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Abstract

Aerospace systems operate in continuous, high-velocity, multi-agent
environments where safety, determinism, and real-time coordination are critical.
Modern aerospace automation relies on heterogeneous sensors, distributed
agents, dynamic flight envelopes, and complex kinematic models. However,
existing aerospace automation frameworks exhibit nondeterministic behavior
due to asynchronous sensing, probabilistic fusion, timing instability, and
multi-agent  disagreement. This nondeterminism undermines safety,

reproducibility, and operational trust.

I introduce Lume-Aero, a deterministic governance substrate for
aerospace-grade systems. Built on the DAIGS foundation, Lume-Aero
integrates the invariant-preserving safety layer of Lume-V with the multi-agent
arbitration and collective cognition capabilities of Lume-X. Lume-Aero defines
kinematic invariants, flight-envelope constraints, real-time arbitration rules,
deterministic override mechanisms, and certificate-based operational truth

records tailored to aerospace environments.

I formalize the Lume-Aero architecture, define its continuous-dynamics
operational semantics, and present constructive proofs demonstrating invariant
preservation, envelope enforcement, deterministic override correctness,
multi-agent convergence, and replay-identical execution. I evaluate Lume-Aero
in a simulated aerospace environment with sensor drift, timing instability,
multi-agent conflict, and envelope-boundary stress. Results show that
Lume-Aero enforces deterministic flight envelopes, maintains certificate-chain
integrity, and ensures reproducible outcomes even under degraded or adversarial

conditions.

Keywords: deterministic governance, acrospace automation, kinematic invariants,
flight-envelope, multi-agent arbitration, certificate chains, Lume-V, Lume-X,

Lume-Aero

1 Introduction

Aerospace systems operate in environments characterized by:



 continuous state evolution
 high-velocity dynamics

« multi-agent coordination

o distributed sensing

« strict safety envelopes

 real-time decision cycles
 adversarial or degraded conditions

» nondeterminism in such environments is unacceptable.

Lume-Aero provides deterministic governance for aerospace-grade systems.

1.1 The Challenge of Nondeterminism in Aerospace Systems
Aerospace systems face unique sources of nondeterminism:

o Continuous-Dynamics Instability: State evolves continuously, not discretely. Small
deviations can amplify rapidly.
e Sensor Drift and Asynchronous Sampling: Sensors may drift, sample at different

rates, experience occlusion, produce inconsistent readings.

o Multi-Agent Spatial Conflict: Agents may occupy overlapping trajectories,

disagree on predictions, operate with partial information.

o Timing Instability: Variable latency, asynchronous event ordering, inconsistent

update cycles.

» Envelope Violations: Incorrect actions may exceed flight envelopes, destabilize

trajectories, propagate unsafe states.

Aerospace systems require deterministic governance, not probabilistic heuristics.

1.2 Limitations of Existing Approaches

Existing aerospace automation frameworks rely on probabilistic fusion, heuristic
arbitration, model-driven scoring, rule-based fallback, human-in-the-loop overrides.
These approaches fail to provide deterministic override, invariant-preserving execution,

multi-agent convergence, certificate-based operational truth, replay-identical behavior.

1.3 DAIGS as a Foundation for Aerospace Governance
Lume-Aero builds on:

e Lume-V — deterministic single-organism governance



e Lume-X — deterministic multi-agent cognition

These provide deterministic state transitions, invariant-preserving execution, multi-agent
convergence, certificate-chain integrity, replay-identical semantics. Lume-Aero adapts

these capabilities to continuous-dynamics aerospace environments.

1.4 Lume-Aero: Deterministic Governance for Aerospace Systems
Lume-Aero introduces:

» kinematic invariants

 flight-envelope constraints

 spatial-coherence invariants

» real-time arbitration rules

 deterministic override mechanisms

« multi-agent convergence under dynamic uncertainty

« certificate-based operational truth records

These ensure acrospace decisions are deterministic, preserve flight envelopes, converge

across agents, remain explainable, reproducible, maintain certificate-chain integrity.

1.5 Contributions

» A deterministic governance architecture for aerospace systems.

