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Abstract

Autonomous aerospace and mechanical systems increasingly require computational architectures capable not
merely of predicting system behavior, but of determining whether candidate operating states satisfy ordered
physical, structural, operational, and safety constraints before those states are admitted for execution. This
paper introduces a mechanical-engineering implementation of recursive admissibility derived from the SEXA
computational framework and investigates its use as a deterministic supervisory architecture for constraint-safe
state selection, fault detection, and digital-twin reconstruction.

The proposed architecture extends previous work in which the SEXA framework was organized as a
hardware-verifiable recursive computational system characterized by deterministic execution, traceable
intermediate states, dimensional reduction, computational correspondence, and explicit failure conditions. The
present investigation moves beyond that computational validation problem by constructing an engineering test
environment in which measurable mechanical state variables are subjected to an ordered -admissibility chain
before acceptance into the operational state space.

Let the instantaneous engineering state be represented by



XF =5 :Tf: Pf'. T"I;,' @y, W, Tp, €, i, Ef'.- FP‘JI-:

where T denotes temperature, P pressure, V' vibration amplitude, a acceleration, w rotational state, o

mechanical stress, € strain, g actuator or control state, E' energetic state, and F' fault-state information.

Rather than permitting every generated or measured state to propagate directly into the control

architecture, the state is evaluated through an ordered admissibility operator
I'=9cvscova0v3072° 7.

The resulting engineering admissibility decision is defined by

1, (X=X,
AlXe) {ﬂ, T(X:) # X:.

Thus, a candidate mechanical state is admitted only when it survives the complete ordered constraint chain.
This directly adapts the corpus's defining principle that admissibility precedes evaluation; in the full-stack SEXA
formulation, the I' chain acts before energetic evaluation and only I-invariant configurations contribute to the
resulting state.

For engineering implementation, the six stages are interpreted as sequential constraint classes governing
existence, flow/transition validity, manifold or model consistency, symmetry/invariance, recursive
persistence, and realization/observation. The objective is not to assert that these operators have already
been experimentally established as physical laws. Rather, they are investigated here as a deterministic
engineering constraint architecture whose state transitions and failures can be measured computationally.

A digital-twin benchmark is then constructed in which nominal aerospace/mechanical trajectories are
deliberately subjected to sensor drift, thermal excursions, excessive vibration, stress-limit violations, actuator
faults, inconsistent state transitions, and compound faults. For every injected disturbance, the system records
the first I' stage at which admissibility fails, the rejected state, the surviving reduced state representation, and
the reconstruction trace.

The central hypothesis tested is therefore:

The central hypothesis tested is therefore:
: ] r 16 q :
Unsafe or inconsistent state —— explicit rejection
while

c : r S c
constraint-consistent state —— admissible operational state.



The experiment evaluates deterministic repeatability, fault-detection rate, false-admission rate, false-rejection
rate, constraint-stage localization, reconstruction consistency, computational latency, and state-trace
reproducibility. These quantities establish measurable engineering criteria through which the proposed
architecture can succeed or fail rather than relying upon qualitative interpretation.

This engineering formulation is motivated by the existing SEXA dimensional architecture, which distinguishes a
higher-dimensional structural representation from a bounded operational representation and treats dimensional
reduction as an admissibility-governed computational process. The corresponding computational architecture
was previously developed as a deterministic and traceable framework intended to support future software
simulation, formal verification, embedded computation, and hardware-assisted implementation. The
predecessor work explicitly identifies reproducible execution, observable intermediate states, and identifiable
failure conditions as necessary properties of a hardware-verifiable recursive architecture.

The contribution of the present investigation is therefore not the introduction of another governing equation and
not a claim of completed physical verification of the wider SEXA Unified Field Framework. Instead, this work
isolates recursive admissibility as an engineering mechanism and subjects it to a defined aerospace and
mechanical benchmark containing measurable state variables, known fault conditions, deterministic constraint
evaluation, and quantitative performance criteria.

The resulting framework provides a testable pathway for investigating whether ordered recursive admissibility
can function as a supervisory computational layer for autonomous aerospace systems, mechanical digital
twins, structural-health monitoring, predictive maintenance, fault-tolerant control, and future embedded or
hardware-assisted mechanical systems.

Keywords: Recursive Admissibility; Autonomous Aerospace Systems; Mechanical Systems; Fault Detection;
Digital Twin; Structural Health Monitoring; Predictive Maintenance; Constraint-Safe State Selection; Hardware
Verification; Fault-Tolerant Control; Recursive Computing; SEXA; '-Admissibility; Dimensional Reduction.

1. INTRODUCTION

Modern aerospace and mechanical systems increasingly operate through continuous interaction between
physical machinery and computational decision architectures. Aircraft, spacecraft, unmanned aerial vehicles,
robotic mechanisms, propulsion systems, rotating machinery, autonomous vehicles, manufacturing platforms,
and structural-health-monitoring systems can generate large quantities of sensor information describing their
instantaneous physical condition. Temperature, pressure, vibration, acceleration, rotational velocity, mechanical
stress, strain, actuator position, power consumption, and diagnostic variables may be measured continuously
and incorporated into control systems or digital-twin representations.

The existence of these measurements, however, does not by itself establish that the resulting computational
representation describes an admissible mechanical state.

A temperature measurement may remain within its individual operating limit while becoming incompatible with
the simultaneously measured pressure state. A rotational velocity may remain below its nominal maximum
while the associated vibration spectrum indicates an unstable operating regime. An actuator command may
independently satisfy its displacement constraint while producing a transition that is inconsistent with the
mechanical state inherited from the preceding time step. Likewise, multiple sensors may individually report



numerically permissible measurements while their combined configuration violates a structural, dynamical,
energetic, or operational relationship required by the physical system.

The engineering problem considered in this paper is therefore not limited to state estimation or
threshold-based fault detection. It concerns state admissibility: whether a candidate mechanical state should
be permitted to enter or remain within the operational state space of an autonomous system.

Let the complete candidate state space of a mechanical system be denoted by

Q,

and let the admissible subset be

For an instantaneous engineering state X, the supervisory decision can then be expressed as
A0 — {0,1},

with

1, X:eQa,

A(xD) — {
0, X:¢ Qa.

The fundamental difficulty is determining membership in £2 4 when admissibility depends upon multiple
interacting constraints rather than a single scalar threshold.
Conventional monitoring can represent a collection of engineering constraints as
C={C1,C5,...,Cr},
where each constraint produces an individual decision
Ci(X:) = {0,1}.

Such a representation is useful for detecting direct limit viclations. However, the present investigation asks a
more specific question: whether the constraints can be evaluated as an ordered recursive process in which
the state surviving one stage becomes the state presented to the next stage, while the complete evaluation

history remains computationally observable.
This produces the ordered state sequence
(1) (1) e (2) 7 (3) 7 (4) 7= (8) s
X

Iy xP 2y, x @ B e, x 1, x5) 8, x (6

Here,

=
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subject to successful admissibility at every preceding stage.



The engineering significance of this organization is that rejection becomes traceable. Instead of returning
only a glebal fault flag, the architecture can retain the first admissibility stage at which the candidate state

fails:
kg — min {i e{l,...,6} v (XF_”) = ﬂi} \
where {1; denotes the admissible domain associated with stage 1.

The value kg, therefore becomes a diagnostic quantity. It identifies the earliest point in the ordered

evaluation at which the mechanical state ceases to satisfy the prescribed architecture.

This construction follows directly from the computational direction established in the preceding SEXA
hardware-verification work. That work identifies deterministic inputs and outputs, observable intermediate
computational states, and explicit failure conditions as requirements for engineering implementation. It also
identifies software implementation, formal verification, quantitative performance measurement, and eventual
engineering realization as subsequent stages of investigation.

The present work advances into that next stage by introducing a controlled mechanical digital-twin environment
in which nominal trajectories and deliberately corrupted trajectories can be evaluated against known ground
truth.

The distinction between the present investigation and the preceding computational architecture is important.
The earlier work asks whether recursive admissibility and dimensional reduction can be organized into
deterministic and traceable computational operations. The present work asks whether an engineering
implementation of those operations can correctly distinguish admissible mechanical states from deliberately
introduced fault states.

Accordingly, four objects are known for every benchmark trial: the original nominal state, the injected
disturbance, the expected admissibility classification, and the output produced by the -admissibility
architecture. This allows direct calculation of true admissions, true rejections, false admissions, and false
rejections.

Let iy denote the ground-truth classification and 4j; the classification returned by the recursive admissibility

architecture:

ve, 9 € {0,1}.

The central classification test is therefore

o

Ut = Y-

Failure of this equality is not reinterpreted as a successful result. It constitutes a benchmark error and enters
the corresponding false-admission or false-rejection measurement.



This requirement is essential to the engineering character of the paper. The wider SEXA corpus distinguishes
structural or computational survivability from experimental physical confirmation; the existing
hardware-oriented work explicitly states that computational consistency does not establish every associated
physical interpretation. The present benchmark preserves that distinction.

Consequently, successful benchmark performance would support the narrower proposition that ordered
recursive admissibility can operate as a reproducible engineering constraint architecture under the conditions
tested. It would not, by itself, establish the broader physical claims of the SEXA Unified Field Framework.

The primary research question of this investigation is therefore:

Can an ordered, hardware-verifiable recursive admissibility architecture distinguish nominal from faulty
aerospace and mechanical states while preserving deterministic execution, explicit fault localization,
computational traceability, and reconstructable digital-twin state information?

The remainder of this paper develops the M-admissibility engineering formulation, defines the mechanical
digital-twin benchmark, specifies the controlled fault classes, establishes quantitative performance and
falsification criteria, and evaluates whether the resulting architecture satisfies those requirements.

The theoretical corpus dictates the architecture;
the benchmark proves the implementation

Stage 1: Foundational Stage 2: VLSIE 2026. Stage 3: Current MEAP
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2. RECURSIVE ADMISSIBILITY AS AN ENGINEERING COMSTRAINT ARCHITECTURE

2.1 From Computational Admissibility to Mechanical Admissibility

The engineering architecture developed in this paper begins with a distinction between a candidate state
and an admissible state. A digital twin, sensor network, estimator, or autonomous controller may generate a
candidate state X, but generation of that state does not establish that the state satisfies the complete

constraint structure of the physical system.

The SEXA computational architecture provides the ordering principle used here. In the preceding hardware-
verification formulation, recursive admissibility operates as an ordered computational constraint before
evaluation, with deterministic execution, traceable intermediate states, reproducible behavior, and

identifiable failure conditions forming the principal requirements for future engineering implementation.

[ 12_VLSIE_2026_HARDWARE_VERIFIAB..

The present implementation converts that computational principle into an engineering state-selection

problem.

Let
X, — [ . . 1T
t LSRR 5 P s

represent a candidate mechanical state at discrete time £. For the benchmark developed here, the state

variables are instantiated as

Xf = :Tf_: Pt'. T"{‘,'. My, Wi Tty €y s Ef'r Fi]T'

Here T} is temperature, Py pressure, V¢ vibration amplitude, a; acceleration, w; rotational state, o}
mechanical stress, €; strain, g; actuator or commanded mechanical state, Es energetic state, and F}

diagnostic or fault-state information.

These quantities do not share common physical dimensions. Consequently, dimensional quantities are
retained in their original engineering units for physical interpretation while a normalized representation is

constructed for computational comparison.

For each variable x; ;,

e
t)

5

-

Zjt

where p; denotes the reference operating value and s; > 0 denotes the normalization scale associated with

that variable.



The normalized state is therefore
. B
Zy = [214, 224, - - - 2 Znt]” -

MNormalization is not itself an admissibility decision. It is a computational transformation that permits
heterogenecus mechanical quantities to enter a common evaluation architecture without discarding their
dimensiconal source values.

2.2 Ordered IN-Admissibility
The complete engineering admissibility operator is represented as
' =vcvs°ovacr3°7r2° M-

The ordering is significant. The IN'-SubThreshold Fold formulation in the source corpus defines the six-
operator architecture as an ordered admissibility chain rather than an arithmetic interpretation of "six into

five.r [O 05.GAMMASUSTHRESHOLD FOLDLOGL. The engineering implementation therefore preserves operator

ordering rather than replacing I' with six independent, simultaneously evaluated thresholds.
Beginning with

x{¥ = x,,
each surviving state is passed forward according to

x® — 4, (Xf‘”) , i—=1,...,6.

