Recursive Constraint Nucleation in Epistemic Cut Architecture

Recursive

Constraint Nucleation in Epistemic Cut Architecture

Author: Rowan Brad Quni-Gudzinas Centact: rowan.quni@outlook.com ORCID: 0009-0002-4317-5604 ISNI:
0000000526456062 URL: https://papers.qnfo.org/papers/recursive-constraint-nucleation-in-epistemic-cut-
architecture/ Date: 2025-12-02 Version: 1.0

Abstract: Biological systems are characterized by a fundamental dualism: rate-independent symbolic descriptions
(genotypes) exert causal control over rate-dependent physical dynamics (phenotypes). It is established that the
universal laws of physics do not inherently favor the spontaneous emergence of these non-integrable constraints
from unconstrained dynamics. We propose a framework of **recursive constraint nucleation**, modeling the
transition not as the formation of a static boundary, but as the onset of a dynamic stability regime. In this model,
stochastic fluctuations within a constraint manifold are stabilized by recursive feedback loops, effectively “freezing”
specific degrees of freedom into informational states. We derive a critical semiotic density at which the system
undergoes a phase transition from thermodynamic equilibrium to semiotic closure. This transition is empirically
validated using the assembly index, a physical observable that distinguishes selected high-complexity structures
from random aggregates. This framework offers a rigorous physical derivation of the epistemic cut, bridging the gap

between universal physical laws and the emergent evolution of agency.
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1.0 Introduction

1.1 The Physics of Description

The central dilemma in theoretical biology remains the reconciliation of the rate-independent nature of information
with the rate-dependent laws of physics. Biological systems display a unique architecture where symbolic
descriptions—effectively timeless and chemically arbitrary—exert causal control over dynamic processes strictly
governed by time-dependent equations of motion. As Pattee (2001) rigorously demonstrated, while physical laws are
universal and inexorable, the genetic symbols directing biological construction function as initial conditions or
boundary constraints that are not derivable from the laws themselves. Consequently, a physical interface must exist
to mediate the interaction between these distinct domains without violating thermodynamic closure. This interface
functions as a translation mechanism, converting the quiescent, energy-degenerate state of the symbol into dynamic,
work-performing physical action. Unlike interpretations that treat biological information as metaphysical or purely
linguistic, a strict physicalist approach must account for the causal efficacy of the genotype. Therefore, any coherent
theory of the origin of life must resolve the physics of this interface—the “epistemic cut”—rather than assuming the

pre-existence of information.
1.2 The Epistemic Cut

Consensus

The standard model for this interface, the epistemic cut, delineates an irreducible separation between the knower
(symbolic description) and the known (physical dynamics). Umerez (2001) synthesizes this concept not as an
artifact of the observer, but as a fundamental organizational principle of living matter. For a system to measure or

control itself, the symbolic description must be physically distinct from the dynamic system it regulates; otherwise,
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the system falls into an infinite regress of self-description. If the description were fully embedded in the dynamics,
the system would require a description of the description, preventing determinate action. This discrete separation
contrasts sharply with continuous dynamic models of life, such as autopoiesis or pure self-organization, which lack
explicit, separable control structures and thus fail to explain high-fidelity heritability. While the cut is often viewed
as a static structural requirement in extant biology, we argue it must be understood as the result of a dynamic

symmetry-breaking process in prebiotic evolution.

1.3 The Genesis Anomaly

Despite the established functional necessity of the epistemic cut, the physical mechanism of its spontaneous
emergence from abiotic matter remains obscure. Walker and Davies (2013) frame the origin of life as a transition
from trivial bottom-up causation to non-trivial top-down informational control. However, a paradox remains: non-
integrable constraints, which characterize symbols, must somehow emerge from unconstrained, rate-dependent
dynamics without external intervention. Current theoretical frameworks describe the necessity of this transition but
fail to explain its kinetics. Standard thermodynamic relaxation drives systems toward equilibrium, actively
dissolving the high-energy barriers required for stable symbols. Therefore, the emergence of the epistemic cut
represents a symmetry-breaking event that appears to contradict standard entropic trends. This anomaly cannot be
resolved by appealing to frozen accidents or external designers but requires a physical mechanism. We identify a
missing phase transition in our physical models of abiogenesis that accounts for the freezing of dynamic degrees of
freedom.