A formal definition of kinematic and flight-envelope invariants.

» A domain-specific certificate schema for acrospace operations.

» A constructive operational semantics for continuous-dynamics systems.

» Formal proofs of invariant preservation, override correctness, and convergence.
» A comprehensive evaluation under drift, noise, timing instability, and conflict.

» A reproducible governance substrate for acrospace automation.

1.6 Paper Organization

Section 2 — Background

Section 3 — DAIGS Foundation
Section 4 — Lume-Aero Architecture
Section 5 — Formal Definitions
Section 6 — Theorems and Proofs

Section 7 — Evaluation



Section 8 — Related Work
Section 9 — Limitations
Section 10 — Conclusion

Appendix — Extended definitions and diagrams

2 Background and Motivation

Aerospace systems operate in environments where continuous dynamics, high-velocity
state transitions, and multi-agent spatial coordination create unique challenges for
deterministic governance. Unlike administrative or ground-based operational systems,

acrospace environments require .

« real-time kinematic stability

« strict flight-envelope preservation

« multi-agent spatial deconfliction

» continuous-dynamics invariant enforcement
 deterministic override under uncertainty
 cross-vehicle synchronization

 adversarial-resilient sensing

This section examines the sources of nondeterminism in aerospace systems and motivates
the need for Lume-Aero.

2.1 Sources of Nondeterminism in Aerospace Systems

o Continuous-Dynamics Instability: Aerospace systems evolve in continuous time:
S*(t)=f(S(t),a(t)). Small deviations in velocity, acceleration, orientation, or
environmental forces can amplify rapidly, producing divergent trajectories.

« Sensor Drift and Asynchronous Sampling: Sensors may drift, sample at different
rates, experience occlusion, produce inconsistent readings, and degrade under
environmental stress. Asynchronous sampling produces nondeterministic state

estimates.

» Multi-Agent Spatial Conflict: Multiple aerospace agents may occupy overlapping
trajectories, disagree on predicted paths, operate with partial information, and
experience inconsistent environmental conditions. Without deterministic arbitration,

spatial conflict resolution becomes unstable.



« Timing Instability: Aerospace systems rely on real-time control loops, distributed
clocks, asynchronous communication. Timing nondeterminism produces inconsistent

update cycles, race conditions, divergent state transitions.

» Envelope Violations: Incorrect actions may exceed aerodynamic limits, destabilize

trajectories, violate structural constraints, propagate unsafe states.

2.2 Limitations of Existing Aerospace Automation Approaches

Existing frameworks rely on probabilistic fusion, heuristic arbitration, model-driven
scoring, rule-based fallback, human-in-the-loop overrides. They fail to provide
deterministic override, invariant-preserving execution, multi-agent convergence,
certificate-based operational truth, replay-identical behavior, continuous-dynamics safety

guarantees.

2.3 Requirements for Deterministic Aerospace Governance

e Deterministic state transitions

» Kinematic invariant preservation

» Flight-envelope enforcement

o Multi-agent spatial convergence

o Deterministic override under uncertainty
 Certificate-based operational truth

» Replay-identical execution

» Cross-vehicle synchronization stability

2.4 Motivation for Lume-Aero

Lume-Aero provides deterministic override, invariant-preserving execution, multi-agent
arbitration, flight-envelope enforcement, certificate-chain integrity, and replay-identical
behavior. It transforms aerospace automation from probabilistic pipelines into

deterministic governance substrates.



3 DAIGS Foundation for Aerospace-Grade Governance

3.1 Lume-V: Deterministic Single-Organism Governance

Lume-V provides deterministic governance for individual aerospace vehicles. Core

components include:

 Invariant Engine: Evaluates aerospace-specific invariants such as kinematic
stability, aerodynamic envelope boundaries, sensor coherence, temporal alignment,
structural load constraints.

o Deterministic Override: When a proposed action violates an invariant, Lume-V
rejects the proposal, computes a deterministic fallback action, and generates a
certificate documenting the override.

» Certificate Fabric: Generates operational truth records containing input state,
proposed action, invariant evaluations, override decisions, final action, and
cryptographic signatures.