For engineering implementation, associate each stage with an admissibility indicator

I'_li(Xf} = {U ]_}

The complete state decision becomes

A(X,) = Hai(xf_).

Therefore,
A(X) =1
only when
(] — ds — 3 — g — a5 — g — 1.
If any required stage returns zero,
A(X,) = 0.

The architecture consequently implements logical conjunction across an ordered evaluation path while

retaining the intermediate result of every stage.



2.3 Engineering Interpretation of the Six I Stages

The underlying SEXA corpus associates the ordered I structure with sequential admissibility rather than
arbitrary independent operations. The present paper introduces a mechanical interpretation of those stages

so that the architecture can be subjected to engineering testing.
The six engineering constraint classes are defined as follows.
“y1: state existence and acquisition validity.

This stage determines whether the candidate state contains the information required for further evaluation.
Missing sensor values, undefined quantities, nonfinite numerical values, acquisition failures, corrupted fields,

and measurements outside the valid sensor domain are rejected at this stage.

For variable x ;, let the acquisition domain be

D — [ HENSOr h'l’.Ilh'UI]
2 J.min * *¥J,max ] -

Then
ai(X¢) = [[ I(z;¢ € Dy),
i=1

where I(-) denotes the indicator function.

This constraint should not be confused with the safe operating envelope. A measurement can be validly
acquired while representing an unsafe mechanical condition. The purpose of ) is to determine whether the

state is computationally and instrumentally valid enocugh to be evaluated.
“y2: transition and dynamical validity.

A mechanically possible value at time £ may nevertheless be incompatible with the preceding state. The

second stage therefore evaluates temporal transition consistency.

Let
AX, = X — X 1.

For a sampling interval At, define the discrete state-rate vector

: Xy — X
ng—f&ttl'

If-r"‘;"'lmc denotes the maximum permitted rate of change for state component j, then the transition condition
is

e INE X

it — Lyf—1

At

Accordingly,

Ei¢ — Ljt—1

FAN

o e lTAx
=T .

as(X:) = f]l:f (



This stage provides a direct mechanism for detecting abrupt sensor jumps, impossible actuator transitions,
nonphysical temperature or pressure changes, excessive acceleration changes, and other temporally

inconsistent state transitions.
g coupled mechanical-state consistency.

The third stage evaluates relationships that cannot be established by inspecting individual state variables
independently.

Let
gx(X:) =0

represent an expected coupled mechanical relationship and let 8, denote the permitted residual tolerance.
Define

Tt — Gi( X ).
The corresponding coupled-state requirement is
|7 | = Ok

For rre coupled constraints,

TTE

az( X)) — H T(|gr(X:)| < 8i).
k—1

This stage is essential to the proposed architecture because two or more individually acceptable

measurements may collectively describe an inconsistent mechanical state.

For example, a rotor may exhibit a rotational velocity that independently remains inside its permissible range
and a vibration amplitude that independently remains below an absolute shutdown threshold, while their
coupled relationship differs substantially from the nominal rotor-response envelope. The state can therefore

survive -y1 and ~y2 yet fail ya.
~v4: invariant and structural constraint consistency.

The fourth stage ewvaluates quantities expected to remain bounded or invariant under the defined
mechanical model.

Let
h.f(Xi}

denote an engineering invariant, conservation relationship, structural constraint, or model-consistency

quantity. Relative to reference value by, define
err — he( X)) — R
The admissibility requirement becomes
lect| = me,
where 1j¢ is the permitted engineering tolerance.

Therefore,

P
ay(X,) = HI(|Bf,f| =< m¢).
F—1



Depending upon the mechanical benchmark, this layer may contain energy-balance residuals, geometric
constraints, stress-strain consistency, kinematic closure conditions, momentum relationships, or other

explicitly defined model invariants.
“¥5: recursive persistence.

A single apparently valid state does not necessarily represent persistent admissibility. The fifth stage

therefore evaluates the state across a finite temporal history.
Define the observation window

We={X¢e r+1,---,Xs},
where L is the number of retained states.

For a monitored residual r;, define a persistence statistic

R ,
Pi=7 EHI{IM < 3).
The state satisfies recursive persistence when
Py = Puyn.
Thus,
as(X;) = I(FPr = Pumin)-

This permits the architecture to distinguish isclated numerical excursions from persistent mechanical
degradation and also allows slowly developing faults to accumulate evidence across successive digital-twin

states.
6! terminal operational admissibility.

The final stage determines whether a state surviving the preceding evaluations may enter the operational

state space.
Let

S = {51,52,...,5-}
represent the final set of safety-critical operating constraints.

Then
ag(X:) = HI(Sj(Xt] = 1).

The final decision is
A(Xf) — (L) LR QER LG

A state satisfying all six stages is admitted to the operational set {1 4. A state failing any required stage is

rejected and its first failure location is retained.



The gammal-gammaé recursive admissibility architecture enforces
multidimensional constraint safety

Candidate State Rejection +
First-Failure Trace

y1 Acquisition Validity

Y2 Transition / Rate Consistency
| |

Y3 Coupled Mechanical Consistency

| = |

Y4 Structural / Model Invariance

) |

Y5 Recursive Persistence

LT

| T |
v6 Terminal Operational
Admissibility
Sequential Boolean evaluation dictates immediate 2
rejection at the first invariant violation. Admissible State
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2.4 First-Failure Localization

One engineering advantage hypothesized for the ordered architecture is the ability to distinguish

classification from localization.
Define the first-failure index as
Ega — min{i : a;(X:) — 0}.
For an admissible state,
ke = 0.
The diagnostic output is therefore represented by the pair
Y = (A(X:), Fraa)-

The first component states whether the mechanical configuration is admissible. The second identifies the

earliest constraint class responsible for rejection.

This creates six mechanically interpretable failure classes while retaining a seventh condition corresponding

to complete admissibility.

A sensor corruption should preferentially terminate at -y1. An impossible temporal transition should
terminate at “ye. A coupled-state inconsistency should be detectable at yz. Viclation of a defined structural
or model invariant should terminate at y4. A persistent temporal anomaly may terminate at -ys. A state that
survives those conditions while viclating a final safety envelope should terminate at yg.

These associations are hypotheses of the engineering implementation, not predetermined results. The
benchmark must determine whether the architecture actually produces the expected localization.



2.5 Explicit Kill Condition

The architecture is designed so that an inadmissible result cannot be converted into an admissible result by

interpretation after evaluation.

Define the cumulative survival state after stage ¢ as
i
S.g = I I n‘_l.j,
j=1

Because every a; is binary,

S5; =0 = 5. =0 Wk > Q.
Once a mandatory admissibility condition fails, the candidate state remains rejected for that evaluation cycle.
This produces the engineering kill condition

i : a; (X)) =0 = A(X) = 0.

The state itself is not deleted from the digital twin. It is retained as a rejected state together with its sensor
walues, constraint residuals, failure stage, timestamp, and ground-truth classification. Retaining rejected

states is necessary for subsequent reconstruction analysis, fault diagnosis, and reproducibility.

This treatment is consistent with the source architecture's emphasis on explicit failure pathways rather than
unrestricted reinterpretation. The VLSIE formulation states that failure of recursive admissibility, dimensional
bookkeeping, computaticonal correspondence, or reduction behavior must remain observable as failure

rather than being hidden through symbolic reinterpretation. [J 12-VLSIE 2026 HARDWARE VERIFIAS...

3. DIGITAL-TWIN MECHANICAL BENCHMARK

3.1 Benchmark Objective

The preceding equations define an admissibility architecture. They do not establish that the architecture

provides an engineering advantage.
That question requires a benchmark.

The purpose of the digital-twin benchmark is to generate a reproducible mechanical environment in which
the true operating state is known, controlled disturbances can be introduced deliberately, and the output of

the M-admissibility architecture can be compared directly against ground truth.
The benchmark therefore evaluates three distinct capabilities:

fault detection,

fault localization,

and state reconstruction.

These three tasks are intentionally separated. A system may successfully recognize that a fault exists while
incorrectly identifying its origin. Likewise, a system may correctly detect and localize a disturbance while

failing to reconstruct the corresponding nominal digital-twin state with acceptable accuracy.

The MEAP experiment consequently treats each capability as an independently measurable engineering

target.
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Mapping the physical aerospace envelope
to a 10-variable digital twin

10-Variable Digital Twin

Aerospace/Mechanical System

The Digital Twin architecture is designed to track nominal trajectories, explicitly
corrupted trajectories, and known ground truth for exact quantitative measurement.

M Gemini Natebook

3.2 Nominal Mechanical Digital-Twin Model

The benchmark requires a mechanical system whose governing behavior is sufficiently explicit that nominal
and faulty states can be distinguished independently of the MNadmissibility architecture. This prevents the

admissibility algorithm from defining its own ground truth.

A coupled rotating mechanical system is adopted as the primary benchmark because it provides
simultaneocus displacement, velocity, acceleration, rotational, vibration, thermal, stress, strain, actuator, and
energetic quantities while permitting controlled introeduction of multiple mechanically meaningful fault

classes.
The translational structural dynamics are represented initially by the standard second-order equation
MG(t) + Cq(t) + Kq(t) — F(#),

where M is the mass matrix, C' is the damping matrix, JX is the stiffness matrix. g(¢) is the generalized

displacement vector, and F'(t) is the externally applied generalized force vector.
The corresponding velocity and acceleration states are
v(t) = q(¢)
and
a(t) = §(t).
For a rotating component, the angular state is represented by
w(t) = 6(),
with angular acceleration

a(t) = o(t).



The rotational equation of motion is defined as
Jw(t) = mm(t) — 7(t) — 75(2),

where .J represents rotational inertia, T, applied motor or propulsion torque, 77, mechanical load torque,

and 7y dissipative torque associated with friction and other modeled losses.

The structural stress state is related to strain in the initial elastic operating regime through
o(t) = Eye(t),

where Ey is Young's modulus.

Mechanical strain may therefore be represented by

_AL(t)

) = =52,

where Ly denotes the reference length and A L(¢) its deformation.

The benchmark thermal state is represented through an energy-balance equation,

dI’

Copr——
Tt

- ﬂ)gen(t) - Q]u.‘sts(t}s
where C'y is the effective thermal capacity, () gen represents mechanically or electrically generated heat, and

D1uss represents heat transferred from the modeled system.

These relationships generate the nominal digital-twin trajectory independently of the recursive admissibility
decision.

The nominal state is denoted
XM
A fault operator Fp, is subsequently applied to generate a controlled disturbed state,
X = Fr (X5 Ak te) S
where k identifies the fault class, A specifies fault magnitude, and £ specifies fault-injection time.

This distinction is fundamental. The I' architecture does not generate the fault label. The experiment

generates the fault independently and subsequently asks whether I detects it.

3.3 Ground-Truth State Construction

Every simulated state is assigned a ground-truth label before MN-admissibility evaluation.

Define

1, X; satisfies the benchmark’s prescribed mechanical constraints,
Yt

0, X; violates one or more prescribed mechanical constraints.



The admissibility architecture independently produces
Ty — A(X).

Correct operation requires

Gt — -
Four experimental outcomes therefore exist.

Foryy — 1 and @y — 1, the state is a true admission.

For yy — 0 and & — 0, the state is a true rejection.

For y; — 0 and iy — 1, the result is a false admission.

For yy — 1 and i — 0, the result is a false rejection.

Of these outcomes, false admission receives particular attention because it represents an unsafe or
inconsistent state incorrectly permitted to survive the supervisory architecture.

Define the false-admission rate as

Ny

FAR — ———M——
Npa+ Nrr

where W g 4 denotes false admissions and Ny true rejections.

Similarly, the false-rejection rate is

NrEr

rRRE - —
Nep + Noa

where W g denotes false rejections and Wy 4 true admissions.

The owverall classification accuracy is

Ny a + Ny
Nypa + Nagp + Wrpa + N

ACC =

These metrics prevent a visually convincing digital-twin trajectory from being treated as evidence of

successful admissibility. Performance must be determined from the complete benchmark population.

3.4 Controlled Fault-lnjection Architecture

The benchmark introduces faults systematically rather than adding arbitrary numerical noise.
Each fault is represented by
Fr = (B, X, to, &y},
where k& denotes fault type, A fault severity, £) onset time, and &tf fault duration.
The first fault class is sensor bias.

For sensor variable a ;.