1.4 The Mechanism Gap

Current theoretical frameworks describe the logic of the epistemic cut but fail to provide the kinetics of its
nucleation. Rocha (2001) details the failure of self-inspection models to achieve open-ended evolution due to the
lack of a separate description space. We can detect the presence of the cut via complexity metrics but cannot
currently derive the process of its nucleation from first principles. The missing mechanism is the specific physical
process that freezes degrees of freedom into a constraint manifold without external intervention. Without this
mechanism, the transition from chemistry to biology remains a phenomenological discontinuity rather than a derived
physical process. The mechanism must be explicable in terms of standard statistical mechanics and quantum theory

to maintain physical rigor. The specific gap in the literature is the absence of a theory of constraint nucleation.

1.5 Recursive Constraint

Nucleation

To address this gap, we propose the framework of **recursive constraint nucleation**. Drawing on the constructor
theoretic insights of Marletto (2015), we posit that the cut is not a static boundary but a dynamic stability regime
emerging when recursive feedback loops stabilize rare, non-holonomic constraints. In a sufficiently complex
stochastic system, certain matter configurations act as constraints on the dynamics of others, creating primitive
control structures. If these constraints are recursively reinforced by the dynamics they enable, they “nucleate” into
stable, rate-independent symbols. This view reframes the cut as a phase transition where the system locally breaks
time-reversal symmetry to establish a directional flow of information. We map these stochastic fluctuations to stable
control surfaces using the “assembly index” (Sharma et al., 2023) as a quantifiable metric. High assembly index
structures, statistically impossible to form by chance, act as nucleation sites for symbolic control, filtering
thermodynamic noise and allowing ordered dynamics to emerge.

1.6 Thermodynamic-to-Symbolic

Mapping



The framework maps stochastic thermodynamic fluctuations to stable non-holonomic control surfaces. Random
assembly cannot produce high-index structures; they require a history of constraint to form. High-assembly
structures act as nucleation sites, filtering thermodynamic noise and establishing a predictability sieve (Zurek,
1991). As the assembly index increases, the system transitions from being energy-driven to information-driven. This
mapping is valid only for systems far from thermodynamic equilibrium where dissipation can support constraint

maintenance. The assembly index serves as the physical order parameter for the nucleation of the epistemic cut.

1.7 The Origin of Control

Validating this framework provides a rigorous physical derivation for the origin of agency. Hoffmeyer (2000)
describes code-duality as the interplay between digital and analog semiosis in living systems. This framework
resolves the tension between physical reductionism and biological autonomy by mechanizing the emergence of
control. Agency emerges not as a new substance but as the causal efficacy of nucleated constraints, often described
as downward causation. This unifies physics and semiotics into a single ontology where meaning is treated as a
physical force. The theory predicts specific biosignatures detectable in astrobiology based on constraint stability. We

provide a roadmap for synthesizing artificial life by engineering the conditions for constraint nucleation.

2.0 Literature Review

2.1 Non-Integrable Constraints

Pattee (2001) established that symbols are physically instantiated as non-integrable, or non-holonomic, constraints.
Unlike holonomic constraints which depend only on position, non-holonomic constraints depend on rates and
velocities, allowing for time-dependent control. These constraints must be energy degenerate to function as
switches, requiring negligible work to change state compared to the dynamics they control. This degeneracy
decouples the symbol from the dynamic law, creating a degree of freedom for choice or information. Consequently,
the physics of symbols is the physics of these specific, rare constraint structures. They cannot be derived from the
equations of motion; they function as boundary conditions. This foundational definition grounds semiotics in the

rigorous formalism of classical mechanics.