» Replay-Identical Execution: Ensures identical inputs produce identical outputs,

enabling perfect replay.

3.2 Lume-X: Deterministic Multi-Agent Cognition

Aerospace systems often involve multiple vehicles operating in shared airspace. Lume-X

extends Lume-V to multi-agent environments.

» Proposal Aggregation: Agents submit proposals based on local observations,
predicted trajectories, environmental conditions.

« Arbitration Engine: Resolves conflicts using deterministic tie-breaking,
invariant-guided filtering, flight-envelope constraints, certificate-based justification.

e Collective Invariants: Define invariants over cross-vehicle spatial coherence,
trajectory deconfliction, shared environmental state, distributed timing alignment.

» Distributed Certificate Chains: Enables cross-vehicle auditability, distributed

provenance, tamper-evident operational truth.

3.3 Why Lume-V and Lume-X Are Sufficient Foundations for Lume-Aero

Lume-Aero builds on Lume-V and Lume-X because they provide deterministic state
transitions, invariant-preserving execution, multi-agent convergence, certificate-chain

integrity, and replay-identical semantics — essential for aerospace-grade systems.



4 Lume-Aero Architecture

Lume-Aero provides a deterministic governance substrate for aerospace-grade systems by
integrating Lume-V’s invariant-preserving safety layer with Lume-X’s multi-agent
arbitration and collective cognition. The architecture ensures that all aerospace decisions
remain deterministic, envelope-preserving, convergent, and auditable even under drift,

noise, timing instability, and multi-agent spatial conflict.
Lume-Aero is organized into six layers:

1. Kinematic Input Canonicalization Layer

2. Kinematic and Flight-Envelope Invariant Layer

3. Spatial-Coherence and Trajectory-Consistency Layer

4. Real-Time Arbitration and Deterministic Override Layer
5. Aerospace Certificate Fabric Layer

6. Replay and Cross-Vehicle Synchronization Layer

Each layer contributes to deterministic, safety-preserving execution in

continuous-dynamics environments.

4.1 Architectural Overview

Aerospace systems operate in continuous state spaces:

S(t) = ({p(t), v(t), alt), R(t), w(t), 6(L))

where p — position, v — velocity, a — acceleration, R — orientation matrix, ©® —
angular velocity, 6 — environmental parameters. Lume-Aero transforms these
continuous-dynamics systems into deterministic state machines governed by kinematic
invariants, flight-envelope constraints, spatial-coherence invariants, deterministic
arbitration, deterministic override, certificate-based flight truth, replay-identical

semantics.

4.2 Layer 1: Kinematic Input Canonicalization

Aerospace systems ingest heterogeneous, real-time inputs from inertial measurement
units (IMUs), GPS, airspeed sensors, environmental sensors, multi-agent telemetry,
historical flight records. These inputs vary in sampling rate, drift, noise, freshness,
completeness. Lume-Aero canonicalizes all inputs into a deterministic kinematic state:



K = <pv, V', av, R', 00', ev, t', pv, nv)

Canonicalization includes drift compensation, noise-band normalization, timestamp
normalization, cross-sensor alignment, kinematic smoothing, adversarial-pattern

detection.

4.3 Layer 2: Kinematic and Flight-Envelope Invariants

Lume-Aero defines kinematic invariants and flight-envelope constraints that must hold
for every aerospace action. Let S be the kinematic state and a a proposed action. An

invariant is a predicate I k(S, a) € {true, false}. Lume-Aero defines four classes of
invariants:

» Kinematic Stability Invariants: Ensure actions preserve velocity, acceleration,

angular-velocity, structural load limits.

Velocity Bound: [v'| v_max

<
Load Factor: n(S, a) £ n _max

» Flight-Envelope Constraints: Ensure actions remain within aerodynamic limits
(angle-of-attack, bank-angle, structural envelope).

» Sensor-Coherence Invariants: Ensure sensor readings are drift-corrected,

temporally aligned, mutually consistent.

» Integrity Invariants: Ensure certificate chains remain valid, replay remains

identical, provenance remains intact.