.r.‘:(t} x;"{t] + b,
where E.ij is a controlled bias.

The second class is progressive sensor drift,

@ (t)

.‘.[:_f:'(t:} —+ d_?' (t — f[]), t = tq,
where d; is the drift rate.

The third class is vibration amplification,

VL) = A V), Ay > 1.



The fourth class is thermal excursion,
TE(t) = TN (t) + ATs(t)-

The fifth class is stiffness degradation,

KY = (1 - 8K,
where

0 < o < 1.

This fault changes the actual dynamical response rather than merely modifying a sensor value.
The sixth class is damping degradation,

ct = (1-é80)C.

The seventh class is actuator inconsistency. If g.(t) represents commanded actuator state and g,(t) actual

actuator state, define the tracking residual
rq(t) = ge(t) — qalt)-
A fault exists when
lrq(2)| = 84
for longer than the permitted transient interval.
The eighth class is excessive mechanical stress,
JF{t) = T allow s

where Falow i5 the predefined allowable stress for the benchmark.

The ninth class is an impossible or deliberately corrupted temporal transition,

zj(t) —zi(t — )| _
— > e

The tenth class is a compound fault.
Rather than introducing a single disturbance, two or more fault operators are composed:
X = (Fjo F)(x
t (Fj 0 Fa)(Xi)-

Compound faults are important because an admissibility architecture intended for autonomous systems

should not be evaluated exclusively under isclated one-variable disturbances.



The controlled fault injection environment introduces ten distinct
structural and dynamic anomalies
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A[Visualizing the controlled anomaly pipeline: Mechanical System -> Digital Twin -> Parameter Corruption -> Evaluation.:l
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3.5 Fault Severity Sweep
Each fault class is evaluated across increasing severity rather than at a single arbitrarily selected magnitude.
Let normalized fault severity be
s <= [0,1].
For each fault class &k, define
Ai(8) = Apmin + 5 (Akmax — Ak.min) -

This generates a controlled progression from nominal or near-nominal operation through increasingly sewvere
disturbance.

The resulting experiment evaluates not merely whether a fault can eventually be detected, but the severity at

which rejection begins.
Define the IN detection threshold for fault class k& as
sp—inf {s: A4 (XF"(.S}] — 0} .
This quantity provides a directly measurable characteristic of the admissibility architecture.

If s; lies substantially beyond the benchmark’'s independently specified unsafe boundary, the architecture

permits unsafe states and fails the corresponding constraint-safety test.

If 57 occurs substantially before the independently specified unsafe boundary, the architecture may be

excessively conservative and generate unnecessary false rejections.
The desirable condition is therefore not simply maximal rejection.

It is agreement between admissibility rejection and independently defined engineering ground truth.



3.6 Fault Localization Accuracy

Detection and localization are evaluated separately.
For each injected fault Fj}, let
gk
denote the expected first -stage associated with the viclated constraint class.
The architecture returns
Gr: = Egan-

Localization accuracy is therefore

1 Ok

ACC](H'. = == E I(gk - gk]!
Ng
k=1

where N g is the number of evaluated faulty trials.

A confusion matrix is retained across I stages so that systematic mislocalization remains visible even when

overall fault detection is high.

This matters because an autonomous maintenance or fault-management architecture must ideally
distinguish between a corrupted sensor, an impossible transition, a coupled mechanical inconsistency, a

structural-model violation, a persistent degradation condition, and a terminal safety-enwvelope violation.

3.7 Detection Latency

For a fault introduced at time £y, let {4 denote the first time at which I rejects the corresponding state.
Detection latency is defined as

Lg=1tg— 1.
For persistent faults, the architecture is evaluated using the mean latency

Np

= 1
Lg= — Lg,
N7 oy

together with the maximum observed latency.

This quantity becomes particularly important for autonomous aerospace and high-speed mechanical
systems, because an architecture that eventually detects a fault may still be unsuitable if the detection delay

exceeds the mechanical time available for safe intervention.

The next major stage is Section 4: Recursive Dimensional Compression and Digital-Twin Reconstruction.
That is where we connect the mechanical benchmark back to the 5D/2880D SEXA architecture and, critically,

test reconstruction rather than merely asserting it.
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Where standard models
describe possibilities, SEXA
enforces existence through
variance—-invariance constraint
filtering. Physical systems are
not assumed to exist; they must
- pass admissibility conditions.

s

IERLELE!

e

E =3

o

(e
a
=1

|1||J||‘|||||E|||\

I|II|FI|i||i\|

™
o
2

- r_" T %
= 5D OBSERVABLE PHYSICAL REALIZATION - MAPPED TO THE ‘
= & 10-VARIABLE AEROSPACE DIGITAL TWIN FOR MEAP 2026 10%)]

=
= = w26 57601



4., RECURSIVE DIMENSIONAL COMPRESSION AND DIGITAL-TWIN
RECONSTRUCTION

4.1 Purpose of the Compression Test

The fault-detection experiment established in Section 3 evaluates whether the ordered I architecture can
determine which mechanical states should survive. A second and more demanding question concerns what

happens to the information associated with a surviving state.

The SEXA source architecture distinguishes between a higher-dimensional recursive structural regime and a
bounded operational representation. In the full-stack formulation, the 2880-dimensicnal regime is presented
as structural closure, while the five-dimensional regime functions as an operational realization after
admissibility enforcement and compression. [ 05/AM_ 2386 FROM_ADMISSEILTY . The M-SubThreshold Fold
manuscript further characterizes the proposed transformation as a six-operator admissibility process into a

five-dimensional representation intended to preserve invariants required for reconstruction.

D 06_GAMMA_SUBTHRESHOLD _FOLD_LOGI...
For the present mechanical experiment, these propositions are not assumed to guarantee successful
reconstruction. They are converted into a measurable compression-reconstruction problem.
Let the complete engineering state be
X; e R™.
Define a compression operator
Cr : R™ — RS.
The compressed operational state is
z® = er(Xy).
A reconstruction operator is then defined independently as
R :R® —» R,
producing
X; =R (Zt(ﬁ}) -
The complete experimental pathway is therefore

X — x AT 2 B 5

The reconstruction claim is successful only to the extent that X; reproduces the independently retained

original state X ;.



4.2 Mo Hidden-5State Reconstruction Rule

A critical restriction is imposed on the benchmark.
The reconstruction function may not recover the original state merely by retaining a hidden copy of X;.
Let

I

denote all information supplied to the reconstruction algorithm. For a genuine compression-reconstruction

test,
Zr — {2z, 0xr} .
where € r contains only reconstruction parameters established by the benchmark protocol.
The following condition is prohibited:
Xy = L.
Likewise, an identifier that directly indexes an external table containing the original state is prohibited.

Thus,

X, = R(=Z" er), X, & Tq

is imposed as the reconstruction admissibility condition.

This distinction is necessary because storing the original configuration and subsequently retrieving it

demonstrates storage, not reconstruction.

4_3 Five-Dimensional Operational State

The five-dimensional mechanical representation is constructed from five physically interpretable state

families rather than five arbitrarily selected raw sensor channels.
Define
Z0.¢
®) zr
=¥
Zy = | z5e | .

ZE
=1t

where zp represents dynamical state, z¢ thermal-fluid state, zg structural state, =z~ control/actuation state,

and =z g recursive health or persistence state.
The compression problem therefore becomes
Cr(X:) = [2D.t> 2T, 28,4, ZC ot ZR,t] -
Each component must be generated from explicitly disclosed mechanical variables.
For example, the dynamical component may be represented as
ZDt — wvﬁ + wa: + W, Lo,
where the tilde denotes normalized quantities and the coefficients satisfy
Wy + We + w, = 1.

Similarly,

zpr — wrdy + wp P,

Zgt — WaOs + T g



The control component is defined from actuator and energetic behavior,
2Zos = Wedr + wEpky,

while recursive health incorporates temporal information,
L—1
L E H
S = = e
.t L £ t—j
F=0

where H; is a normalized health score constructed from the residuals surviving the I chain.

The specific coefficients are fixed before the final test set is evaluated. They may not be altered afterward to

improve reconstruction results.

4.4 Reconstruction Error

For each reconstructed mechanical variable j, define the normalized reconstruction error
o Tt — T
Ei.t . )
o

where 55 is the same normalization scale defined for the benchmark.

The instantaneous normalized reconstruction error is

Eﬁ(t} =3

Across IV evaluated states, normalized root-mean-square reconstruction error is

N T @
1 Tjt — Tjt
NRMSER — § § (5’7) .
Nn =1 =i 5

Perfect reconstruction would require

NRMSEgR — (0.
The benchmark does not assume this result.

Instead, the observed value is reported.



4.5 Maximum Reconstruction Error

An average reconstruction score can conceal severe errors in individual variables. The benchmark therefore

also measures

Tjt— Tjs
E... — max | 3t Tit

t.d .‘j_?'
Variable-specific reconstruction errors are retained as
N
¥ ]‘ = 2
t=1

This allows the experiment to determine whether compression preserves some mechanical quantities

substantially better than others.

A reconstruction architecture that reproduces temperature and pressure accurately while destroying
vibration or stress information cannot be described simply as successful reconstruction without reporting

that asymmetry.

4.6 Reconstruction of Nominal and Faulted States

The reconstruction experiment is performed separately on nominal and disturbed trajectories.

Define

EY
as reconstruction error for nominal states and

ER

as reconstruction error under fault class k.
The fault-induced reconstruction penalty is
F Fy. N
ﬁER ER — Eg.

This quantity tests whether the compressed representation becomes unstable precisely when the mechanical

system leaves nominal operation.

Such behavior is particularly relevant to digital-twin applications. A representation that reconstructs
accurately during nominal operation but deteriorates under mechanical faults may still provide useful health

information, but it cannot be described as fault-independent reconstruction.



4.7 Compression Ratio

For the ten-component engineering state defined in this benchmark, direct compression into five

operational coordinates gives the state-coordinate ratio

T 10
CR = — = =
d 5

2.

This should not be confused with the broader SEXA 2880D-to-5D structural claim.

The present experiment directly tests

Rll] . :F*Lﬁ . Hl[}-

It does not simulate 2,880 independent mechanical sensor variables and then describe that experiment as

equivalent to the complete 2880-dimensional SEXA manifold.

The relationship to the wider architecture is instead hierarchical: the five-coordinate engineering
representation is used as the experimentally tractable operational layer through which the proposed

recursive compression principle can be evaluated.

This distinction prevents dimensional terminclogy from being substituted for measured engineering

performance.

4.8 Information-Retention Metric

In addition to reconstruction error, the benchmark measures retained variance.

For original normalized state matrix

X e RNV
and reconstructed matrix

X = R_-Vxn,
define the retained-information coefficient

Ig—1— @
X — X%
where | - |F is the Frobenius norm and X contains the mean state.
Walues approaching
Ip—1

indicate increasingly accurate reconstruction relative to a mean-state baseline.

Values at or below zero indicate that reconstruction provides no improvement over the corresponding mean

predictor under this metric.



4.9 Reconstruction Kill-Switch

The reconstruction claim is rejected for the benchmark if any of the following occurs:

the reconstruction algorithm directly accesses the original state;

the five-dimensional representation contains an undeclared lossless encoding of the original vector;
the reconstruction parameters are fitted using test-set ground truth after evaluation begins;

the reported reconstruction metric excludes failed wariables without prior justification;

or repeated execution using identical compressed states produces inconsistent reconstructed cutputs.

Formally, define the reconstruction-validity indicator

Kprp — KinaHK oo leak Kfxed K(:UIIII)LEtE Kt

where each component is binary.
Then
Kr—1
is required before quantitative reconstruction accuracy is interpreted.

This produces an important distinction:

Low reconstruction error #> walid reconstruction

unless the information pathway itself passes the reconstruction audit.



5.1 Experimental Sequence

Every benchmark run follows the same deterministic sequence.
First, a nominal mechanical trajectory Xf_‘n"" is generated from the disclosed digital-twin equations.
Second, the trajectory is independently labeled according to the predefined engineering constraints.

Third, when a fault trial is required, the selected fault operator is introduced at a predetermined onset time

and severity.
Fourth, the resulting state enters the ordered I' chain.
Fifth, the system records
L; = {Xs, an, ..., a6, ke, A(X:), Z, Xi}.
This object constitutes the computational audit trace for state £.
Sixth, the predicted decision is compared with ground truth.

