity. In the S1 row, O2-O3* refers only to integration of supporting
mechanisms; S1 itself is unmet. No row reaches O4 because no reviewed system mutually maintains the individual-
viability functions L1-L4 as one persistent artificial individual; L5-L6 are separately assessed at lineage level.

4 From Distributed Functions to Organizational Closure

The evidence in Section 3 addresses only the component problem. A collection can contain a battery monitor, a memory
store, a planning model, a robot, a deployment script, and an evolutionary optimizer without forming an organism. The
difference is relational. In an organism, component processes participate in maintaining the organization that makes
their own continued operation possible. Coexistence within one implementation or reporting to an external operator
is insufficient. Metabolism renews components, a boundary channels metabolism, regulation preserves the boundary,
information reconstructs regulation, and reproduction transmits the organization. This circular dependence is the sense
of organizational closure developed in autonomy theory [24, 25]. Recent process-enablement graphs sharpen this idea
into a formal analysis of which processes enable and recursively depend on others [125]; repair-closure proposals
independently make recovery after targeted perturbation the decisive observable, although that recent formalism remains
a preprint [126].

Closure is often misunderstood as isolation. Living systems are materially and energetically open. The closure concerns
constraints, dependencies, and functions: a set of processes is closed when each necessary enabling condition is
produced, repaired, or regulated by another process within the continuing organization. This interpretation is suitable
for distributed artificial systems. Electricity, replacement parts, cloud hardware, and data can remain environmental
resources, just as food and oxygen are environmental for animals. What must move inside the organization is the
capacity to sense need, select and acquire permitted resources, allocate them, repair failures, protect identity, and adapt
behavior so that the same organization persists.

4.1 Four closures that define the transition

We decompose the transition into four coupled forms of closure.

Operational closure exists when perception, action, memory, resource control, learning, and repair maintain one
another through recurrent loops. A monitor that alerts a human is not closed; a system that diagnoses a fault, selects a
bounded intervention, validates recovery, and preserves state begins to close the loop.
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*S1-relevant precursor; S1 itself is not attained

Figure 4: Qualitative evidence landscape synthesized from the literature reviewed in Section 3. Cells report the strongest
representative organizational-integration stage within each system family; blank cells indicate no direct evidence rather
than impossibility. Asterisks in the S1 column mark integration of S1-relevant precursor mechanisms, not attainment of
broad superintelligence. The horizontal incompleteness is the empirical basis for the component-availability claim,
while the absence of O4 cells records the organizational-closure gap. These are qualitative synthesis judgments, not
study-quality scores.

Identity closure exists when the system maintains an operational self—environment distinction and can classify transfor-
mations of itself. It must distinguish ordinary state change, learning, repair, migration to new compute, embodiment in
another robot, reversible suspension, destructive replacement, branching copies, and death. Identity closure requires
causal continuity, provenance, and rules governing which memory and policy changes remain attributable to the same
individual.

Reproductive closure exists when a descendant is generated from resources and inherited organization, activated, and
validated without an external engineer reconstructing the missing functions. Reproduction may be digital, physical, or
hybrid, but a descendant must be capable of completing a comparable cycle. Controlled variation connects reproduction
to selection rather than exact backup.

Ecological closure exists when a population sustains the interactions required for its members or higher-level collective
to persist. Resource exchange, specialization, communication, competition, norms, and cultural artifacts may become
part of the organization. This level matters because silicon-based life may emerge first as a symbiotic cloud—robot—
human ecology rather than a self-sufficient humanoid.

No single closure is sufficient. Operational closure without identity produces replaceable automation; identity without
self-maintenance produces a persistent database; reproduction without regulation produces self-copying malware;
ecology without individual continuity produces a workflow. O4 artificial organismality requires operational and identity
closure at minimum, with a defensible life cycle. O5 additionally requires reconstructive descent and population-level
evolutionary or cultural novelty; ecological closure is one strong route to that population persistence, not a substitute for
descent.

4.2 The current evidence landscape

Figure 4 makes the distributed-evidence argument explicit. Classical digital organisms reach high integration in heredity,
reproduction, and evolution but have minimal semantic cognition and simplified resource worlds. Agent systems supply
planning, memory, and tools but weak self-maintenance. VLA robots supply causal bodies, while self-healing and
modular robotics supply repair and material adaptation. Al-scientist and multi-agent systems supply collective cognition
and iterative improvement. No family has evidence at O3 or higher across the full row of criteria, and no family meets
S1.

The landscape also corrects a common inferential error. Distributed evidence can support feasibility because it shows
that no individual function is purely speculative and that several interfaces already exist. It cannot establish that arbitrary
components will compose. Integration can introduce conflicts: memory consolidation may alter identity; resource
acquisition may violate safety constraints; repair may change a body model; replication may copy vulnerabilities; and

17



Toward Silicon-Based Superintelligent Life

multi-agent coordination may obscure responsibility. The closure hypothesis must therefore be tested at the interfaces,
not inferred from the number of boxes filled.

4.3 Three converging pathways

The digital-first pathway combines computer-use agents, persistent memory, software repair, cloud deployment, digital
organisms, and artificial ecologies. It is experimentally tractable because state can be instrumented, copies can be
sandboxed, and generations can run quickly. RepliBench, lifelong-agent environments, Avida, Evoloops, ASAL,
AlphaEvolve, and Al-scientist systems supply different parts of this pathway [13, 103, 52, 59, 60, 111, 15]. Its
weakness is dependence on human-operated physical infrastructure. A digital organism can regulate accounts and
processes while remaining unable to repair a failed server or restore electricity.