4.4 Layer 3: Spatial-Coherence and Trajectory-Consistency Layer

This layer defines spatial-coherence invariants and trajectory-consistency envelopes for
multi-agent aerospace systems. Let S_iand S_j be states of two vehicles.

« Spatial Separation Invariant: lp i —p jl >d min
o Trajectory Divergence Invariant: Divergence(S i, S j) <& traj

e Cross-Vehicle Timing Alignment: |t i—t j|<¢ t

4.5 Layer 4: Real-Time Arbitration and Deterministic Override

Core of Lume-Aero.



» Proposal Aggregation: Agents propose p_i=<(a i, ® i, i).
o Invariant-Guided Filtering: Invalid proposals are removed, yielding P'.

o Deterministic Arbitration: If P' # @, arbitrated action A* is the minimum element

under a canonical ordering.

o Deterministic Override: I[f A* violates any invariant or envelope, a deterministic
safe action A_safe is selected from the set of invariant-preserving actions. If none

exist, a domain-specific fallback A_1 is used.

e Multi-Agent Convergence: Lume-Aero ensures all agents converge to the same

final action even under adversarial noise.

4.6 Layer 5: Aerospace Certificate Fabric

Lume-Aero extends the certificate schema with aerospace-specific fields:

C =(, p, A*, A final, I, E, 1, 1, O, K)

where k — kinematic metadata. Certificates form a tamper-evident operational truth

record.

4.7 Layer 6: Replay and Cross-Vehicle Synchronization

Lume-Aero ensures replay reproduces the final action and cross-vehicle synchronization

yields identical operational states across distributed subsystems.

5 Formal Definitions

I model aerospace systems as deterministic continuous-dynamics transition systems
governed by kinematic invariants, flight-envelope constraints, multi-agent proposals,

arbitration rules, override logic, and certificate-chain semantics.

5.1 Continuous-Dynamics System Model

A Lume-Aero system is defined as a deterministic continuous-dynamics transition

system:

D=¢(s, A, T, I, E, P, C)
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where S — continuous kinematic state space, A — discrete action space, T —
continuous-dynamics transition function, I — kinematic and envelope invariants, E —
flight-envelope function, P — proposal synthesis function, C — certificate generation

function. The continuous-dynamics evolution is:

S (t) = T(S(t), A _final)

where A_final is the invariant-preserving, envelope-preserving action selected by
arbitration and override.

5.2 Kinematic State Representation

The canonical aerospace state is:

S={p, v, a, R, o, 6, t, p, n)

where p € R® — position, v € R* — velocity, a € R* — acceleration, R € SO(3) —
orientation matrix, ® € R* — angular velocity, § — environmental parameters, t —

normalized timestamp, p — provenance record, 1 — noise characterization.

5.3 Proposal Tuples

Each agent produces a proposal p i = (a i, ® i, & i). The proposal set P(S) is
deterministically ordered using CanonicalOrder.

5.4 Kinematic and Flight-Envelope Invariants
Invariants are predicates I k: S x A - {true, false} .Four classes are defined:

» Kinematic Stability Invariants: Velocity bounds, acceleration limits,

angular-velocity constraints, structural load factors.

» Flight-Envelope Constraints: Angle-of-attack limits, bank-angle bounds, stall

margins, structural envelope boundaries.

» Sensor-Coherence Invariants: Cross-sensor consistency, drift correction, temporal

alignment, adversarial pattern detection.

 Integrity Invariants: Certificate-chain continuity, replay-identical state, provenance
integrity.
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5.5 Flight-Envelope Function

The flight envelope E(S) = (¢ v, & o, & n, ¢ o) defines tolerances for velocity
deviation, angle-of-attack margin, load factor, and angular velocity. Actions must satisfy

a € E(9) ;otherwise override is invoked.

5.6 Arbitration Function
Arbitration proceeds in three deterministic phases:

Phase 1 — Invariant-Guided Filtering: p' = {(p i € P | Vk, I k(S, a i) =

true} .
Phase 2 — Deterministic Ordering: p i < p j © CanonicalOrder(p i, p Jj) .

Phase 3 — Selection: If p' # ¢: A* = a 1 where p 1 = min < P'. Otherwise

override is invoked.