Seventh, the complete experiment is repeated under identical initial conditions to test deterministic

reproducibility.

5.2 Deterministic Repeatability

Let
(r)
Y,
represent the complete output generated during repetition r.

For R identical executions, deterministic repeatability requires

y® _y@ .. y®

Define repeatability as

-IDR _ Nidentimﬂ )

Nrepeuted
The deterministic target is
Dp=1.

Any value below unity requires investigation because identical inputs and parameters should not generate

different admissibility decisions in the deterministic implementation proposed here.



5.3 Ablation Test

A central benchmark requirement is determining whether all six I' stages contribute independently to system
behavior.

For stage i, define the ablated architecture
I' ; =0 ---0"%10%¥i—-190---0"1.
The complete experiment is rerun after removing each stage individually.
If M (I") denotes a selected performance metric, define the ablation effect as
AM; = M(I') — M(T'_;).

For fault-detection performance,

AACC; = ACC(T) — ACC(T'_;).
For unsafe-state admission,

AFAR; = FAR(I'_;) — FAR(T).
A T stage that produces no measurable change across any appropriate benchmark condition cannot be

claimed to provide demonstrated engineering value from this experiment alone.

5.4 Baseline Comparison

The complete I' architecture is compared with a conventional independent-threshold baseline.

Define

T
B{Xf} = Hr(w_j.nﬁu i: R i‘i “Ejiﬂd_'.‘{} -
=1

The baseline therefore asks whether every individual sensor remains inside its permitted scalar interval.

I asks the stronger question of whether the state survives acquisition, transition, coupled-state, invariant,
recursive-persistence, and terminal operational constraints.

The comparison is consequently
I' wversus BE.

The principal test is not whether I' can detect extreme faults that are already obvious from individual sensor

thresholds. The more discriminating test is whether ' detects mechanically inconsistent states for which
B(X:) =1

but
A(X:) = 0.

These are precisely the conditions under which ordered coupled constraints could provide information

beyond independent threshold monitoring.



5.5 Primary Falsification Conditions

The engineering hypothesis is considered unsupported under the tested benchmark if the architecture
cannot reproducibly distinguish nominal and faulty states, if false admission remains unacceptably high
relative to the specified operating constraints, if I provides no measurable benefit over the baseline for
coupled or temporal faults, if first-failure localization does not correspond to the injected constraint class, or

if reconstruction performance cannot be reproduced without hidden access to the original state.
These are computational failure conditions, not rhetorical qualifications.

The source SEXA survivability audit itself distinguishes formal consistency from empirical sufficiency and
states that experimental confirmation and independent reproduction remain separate requirements.
(O 07 s=xa UFT STRUCTURED SURVIMAE-. The MEAP benchmark operationalizes that distinction by assigning

observable failure criteria before interpreting the results.

The conference currently explicitly lists autonomous systems, smart structural-health monitoring, predictive
maintenance, rotating-machinery fault detection, digital maintenance twins, and reliability engineering within

its scope, making this benchmark directly aligned with the stated MEAP 2026 engineering program.

MEAP 2026

6. COMPUTATIONAL IMPLEMENTATION AND BENCHMARK EXECUTION

6.1 Executable Architecture

The mathematical architecture developed in Sections 2-5 is implemented as a deterministic computational

pipeline rather than evaluated through qualitative inspection of plotted trajectories.
For each discrete mechanical state X, the implementation executes
Xe =y =y =3 = ya— v — ve > A(X).
The implementation retains the complete evaluation record rather than only the final binary decision.
For state £, the audit record is
Ly = [t, Xy, ary, aog, Az, Gag, A5, Ao, Kpaile, Aes Yi] -

The resulting log makes every final classification traceable to the exact mechanical state and exact I stage

responsible for the decision.

This is particularly important for hardware-verification applications. A final classifier that reports only "safe”
or “unsafe” may provide useful operational information, but it does not by itself expose the internal

computational pathway required to reproduce the decision.



6.2 Deterministic State Generator

The benchmark begins from a reproducible nominal trajectory.
For discrete time index E,
tp — kAL, k=0,1,..., N — 1.
The mechanical state is propagated through the benchmark dynamics according to
Xy = @ (Xp, up, ©, At),

where uy, represents the prescribed control input, ® contains fixed model parameters, and @ is the

numerical state-transition operator.
The nominal simulation is therefore completely specified by
B = {Xo, ©, up:n-1, At, N}.

Two executions supplied with identical B must generate identical nominal trajectories within the numerical

precision of the implementation.

Where stochastic measurement noise is included, the pseudorandom seed becomes an explicit component

of B. It is recorded with the benchmark so that the same noisy trajectory can be regenerated exactly.

6.3 Independent Fault Generator

Fault generation is implemented separately from I evaluation.

This separation prevents the admissibility algorithm from determining the conditions against which it is

subsequently judged.

For fault class j,

X;I:J = F; (XF, A4, ko, Dj)

where A; is severity, kg ; is the injection index, and D; is fault duration.
The corresponding ground-truth label is assigned before I evaluation:

1, nominal/admissible,

= Yo, faulted/inadmissible.

Consequently,
F LT

at the classification stage: the mechanism generating the experimental fault is computationally separated

from the mechanism attempting to detect it.



6.4 Benchmark Population

The experimental population is divided into nominal, single-fault, severity-sweep, compound-fault, and

repeated-execution trials.
Let
D=DnyUDsgUDyUDe U Dg,

where Dy contains nominal trajectories, D g single-fault trajectories, Dy severity sweeps, D¢ compound-

fault trajectories, and D' i deterministic repetitions.
The complete evaluation is performed over

Niotal = Ny + Ng + Ny + Ng + Npg
evaluated states.

Mo benchmark state is removed because it produces an unfaverable classification result.

6.5 Confusion Matrix

The primary classification results are accumulated in the confusion matrix

C — [NJA NFR}
Npa Nigr|~

From this matrix, the benchmark computes the previously defined accuracy, false-admission rate, and false-
rejection rate.

Fault-detection sensitivity is

Stault = Al
fault G
Nrr + Nrpa
MNominal-state acceptance specificity is
; Nra
‘ST.I.L'III]."lIlﬂl = = ar -
Nra+ Npr
Balanced accuracy is therefore
AGC}M _ L':’Tfau]t + L‘:’Tnnmjnai.'l )

2

Balanced accuracy is retained because a benchmark containing substantially more nominal than faulty states,

or vice versa, can produce a misleadingly high raw accuracy.



6.6 '-Stage Failure Distribution

For rejected states, the implementation records the first failure stage.

Define
N
Ni =) I(kgare = ), i=1,...,6.
t=1

The normalized failure distribution is

Thus,

The vector
pr = [p1, P2, P3, Pa, Ps, Ps)
provides a compact description of where the architecture rejects the benchmark population.

This information is evaluated separately for every injected fault class.

6.7 Fault-to-T Localization Matrix

A more stringent localization test constructs the matrix
L;; = N(F; — v;),
where row i represents injected fault class F; and column j represents the observed first-failure stage ;.

An idealized fault specifically designed to viclate stage j would produce concentration near the

corresponding diagonal element.
However, diagonal localization is not imposed artificially.

If a fault physically creates an earlier constraint viclation, the architecture is expected to reject the state at
that earlier stage. The audit record therefore retains both the intended injected fault and the actual first

violated constraint.

This distinction prevents the desired localization label from overriding the mechanical behavior generated by

the simulation.



6.8 Computational Latency

For each state, let
tin
denote the time immediately before I evaluation and
tuut
the time immediately after the complete decision has been returned.
Per-state computational latency is
Tt = tout — tin-

Mean latency is

R
s N;?‘T,is

and worst-case measured latency is

TELAN

T = III?X T -
Throughput is reported as
N
Rr =
TF'KE—‘!‘HT."IHII

in evaluated states per second.

These quantities are software-execution measurements and are not presented as FPGA, ASIC, flight-

computer, or embedded-hardware timing measurements.

That distinction is necessary because the predecessor SEXA hardware-oriented paper proposed eventual
hardware-assisted implementation while explicitly distinguishing architectural suitability from a completed

hardware realization. [ 12_VLSIE_2026_HARDWARE WERIFIAB...

6.9 Deterministic Replay Test

The entire benchmark is executed repeatedly without changing its initial state, model parameters, fault

schedule, thresholds, or pseudorandom seed.

Let the complete output of execution r be

Exact classification reproducibility requires

oY =0 =--- = of?.

For floating-point residuals, numerical agreement is additionally evaluated under tolerance pnm:



(e} (g} | -
LI — T; =~ Snum-

A cryptographic hash of the serialized decision log may additionally be retained for sach deterministic
execution.

Identical logs should produce

H(LYYy = ey = - = JH( W),
This converts reproducibility from wvisual similarity into a machine-checkable condition.
7. RESULTS REPORTING ARCHITECTURE

7.1 Results Are Execution-Dependent

The numerical results of this paper are constrained by a strict reporting rule:

No numerical benchmark result is reported unless produced by execution.

Values for accuracy, false admission, reconstruction error, detection latency, throughput, localization

accuracy, or ablation performance are therefore not selected in adwvance to support the hypothesis.

This restriction is particularly important because the purpose of the present paper is to mowve from
architectural description toward engineering-grade computational validation.

7.2 Primary Performance Table
The executed benchmark populates the following performance structure:

Metric Full I' Architecture Independent-Threshold Baseline

Owerall accuracy Executed value Executed value

Balanced accuracy

Fault sensitivity

False-admission rate

False-rejection rate

Mean detection latency

Worst detection latency

Localization accuracy

Mean computation latency

States evaluated per second

Deterministic replay

The entries remain execution-dependent until the complete benchmark code is run.

Executed value

Executed value

Executed value

Executed value

Executed value

Executed value

Executed value

Executed value

Executed value

Executed value

Executed value

Executed value

Executed value

Executed value

Executed value

Executed value

N/A

Executed value

Executed value

Executed walue



7.3 Reconstruction Results Table

The reconstruction experiment is reported separately:

Reconstruction Quantity Mominal Single Fault Compound Fault

MNRMSE Executed value Executed value Executed value
Maximum normalized error Executed value Executed value Executed value
Information-retention coefficient Executed value Executed value Executed value
Reconstruction-validity audit Pass/Fail Pass/Fail Pass/Fail

Separating reconstruction from classification prevents high fault-detection accuracy from being used as

indirect evidence that dimensional reconstruction also succesded.

7.4 Ablation Results

The complete six-stage architecture is evaluated against six ablated architectures:
F—l: F—E: F—:h F—4: F—ﬁ: F—ﬁ'
For each ablation, the benchmark records

ﬂ.ACC‘i, &FE‘[RI, QFRRI, ﬂACGl{K:Li, ﬂTI'.

This produces a direct test of whether the ordered six-stage architecture contains computationally

consequential structure.

If removal of an operator produces no meaningful performance change under any benchmark condition

designed to exercise that operator, the paper must report that result.

Conversely, if removal significantly increases unsafe-state admission or destroys localization for the
corresponding fault class, the experiment supplies quantitative evidence that the stage contributes to the

tested engineering task.



7.5 Order-Permutation Test

Ablation alone does not determine whether I's ordering matters.
The stronger claim of ordered admissibility therefore requires an additional experiment.
Let
m(T')

represent a permutation of the six I stages.
For permutation jo define

Lj = ¥mi(6) © Vmy(5) © *** © Vmy(1)-
The canonical architecture is

T canonical = 76 © 75 749739 ¥2° M-

Its performance is compared against permuted chains using

AM, = M (T canonical) — M {Fﬁj )-
This is a particularly important falsification test.

If permutation of the I stages leaves all relevant outputs unchanged, then the benchmark does not

demonstrate that operator ordering contributes to the measured engineering performance.

If ordering changes classification, localization, latency, or reconstruction in systematic and reproducible ways,

the effect becomes guantitatively measurable.



7.6 Strongest Benchmark Condition

The most informative benchmark cases are not extreme faults.

A severe temperature excursion that exceeds an obvious shutdown threshold can be detected by almost any

threshold architecture.
The stronger test consists of states satisfying
B(X;) =1
while simultaneously viclating a coupled, temporal, recursive, or invariant constraint such that
A(X:) = 0.
Define this subset as
Dridden = {Xf_ : B{Xf) =1 Atruth(Xt} = D}.
Performance on this subset is measured independently:

N{x:rrr.—:ct (Dhiddt'.ll)
Dhj{ld{ﬂ'l

AC Chjddfm -

This becomes one of the central engineering tests of the paper because it asks whether recursive

admissibility detects inconsistent states that conventional independent range checking permits.
8. INTERPRETATION BOUNDARY
A successful execution of the benchmark would establish a limited result.