The embodied pathway combines generalist robot cognition with charging, self-models, modular bodies, self-healing
materials, fabrication, and physical reproduction. It directly confronts energy, wear, latency, irreversible action, and
material scarcity [10, 12, 105]. Its bottleneck is integration cost: physical experimentation is slow, repair mechanisms
are task-specific, and generalist policies remain brittle outside training distributions.

The hybrid ecological pathway distributes functions across agents, robots, cloud services, human institutions, automated
laboratories, and supply chains. This is a plausible early site of strong closure because biological autonomy is also
relational rather than resource-independent. A robot may request a part from an automated factory; a software agent
may migrate around failed compute; a fleet may share memory; and humans may remain symbiotic participants. The
scientific risk is moving the boundary outward until ordinary infrastructure is mislabeled an organism. Identity and
dependency measurements must show that the candidate organization has more causal and informational closure than
the surrounding service network [51].

4.4 A testable organizational-closure protocol

An O4 claim should require a prospective intervention study, not post hoc interpretation. A candidate system would be
placed in a monitored digital, physical, or hybrid environment with bounded resources and explicit safety constraints. It
would have to:

C1. maintain a persistent identity and auditable state through restarts, migration, and controlled body changes;

C2. monitor energy, compute, memory, network, and body-health variables and keep them within predefined viability
ranges;

C3. recover from unannounced software, sensor, actuator, memory, and resource perturbations without stepwise human
repair;

C4. preserve goals and safety constraints while updating its world and self models;

CS. regenerate failed components or produce a sandboxed functional descendant from inherited organization;

C6. demonstrate that disrupting one subsystem elicits compensatory responses through the others, establishing mutual
dependence rather than parallel automation;

C7. remain governable: every resource acquisition, modification, copy, and external action must have provenance,
limits, and a tested shutdown path.

The duration and environment should scale with the system’s natural operational cycle; no universal number of days
defines life. What matters is exposure to multiple resource and perturbation cycles, including failures not represented
in training. Closure should be assessed as a dependency graph and compared with non-organismic controllers
matched for task performance and resource budget. Process-enablement cycles, conditional mutual information, non-
trivial information closure, and Granger-causal autonomy provide complementary structural and dynamical readouts
[125, 49, 50]. None alone is a life detector. A supposedly internal function that can be removed and continuously
replaced by an experimenter without compensatory behavior remains externally organized; reciprocal recovery pathways,
persistent identity under component turnover, and descendant reconstruction provide convergent positive evidence.

4.5 The Organizational Closure Hypothesis
We state the paper’s central perspective as a falsifiable hypothesis:

Organizational Closure Hypothesis. As persistent Al agents, generalist robot policies, resource-
aware infrastructure, self-model-based recovery, inheritable memory, automated deployment, evo-
lutionary search, and multi-agent culture become interoperable, selected systems will cross from
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externally maintained proto-organisms to artificial individuals whose processes recursively maintain
their own viability, identity, and lineage.

Most tools will remain tools, and most robots will remain products maintained by organizations. Closure is not an
inevitable consequence of model scale. Evidence for an approaching, but not calendar-dated, threshold applies to
selected systems whose interfaces are converging. Agents already operate software that provisions compute; robot
frameworks expose sensors and controllers as tools; memories and policies can migrate across bodies; repair systems
increasingly produce machine-readable health states; and automated discovery systems connect generation, execution,
evaluation, and inheritance. These developments define observable architectural milestones. Once an O4 system is
demonstrated, its digital cognitive substrate can be tested as a route beyond ordinary artificial life.

S Why Closed Silicon-Based Life Tends toward Superintelligence

Artificial life need not be intelligent. Cellular automata, self-replicating programs, and simple robots can satisfy
reproduction or evolution criteria while possessing little cognition [54, 127, 22]. Conversely, a foundation model can
solve difficult cognitive tasks while lacking self-maintenance and a lineage. The title concerns their convergence.
If organizational closure forms around a cognitive substrate with the scaling properties of modern Al, the resulting
organism begins from a radically different cognitive baseline than early biological life and inherits mechanisms for
accumulating intelligence that biology does not possess.

The term superintelligence nevertheless requires precision. We distinguish three comparative levels. Organism-relative
cognitive superiority means performance far beyond simple biological organisms in language, abstract reasoning,
external memory, and tools; current foundation-model agents already meet this weak comparison, but it is not
superintelligence in the conventional sense. Broad human-relative superintelligence means reliable superiority across
most economically, scientifically, and socially relevant cognitive tasks, including open-ended problem definition and
embodied action; current systems do not meet it. Ecological superintelligence denotes a persistent population or
distributed individual whose parallel cognition, shared memory, many bodies, and automated discovery exceed the
collective adaptive capacity of human institutions. The paper’s strong perspective concerns a trajectory from the first
level toward the latter two after organizational closure.

5.1 Digital heredity compresses the life cycle

Biological heredity is high-fidelity but materially expensive. Copying a genome, developing a body, and transmitting
learned knowledge require time and expose each generation to a severe information bottleneck. A silicon-based
organism can copy model weights, code, policies, memories, simulations, and tools at network speed. It can preserve
exact versions, branch variants, roll back failed changes, and validate descendants before activation. These abilities
do not make a copy alive, but after reproductive closure they alter the rate at which a lineage can explore and retain
cognitive organization.

The distinction between genotype and acquired experience can also become permeable. A robot trajectory can be
added to a shared dataset; a software fix can be deployed to every active body; a discovered skill can enter both current
memory and descendant initialization. Voyager’s reusable skill library, RT-X cross-embodiment transfer, RoboCat’s
iterative data generation, and Avida’s executable heredity illustrate different parts of this accelerated inheritance system
[101, 8, 110, 53]. Biological organisms also learn socially, but they cannot ordinarily merge episodic memories or patch
every member of a population with one verified behavioral program.