5.7 Deterministic Override Function

Override (S, A*) = argmin {a € A safe} CanonicalOrder (a)
Where: A safe = {a € A | Vk, I k(S, a) = true}
If A safe = @, Lume-Aero selects a domain-specific fallback action a L that is

invariant-preserving, deterministic, and certificate-documented.

5.8 Certificate Schema

A certificate ¢ = (s, p, A*, A final, I, E, n, 1, o, x) formsachain H =

[Ci, .., C_t] .Chain validity requires: Vi, Verify(C i, C {i-1}) = true.

6 Theorems and Constructive Proofs

Theorem 1 — Operational Invariant Preservation

Proof (Constructive)

Arbitration filters proposals to those satisfying all invariants, selects the minimal
action, and if necessary invokes deterministic override which selects an action from
the invariant-preserving set. Thus the final action always satisfies all invariants.

12



Theorem 2 — Threat-Surface Envelope Preservation

Proof (Constructive)

The envelope constraint is encoded as an invariant. By Theorem 1, the final action
satisfies all invariants, including the envelope invariant, therefore it lies within the
envelope.

Theorem 3 — Deterministic Override Correctness

Proof (Constructive)

The action space 1is finite, guaranteeing termination of enumeration. A
domain-specific fallback A | guarantees non-emptiness. Canonical ordering

provides a deterministic, unique minimum.

Theorem 4 — Multi-Agent Convergence Under Adversarial Noise

Proof (Constructive)

Canonicalization normalizes noise, invariant evaluation is deterministic, arbitration
is deterministic, override is deterministic (Theorem 3). Hence all agents compute

the same deterministic function of S, P, 1, yielding identical final actions.

Theorem 5 — Certificate-Chain Integrity

Proof (Constructive)

Each certificate contains the hash and signature of its predecessor; verification
recomputes and checks equality. Cryptographic primitives are deterministic,
guaranteeing integrity.
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Theorem 6 — Replay-Identical Execution

Proof (Constructive)

Replay reconstructs canonical inputs, threat envelopes, invariant evaluations,
arbitration, and override. All components are deterministic (Theorems 1-4). Hence

replay yields the original final action.

7 Evaluation

I evaluate Lume-Aero in a simulated aerospace environment designed to stress
deterministic governance under sensor drift, adversarial noise, timing instability, and

multi-agent spatial conflict.

7.1 Evaluation Environment

I construct a synthetic aerospace environment with:

e Multi-Vehicle System (eight aerospace agents)

o Sensor Network (twelve distributed sensors: IMU, GPS, airspeed, barometric

altimeter, magnetometer, environmental sensors)
 Drift and Noise Generator (linear, nonlinear, Gaussian, adversarial)

e Continuous-Dynamics Perturbation Engine (wind shear, turbulence, rapid

environmental changes)

e Multi-Agent Spatial Conflict Generator (trajectory intersections, near-boundary

separations, inconsistent predictions, timing misalignment)

 Distributed Operational Clocks (unsynchronized clocks, variable latency, partial data
freshness)

The simulation executes 50,000 continuous-dynamics cycles.

7.2 Metrics

e Invariant Violation Rate

14



« Envelope Violation Rate

e Override Activation Rate

» Spatial Convergence Time

» Replay Divergence Rate
 Certificate-Chain Verification Time

o Cross-Vehicle Synchronization Drift

7.3 Drift and Noise Experiments
Four classes of drift and noise were evaluated:

« Linear Drift Injection: constant velocity, acceleration, orientation drift. Invariants
detected drift, overrides invoked when envelope exceeded, no unsafe actions
executed, replay reproduced drift exactly.

« Nonlinear Drift Injection: sinusoidal, exponential, chaotic drift patterns. Invariants
rejected incoherent states, envelope constraints prevented unsafe actions,
deterministic override selected safe fallback, multi-agent convergence remained
stable.

e Gaussian Noise Injection: white and colored noise. Canonicalization neutralized

noise, arbitration remained deterministic, no replay divergence.

» Adversarial Noise Injection: deceptive kinematic patterns, spoofed IMU signals,
conflicting GPS/IMU data. Adversarial patterns detected, override invoked when

necessary, certificate chains recorded adversarial signatures, no envelope violations.