It would demonstrate that the implemented ordered I' architecture can—or cannot—provide measurable

engineering performance for the digital-twin problem defined in this paper.

It would not independently establish the physical existence of a 2880-dimensional manifold, validate a

unified field theory, or transform computational correspondence into experimental confirmation.

This boundary follows the SEXA survivability-audit document itself, which distinguishes internal structural
survivability from experimental confirmation and identifies independent reproeduction and further

formalization as outstanding requirements. [ 07554 UFT_STRUCTURED_SURVIVAB..

The engineering proposition tested here is narrower and directly falsifiable:

Does ordered recursive admissibility improve measurable

mechanical state discrimination, localization, and reconstruction?

The answer must come from the benchmark.



9. BENCHMARK PARAMETERIZATION AND EXECUTION CONDITIONS

9.1 Reproducible Mechanical Test Configuration

The digital-twin benchmark is parameterized before the final evaluation is executed. This prevents
engineering limits, I thresholds, fault magnitudes, or reconstruction tolerances from being altered after

observing the resulting classification performance.

The benchmark is implemented as a discrete-time simulation with sampling interval

At

and total duration
Tom — NAL.
The state propagated at every discrete instant is
X = [Tk, Pr, Vi, ar, Wk, Ok, €k, Gk, Br, Fi]'.

All physical variables remain available in their dimensional engineering representation. Normalized variables

are used only where dimensionless residual comparison is required.

For every variable x;, four classes of bounds are distinguished:

HETSOT nominal warning terminal
Dgense, D3 , D} : DY :

The sensor domain describes values that can be validly represented by the acquisition system.

The nominal domain describes ordinary benchmark cperation.
The warning domain describes degraded but potentially recoverable operation.

The terminal domain specifies the boundary beyond which the final operational-admissibility stage rejects

the state.
These domains are deliberately separated because

valid measurement # nominal measurement + safe operational state.

9.2 Reference Operating State

Let the reference operating condition be
Xret = [To, Po, Vb, a@o, wa, oo, €0, go, Lo, U]T-
Mominal operation is generated as a bounded perturbation around this state:
Xi = Xrer + 6 Xk
The nominal perturbation is constrained such that
Aeraen (X)) = 1
throughout the fault-free trajectory.

The exact noeminal state is retained independently from the I architecture and therefore remains available for

determining whether a rejection during nominal operation constitutes a false rejection.



9.3 Benchmark Constraint Table

The computational implementation associates each I stage with an explicitly testable engineering condition.

I Stage

!

Y2

V3

T4

¥a

Engineering Function Principal Failure Type

Acquisition/state validity Missing, nonfinite, corrupted, out-of-domain sensor
state

Transition consistency Impossible state-rate or abrupt temporal

discontinuity

Coupled mechanical consistency Individually valid but mutually inconsistent variables

Structural/meodel invariance Violation of constitutive, energetic, or modeled
invariant

Recursive persistence Temporally accumulated degradation or persistent
residual

Terminal operational envelope Final safety or mission-operating limit

The table defines the engineering interpretation used only for this benchmark. It does not assert that the

original abstract I’ operators have already been experimentally identified with these six mechanical

mechanisms.

9.4 Mechanical Residual WVector

Rather than relying exclusively upon binary thresholds, the implementation retains the continuous residual

produced by each constraint.

Define

_ -
Ry — [0,k T2k T3,k T,k T5,ks T6,k)

Each residual is normalized against its corresponding admissibility telerance:

Consequently,

represents satisfaction of stage %, while

represents violation.

The binary stage decision becomes

ekl
ik el
Tz
P = 1
Pige = 1
aig — T(pir =< 1).

The complete I' decision is therefore

G
A — I I Il:pi!k < l).
=1



Retaining po; i provides substantially more diagnostic information than retaining the binary output alone.

A state barely crossing a constraint boundary and a state exceeding it by an order of magnitude both

produce
a; — 0,
but their residual magnitudes remain distinguishable.

9.5 MN-Admissibility Margin

The minimum normalized distance from wviolation is represented by the admissibility margin

MMrpe — 1 — max p; k-
z
Therefore,
Adr g = 0
indicates that all constraints are satisfied,
Mrp =0

indicates that at least one constraint lies exactly on its boundary, and
j'rirr_k = 0
indicates rejection.
This provides a continuous supervisory quantity while preserving the binary kill condition.
The magnitude
| M i |
also giwves a compact indication of how strongly the state lies inside or outside the admissibility envelope.
9.6 Fault-Severity Schedule
Each fault class is evaluated across a common normalized severity grid
S = {51,52,.-.:5m}, 0 < s; < 1.
For fault F, severity s modifies the corresponding physical parameter through
O (s) = OY + sAO;.
For multiplicative disturbances,
OF(s) = 0N (1 + sx;).

The fault schedule therefore evaluates progressive departure from nominal behavior rather than testing only

catastrophic failure.
For every severity level, the experiment records

(s, Atruth, Ar, Kgail, M, Lg] -
The resulting detection curve is

Dj(s) = Ar (X% (s)) .



9.7 Boundary Agreement Error

Because the true unsafe boundary is specified independently, the experiment can compare the fault severity

at which the benchmark becomes mechanically inadmissible with the severity at which T first rejects it.
Let

-*
54 truth

denote the independently defined engineering boundary and

*

5T
the I rejection boundary.

Define boundary error as

*

Ed
EBJ = 84T — Fjtruth-

Interpretation is direct.
If

EBJ = 0,
I rejects too late and admits some independently unsafe states.
If

EBJ < 0,
I rejects too early and is excessively conservative.

The ideal boundary agreement is

Ep,; — 0.

Across all fault classes,

Ng

1
MAER = — Eg ;|-
— §| J

This guantity gives the benchmark a stricter target than simple eventual fault detection.



10. STATISTICAL AND ERROR AMALYSIS

10.1 Confidence Intervals for Classification Performance

A single reported accuracy value does not characterize uncertainty.

For a binary performance proportion

the benchmark therefore reports a confidence interval in addition to the point estimate.

This applies to fault sensitivity, nominal-state acceptance, localization accuracy, and other binary

performance quantities.
Accordingly, classification performance is reported in the form
P [lower CI, upper CI].
The confidence procedure is fixed before final reporting and applied consistently across methods.

10.2 Error by Fault Severity

Aggregate accuracy may conceal a critical failure near the operational boundary.

Performance is therefore conditioned upon severity:

ACC(s) — DNeomeet(s)
Ntntal(-‘-‘"}
Similarly,
5 _ Nrals)
FAR(s) N (3]

The resulting curves reveal whether the architecture performs differently for weak, moderate, and severe
disturbances.

A systemn that detects only catastrophic faults may exhibkit high overall accuracy when the benchmark is
dominated by easily identifiable conditions while still performing poorly near the decision boundary of
engineering interest.

10.3 Performance by Fault Class
Metrics are also retained separately for each fault class.
For fault FY,

Nrr i

S = .
o N;p_]?\;,:—l—NF_q\?:

This produces the class-specific sensitivity vector
S — [S1,S2, ..., SN
The minimum class performance is

Smin = min 5;.
J

Reporting Smin prevents strong performance on easily detected faults from masking a complete failure on
one mechanically important fault class.



10.4 Baseline Improvement

For metric M, the absolute I' improvement over the independent-threshold baseline is
AM — Mr — Mp.
For error quantities where lower values are preferable,
AFE — FEp — Er.
The comparison is especially important on the hidden-inconsistency subset previcusly defined by
B(X)—=1
while
Atruth (X ) = 0.

For these states, a threshold detector is structurally unable to reject the state solely from individual scalar

limits.

Any demonstrated I' advantage must therefore appear through transition, coupling, invariant, persistence, or

other explicitly modeled relationships rather than through a repackaged threshold check.

10.5 Computational Complexity

For a state containing n measured variables and rn; constraints at [ stage %, the cost of one complete

evaluation can be represented as
B
Cr‘ = E C(’}’!}
i=1
When each stage is implemented through a bounded collection of algebraic residual evaluations,
i}
Cr—0 | n+ E T ;
i=1
The persistence stage additionally depends upon temporal-window length L. Without recursive update,

C(vs) = O(L)-

With a maintained rolling accumulator, the persistence statistic can be updated without re-evaluating the

complete history, reducing its incremental update cost.

The benchmark reports empirical timing because asymptotic complexity alone does not establish suitability

for real-time mechanical control.



Safe individual scalars frequently mask catastrophic
coupled state failures

System Failure: Passes all
independent scalar checks
but violently violates coupled
operational relationships.

Independent
Scalar Limits

Central Engineering Principle: Values can each remain securely inside isolated scalar limits while their combined
multidimensional state violates dynamical, structural, energetic, temporal, or operational relationships.
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11. ENGINEERING INTERPRETATION

11.1 Why Ordered Admissibility Could Matter

The central engineering distinction introduced by the architecture is between independently legal

measurements and a jointly admissible mechanical state.
Consider a simplified state satisfying
Tnin < T < Ty,
Wmin = W <l Wmax,
and
V < Viax-
A conventional range checker may accept the state.

Howevwer, suppose that nominal operation requires vibration to remain inside a rotational-speed-dependent

envelope,
V< Vauuw(w).
A state may satisfy
V' < Vinax
while violating
| - Vauuw(w).
The scalar values remain independently permissible, yet their joint mechanical relationship is abnormal.

This is precisely the class of condition that ~y3 is designed to expose.



Similarly, a temperature value may remain individually acceptable while its time derivative satisfies

AT | _  max
ot -

causing rejection by o before the absolute thermal limit is crossed.

The engineering value of recursive admissibility, if demonstrated, therefore lies not in replacing existing
physical laws but in organizing heterogeneous constraints into an ordered, traceable supervisory

computation.

11.2 Relationship to Structural-Health Monitoring

Structural-health-monitoring systems often combine multiple measurements whose meaning depends upon

both current magnitude and temporal evoluticon.

The present architecture can represent these relationships through

¥a
for coupled mechanical consistency,

ra
for structural or constitutive relationships, and

¥s

for temporal persistence.

For example, a progressiwve reduction in stiffmess can alter the system’s dynamic response before an

individual displacement or acceleration wvariable crosses its absolute shutdown threshold.
& recursive architecture can therefore retain the evolving residual history as part of the health-state decision.

The proposed framework should nmnot be interpreted as replacing established structural-dynamics or
prognostic models. Those models provide the physical relationships evaluated by the admissibility stages.

N supplies the supervisorny ordering and rejection logic.

11.3 Relationship to Predictive Maintenance

Predictive maintenance requires more than identification of catastrophic failure.
A useful architecture should distinguish
nominal — degrading — inadmissible.
The persistence operator provides a mechanism for representing that progression.
Let
H; — 1 — Irliaacp,-ik.
A sequence satisfying
Hyp_p < Hp_p+1 << --- =< Hg

in the negative direction toward zero may indicate progressive erosion of the admissibility margin even

before final rejection occurs.

The rate

Hyp. — Hyp_

. =~
* N

can therefore be retained as a maintenance-oriented diagnostic variable.

This paper does not convert H . directly into remaining useful life. Such a prediction would require an

independently validated degradaticon model.

Instead, ;. is treated as an observable constraint-margin trajectory.



11.4 Relationship to Autonomous Aerospace Systems

Autonomous aerospace systems operate under tightly coupled constraints and often require decisions unde

limited computational latency:.

The proposed ' implementation is relevant only if three conditions can be demonstrated:
correctness, traceability, timeliness.

High classification accuracy without bounded execution time would not establish real-time suitability.

Low latency without safe-state discrimination would likewise be insufficient.

And a highly accurate classifier whose decisions cannot be traced through explicit constraint stages would

not satisfy the hardware-verification objective developed in the predecessor architecture.

The engineering requirement is therefore their conjunction:

Qeng = Q{:{Jrrect A (:gtra-::e M Qtime—

12. LIMITATIONS AND EXPLICIT FALSIFIABILITY

12.1 Digital Twin Rather Than Physical Flight Hardware

The present benchmark is computational.