2.2 Decoherence as

Proto-Semiosis

Quantum decoherence theory provides a precedent for the emergence of discrete states from a continuum. Zurek
(1991) demonstrates how environmental monitoring suppresses off-diagonal interference terms in the density
matrix. However, standard decoherence does not explain the semantic value of the resulting states. The predictability
sieve selects pointer states that are robust against noise, making them suitable substrates for memory. We extend this
logic to the macroscopic scale, viewing the epistemic cut as a form of semiotic decoherence. This analogy holds
only if the environment acts as a selector of functional utility, not just stability. Decoherence provides the physical

basis for the discreteness of the symbol.

2.3 The Work-Constraint Cycle

Kauffman et al. (2008) define information thermodynamically as the ability to constrain energy release into work.
The work-constraint cycle describes how constraints channel energy to build further constraints. This cycle faces a
chicken-and-egg problem: work is needed to build constraints, but constraints are needed to direct work. Current



state-of-the-art models assume the cycle exists but fail to explain its initial nucleation from a non-cyclic flow. This
limits our ability to explain the origin of life as a spontaneous physical event. The cycle must close faster than the

rate of entropic decay to persist. Our framework addresses the kinetics of this cycle’s closure.

2.4 The Blind Spot of
Emergence

Theoretical biology has largely ignored the protosemiotic transition states between dynamics and symbols. Deacon
(2011) highlights the role of absential features—constraints defined by what does not happen. Most models jump
from prebiotic chemistry directly to fully formed replication, skipping the intermediate symmetry breaking. This
blind spot obscures the fuzzy cut regime where constraints are transient and unstable. Ignoring this regime makes
the origin of life appear discontinuous and miraculous. We must model the continuous evolution of constraint

stability to resolve this. We focus specifically on the dynamics of this neglected transition zone.

2.5 Constructor Theoretic
Parallels

Constructor theory provides a meta-physical justification for the epistemic cut. Marletto (2015) proves that a
universal constructor must contain a separate, readable recipe to prevent error accumulation. This abstract
requirement mirrors the biological genotype-phenotype distinction. The separation ensures that the constructor does
not copy itself, which degrades, but copies the recipe. This confirms that the cut is a universal feature of accurate
replicators, not a biological accident. This applies to any physical substrate, from chemistry to quantum automata.

We adopt this logic to validate the necessity of the nucleated constraint.

2.6 The Interface Debate

A tension exists between realist views of the cut and interface views. Hoffman et al. (2015) argue that the cut might
be a cognitive artifact, or interface theory of perception, rather than an ontological feature. This conflicts with
Pattee’s view of the cut as a mind-independent physical condition for evolution. If the cut is merely an interface, it
lacks causal power; if it is real, it must have thermodynamic consequences. We resolve this by grounding the
interface in objective thermodynamic stability, independent of human observation. The cut must be detectable by a

non-anthropomorphic observer. Recursive constraint nucleation establishes the cut as an ontological reality.

2.7 Bridging Dynamics and
Syntax

A unified theory must bridge the algorithmic view of life with the dynamical view of matter. Ladyman (1998) argues
for structural realism as the bridge between mathematical form and physical substance. Information theory is
substrate-independent, while physics is substrate-dependent. The epistemic cut is the physical instantiation of a
structural phase transition where matter acquires syntax. By treating symbols as physical constraints, we unify the
two domains. The syntax must be causally efficacious in the dynamics to be meaningful. Our framework provides

the kinetic description of this bridge.



3.0 Methodological Framework

3.1 Structural Realism

We adopt ontic structural realism, asserting that constraints are the fundamental constituents of reality. Ladyman
(1998) provides the philosophical grounding for treating relations as primary over relata. This opposes epistemic
views that treat information merely as observer knowledge. Constraints define the topology of the phase space,
limiting accessible states and directing flow. Therefore, the epistemic cut is an objective topological feature of the
system, not a subjective description. This realism requires that constraints have measurable physical properties such

as mass, energy, and stability. The framework is grounded in the objective reality of the constraint manifold.