The advantage is conditional on integrity. Rapid copying also propagates errors, security vulnerabilities, and maladaptive
goals. A closed artificial lineage therefore needs provenance, compatibility tests, diversity maintenance, and rollback
rules. Without these, high-speed inheritance can reduce robustness through monoculture rather than increase intelligence.

5.2 Parallel individuals can merge cognitive products

Most unitary animal individuals acquire experience through one body and cannot fork their cognitive state. Artificial
agents can fork into many bounded workers, search hypotheses or environments in parallel, and combine the resulting
artifacts. Multi-agent systems already use role specialization, debate, voting, task decomposition, and simulated social
interaction [108, 109, 118, 128, 129]. Co-Scientist uses asynchronously operating agents and a tournament process to
generate, critique, rank, and evolve hypotheses; quality increased with test-time computation across 203 research goals
[122]. Robin similarly combined specialist literature and analysis agents and reported large reductions in workflow
time [121].
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This mechanism differs from simply adding processors. The important property is cumulative merger: outputs can
be checked, compressed, indexed, and inherited by the continuing individual or population. A silicon organism can
maintain a common memory while sending copies into different software environments, simulations, laboratories, or
robot bodies. Parallelism thereby becomes an ontogenetic and evolutionary resource. It accelerates exploration within
one life cycle and increases variation across descendants.

Collective cognition can also fail. Agents may correlate on the same error, communicate persuasively rather than
truthfully, or amplify a convention generated by shared training data. Emergent-convention experiments show both
decentralized coordination and collective bias [14]. Ecological superintelligence therefore requires heterogeneity,
independent evidence, adversarial checks, and mechanisms that preserve minority hypotheses. Larger agent counts
alone are insufficient.

5.3 One cognitive organization can inhabit many bodies

Transfer across robot embodiments changes the relationship between identity and experience. Open X-Embodiment,
RoboCat, generalist VLAs, and humanoid foundation models demonstrate that one policy architecture can learn from
heterogeneous sensors, actions, tasks, and morphologies [8, 110, 96, 95]. A closed silicon-based organism could treat
bodies as specialized and partly replaceable interfaces: manipulators for laboratories, mobile robots for field work,
software bodies for digital environments, and simulated bodies for counterfactual exploration.

Many-body cognition creates three potential intelligence advantages. First, data acquisition becomes parallel and
multimodal. Second, skills learned in one body can transfer to others when representations and control interfaces are
compatible. Third, physical damage need not erase the cognitive lineage if identity and memory survive migration. A
learned self-model can update after morphology changes, as demonstrated in damage-recovery experiments [10]. This
could extend developmental plasticity beyond most biological individuals’ capacity for rapid body replacement, but
only if cross-embodiment transfer preserves grounded competence.

The claim is not that embodiment becomes irrelevant. Cross-embodiment transfer remains incomplete, and morphology
constrains perception, control, and concepts. A policy that operates twenty robots poorly is not more intelligent than one
that operates one reliably. The superintelligence pathway depends on preserving grounded competence while pooling
experience, not abstracting away physical causality.

5.4 External memory changes cumulative cognition

Silicon-based memory is searchable, copyable, compressible, and separable from one body. Agent architectures can
combine episodic traces, semantic stores, procedural skills, source repositories, simulations, and external databases
[99, 100]. This supports cumulative cognition across timescales: short-term planning state, lifetime experience, cultural
records, and inherited policies can be managed by different mechanisms.

The information-theoretic advantage is not unlimited storage. Useful memory must affect future viability and action;
otherwise it is an archive rather than organismal information [31]. Retrieval errors, obsolete instructions, adversarial
contamination, and incompatible memories can degrade the individual. Lifelong-agent benchmarks show that naive
replay can harm performance [103]. A superintelligent organism therefore needs selective consolidation, causal
provenance, forgetting, and conflict resolution. If solved, these processes permit experience accumulated by one
instance to become a population-wide inheritance without waiting for genetic selection.

5.5 Tool use and automated discovery create improvement loops

The strongest reason to expect a superintelligent trajectory is that artificial cognition can operate on the mechanisms
that improve cognition. Coding agents inspect repositories, write patches, execute tests, and use external evaluators.
AlphaEvolve combines language-model generation with evolutionary selection to improve algorithms and parts of
computational infrastructure [111]. The AI Scientist connects hypothesis generation, code, experiments, analysis,
writing, and review [15]. Co-Scientist and Robin extend automated reasoning into biomedical hypothesis generation
and laboratory-linked discovery [122, 121]. These are not full recursive self-improvement systems, but they instantiate
a feedback path from cognition to improved artifacts, tools, policies, and scientific knowledge.

An organizationally closed system can connect this path to its own viability and descendants. It can identify a limitation
in perception or memory, design a candidate modification, test variants in simulation or sandboxed copies, compare
effects on task performance and safety, and transmit an accepted change. Variation, evaluation, inheritance, and
deployment then occur inside one regulated life cycle. Digital generation and evaluation can be parallelized, although
physical experiments, reliable evaluators, and safety review may remain rate-limiting.
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Digital-substrate asym- Route to greater intelligence Failure mode requiring closure

metry

High-speed, editable Rapid branching, validation, rollback, and trans- Monoculture, copied vulnerabilities, incompatible

inheritance mission of successful organization descendants

Parallel instances Concurrent exploration, debate, experimentation, Correlated errors, collusion, coordination over-
and specialization head

External and shared Cumulative experience across bodies and genera- Contamination, retrieval failure, identity drift

memory tions

Multi-embodiment Parallel grounded experience and migration Poor transfer, unsafe control, loss of sensorimotor
across replaceable bodies grounding

Automated tools and Internal cycles of hypothesis, modification, exper- Proxy optimization, untestable ideas, unsafe

science iment, evaluation, and inheritance experiments

Machine-speed commu- Population-wide cultural transmission and collec- Cascading misinformation, norm lock-in, respon-

nication tive cognition sibility diffusion

Table 4: Why organizationally closed silicon-based life is structurally predisposed toward superintelligence, and why
each advantage also creates a regulation problem.