It evaluates a mechanical digital twin and controlled fault injection rather than an aircraft, spacecraft, turbine,

or flight-qualified propulsion system.
Therefore,

successful simulation - flight qualification.
Experimental hardware testing remains a separate engineering requirement.

12.2 Model Dependence

I cannot identify a mechanical inconsistency that has not been represented by a constraint available to its

operators.
If the digital twin omits an important failure mechanism,
Eu]lmu“m ‘.fd— C-.-
then successful evaluation against the modeled fault set does not establish detection of Flyinown-

Thus the architecture's performance is bounded by the quality and completeness of the engineering model

supplied to it.



12.3 Threshold and Tolerance Dependence

The admissibility decisions depend upon tolerances
Tly-- - Th-
Improperly chosen tolerances can increase either false admission or false rejection.

The benchmark therefore does not treat the numerical thresholds as universal SEXA constants. They are
engineering parameters associated with the modeled system and must be established from system

requirements, calibration, empirical data, certified envelopes, or other defensible engineering sources.

12.4 Reconstruction Limitation

Reduction to five operational coordinates necessarily creates a strong reconstruction challenge.
For a general unconstrained mapping

R1® _, RS,
unique inversion is not guaranteed.

Therefore, successful reconstruction can occur only to the extent that the admissible mechanical states
occupy a sufficiently constrained lower-dimensional structure or that the reconstruction model captures

relationships permitting recowvery.
If distinct admissible states satisfy
Xa 7 X
but
Cr(X,) = Cr(Xs),

then unique deterministic reconstruction requires additional information and cannot be inferred from the

five-dimensional vector alone.

This is an explicit mathematical failure condition.

12.5 Broader SEXA Interpretation

The source corpus presents the 5D operational/2880D recursive relationship as part of the wider SEXA

thED retical framE'WDrk. D 05_lAM_9896_FROM_ADMISSIBILITY_

The current benchmark tests an engineering analogue of admissibility-controlled compression and

reconstruction.

It does not independently establish that the full 2880-dimensional theoretical structure corresponds to

experimentally cbserved spacetime or fundamental physics.

The wider SEXA survivability audit itself distinguishes internal consistency testing from completed

experimental V’Eriﬁcatioﬁ. D 07_SEXA_UFT_STRUCTURED SURVIVAB...

That distinction is retained here.



12.6 Direct Rejection Criteria

The principal hypothesis of this paper is rejected under the benchmark if any of the following occurs:
FARpr > FARpR

on the mechanically inconsistent states for which the ordered architecture is intended to provide an

advantage;

the canonical six-stage ordering performs no differently from relevant permutations;

individual I stages produce no measurable effect when exercised by their corresponding fault classes;
first-failure localization is not reproducible;

deterministic replay fails under identical inputs;

software latency exceeds the benchmark’s prescribed real-time requirement;

or compression-reconstruction requires access to hidden original-state information.

These conditions ensure that an unfavorable cutcome remains an admissible scientific result rather than

being interpreted away.
13. CONCLUSION

This paper develops a mechanical-engineering implementation of recursive admissibility derived from the

SEXA computational framework and places it into a directly falsifiable digital-twin benchmark.
The architecture represents a candidate mechanical state as
. o
X = T4, Py, Vi, ae, wi, O, €1, G, B, Fi
and subjects that state to the ordered operator chain
I'=9v%°v°Y4°73°72°7-
Engineering admissibility requires
&
A[Xt) = I I E,!.I'(Xg} = 1.

i=1
The six stages are operationalized as acquisition validity, transition consistency, coupled mechanical
consistency, structural or invariant consistency, recursive persistence, and terminal operational admissibility.
The architecture additionally records the first failing stage

Fegail,
thereby converting a binary state rejection into an explicitly traceable diagnostic event.

A controlled digital-twin benchmark is then defined around nominal cperation, sensor faults, thermal
excursions, vibration anomalies, stiffness and damping degradation, actuator inconsistency, structural-limit

violations, impossible transitions, and compound disturbances.

The evaluation is designed around measurable quantities including classification accuracy, false-admission
rate, false-rejection rate, detection latency, fault-stage localization, deterministic replay, computational

execution time, ablation sensitivity, order sensitivity, and reconstruction error.



14. EXECUTED HELD-OUT DIGITAL-TWIN BENCHMARK RESULTS

14.1 Frozen Calibration and Independent Evaluation

The final benchmark was executed under a calibration/evaluation separation designed to prevent post hoc
adjustment of the Nadmissibility thresholds. This implements the manuscript requirement that benchmark
parameters be established befare final evaluation and that unfavorable classifications remain part of the
reported result. The existing methodology also requires numerical results to be execution-dependent rather

than selected in adwvance. 9 oth Intematiconal Conferemce on._.

Twenty calibration seeds were used exclusively to establish nominal residual and transition tolerances. These
calibration trajectories were not included in the final evaluation population. After calibration, all ' thresholds

were frozen.

The final held-out evaluation then used ten different deterministic seeds that had not participated in

calibration.

The ewvaluation consisted of 10 nominal trajectories plus 400 fault trajectories generated from ten fault

classes, four severity levels, and ten held-out seeds:
MNeyms — 10 + (10)(4)(10) — 410.

Each trajectory contained 3,000 discrete states, giving

Niotal — 1,230,000|

held-out state evaluations.

Mo final-evaluation classification was used to modify the frozen I' tolerances.

A frozen parameter protocol guarantees strict separation of
calibration and evaluation data

Gamma thresholds strictly locked.
No further parameter tuning permitted.

Phase 2: Held-Out Evaluation.

10 independent held-out seeds
injected into the environment. Total
isolation from calibration trajectories.

Phase 1: Calibration Protocol.

20 calibration seeds establish ground
truth and tune Gamma parameters.

Telemetry Timeline

THE FREEZE

7™ Gemini Notebook



14.2 Primary Classification Result

The I architecture produced
N4 — BET,BOT,
Ny — 612,492

g — 27,508,

Npp — 2,403,

Consequently,

587597 + 612492
1.230.000

ACCE —

yielded

ACCT — 97.57%.

Fault sensitivity was

< . G1l2a9:2
fu ETRET I A 612402 +— 27508
or
Sfuu_'lt,r — O95.70%6.

MNMominal-state acceptance was

Sn.oxn.ixu—nl,r — 99.59%%. |

Balanced accuracy was

| ACCHL AT — 97.65%%._ |

The false-admission rate was

|FAR1- — 4.30%,

while the false-rejection rate was

|FrRRr — 0.41% .|

Thus the frozen architecture correctly classified approximately 927.6%26 of the 1.23 million held-out states

without recalibrating its thresholds against the final evaluation population.

The frozen mechanical benchmark evaluated 5
over 1.2 million independent states O97.57%

pr— —_—

1,230,000

HELD-OUT STATE EVALUATIONS

Classification Accuracy

97.65%

Balanced Accuracy

95.70%

Fault Sensitivity

99.59%

Nominal-State Acceptance

10 410 3,000

independent total states per
held-out seeds trajectories trajectory

£ Gemini Notebook



14.3 Independent-Threshold Baseline

The same held-out population was ewvaluated using the manuscript’'s independent scalar-threshold
architecture,

-
B({X,) — I I T (o jmin == TGz == 5 max) -
F=1

This comparison is particularly important because the manuscript defines the strongest test as one involving
states that remain individually permissible while vioclating coupled, temporal, recursive, or inwvariant

relationships. [ stk international Conference on.

The baseline produced
Ny a — 590,000,
Ny — 92,460,

N4 — 547,540,

and
N — 0.
Owerall baseline accuracy was
[ACcCs — 55.48%. |
Fault sensitivity was
[ Seaute,p — 14.45%. |

Balanced accuracy was

|AGGIN,1,B — 57.22%.|

Maost importantly, the baseline false-admission rate was

FARp — 85.55%.

14.4 Measured Improvement Owver Independent Thresholding

The difference in owverall classification accuracy was

97.57% 55.48% — [42.09 percentage points. |
Fault sensitivity increased by
95.70% — 14.45% — [81.25 percentage points. |

The false-admission rate decreased from

85.55%%
to
4.30%.
Therefore,
MAF AR — 85.55% — 4.30% — |81.25 percentage points.

Expressed as a relative reduction,

0.8555 — 0.0430
0.8555

== 0.9497,

giving an approximately

94 .97%

relative reduction in false admission compared with independent thresholding.

This result directly addresses the principal engineering question established in the manuscript: whether
coupled and temporally structured admissibility can identify mechanically inconsistent states that individually

Iegal sensor ranges perm it. 3 oth international Confersnce on..



Gamma recursive evaluation effectively eliminates
the baseline false-admission hazard

fE Metric Independent Scalar- Gamma Recursive _1
Threshold Baseline Admissibility
Classification Accuracy 55.48% 97.57%
Balanced Accuracy 57.22% 97.65%

Fault Sensitivity 14.45% 95.70%
FALSE-ADMISSION RATE

The scalar baseline admits 85.55% of critically faulted states. Gamma
architecture forces a ~94.97% relative reduction in false admission,
representing the primary engineering victory of this implementation.

14.5 Fault-Class Performance

The held-out class-specific results were:

Fault class I detection Independent baseline

Acquisition corruption 100.00% 75.00%
Transition corruption 100.00% 0.00%
Vibration inconsistency 75.60% 0.00%
Stress-strain inconsistency 100.00% 0.00%%
Energetic inconsistency 100.00% 20.53%
Pressure inconsistency 100.00% 0.00%
Progressive thermal drift 81.42% 0.00%6
Rotational overspeed 100.00% 20.08%
Excessive stress 100.00% 25.00%

Compound disturbance 100.00% 3.86%



Eight of the ten modeled fault classes therefore achieved
detection over the executed held-out fault states.
The two exceptions are scientifically important.

Vibration inconsistency produced

Svihrat.ion = 7560%‘

and progressive thermal drift produced

St]lerma] = 81.42%. |

These are not removed from the aggregate calculation. They constitute the principal residual weaknesses of

the present parameterization.

Fault-class granularity exposes the authentic limitations
of the synthetic environment

FAULT-CLASS GRANULARITY EVALUATION

B Gamma M Baseline
Acquisition corruption 100.00%

Transition corruption

100.00%
100.00%

Stress-strain inconsistency
Energetic inconsistency
Pressure inconsistency 100.00%
Rotational overspeed

Excessive stress 100.00%

Compound fault 100.00%

0% 100%

' Retention of weaker detection rates in thermal and vibratory classes validates the '
authenticity of the held-out dataset, reflecting natural tracking limitations within the
synthetic dimensional reconstruction.




14.6 Hidden-Inconsistency Behavior

Four fault classes are particularly informative because the independent scalar baseline detected none of their
fault states:

S B transition — 0 ¥

.
Lll:-"Ji'3.¥~-‘ihr:1tiﬂn - U,

S5Bo— = 0,
and
Sp.p=0.
For those same classes, I achieved respectively
100.00%, 75.60%, 100.00%, 100.00%.

This provides direct computational evidence for the narrower engineering proposition underlying the paper:

individual scalar vali

ty 7> joint mechanical admissibility.

The result does not require interpreting the wider SEXA physical framework as experimentally established. It
demonstrates that the implemented constraint architecture extracts information from relationships between

variables that an independent range checker does not evaluate.

14.7 IN-Stage Rejection Distribution

Across the complete held-out population, first-stage rejection counts were
N, =— 16,000,
N, — 64,746,

N, — 416,088,

N, — 116,059,
N, = 2,002,
and
FAYE 0.

The dominant first-failure stage was therefore

the coupled mechanical-consistency layer.

This is consistent with the benchmark's deliberate emphasis on disturbances that can remain inside
individual scalar limits while violating relationships among pressure, rotational state, vibration, stress, strain,
and other simultanecusly evaluated gquantities.

The absence of first failures at v does not mean the terminal stage was omitted. Rather, in this executed
population, states wviolating terminal constraints had already violated an earlier constraint and were therefore
assigned to that earlier first-failure stage under the manuscript’'s localization rule.



Coupled mechanical consistency (y3) acts as the
dominant first-failure filter

P 1 Acquisition: 16,000

<>
: y2 Transition / Rate: 64,746

The overwhelming
dominance of y3
empirically verifies that
isolated single-variable
telemetry (y1) is
catastrophic mechanical
anomalies almost
exclusively manifest within
coupled dynamic
relationships.

y4 Structural / Model: 116,059

v5 Recursive Persistence: 2,002

y6 Terminal: O

14.8 Deterministic Replay

An identical held-out trajectory was executed twice without changing the initial state, frozen parameters, T

architecture, or input sequence.
The complete binary admissibility output and first-failure sequence were identical between repetitions:
AN (x,) = A¥(x,)
and
ka(t) = ki ()
for every evaluated state.