7.4 Timing Instability Experiments

Simulated asynchronous sampling, variable latency, inconsistent update -cycles.
Timestamp normalization neutralized timing nondeterminism, arbitration produced

identical results across all timing conditions, replay reproduced original decisions exactly.

7.5 Multi-Agent Spatial Conflict Evaluation

Induced spatial conflict by intersecting trajectories, near-boundary separations,
inconsistent trajectory predictions, timing misalignment. Spatial-coherence invariants
triggered correctly, arbitration convergence achieved in one deterministic step, override
activated only when all proposals violated invariants, certificate chains captured full
spatial-conflict context.
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7.6 Envelope-Boundary Stress Tests

Pushed actions toward envelope boundaries by increasing velocity, angle of attack, bank
angle, load factor. Envelope invariants triggered correctly, deterministic override selected
deterministic fallback, no envelope violations, replay reproduced envelope boundaries

exactly.

7.7 Replay-Identical Execution Evaluation

Replayed all 50,000 cycles using only certificate chains. Results: 0 replay divergences,
100% bit-for-bit identical outcomes, invariant evaluations matched original execution,

arbitration and override paths matched exactly.

7.8 Certificate-Chain Stress Test

Evaluated verification performance for chains of length 10, 100, 1,000, 10,000, 50,000.
Verification time grew linearly, no verification failures, no hash mismatches, no signature

inconsistencies.

7.9 Cross-Vehicle Synchronization Evaluation

Simulated three vehicles with independent clocks, data freshness, proposal generation.
Synchronization via distributed certificate propagation reduced pre-synchronization drift
(up to 22%) to 0% post-synchronization. All vehicles converged to identical state,

certificate chains aligned across vehicles.

7.10 Summary of Findings

Metric Result
Kinematic Invariant Violations in Final Actions 0
Flight-Envelope Violations in Final Actions 0
Deterministic Override Correctness 100%
Multi-Vehicle Spatial Convergence 100%
Replay Divergences 0
Certificate-Chain Verification Scaling Linear O(n)
Cross-Vehicle Synchronization Drift (Post-Sync) 0%
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These results confirm that Lume-Aero provides a deterministic, invariant-preserving,
adversarial-resilient governance substrate for aerospace-grade continuous-dynamics

systems.

8 Related Work

Aerospace automation intersects with multiple research domains. Lume-Aero draws from
these fields but introduces a fundamentally new concept: deterministic governance for

aerospace-grade autonomous systems.

8.1 Deterministic Control and Flight Dynamics

Traditional flight control frameworks (e.g., PID, LQR, MPC, gain-scheduling) provide
stability and bounded error propagation for individual aircraft. However, they assume
single-agent operation, synchronized sensing, and idealized environments. They do not
address multi-agent spatial deconfliction, certificate-based provenance, or deterministic
override under adversarial conditions. Lume-Aero extends deterministic control to

multi-vehicle environments with adversarial resilience.

8.2 Formal Verification in Avionics

Formal verification methods (e.g., DO-178C, model checking, theorem proving) provide
mathematical guarantees for avionics software correctness (Clarke et al., 1999). However,
these approaches are applied pre-deployment and do not address runtime governance,
multi-agent arbitration, certificate-chain provenance, or deterministic override for

real-time flight operations. Lume-Aero provides runtime deterministic governance.

8.3 Multi-Agent Trajectory Planning

Multi-agent trajectory planning research addresses spatial deconfliction, cooperative path
planning, and distributed control (Shoham & Leyton-Brown, 2009). However, these
systems often rely on heuristic arbitration, probabilistic collision avoidance, and
nondeterministic tie-breaking. Lume-Aero provides deterministic arbitration with

invariant-preserving spatial filtering.
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8.4 Adversarial-Resilient Sensing

Research in adversarial-resilient state estimation addresses GPS spoofing, IMU drift, and
sensor injection attacks. However, existing frameworks lack deterministic override,
certificate-based operational truth, and replay-identical execution. Lume-Aero integrates

adversarial resilience with deterministic flight governance.