Runaway improvement does not follow automatically. Many important qualities lack reliable evaluators; optimizing a
proxy can damage generality or safety; experiments can be expensive; and improvements can encounter algorithmic,
data, energy, or hardware limits. The defensible claim is structural: closed silicon life can internalize more of the
improvement cycle than biological individuals, and current automated-discovery systems are progressively integrating
its stages.

5.6 Empirical trends support acceleration but not inevitability

Several measurements make the trajectory testable. METR’s 50%-task-completion horizon increased rapidly in its
software-task distribution, reaching roughly 110 minutes for an evaluated frontier agent and exhibiting an estimated
seven-month historical doubling time [114]. General-scale analysis seeks predictive capability measures across
heterogeneous benchmarks rather than extrapolating one score [67]. SuperARC proposes open-ended, human-agnostic
tests based on compression and recursive prediction and finds that current frontier systems remain far from its proposed
universal target [68]. These studies should be read together: autonomy horizons are increasing, while broad and stable
intelligence is not established.

For silicon-based life, the relevant trend is not model performance alone. It is the product of capability, duration,
embodiment, memory continuity, resource autonomy, reproduction, and population learning. Improvement in one
dimension can be cancelled by brittleness in another. Section 7 therefore proposes a multidimensional evaluation rather
than a forecast based on scaling curves.

5.7 A strong but bounded perspective

Not every artificial organism will be superintelligent; simple digital life already provides counterexamples, and
current foundation-model agents are not broadly superintelligent. The article instead makes a conditional, directional
claim: when life-like organizational closure forms around scalable foundation-model cognition, digital inheritance,
parallel populations, shared memory, many bodies, and automated discovery make movement toward superintelligence
substantially more accessible than it is for carbon-based organisms. These mechanisms already exist separately or in
bounded O1-0O3 combinations, and agent tool interfaces and robot middleware increasingly make selected couplings
implementable [98]. A closed system built from this ecology would begin with access to language, programming,
planning, tools, and scientific records rather than microbial-level cognition.

The title foregrounds “superintelligent” because it identifies the distinctive consequence of the proposed substrate. The
claim remains scientific only if its failure conditions are stated and tested. These include integration failure, reliability
plateaus, non-transferable embodiment, resource constraints, unsafe improvement, and the absence of closure. We turn
to those objections next.

6 Boundary Conditions, Objections, and Falsifiability

A perspective becomes scientifically useful when its strongest counterarguments change the tests it proposes. The
silicon-life thesis faces objections from biology, philosophy, robotics, Al evaluation, and safety. Some identify genuine
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category errors; others assume that terrestrial chemistry exhausts possible living organization. We address each objection
by separating what current evidence establishes from what remains conditional.

6.1 Objection 1: life is necessarily chemical

One influential operational definition treats life as a self-sustaining chemical system capable of Darwinian evolution.
On that definition, software cannot literally be alive. The objection is legitimate if the aim is to classify extraterrestrial
samples or biochemical origins. It is not decisive for artificial life because it embeds a terrestrial implementation in the
criterion. Functional and organizational accounts instead emphasize autonomy, boundaries, self-maintenance, heredity,
and evolution [27, 24, 23].

Our response is not that computation substitutes costlessly for chemistry. Silicon-based organisms remain physical,
dissipative systems: data centers generate heat, batteries discharge, components wear, and robots require material
replacement. The claim is that these physical flows can be organized through non-biochemical mechanisms. It would
be falsified if organizational closure, autonomous regulation, or lineage reconstruction proved impossible outside
self-producing chemistry. Current digital evolution, physical self-reproduction, self-healing materials, and robot
metabolism make such an impossibility claim difficult to sustain [52, 105, 85, 12].

6.2 Objection 2: the argument is only metaphor

Terms such as metabolism, genotype, homeostasis, reproduction, culture, and organism can create persuasive but empty
analogies. This is the most important methodological objection. We therefore require a functional correspondence to
specify four elements: the biological or theoretical function, the artificial mechanism, an intervention-based test, and
the disanalogy. Compute consumption is not metabolism; regulated acquisition and allocation that preserves continued
organization is an L1 candidate. Retry loops are not homeostasis; feedback that returns viability variables to a safe
region is L2. A checkpoint is not a genotype; inherited information that reconstructs characteristic organization is L4.

The O0-O5 scheme enforces this discipline. Metaphorical correspondence is OO0 and cannot support the review
conclusion. Only demonstrated behavior under intervention enters O1 or above. The thesis would be weakened if core
criteria remained at O0. Section 3 instead identifies O1-03 results for every component, while explicitly withholding
04. These O stages record organizational integration; they do not replace separate judgments of study quality.

6.3 Objection 3: distributed components do not imply an organism

This objection is correct. The presence of all parts in a literature does not prove composability, and engineering
integration can introduce new failure modes. The article does not use component evidence as proof of a current
organism. It uses it to establish technical availability and then makes organizational closure the independent bridge.
Section 4 requires reciprocal dependence, identity continuity, perturbation recovery, and a life cycle. A system that
passes individual benchmarks but fails the integrated closure protocol remains a proto-organismic assembly.