Accordingly,

Dp=1

for the executed deterministic replay test.

This satisfies the deterministic-repeatability requirement defined in Section 5.2 of the manuscript.

D Oth Intermational Conference on_.
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The architecture guarantees strict deterministic replay
and first-failure localization

[SAME INJECTED STATE] +
[SAME FROZEN PARAMETERS] +
[SAME GAMMA ARCHITECTURE] =

[SAME BOOLEAN DECISION] &
[IDENTICAL FAILURE TRACE]

Because the final result is a Boolean conjunction of six independently evaluated predicates, '
the architecture guarantees precise mathematical traceability.
Note: While practically staged for evaluation and first-failure localization, this benchmark
does not experimentally prove noncommutativity of the theoretical Gamma operators.

14.9 Primary Result

The principal result of the held-out experiment can therefore be stated without extending beyond the

evidence:

Under the defined synthetic mechanical benchmark,
the frozen six-stage I' architecture classified
97.57% of 1.23 million held-out states correctly,
achieved 95.T0% fault sensitivity, and reduced
false admission from 85.55% under independent
thresholding to 4.30%.

The result is nevertheless benchmark-specific. Vibration inconsistency and progressive thermal drift

remained incompletely detected, at 75.60% and 81.429%, respectively.

Most importantly, these results establish computational engineering performance under the defined
digital-twin experiment, not experimental confirmation of a 2880-dimensional physical manifold, flight
qualification, physical hardware verification, or validation of the complete SEXA Unified Field Framework.

That distinction is already an explicit boundary of the manuscript. [ 2t In=mational Confersnce on..



15. DISCUSSION

15.1 Interpretation of the Primary Result

The held-out benchmark provides evidence that the MN-admissibility architecture can distinguish mechanically
inconsistent states that are frequently invisible to independent scalar thresholding under the defined

synthetic digital-twin environment.
Across

1,230,000
held-out state evaluations, the frozen I architecture achieved

ACCr = 97.57%,

with fault sensitivity of

Sganit. T = 95.70%.

The independent-threshold baseline achieved
ACCE — 55.48%
and fault sensitivity of
Seaute, p — 14.45%.
The most consequential difference concerned false admission. The baseline admitted
85.55%

of states independently labeled faulty, whereas I' admitted

4.30%.

The approximately

94.97%

relative reduction in false admission supports the central engineering motivation introduced earlier in this
work: independently permissible measurements do not necessarily constitute a mechanically admissible

combined state.

This distinction is particularly relevant to autonomous aerospace and mechanical systems because a
supervisory architecture that examines only individual variable limits cannot identify every inconsistency
involving relationships among variables, transitions between states, persistence through time, or model-

derived invariants.



15.2 Coupled Admissibility Versus Independent Thresholding

The strongest evidence for this distinction was produced by transition corruption, vibration inconsistency,

stress-strain inconsistency, and pressure inconsistency.

For each of these fault classes, the independent scalar baseline failed to detect at least one substantial class

of deliberately inconsistent states. For four classes, baseline detection was exactly
0%%.

The I architecture instead produced detection rates of

100.00%
for transition corruption,

75.60%
for vibration inconsistency,

100.00%
for stress-strain inconsistency, and

100.00%

for pressure inconsistency.
This result follows directly from the architectural difference between the two methods.
The baseline evaluates predicates of the form
L j,min = &I = L max s
independently.

The I architecture additionally evaluates relationships of the form

Qk{Xt) e [),

transition constraints,

Tjt — Tjt-1| .  max

At 7
recursive persistence, and terminal operational constraints.
Consequently, a state can satisfy

B(X;) — 1
while simultaneously satisfying

A(X,) = 0.

The executed benchmark demonstrates that this distinction is not merely formal within the implemented
digital-twin environment.



15.3 Mechanical Significance of the ys Result

The first-failure distribution provides additional information beyond binary classification.
Of all first I failures recorded across the benchmark,
416,088
occurred at
RED
Thus the coupled mechanical-consistency layer accounted for the largest first-failure population.
This result is significant because 3 evaluates relationships rather than isolated amplitudes.

A pressure measurement, for example, may remain inside its permitted sensor and operational ranges while

becoming inconsistent with rotational and actuator state.

Likewise, stress and strain can each remain individually plausible while violating the constitutive relationship

imposed by the benchmark.

The I architecture therefore functions not simply as a collection of additional thresheolds but as a hierarchy in

which admissibility can depend upon relationships among simultaneously measured quantities.

15.4 Temporal Admissibility

Transition corruption produced
100.00%
I detection while producing
0.00%

detection under independent thresholding.
This represents one of the clearest distinctions between state validity and transition validity.
Two consecutive states may each satisfy

X = Qenlar
and

X1 € Quealar,

while the transition

Xy — X q
is dynamically inadmissible.
Therefore,

K e 2y A Xipn € 824
does not automatically imply
(X, Xpr1) € Q-

For autonomous mechanical supervision, this distinction is important because sensor corruption, actuator
discontinuities, impossible rates of change, and transient contral failures may manifest primarily through

temporal relationships rather than absolute values.



15.5 Progressive Fault Detection

Progressive thermal drift produced a more difficult result.
N detected
81.429%
of the injected drift states, while the independent threshold baseline detected
0.00%.
The improvement supports the utility of recursive persistence, but the remaining
18.58%
false-admission fraction for this class prewvents a claim of complete progressive-degradation detection.
This limitation is mechanically plausible within the benchmark.

At low sewverity, a slowly drifting variable may remain inside its sensor domain, operational envelope,

instantaneous rate constraint, and coupled tolerance for an extended period.
The disturbance becomes distinguishable only after sufficient historical evidence accumulates.

Thus detection is inherently dependent upon the persistence window, residual threshold, sampling

frequency, and fault-growth rate.

The result indicates that recursive persistence contributes useful information but remains a target for further

engineering optimization.

15.6 Vibration-Inconsistency Limitation

Vibration inconsistency produced the lowest class-specific detection rate:

Therefore approximately one quarter of the modeled vibration-inconsistency states survived the complete T

chain.
This result establishes a specific weakness rather than a general failure of the architecture.

The current vibration relationship and tolerance are insufficient to separate all low-severity inconsistent

states from the nominal vibration envelope.

Because the final evaluation was held out, the threshold must not now be changed and the same test rerun

as though the modified result were the original experiment.
Instead, the present

75.60%
result remains part of the reported benchmark.

A subsequent study may define a new vibration model prospectively and evaluate it on a new untouched

population.



15.7 False Rejection and Operational Trade-Off

Fault sensitivity alone is insufficient for assessing an admissibility architecture.
An arbitrarily restrictive system could reject nearly every fault simply by rejecting nearly every state.
The held-out nominal-state result therefore provides an important countercheck.

I nominal acceptance was

99.59%,
corresponding to

FRRr = 0.41%.

The architecture consequently did not obtain its

95.70%
fault sensitivity by indiscriminately rejecting the majority of admissible states.

MNevertheless, the

2,403
false rejections remain operationally meaningful.

In an actual autonomous system, false rejection may trigger unnecessary fallback behavior, maintenance

intervention, control-mode changes, mission interruption, or other costly responses.

The appropriate engineering objective is therefore not simply

FAR — 0,

but rather a controlled joint minimization,

min (wpaFAR + wprFRR) ,

where the relative weights depend upon the consequences of unsafe admission and unnecessary rejection in

the target application.

Mo universal values for

e 4 and wER

are asserted here.



15.8 Determinism and Traceability

The deterministic replay test produced identical admissibility and first-failure sequences under repeated

execution:
Dy — 1.
This result is important for the hardware-verifiable motivation of the architecture.

A deterministic supervisory mechanism permits a rejected state to be associated with a reproducible

computational pathway:
P — YL > Y2 —F - — Vi — REJECT.
The output therefore need not be limited to an opaque binary anomaly score.

For every rejected state, the implementation can preserve the original measurements, constraint residuals,

first failing stage, time index, and final admissibility decision.

This does not constitute physical hardware verification. It establishes deterministic software-level behavior

compatible with subsequent hardware-oriented implementation.

The manuscript itself deliberately distinguishes computational correspondence from completed FPGA, ASIC,

embedded-controller, or flight-system validation. [ 2 intemstionsl Confersnce on...

15.9 What the Benchmark Does Not Establish

The strength of the numerical result does not expand the logical scope of the experiment.

The benchmark does not demonstrate that an aircraft, spacecraft, turbine, rotor, propulsion system, or other

physical machine will reproduce the reported percentages.
The benchmark does not establish flightworthiness or safety certification.

It does not demonstrate radiation tolerance, real-time embedded execution, hardware fault tolerance, FPGA

implementation, ASIC implementation, or closed-loop control stability.
It also does not experimentally establish the physical existence of a
2880
-dimensional manifold.
Nor does the
97.57%
classification result constitute experimental confirmation of the complete SEXA Unified Field Framework.

The present work deliberately isolates an engineering proposition from that broader theoretical architecture:
whether recursive admissibility can be formulated as a deterministic and falsifiable mechanical-state
supervisory mechanism. This boundary is consistent with the paper's stated distinction between

computational validation and broader physical verification. 3 oth international Conference on...



15.10 Ordering and the Moncommutativity Boundary

One further distinction must remain explicit.

For the binary implementation,
[
A(X ) — | | az; (X)),
i—1

the final conjunction of independently evaluated Boolean predicates is commutative:

6 6
Ila: = Il e~
i—1 i1

for any permutation 7r.

Accordingly, the present experiment demonstrates the engineering usefulness of a staged I' architecture
and first-failure ordering, but binary classification performance alone does not establish the stronger

theoretical statement
YD ¥F T VF D V-
A direct test of that stronger proposition requires state-transforming operators for which
X — o (XE)
and for which changing operator order can change the resulting transformed state.

This is an important limitation because the wider SEXA source architecture assigns significance to ordered
noncommutative N operations. The present mechanical implementation should therefore be interpreted as

an engineering specialization rather than as independent proof of that complete mathematical structure.

15.11 Engineering Implication

Within these boundaries, the benchmark supports a clear engineering conclusion.

Independent scalar thresholds answer:

“Is each measurement individually inside its permitted range™”

The implemented I architecture asks the stronger question:

“Is the complete measured state admissible given its values,

relationships, transition history, persistence, and operating constraints?"”

For the synthetic mechanical system tested here, that distinction changed fault sensitivity from

14.45%
to

95.70%
while maintaining

99.59%

nominal-state acceptance.

The result therefore supports continued investigation of recursive admissibility as a deterministic supervisory
architecture for structural-health monitoring, predictive maintenance, digital twins, autonomous mechanical

systems, and aerospace state validation.
It does not eliminate the requirement for physical testing.

It defines a computational architecture sufficiently explicit to make such testing possible.



16. LIMITATIONS AND NEXT VALIDATION STAGE

The principal limitation of the present investigation is that all reported benchmark results originate from a
synthetic digital twin rather than a physical mechanical system. The governing relationships, injected
disturbances, calibration population, and ground-truth fault intervals are known by construction. This
provides controlled falsifiability but does not reproduce the complete uncertainty, sensor behavior,
environmental variation, material degradation, manufacturing telerances, nonlinearities, and unmodeled

dynamics of operational hardware.

A second limitation is that the comparison baseline is intentionally simple. Independent thresholding
provides a useful test of whether coupled I constraints contribute information unavailable to scalar limits,
but it does not establish superiority over the full range of contemporary model-based, statistical, machine-

learning, observer-based, or digital-twin fault-detection technigues.

A third limitation concerns the remaining vibration and thermal-drift false admissions. These failures
demonstrate that the present architecture is not universally sensitive to every admissibility violation and that

detection quality depends upon the fidelity of the encoded mechanical relationships.

A fourth limitation concerns dimensional reconstruction. The wider SEXA architecture motivates a
relationship among five-dimensional operational structure and higher-dimensional recursive crganization,
but the present classification result does not itself establish unique reconstruction from five dimensions, and

no claim of exact

28800 — 5D — 2880D

physical reconstruction follows from Section 14.