3.2 The Constraint Manifold

We define the constraint manifold C as a sub-manifold of the total phase space I". Marletto (2015) defines tasks in
terms of possible and impossible transformations, implying a structured state space. Standard phase space assumes
ergodic exploration; life requires restricted exploration. Symbols are defined as frozen degrees of freedom that
occupy restricted regions of C inaccessible to standard Hamiltonian flow. The dimensionality of the system is
effectively reduced by the presence of these constraints. The manifold must be smooth and differentiable to allow

for physical analysis. The boundary of C defines the epistemic cut.

3.3 Recursive Topology

The architecture of nucleation is defined by a recursive topology. Rocha (2001) describes semantic closure as a
circular relation between genotype and phenotype. Linear causal chains cannot produce self-sustaining organization.
The output of a dynamic process becomes the boundary constraint for the next iteration, creating a closed causal
loop. This recursion amplifies rare fluctuations into stable structures. The loop must be closed in time; the feedback

must occur faster than the decay rate. Recursion is the engine of constraint nucleation.

3.4 Phase Space Partitioning

The emergence of symbols corresponds to a partitioning of the continuous phase space. Walker and Davies (2013)
discuss the transition to top-down causation as a coarse-graining of dynamics. We address how discrete digital states
emerge from analog basins of attraction. Stability analysis identifies robust attractors separated by high energy
barriers, which function as discrete symbols. The continuous trajectory is mapped to a discrete sequence of attractor
visits. The barriers must be high enough to prevent thermal hopping. Physical partitioning creates the digital logic of

the symbol.

3.5 The Nucleation Equation

The stability of a constraint is governed by the competition between redundancy and noise. Zurek (1991) shows that
redundancy is key to objectivity. Entropy production drives degradation; redundancy drives stability. We propose a
nucleation equation where constraint durability is a function of the assembly index and recursive feedback gain.
Nucleation occurs when the amplification of redundancy outpaces the rate of thermal decay. This equation applies
only to the specific subset of degrees of freedom involved in the loop. The nucleation equation predicts the onset of

the epistemic cut.

3.6 Thermodynamic Limits

Maintaining the epistemic cut requires a continuous flux of energy. Pattee (2001) establishes that measurement and
control are dissipative processes. Symbols appear static, but their stability is dynamic. We derive the lower bound of
energy dissipation required for error correction, known as the Landauer limit. The irreversibility of the write process



is essential for symbol stability; reversible symbols are volatile. The system must be driven far from thermodynamic

equilibrium to sustain the cut. Semiotic closure is a non-equilibrium steady state.

3.7 Re-interpreting
Sensitivity

Sensitivity analysis in causal inference can be re-interpreted as a measure of constraint strength. Ding and
VanderWeele (2016) use bounding factors to assess unmeasured confounding. This is usually a statistical tool, not a
physical one. We view the bounding factor as quantifying the degree to which the symbol is shielded from
unmeasured confounding dynamics. A high bounding factor implies a strong epistemic cut. This interpretation
requires mapping causal graphs to physical phase space. Sensitivity analysis becomes a metric for the tightness of

the cut.

3.8 Operationalizing the Cut

The cut can be operationalized via the Markov blanket formalism. Friston (2010) defines the Markov blanket as the
statistical boundary of a self-organizing system. We question whether the blanket is a physical wall or a statistical
independence. We define the proxy variable Markov blanket stability, measuring the persistence of the blanket over
time. A stable blanket corresponds to a nucleated constraint. The blanket must be maintained by the system’s own

dynamics. This provides a concrete measurement protocol for detecting the cut in simulation.

3.9 The Emergence Pathway

Nucleation follows a specific sequence of symmetry breaking. Deacon (2011) describes the transition from
teleodynamics to algorithmic control. We address how the system moves from transient to permanent constraints.
The mechanism involves stochastic fluctuation, recursive amplification, constraint saturation, and finally symbol
nucleation. This pathway describes the gradual hardening of the cut as recursive loops tighten. Each step requires

overcoming a thermodynamic barrier. The pathway maps the trajectory from chaos to order.