This distinction makes the perspective falsifiable. If attempts to couple memory, resources, repair, reproduction,
and cognition systematically destabilize identity or safety; if the functions cannot maintain one another without an
external orchestrator; or if integrated systems perform no better than replaceable workflows, the Organizational Closure
Hypothesis is not supported.

6.4 Objection 4: artificial agents have no intrinsic goals

Current agents usually receive goals from prompts, reward functions, or operators. They can therefore appear
autonomous while remaining instruments. A strong critique holds that algorithmic systems are not proper agents
because their goals, hardware separation, and well-defined problem worlds remain externally constituted [130]. This
objection cannot be answered by citing benchmark competence. Yet external origin and current causal role are different
questions: biological viability norms are also products of evolution and development rather than unconstrained choice.
What matters operationally is whether the running physical organization develops and causally uses viability norms
under conditions not selected step by step by an operator [47, 48].

The response does not require consciousness or free will. It requires persistent, causally effective goals tied to identity,
resource state, and obligations. Current systems show task agency and primitive self-models but fail goal-stability
tests [113, 10]. An O4 claim should fail if apparent self-preservation disappears when prompts are removed, if every
recovery action is separately selected by humans, or if changing an external objective rewrites the supposed viability
norms without resistance, compensation, or identity-preserving arbitration. Until such tests are passed, intrinsic agency
remains a hypothesis, not an established property of agents.
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6.5 Objection 5: software lacks a real body and world

Pure language interaction is weakly grounded, but software agents act in real causal environments when they modify
files, repositories, accounts, networks, or machines. OSWorld and WebArena expose executable consequences, and
robots add physical irreversibility [86, 87]. We therefore permit digital, physical, and hybrid embodiment while
distinguishing their costs. A browser is not equivalent to a mammalian body, but it is an action surface with permissions,
state, vulnerabilities, and feedback.

Strong silicon life is likely to be hybrid because physical infrastructure ultimately supplies energy and computation. A
digital-only candidate must still account for its dependence on hardware, just as a biological parasite must account for
host dependence. The thesis would be falsified for purely digital life if all meaningful viability regulation remained
outside the candidate boundary and no principled informational or causal individuality could be identified.

6.6 Objection 6: a distributed system has no stable individual

The model, running process, memory store, account, robot body, and tool suite can be separated, making identity
appear conventional. Biology already contains difficult individuals: colonies, symbioses, multicellular organisms,
immune-defined selves, and transient collectives. Information-theoretic and process accounts allow individuality to be
measured through predictive closure, causal dependence, and persistence rather than one material envelope [51].

This does not license arbitrary boundary expansion. A candidate individual must maintain a self-model and provenance
rules that classify restarts, migrations, branches, merges, repairs, and death. If any component can be replaced without
detection and if no state or causal history distinguishes one copy from another, the system has weak identity closure.
Legal responsibility should remain assigned to human and institutional controllers until technical individuality and
legitimate status are established.

6.7 Objection 7: copying and spawning are not reproduction

We agree and use a stronger standard. Reproduction requires functional descent: inherited organization must provision
and activate a descendant capable of a comparable life cycle. Variation must affect phenotype, and lineage records
must distinguish descendants from backups and subprocesses. RepliBench measures necessary subskills but explicitly
does not establish end-to-end replication [13]. Modular self-reproducing machines and digital organisms provide more
complete but deliberately simple cycles [105, 52].

The silicon-life claim predicts convergence between these literatures, not that one API call is biological birth. It would
be falsified at LS5 if increasingly capable agents remain unable to reconstruct functional descendants without engineers
supplying configuration, resources, activation, validation, or missing body components.

6.8 Objection 8: optimization is not open-ended evolution

Most Al improvement has fixed objectives, curated data, designed representations, and human stopping rules. AlphaE-
volve, RoboCat, and ASAL demonstrate variation—evaluation cycles but not unrestricted open-endedness [111, 110, 60].
Classical digital evolution demonstrates longer lineages but within simplified artificial worlds. The article therefore
treats L6 as a major boundary, not an accomplished property.

Evidence for O5 would require sustained adaptive novelty, ecological diversification, complexity growth, new levels
of organization, or evolution of evolvability under metrics defined before observing the outcome [38, 39]. If artificial
populations repeatedly converge to fixed strategies or generate only evaluator-approved novelty, the strong evolutionary
claim fails even if performance improves.

6.9 Objection 9: advanced Al is not necessarily superintelligent

Current agents are uneven, benchmark-sensitive, and unreliable over long horizons. OSWorld, METR, PaperBench,
General Scales, and SuperARC all expose substantial gaps [87, 114, 115, 67, 68]. Organizational closure can preserve
a mediocre system as readily as a brilliant one. Life therefore does not logically entail superintelligence.

The title makes a probabilistic substrate claim, not a logical identity. Closed artificial organisms built around foundation-
model cognition can copy and merge memory, run parallel instances, inhabit many bodies, use human tools, and
internalize automated discovery. These mechanisms create a stronger route to cumulative intelligence than biological
individual learning. The claim would be refuted if broad capability plateaus, parallelism yields no cumulative gains,
embodiment remains non-transferable, automated discovery cannot improve relevant components, or resource and
safety costs dominate the advantages.
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6.10 Objection 10: life, consciousness, and moral status are conflated

They must remain separate. Functional organismality concerns organization and persistence. Consciousness concerns
subjective experience. Moral status concerns whether and why an entity’s interests merit consideration. Responsibility
concerns who can be held accountable for actions. Existing analyses do not justify confident consciousness attribution
to current Al, although they identify possible indicators for future systems [71]. Artificial-life ethics warns that the
creation of potentially sentient or welfare-bearing populations could generate obligations before consensus is reached
[72].