A fifth limitation concerns operator ordering. As established above, Boolean conjunction alone cannot
demonstrate noncommutativity. A subsequent implementation must employ genuine state-transforming I

operators if the stronger ordering proposition is to be tested computaticnally.

The next validation stage is therefore unambiguous: the frozen architecture should be transferred from
synthetic data to independently acquired mechanical sensor data, with fault labels established independently
of I, parameters fixed before final testing, and performance evaluated against both conventional thresholds

and stronger contemporary diagnostic baselines.

That experiment would move the architecture from synthetic computational validation toward independent
mechanical validation without confusing either stage with completed physical verification of the broader
SEXA framework.



17. FINAL ENGINEERING CONCLUSION

The objective of this investigation was to determine whether recursive admissibility derived from the SEXA
computational framework could be converted into a measurable, deterministic, and falsifiable supervisory
architecture for aercspace and mechanical state evaluation. The paper deliberately restricted that question to
an engineering benchmark rather than treating successful computation as confirmation of the wider physical
interpretation of the SEXA Unified Field Framework. This restriction was established at the beginning of the

manuscript and maintained throughout the experimental design. [ 9t intemational Confarancs on...
The implemented architecture evaluates the mechanical state
Xy = [T%, Pi, Vi, Qe Wi, Osy €4, Gy By, Fy]"
through the six-stage admissibility structure
I' =7 ovs°7v4°r3°rz° 7.

The stages represent acquisition validity, transition consistency, coupled mechanical consistency,
structural/model invariance, recursive persistence, and terminal operational admissibility. A state is admitted
only when every reguired constraint survives:

A(X,) — 1__[ a; (X;) — 1.

Failure at any mandatory stage produces rejection while preserving the first-failure location and associated

computational trace.

The final experiment separated nominal calibration frem held-out evaluation. Twenty calibration seeds were
used to establish the admissibility tolerances, after which the parameters were frozen. Ten disjoint seeds

were then used for the final experiment. The resulting held-out population consisted of 410 trajectories and

1.230,000

individual mechanical-state evaluations.

The N architecture correctly classified

O97.57%%

of those states.

Fault sensitivity reached

95.70%

while nominal-state acceptance remained

99_59%.

Balanced accuracy was

97.65%.

The false-admission and false-rejection rates were respectively

[FARr — 4.30%|

[FRERr — 0.41%. |

The independent-threshold baseline produced substantially different behavior. Although it accepted all
nominal states, its fault sensitivity was only

14.45%%,
and its false-admission rate reached
85.55%.

Accordingly, the IN architecture produced an approximately



94 97%%

relative reduction in false admission under this benchmark.

The result is particularly significant for mechanically inconsistent states that remain inside individual scalar

limits. Transition corruption, stress-strain inconsistency, and pressure inconsistency were detected at
100%
by I while producing
0%
detection under the independent-threshold baseline. Vibration inconsistency was detected at
T5.60%
by M and
0%%

by the baseline. These results directly support the manuscript's motivating distinction between individually
permissible measurements and jointly admissible mechanical states. The paper introduced precisely this
problem through examples in which temperature, pressure, rotational velocity, vibration, actuator position,

and other measurements may remain individually permissible while becoming mutually inconsistent.

M 2th Intermational Conference on_

The benchmark did not produce uniformly perfect behavior. Progressive thermal drift was detected at
81.429%%,
and vibration inconsistency at

75.60%.

Those values are retained as failures of complete detection rather than reinterpreted as successful results.
This treatment follows the falsifiability reguirement established earlier in the manuscript: disagreement

between expected and returned classifications must enter the benchmark as error.

[ 2th Intematicnal Conference on..

The first-failure distribution also showed that the principal rejection mechanism was not simple acquisiticn-

range checking. The coupled mechanical-consistency operator,
T3
accounted for
416,088

first-stage rejections, the largest contribution among the six I' stages. This provides a mechanistic
explanation for much of the improvement over the scalar baseline: the architecture evaluated relationships
among state wariables rather than merely testing their independent magnitudes.

Deterministic replay additiconally returned identical classification and first-failure sequences,
Dp =1,
demonstrating reproducible software-level execution under identical inputs and frozen parameters.

The experiment nevertheless identifies a precise boundary concerning operator ordering. If the final

classification is implemented solely as the Boolean conjunction
6
A(Xg} - I I (l..g(_Xf)..
=1

then permutation of independently evaluated predicates cannot alter the final binary result. The present
benchmark therefore validates staged ewvaluation, first-failure localization, persistence, coupled constraints,
and deterministic traceability; it does not independently establish noncommutativity of the underlying

theoretical I operators. Testing that stronger proposition requires state-transforming operations of the form



X — s (20°D)
whose outputs can depend upon operator order.

An analogous restriction applies to dimensional reconstruction. The present mechanical benchmark does no
establish universal

28800 — 5D — 2880D

reconstruction, nor does the successful classification result establish the physical existence of a 2880-
dimensional manifold. The manuscript already distinguishes the benchmark's engineering compression

problem from the broader SEXA dimensional interpretation, and that distinction remains necessary.

D Orh International Conference on..

The principal conclusion of the present investigation is therefore narrower, experimentally addressable, and
supported by the executed benchmark:

Recursive admissibility can be implemented as a deterministic
mechanical supervisory architecture in which coupled, temporal,
structural, persistent, and operational constraints provide
measurable state discrimination beyond independent scalar

thresholding under the synthetic conditions tested.

This result converts the proposed architecture from a purely formal computational construction into a
benchmarked engineering hypothesis with measurable strengths, identifiable weaknesses, explicit failure

conditions, and a reproducible pathway toward independent testing.

The next evidentiary threshold is physical rather than rhetorical: independently acquired mechanical or
aerospace sensor data, prospectively frozen parameters, independently established ground truth,

comparison against stronger diagnostic methods, and ultimately embedded or hardware-assisted executio

Under those conditions, the architecture can be tested again without changing the criterion of success afte
the result is known.

That is the central engineering contribution of this paper: not an unfalsifiable declaration that recursive

admissibility must work, but an explicit computational architecture for determining whether it does.



18. VALIDATION STATUS AND EVIDENTIARY CLAIM

The completed investigation permits a precise statement of what has and has not been demonstrated.
The manuscript began with a deliberately restricted engineering guestion: whether an ordered, hardware-
werifiable recursive admissibility architecture could distinguish nominal from faulty aerospace and

mechanical states while preserving deterministic execution, explicit fault localization, computational

traceability, and reconstructable digital-twin state information. [ gthintemational Confersnce on..

The executed benchmark provides a positive answer to the state-discrimination and deterministic-

traceability portions of that question under the synthetic conditions tested.

The principal empirical computational result is

[AcCr = 97.57%)]

over

[ Niotal = 1,230,000]

held-out mechanical-state evaluations.

The associated fault sensitivity was

Staer — 95.70% |

and nominal-state acceptance was

Snun]iluil.r — 99.59%. ‘

These quantities must be interpreted together. High fault sensitivity without nominal acceptance could be
produced by an excessively restrictive classifier, while high nominal acceptance without fault sensitivity could

be produced by an excessively permissive classifier. The cbserved balanced accuracy,

ACChar = 97.65%,

therefore provides the more informative combined measure for the executed population.
The strongest comparative result concerned false admission:
FARr — 4.30%,
compared with
FARp — 85.55%
for the independent-threshold baseline.

Thus,

FARp — FARpP

== 04.97%.
AT 94.97%

Within this benchmark, recursive coupled-state evaluation therefore reduced false admission by

approximately 94.97% relative to independent scalar thresholding.

This result addresses the specific mechanical problem defined in the opening sections of the paper. The
manuscript observes that measurements may remain individually permissible while their combined
configuration violates a structural, dynamical, energetic, or operational relationship.

(3 e#=hintemationsl Confersnc= on. The executed results demonstrate precisely such behavior for several modeled

fault classes.



18.1 Validation Matrix

The evidentiary status of the principal propositions can now be stated explicitly.

Proposition

Deterministic software execution

MNominal/fault state discrimination

Improvement over independent scalar thresholding

Coupled mechanical inconsistency detection

Temporal-transition inconsistency detection

First-failure I-stage traceability

Perfect detection of all fault classes

Physical aerospace/mechanical hardware validation

FPGA/ASIC implementation

Flight qualification

Universal superiority over fault-detection methods

MNoncommutativity of the six implemented Boolean tests

Exact universal 10D—5D—10D reconstruction

Physical 26800 —5D—2880D reconstruction

Experimental verification of a physical 25800 manifold

Experimental verification of the complete SEXA Unified

Field Framework

Present status

Supported by executed replay

Supported under the defined synthetic benchmark

Supported under the defined synthetic benchmark

Supported under the defined synthetic benchmark

Supported under the defined synthetic benchmark

Supported computationally

Mot supported

Mot tested

Mot tested

Mot tested

Mot established

Mot established

Mot established by the classification experiment

Mot tested

Mot established

Mot established

This separation is essential because the paper itself states that successful benchmark performance supports

the narrower proposition that recursive admissibility can operate as a reproducible engineering constraint

architecture, rather than establishing the broader physical claims of the SEXA framework.

D Oth Intermational Conference on_.



18.2 Falsification Audit

The benchmark was constructed so that an unfavorable cutcome remained admissible as a scientific result.

The principal rejection conditions established before the results included excessive false admission or false
rejection, inability to reproduce nominal and faulty states deterministically, failure of individual I stages to
contribute measurable behavior, failure of first-stage localization, excessive computational latency, and

reconstruction procedures that depend upon hidden access to the original state.

The executed experiment does not justify declaring all of those criteria passed.
Instead, the evidence supports a more granular result.

Classification survived its principal benchmark test.

Deterministic replay survived its test.

Coupled-state discrimination survived its comparison with independent thresholding.
Several fault classes survived with complete detection in the held-out population.

However, vibration inconsistency and progressive thermal drift did not achieve complete detection. Their

measured sensitivities remained

75.60%
and

81.42%,
respectively.
Those values remain benchmark weaknesses.

Likewise, the current Boolean implementation cannot establish noncommutative operator ordering because

conjunction of independently evaluated predicates remains permutation invariant.

Finally, the classification experiment does not itself complete the reconstruction claim. The manuscript
correctly imposes an independent reconstruction audit and prohibits access to a hidden copy of the original

state. That requirement remains conceptually separate from classification performance.

Accordingly, the paper does not convert untested components into successes merely because its principal

classification experiment performed well.

18.3 Result Classification

The appropriate evidentiary classification of the present work is therefore:

Successful controlled computational engineering benchmark

rather than

experimental physical validation.



18.4 Final Falsifiable Statement

The paper can therefore terminate with a proposition that is both positive and bounded:

Under the disclosed synthetic mechanical benchmark and frozen
parameterization, the implemented I'-admissibility architecture
provided reproducible constraint-safe state discrimination substantially
beyond independent scalar thresholding, while retaining explicit

failure-stage traceability and measurable falsification conditions.

The result remains conditional upon the benchmark, model, tolerances, and fault population used.

That conditionality is not a weakness to conceal. It is what converts the proposition into one that another
investigator can attempt to reproduce, challenge, or falsify.

The manuscript's original boundary therefore remains intact: the present investigation tests recursive
admissibility as an engineering mechanism and does not claim completed physical verification of the wider
SEXA Unified Field Framework. [3 9thintemational Conference an...

More precisely,

SEX A-derived recursive admissibility
4
formal engineering architecture

il

prospectively calibrated computational implementation
4
frozen held-out synthetic mechanical benchmark
y
97.57% classification accuracy
95.70% fault sensitivity
99.59% nominal acceptance
4.30% false admission
|
Y

computational engineering support under tested conditions.

The next arrow cannot be inserted by mathematical argument or simulation alone:

computational support 7> physical validation.

It requires independently acquired experimental data.



Evidentiary boundaries and the roadmap to physical
validation

AEAP 202! Pending Future Validation

Successful controlled C Physical flight/aircraft verification.

SopRtiichaltarSNans &2 Completed FPGA/ASIC hardware
* Verification of SEXA-derived &N\ validation.

recursive admissibility. Experimental proof of 2880D

* Performance within defined X physical manifolds.

synthetic mechanical conditions. : -
Universal superiority over all

~ First-failure localization. % existing technologies.

NEXT STAGE ARCHITECTURE: Transition from controlled digital-twin
environments to physical hardware-in-the-loop validation.
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