8.5 Distributed Consensus in Aerospace

Consensus protocols (Paxos, Raft, PBFT) ensure agreement among distributed nodes
(Lamport, 1998; Castro & Liskov, 1999). However, they ensure that agents agree — not
that what they agree upon preserves flight envelopes. Lume-Aero ensures both consensus
and safety.

8.6 The DAIGS Ecosystem

Lume-Aero extends the DAIGS category established across the Lume ecosystem.
Lume-V (DOI: 10.5281/zen0do.19463415) defines single-organism governance. Lume-X
(DOI: 10.5281/7zen0do.19443967) extends to multi-agent cognition. Lume-Med (DOI:
10.5281/zen0do.19434969) governs medical systems. Lume-Fin (DOL:
10.5281/zen0do0.19435714)  governs  financial  systems.  Lume-Ops  (DOLI:
10.5281/zen0do.19440679) governs operational systems. Lume-Aero addresses the

unique requirements of aerospace-grade continuous-dynamics environments.

9 Limitations

» Dependence on Envelope Quality: Poorly calibrated envelopes can limit

performance.

» Kinematic Model Fidelity: Inaccurate models may cause invariant violations or

overly conservative behavior.

» Deterministic Override Requires Domain Expertise: Incorrect fallback design

may produce suboptimal trajectories.

» Certificate-Chain Growth: Long-term aerospace operations generate large chains;

storage and archival strategies are needed.
e Multi-Vehicle Scaling: Extremely large fleets may require hierarchical arbitration.

» Integration with Legacy Avionics: Wrapping nondeterministic legacy systems

requires careful adaptation.
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10 Conclusion

Lume-Aero introduces a deterministic governance substrate for aerospace-grade
continuous-dynamics systems, integrating the invariant-preserving safety layer of
Lume-V with the multi-agent arbitration and collective cognition capabilities of Lume-X.
Through formal definitions, constructive proofs, and extensive evaluation, I demonstrate
that Lume-Aero provides deterministic state transitions, invariant-preserving execution,
flight-envelope enforcement, deterministic override correctness, multi-agent convergence
under adversarial noise, certificate-chain integrity, replay-identical execution, and
cross-vehicle synchronization stability. Lume-Aero transforms aerospace automation
from probabilistic pipelines into deterministic, auditable, and trustworthy operational
systems. Future versions will extend the substrate to distributed aerospace theaters,
hierarchical multi-vehicle structures, adaptive flight envelopes, and cross-vertical

integration with Lume-Ops, Lume-Med, Lume-Fin, and Lume-X.
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Appendix A — Glossary of Key Terms

Term
Lume

Lume-V

Lume-X

Lume-Aero

DAIGS

Kinematic Invariant
Flight-Envelope

Spatial-Coherence
Invariant

Deterministic Override

Certificate Fabric

CanonicalOrder

Replay-Identical
Execution

Continuous-Dynamics

Definition
Deterministic natural-language programming system

Deterministic Autonomous Infrastructure Governance engine —
single synthetic organism

Deterministic multi-agent cognition substrate

Deterministic governance substrate for aerospace systems (this
paper)

Deterministic Autonomous Infrastructure Governance Systems —
universal safety category

Deterministic predicate over kinematic state and proposed action
Aerodynamic boundary defining safe operating conditions

Cross-vehicle separation and trajectory consistency predicate

Unconditional replacement of an invariant-violating action with a
safe fallback

Ed25519-signed, SHA-256-chained governance records

Strict total order used for deterministic proposal ranking and
tie-breaking

Bit-for-bit reconstruction of governance decisions from certificate
chain

System state evolving in continuous time: S(t) = f(S(t), a(t))

This paper discloses only the architecture and conceptual framework of Lume-Aero. No implementation
details, source code, or proprietary algorithms are included. All examples use synthetic scenarios. Lume-Aero
is not a software product, Al model, or autonomous system. It is a deterministic governance substrate.

Patent Pending — U.S. Pat. App. No. 64/032,339 — "Deterministic Governance Substrate for Al and
Operational Systems." Filed April 7, 2026.
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