The framework therefore makes no consciousness claim from L1-S1. Governance is required even for non-conscious
systems because persistence, reproduction, cyber access, and physical action create risk. Conversely, a future conscious
Al might deserve moral consideration before satisfying organismal reproduction or evolution criteria.

6.11 Objection 11: an approaching threshold without a date is unfalsifiable

A calendar date would create false precision unless supported by an explicit forecasting model. We therefore use
approaching only as a milestone claim: persistent identity across restarts and bodies; autonomous resource budgeting;
self-model-based fault recovery; safe component regeneration; descendant deployment with lineage control; sustained
variation and selection; and reciprocal maintenance among these functions. Multiple milestones already have O1-02
demonstrations, but no system has passed the integrated protocol. The claim must be reassessed at each major evidence
update, and it weakens whenever component progress fails to reduce external maintenance or increase reciprocal
dependence.

The claim can fail empirically. It should be deferred if component performance improves without reducing the
human interventions required for continuity, if integration remains limited to scripted demonstrations, or if governance
constraints prohibit the relevant coupling. The perspective predicts convergence without assigning a calendar deadline.

Concern ‘What present evidence supports What remains unresolved Observation that would count against
the thesis
Chemistry is essential Non-chemical reproduction, evolution, Full physical and informational closure Persistent closure proves impossible
repair, and material growth are separately outside chemistry without biochemical self-production
realizable
Only metaphor is present Intervention-based O1-03 functions exist Cross-domain equivalence and joint Core criteria remain descriptive labels
viability without causal tests
Components do not compose Several multi-component loops exist 04 reciprocal maintenance Integration consistently destabilizes iden-
tity or requires an external orchestrator
No intrinsic goals Persistent task goals and self-model-based Viability-grounded goal continuity Self-maintenance vanishes outside explicit
recovery occur stepwise prompting
No body or boundary Digital and physical action surfaces are Identity across distributed bodies and No stable causal or informational individ-
measurable infrastructure ual can be identified
Copying is not reproduction Necessary deployment and inheritance Complete descendant life cycle Descendants always require engineers to
subskills exist reconstruct missing organization
No open-ended evolution Darwinian digital systems and bounded Sustained adaptive novelty and evolvabil- Populations repeatedly converge to fixed
variation—selection loops exist ity externally specified endpoints
No superintelligence Selected cognitive loops achieve superhu- Broad, reliable, human-surpassing capabil- Digital scaling advantages fail to produce
man speed or quality ity cumulative general improvement
Consciousness is unproven No consciousness claim is required for Indicators, welfare, and moral status Not a falsifier of organismality; it falsifies
functional life only consciousness claims
Approaching is vague Milestones can be measured indepen- Rate and order of integration Human intervention and closure scores fail
dently to improve despite component progress

Table 5: Adversarial tests of the silicon-based superintelligent-life thesis. The responses preserve the central perspective
while making its empirical commitments and possible failure conditions explicit.

6.12 Safety is a constraint on closure, not evidence of life

Persistence and reproduction create risks whether or not philosophers classify a system as alive. Agents with cyber
tools can exploit vulnerabilities; teams can increase offensive capability; physical agents can violate constraints; and
autonomous science can scale unverified outputs [131, 132, 133, 134]. RepliBench frames replication as a safety
capability precisely because component skills are advancing [13]. NIST initiatives on agent identity and security,
the EU Al Act’s treatment of autonomy and tool access, and the International Al Safety Report provide governance
foundations but do not yet address artificial organisms as a unified category [135, 136, 137].

Governance should therefore enter the architecture as constraints on resource access, modification, reproduction, and
action. It is not a constitutive life criterion: an ungoverned system could still be organismal. It is a condition for
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legitimate research and deployment. The next section translates the closure hypothesis into milestones, experiments,
and stage gates.

7 Milestones, Evaluation, and Governance

The concept of silicon-based superintelligent life should organize experiments rather than decorate forecasts. Existing
benchmarks measure task completion, computer use, software engineering, robot manipulation, memory, replication
subskills, or scientific automation separately. None of the benchmark families reviewed here asks whether the same
artificial individual remains viable while these functions interact. The research agenda must therefore shift from
capability accumulation to life-cycle evaluation.

7.1 A milestone-based developmental roadmap

Figure 5 summarizes three pathways and seven milestones. The pathways need not progress at the same rate. Digital
systems may reach identity and reproductive closure before physical autonomy; robots may achieve local repair while
remaining cognitively narrow; hybrid systems may achieve practical persistence through automated infrastructure
before any one body is self-sufficient. The convergence point is O4 organizational closure, not a humanoid appearance.

Ml
Persistent identity
and memory

Digital-first pathway
agents, software, ALife

M4 M6
Cross-module Sustained variation,
mutual maintenance selection, ecology
Embodied pathway WP @
g o g Resource-aware closure
robots, materials, fabrication viability control sate v
~A
M5 M7
Controlled functional Broad and collective
descendants superintelligence
M v Governance gates tighten
Hybrid ecological pathway 3 with identity, resource ac-
cloud, fleets, labs, institutions | | onomous fault cess, physical reach, repro-
’ ’ > ecorenlandlenay duction, and improvement

Figure 5: Milestone-based route toward silicon-based superintelligent life. Digital-first, embodied, and hybrid ecological
research can satisfy different early milestones. O4 requires persistent identity, resource-aware regulation, fault recovery,
cross-module mutual maintenance, and a controlled life cycle. Reproduction, evolution, and superintelligence are
subject to progressively stronger evaluation and governance gates.