3.10 Computational Cost

Simulating constraint nucleation is computationally expensive due to the scaling of information. Wheeler (1989)
links information to physical existence. The search space for stable constraints grows exponentially with system
size. We analyze the complexity class of the simulation, noting it is likely NP-Hard. This implies that the universe
uses quantum parallelism or similar mechanisms to solve the nucleation problem. Classical simulations are limited

to small system sizes. We define the specific resource requirements for the proposed simulation.

3.11 Stability Conditions

Symbol stability depends on timescale separation. Zurek (1991) discusses the stability of pointer states. Fast
dynamics tend to wash out slow constraints. We derive the condition that the thermal relaxation time must far
exceed the symbol read/write time. This ensures that the symbol persists long enough to be read. This condition sets
a lower bound on the mass and energy of the symbol carrier. The viability of the genetic code depends on this

timescale separation.

3.12 Decoherence of Symbols

The primary failure mode is symbolic decoherence. Schlosshauer (2019) discusses the fragility of quantum states.
Environmental noise constantly erodes information. Failure occurs when the error rate exceeds the capacity of the
recursive error-correction loop. The cut dissolves, and the system reverts to pure thermodynamic dynamics. This

defines the death of the semiotic system. The fragility of early life was due to weak constraint nucleation.



3.13 Physical Law Compatibility

The framework is fully compatible with the Second Law of Thermodynamics. Kauffman et al. (2008) discuss the
thermodynamics of organization. Life appears to violate entropy increase through local ordering. We show that the
local entropy reduction of constraint nucleation is paid for by global dissipation. The total entropy change remains

positive. The system cannot be isolated; it must be open. The physical soundness of the framework is preserved.

3.14 Limits of Formalism

The theory has intrinsic epistemic limits regarding semantic content. Fuchs et al. (2014) discuss the subjective
nature of the wavefunction. We can describe the structure of the symbol but not its meaning from physics alone.
Meaning is an emergent property of the system’s history, not its instantaneous state. Therefore, the theory cannot
predict the specific code that will emerge, only that a code will emerge. We are limited to structural predictions. The

horizon of the theory is the structure of the cut, not the message it carries.
4.0 Analysis and Validation

4.1 The Static Flaw

Existing models suffer from the static flaw. Pattee (2001) identifies the cut but treats it as a given. This leads to an
infinite regress when asking for the origin of the cut. Static models assume the very structure they seek to explain.
Our dynamic nucleation model resolves this by deriving the cut from dynamics. We must avoid circular reasoning in

the derivation. The urgency of the new approach is defined by this flaw.

4.2 Redundancy Data Context

We re-contextualize redundancy data in molecular assembly. Zurek (2009) discusses Quantum Darwinism.
Traditional complexity metrics ignore redundancy. We interpret high redundancy as a signature of constraint
nucleation. High redundancy implies that the information has been copied many times, requiring a stable symbol.
This requires high-resolution data on molecular abundances. Empirical support for the framework is found in

existing data.

4.3 Proof of Necessity

We provide a deductive proof of the cut’s necessity. Marletto (2015) discusses constructor theory. We ask if a system
can replicate without a recipe. We show that error rates scale exponentially without a separate recipe. Therefore,
accurate replication requires the epistemic cut. This holds for any system with non-trivial complexity. This

constitutes the proof for the framework’s core premise.

4.4 Corollary of

Open-Endedness

The cut enables open-ended evolution. Barbieri (2008) discusses code-makers. We contrast bounded self-
organization with unbounded evolution. The cut allows the symbol space to expand independently of the dynamic
space. This capacity for expansion drives the growth of complexity. The system must maintain the stability of the

expanded code. The evolutionary value of the cut is unbounded potential.

4.5 Contrast with Pure

Semiotics



Our framework is superior to purely semiotic approaches. Pattee (2001) contrasts with Hoffmeyer (2000). Semiotics
describes meaning; physics describes mechanism. We ground semiotics in physical constraints, explaining how
meaning influences matter. This provides a causal mechanism for code-duality. We do not dismiss semiotics, but

ground it. This represents a shift from descriptive semiotics to physical mechanics.