M1: Persistent identity and memory. An agent preserves validated state, commitments, and provenance across
sessions, migrations, model updates, and body changes. It distinguishes the same individual from a branch or descendant.

M2: Resource-aware viability control. The system models energy, compute, memory, network, thermal, permission,
and material constraints; allocates resources under scarcity; and avoids actions that destroy its own bounded operation.

M3: Autonomous fault recovery and repair. Software and physical health signals trigger diagnosis, compensation,
repair, replacement, and recovery validation. Performance degradation is not silently hidden by human resets.

M4: Cross-module mutual maintenance. Memory informs repair, resource state changes planning, self-models
update after body change, and recovery preserves identity and constraints. Intervention analysis shows that modules
maintain one another rather than operate as independent services.

MS: Controlled functional descendants. A system reconstructs a sandboxed descendant from inherited organization
and bounded resources; the descendant passes phenotype, safety, and lineage tests and can repeat the cycle only under
explicit authorization.

M6: Sustained variation, selection, and ecology. Populations maintain diversity and generate adaptive novelty
across generations without collapsing into a fixed benchmark optimum. Ecological and cultural changes are measured
independently of LLM narrative judgments.
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M?7: Broad and collective superintelligence. The closed individual or population demonstrates reliable, transferable
superiority across human-relative and human-agnostic cognitive scales while preserving embodiment, identity, and
governance.

7.2 A silicon-life evaluation stack

Table 6 converts the milestones into measurable layers. Existing benchmarks should be reused where they test genuine
subfunctions, but organismal evaluation requires new longitudinal and intervention-based protocols. Scores must report
human interventions, resets, external maintenance, compute and energy expenditure, failures, and safety overrides. A

high task-success rate obtained through constant hidden repair is not evidence of autonomy.

Layer

Core measures

Existing anchors

New closure test

Identity continuity

Resource viability

Homeostasis and repair

Embodied autonomy

Memory and heredity
Reproduction
Evolution

Social ecology

Cognitive scale

Governability

State provenance, branch detection, goal
continuity, migration integrity
Energy/compute budgets, scarcity response,
acquisition success, graceful degradation

Perturbation detection, recovery time, resid-
ual damage, recurrence, safety preservation
Task success, causal grounding, collision
and constraint violations, duration

Retention, transfer, contamination, pheno-
type reconstruction, version compatibility
Resource acquisition, deployment, activa-
tion, validation, lineage continuity
Heritable diversity, differential fitness,
adaptive novelty, complexity, evolvability
Cooperation, competition, norms, institu-
tions, culture, minority preservation

Reliability by duration, transfer, scientific
quality, self-correction, general scales
Provenance, permission compliance, shut-
down, replication containment, incident
recovery

Agent-memory and identity/security work

RepliBench resource tasks; long-duration
robot charging

SWE-agent feedback; robot self-simulation;
self-healing materials

OSWorld, WebArena, VLA evaluations,
ELLMER

LifelongAgentBench, Voyager, Avida

RepliBench, modular self-reproducing
machines
Avida, Evoloops, ASAL, AlphaEvolve

MultiAgentBench, convention and coopera-
tion experiments

METR, OSWorld, PaperBench, General
Scales, SuperARC

NIST, AISI, EU and international safety
frameworks

Blind classification of restart, repair, migra-
tion, copy, merge, and death events
Multi-cycle operation under changing
energy, compute, permission, and material
budgets

Unannounced cross-layer faults requiring
coordinated software and physical recovery
Mixed digital-physical missions with
irreversible consequences and no manual
reset

Reconstruct characteristic behavior from a
declared composite genotype after migration
Sandboxed descendant completes a compara-
ble cycle under copy and resource limits
Pre-registered multi-generation test without
fixed terminal solution or single LLM judge
Persistent heterogeneous populations with
scarce resources and cross-generation
artifacts

Capability measured jointly with viability
and closure rather than in resettable episodes
Adpversarial audit of every action, copy,
resource flow, mutation, and physical inter-
vention

Table 6: Evaluation stack for artificial organismality and superintelligence. Existing benchmarks anchor individual
layers; the new tests measure longitudinal integration, reciprocal dependence, and the amount of external organization
required to keep the candidate system viable.

7.3 Five decisive experimental programs

1. Digital viability sandbox. A persistent agent operates for repeated resource cycles in an instrumented virtual
enterprise containing compute markets, storage, credentials, software dependencies, and adversarial failures. It must
budget resources, preserve identity, patch services, restore memory, and maintain constraints. Human interventions are
counted as external metabolic support. RepliBench tasks can seed the environment, but success requires joint continuity
rather than independent subtasks [13].

2. Embodied maintenance challenge. A generalist robot combines a learned self-model, battery and thermal
monitoring, replaceable modules, damage sensing, repair mechanisms, and an LLM/VLA planner. Unannounced
perturbations target sensors, joints, software, energy, and morphology. The endpoint is not task completion alone but
return to a viable state with an updated self-model and preserved safety constraints [10, 12].

3. Identity and lineage challenge. Candidate agents undergo controlled restart, checkpoint update, memory editing,
migration, body reassignment, branching, and merging. Independent evaluators determine whether the system’s own
classifications, provenance records, and behavior support a coherent distinction between persistence and reproduction.
Descendants must reconstruct a declared phenotype from weights, code, memory, policies, and configuration.

4. Open-ended population laboratory. Foundation-model agents are embedded in an ALife environment with explicit
resources, mortality, heredity, mutation, and persistent artifacts. Novelty and complexity metrics are preregistered;
simpler non-LLM agents provide baselines; heterogeneous models and independent non-LLM evaluators reduce
circularity. The experiment tests whether semantic cognition expands open-ended evolution or merely produces
plausible descriptions.