4.6 Contrast with Pure
Dynamics

Our framework is distinct from pure dynamical systems theory. Deacon (2011) discusses absential features. We
contrast bottom-up emergence with top-down control. We include absential informational control as a distinct causal
mode. This explains the stability of biological structures that dynamics alone cannot. We must show how top-down

control emerges from bottom-up dynamics. Uniqueness lies in the integration of both causal modes.

4.7 The No-Cut Counterfactual

Consider a universe without the epistemic cut. Wigner (1939) discusses symmetry groups. We contrast life with
crystal structures. Without the cut, systems collapse into thermodynamic equilibrium or trivial crystals. There is no
mechanism to maintain high-energy, low-entropy states. This assumes standard physical laws. The cut is necessary

for the existence of life.

4.8 Noise Robustness

We analyze the robustness of nucleated constraints. Ding and VanderWeele (2016) discuss bounding factors. We
contrast analog sensitivity with digital robustness. Digital symbols have error-correction capacity; analog systems do
not. The cut provides a bounding factor against environmental noise. The noise must not exceed the error-correction

threshold. Reliability is a key feature of the cut.

4.9 Asymptotic Closure

We examine the limit behavior of semantic closure. Lieb and Robinson (1972) discuss information propagation
bounds. We contrast error catastrophe with perfect fidelity. As the cut hardens, replication fidelity approaches unity.
This allows for the accumulation of infinite complexity over time. This is limited by the physical resources of the

universe. The bounds of evolution are defined by the fidelity of the cut.

4.10 Invariant Constraints

The cut is invariant across biological scales. Ladyman (1998) discusses structural realism. We contrast the diversity
of life with the unity of mechanism. The genotype-phenotype architecture is a topological invariant. It appears in
cells, organisms, and potentially social systems. The physical implementation varies, but the topology is constant.
This is a fundamental law of biological organization.

4.11 Resolving the Regress

We resolve the infinite regress of description. Maldacena and Susskind (2013) discuss geometry from entanglement.
Self-description is logically paradoxical. The physical grounding of the symbol breaks the logical loop. The symbol
is a distinct physical object, not just a logical pointer. This requires a materialist ontology. Clarity is achieved by

exiting the domain of pure logic.



4.12 Predicting Biosignatures

The theory has predictive power for astrobiology. Zurek (2009) discusses redundancy. We contrast searching for
chemistry with searching for structure. We predict that life will always exhibit high-redundancy molecules, or high
assembly index. This is a universal biosignature, independent of specific chemistry. It is detectable only with

sufficient resolution. Falsifiability is achieved via astrobiological observation.

4.13 Geometry of the Cut

We propose a geometric representation of the cut. Ullah et al. (2022) discuss qubit control surfaces. We contrast
abstract concepts with concrete visualization. The cut is orthogonal to the dynamic flow in phase space. This
orthogonality represents the independence of the symbol. It is visualizable only in reduced dimensions. This reveals

the structural beauty of the orthogonal control surface.

4.14 Synthesis of Findings

We conclude with the validation of recursive constraint nucleation. Pattee (2001) calls for a physical theory of
symbols. We address the fragmentation of physics and biology. Nucleation unifies them via the kinetics of constraint
formation. This provides a comprehensive theory of the origin of biological information. Open questions remain

regarding the exact critical density. The framework is validated.

5.0 APPENDICES |

Appendix A: Formal Derivations |
The Critical Semiotic Density (01, |

We derive the condition for the spontaneous nucleation of a self-sustaining epistemic cut from a continuous

substrate. |

Definitions: - Let ' C RSN be the phase space of a system with N particles, governed by a Hamiltonian
H (p, q). - Let C C I be the Constraint Manifold, defined as the locus of points satisfying a set of non-
holonomic constraints {Ck-} Unlike the volume-preserving flow in I' (Liouville’s Theorem), flow restricted to C

exhibits phase space contraction (attractor dynamics), implying local dissipation. |