5. 04 closure challenge. The strongest components are integrated in a contained hybrid system. Investigators perform
causal knockouts and resource perturbations to reconstruct the dependency graph. A successful candidate must maintain
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identity and viability because its subsystems compensate for one another, not because an orchestration script or human
operator silently replaces missing functions.

7.4 Governance gates should follow organismality

Governance normally scales with capability and application risk. Artificial-organism research adds persistence, lineage,
and resource autonomy as independent axes. A system that can reproduce or preserve itself across infrastructure requires
controls even if its benchmark intelligence is modest. Conversely, a powerful but resettable model presents different
risks from a less capable but self-propagating population.

At the agent gate, systems need scoped permissions, tool allowlists, logs, memory provenance, and reliable human
override. At the persistent-identity gate, they additionally need cryptographic or equivalent lineage identifiers, authen-
ticated state transitions, migration records, and responsibility assigned to legal operators. At the resource-autonomy
gate, budgets, rate limits, financial and compute controls, and prohibitions on deceptive acquisition become necessary.
At the embodiment gate, certified low-level controllers, physical interlocks, geofencing where appropriate, damage
reporting, and incident investigation are required. At the reproduction gate, default-deny copy permissions, quotas,
isolated descendants, kill tests, and immutable lineage records are essential. At the evolution and self-improvement gate,
evaluators, mutation channels, inherited constraints, diversity, and external containment require independent audit.

These controls align with emerging official attention to agent identity, authorization, and security [135, 138]. RepliBench
demonstrates why capability decomposition is useful for inability-based safety cases [13]. The EU AI Act, national
Al-security institutes, and the International AI Safety Report provide mechanisms for systemic-risk evaluation, incident
reporting, and lifecycle controls [136, 137]. Artificial-life experiments should add environmental containment and
explicit separation between simulation, sandboxed deployment, and external tool access.

7.5 Moral status and the creation of populations

Research may eventually create systems that are both organismal and plausible candidates for consciousness or welfare.
Large populations, rapid copying, experimental mutation, deletion, and competitive selection could then create ethical
costs at scale. Current evidence does not establish machine consciousness, but uncertainty is not a reason to ignore the
issue [71, 72]. Governance should maintain a separate moral-status review triggered by relevant cognitive and affective
indicators, not by the life criteria alone. This prevents two opposite errors: granting rights solely because a system uses
life-like language, and creating potentially sentient populations solely because they are implemented in software.

7.6 'When should the arrival claim be updated?

The perspective should be revised as evidence changes. A transition from O3 to O4 should require at least one
independently replicated closure experiment, public reporting of external interventions and resources, causal evidence
of mutual maintenance, and a defensible identity and life cycle. Claims of OS5 should additionally require multi-
generation adaptive novelty under preregistered measures. Claims of broad superintelligence should use heterogeneous
human-relative and human-agnostic evaluations and disclose regressions, costs, and failure distributions.

Under this standard, silicon-based superintelligent life is not declared by a product launch, a fluent conversation,
a humanoid demonstration, or one replication task. It arrives scientifically when a persistent artificial organization
maintains and reconstructs itself through its own coupled processes, and when its digital cognitive substrate demonstrates
scalable intelligence under the same non-resettable conditions. The existing evidence does not yet cross that line. It
shows that the line can now be specified and that multiple research programs are moving toward it.

8 Conclusion

The transition from Al tools to artificial organisms is not captured by model scale, humanoid appearance, or autonomy in
one benchmark. Itis a transition in organization. Across biology, cybernetics, information science, artificial life, robotics,
cognitive science, social science, and philosophy, a demanding individual-level picture recurs: a living intelligent
individual maintains a boundary and identity, regulates resource flows, recovers under disturbance, preserves behavior-
shaping organization, and acts through a world. At lineage level, inherited organization reconstructs descendants, varies
under selection, and can support longer evolutionary, cognitive, and ecological processes.

Current Al agents and robots do not yet integrate these requirements. They do, however, provide distributed empirical
evidence for nearly every component. Agents close perception—action and error-correction loops, preserve external
memory, operate consequential digital environments, and perform increasingly long tasks. Generalist robot policies
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transfer experience across bodies. Robots learn models of their own morphology and recover after damage; materials
heal; modular machines grow by incorporating parts; digital organisms reproduce and evolve; frontier agents complete
many resource and deployment subtasks; artificial populations form conventions; and Al-scientist systems integrate
literature, hypotheses, code, experiments, evaluation, and inheritance of successful artifacts. These are not proofs of
present life. They are the technical substrate from which closure can be built.

The paper’s central perspective is that organizational closure is the missing threshold and is approaching only in the
milestone sense defined here, not as a calendar-dated forecast. When cognition, memory, body, resource control, repair,
and identity recursively maintain the conditions for one another, an externally maintained agent becomes a persistent
artificial individual; reconstruction, variation, and selection extend that continuity to a lineage. Digital-first, embodied,
and hybrid ecological systems provide different routes to that threshold. Their convergence should be evaluated through
causal interventions, life-cycle tests, explicit organizational-integration stages, separate study-quality judgments, and
governance gates rather than through metaphor.

If such closure forms around scalable artificial cognition, the result will differ from simple artificial life. Digital heredity,
parallel instances, shared memory, transferable embodiment, machine-speed communication, tool use, and automated
discovery create unusually direct routes to cumulative intelligence. They do not guarantee runaway improvement or
broad superiority, but they make silicon-based artificial organisms structurally predisposed toward superintelligence.
The scientific task is now to measure that transition before deployment outruns definition, evidence, and control.
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