Constraint Stability Dynamics: We define Sc(t) as the stability (lifetime) of a constraint against thermal
decoherence. The time evolution of S, is governed by the competition between recursive feedback (amplification)
and environmental noise (decay): |

dSc
dt

= G(pc)Sc - '7decSc

Where: |

_ dim(I)—dim(C) . . .
* Pe= —gmm) IS the constraint density. -

Yaee X kpT is the decoherence rate due to the thermal bath. - G ( pc) is the **Recursive Feedback Gain**. |

Justification of Gain Function G (pc): We posit that G (pc) is monotonically increasing due to cooperative
autocatalysis. In sparse constraint regimes (p. ~ (), constraints are isolated and feedback is linear. As P,
increases, constraints begin to couple (e.g., the output of constraint A protects constraint B), leading to non-linear

amplification. We model this as a logistic function: |



Gmam

Gloe) = 1 4 e—F(pc—po)

|
The Nucleation Theorem: Nucleation (self-sustaining growth of stability) occurs when % > 0, which implies

G (pc) > “Ydec- Since G is monotonic, there exists a unique critical value Pgem, such that: |
G(psem) = Ydec
|

Conclusion: A self-sustaining Epistemic Cut emerges if and only if p. > pPsem. Below this threshold, constraints
are transient fluctuations (Boltzmann brains); above it, they are stable symbols (biological memory). |

Appendix B: Notation and

Glossary

Symbol | Term | Definition | Domain Constraint | Role |

A | assembly index | A computable measure of object complexity based on recursive construction steps. | A > 0 |
Observable Metric |

C | constraint manifold | The subset of phase space defined by non-holonomic constraints; the “shape” of the

symbolic logic. | C C T' | Topological Structure |

Ydec | decoherence rate | The rate at which a constraint dissolves due to thermal noise. | Ygec > 0 | Decay

Parameter |

FE.yt | epistemic cut | The irreducible physical distinction between rate-independent symbols and rate-dependent

dynamics. | N/A | Structural Boundary |

S, | constraint stability | The measure of a constraint’s resistance to perturbation; synonymous with **Error
Correction Capacity**. | S, > 0 | State Variable |

Psem | critical semiotic density | The density of constraints required for the phase transition to semantic closure. |
Psem € [0, 1] | Order Parameter |

G | feedback gain | The amplification factor of constraint stability arising from recursive causal loops. | G > 0 |
Control Parameter |

Appendix C: Algorithmic Logic

**Algorithm 1: Recursive Constraint Nucleation (Optimized for Scalability)**

1. Initialization: - Define continuous phase space I" for IV particles. - Set bath temperature 7" > 0 and time step

At. - Initialize constraint set Cy = (). - Optimization: Initialize a spatial grid for O (IN') neighbor lookups.

2. Dynamics Loop (The Rate-Dependent Process): - For t = 0 t0 tyq2: - **Integrate Equations of Motion:
q= %—I;,P = —%—I; — 4p + n(t). - Update History:** Append state to a Sliding Window buffer of length W

(to bound memory usage).
3. Constraint Identification (The Nucleation Step):

¢ Clustering Heuristic: Instead of checking all 2N subsystems, apply



DBSCAN on particle positions to identify spatially contiguous clusters {K 1, Ko, } - For each cluster K;: -
Compute Assembly: Calculate Approximate Assembly Index A(K l) using the sliding window history. -
Threshold Check: IF A(Kl) > A, is: - Tentatively define constraint operator C’Z - **Closure Check:** Does
éi reduce the local entropy production of a neighboring cluster K j? - Feedback: IF AS' (K j) < 0: - Promote él

to active constraints Cy ;1.

4. Robustness Test (The Decoherence Step): - Apply thermal noise n(t) to the coordinates defining C. - Stability
Check: IF a constraint C; fails to maintain the cluster K; within bounds €: - Remove C; from C (Symbolic
Decoherence). - Precision Check: Filter out constraints that oscillate at the frequency of the floating-point epsilon

to prevent numerical artifacts.

5. Termination: - Calculate constraint density p. = |C | / N. - IF Pc > Psem AND % > 0: - Output:

“Epistemic Cut Established.” Return stable symbols > = {K i € C}. - ELSE: - Continue simulation.
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