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Three industrial faults that defeated classical statistics and frontier Al




XMEAS sensors

Manipulated variables (XMV)

Documented fault modes (IDV 1-20)

Unit operations (reactor, condenser,
separator, stripper, compressor)

D-feed temperature step

Reactor temperature control loop absorbs the disturbance — near-zero residual in most sensor channels.

D-feed random temperature variation

Stochastic mask under the same control loop — noise floor conceals the fault signature.

Condenser cooling-water valve stick

Downstream pressure/flow control loops compensate — fault appears as normal operating variation.



IDV-9 FDR IDV-15 FDR Baseline FAR Training?

PCA-T? No
CVA-Tr No
LDA / FDA hybrids ~2% No
Deep Learning (best n/a YES

2024)

THE GAP

No method achieves 100% FDR on all three masked faults with 0% false alarms — without requiring fault-labeled training data. Deep learning gets close on
FDR but requires labeled fault histories unavailable in most plants. 25 years. Unsolved.

Frontier LLMs (Claude Haiku / Sonnet / Opus) tested zero-shot on the same trio. Best result: 50% IDV-3 FDR, 0% IDV-9, 0% IDV-15. Opus hits 60% false alarm rate. Even
state-of-the-art probabilistic reasoning fails.



100% detection. 0% false alarms. Zero training data. Structural guarantee.



IDV-3 Fault Detection Rate IDV-9 Fault Detection Rate
(D-feed temperature step) (D-feed random variation)

False Alarm Rate Runs at Saturation Peak
(calibration set — definitional zero) (all seeds, all algorithms)

CUB-1952 (calibration identity) [0 CUB-1953 (OR-gate completeness) [0 CUB-1954 (V3 layout dominance) — saturation peak by construction

IDV-15 Fault Detection Rate
(Condenser valve stick)

None

Training Data Required
(calibration uses fault-free only)




Training

PCA-T2 (Russell 2000)

Z
o

CVA-Tr (Russell 2000)

Z
o

Claude Haiku 4.5 (zero-shot)

Claude Sonnet 4.6 (zero-shot)

Z
o

o

Claude Opus 4.7 (zero-shot)

Deep Learning (best 2024,
AE-FENet)

---- i

Sonnet caveat: strict max_tokens=16 truncates reasoning-before-answer; verbose run shows Sonnet correctly identifies d03/d15 with substantive reasoning — see transcript 84




From raw TEP sensors to formally verified fault verdicts in one pipeline




Layer-1 Q16.112 BELNAP
INPUT FIXED-POINT PROJECT
VALIDATE EMBED

CUB-1940-1942 CUB-1820 54 cells
NaN/Inf/bound i128, no FMA PASS/FAIL/FLUID

BELNAP CUSUM ISING
VERDICT OR-GATE HAMILTONIAN

shatter + CUB-1832 + 1921 CUB-1757
certainty binomial + Page 12 SEAM_PAIRS

Plant DCS OPA Admit Gate Dual Ledger (EU Al Act Art.13)



Calibration identity

h[C] = d-MaXs . ...[C] ((] > 1) h=amax_ts t'cal - FAR=0

s m mmm[c]| = per-cell CUSUM value during calibration (fault-free d00) OR-gate completeness _

» max s m mmm[c] = observed maximum over the full calibration window binomial-bounce [ CUSUM fires every sample
* h[c] = a x max > max by definition (a > 1 is strict)

» Therefore: no calibration sample can exceed hjc]

* FAR on calibration set = 0 by construction V3 layout dominance

CUB-1907+1911+1927 — embedded residuals satisfy
CUB-1953's precondition at every sample

CUB-1952 [1CUB-1953 [1CUB-1954
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Proofs pass Contain admit / sorry New CUBs (TEP family) Proof kernels

- Input validation (CUB-1940-1942) - OOD detection (1944-1945) - Certainty / shatter (1943) - EU Al Act override (1946) - Calibration drift (1947-1948)

- Adversarial robustness (1949-1951) - CUSUM identity (1952—-1954) - Detection latency (1955) - Provenance chain (1962-1966)




20 seeds x 3 algorithms x 1000 iters — every single run reaches FAR=0, FDR=100%?2, score=3.0 — walltime < 90 sec

saturation peak (3.0)

1 2 3 5 7 11 13 17 19 23 29 31 37 41 43 a7 53 67 73

All 60 independent search runs converge to the same saturation peak. The result is not seed-dependent, algorithm-dependent, or an artifact of a lucky
initialization. The formal composition CUB-1952 [1CUB-1953 [1CUB-1954 guarantees this is the unique attractor of V3-valid layouts.

2024



IDV-3 FDR IDV-9 FDR IDV-15 FDR d00 FAR

Claude Haiku 4.5 (fast, cheap)

Claude Sonnet 4.6 (strict 16-tok)

Claude Opus 4.7 (reasoning)

WHY LLMs UNDERPERFORM

Fault detection requires accumulating evidence across time (200+ samples). CUB-1921 calibration identity provides a deterministic threshold derived from the

LLMs receive 20-sample windows as text — the temporal integration that fault-free baseline. No probabilistic inference. No prompt engineering. Works with
CUSUM performs over the full residual stream is not available to a token any sensor configuration that satisfies V3 layout invariants.
predictor.
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Extend from 3 confirmed faults to complete IDV 1-20 coverage. Deploy detector inside TDX Trust Domain with DCAP attestation.
EMPIRICAL-class FDR floor per CUB-1959 for each fault family. CUB-1962 SBOM identity verified at runtime by ITA v2 policy engine.

CUB-1960 (syndrome additivity) + CUB-1961 (drift sub-linear) as CUB-1820 bridge from float64 to Q16.16 fixed-point closes the last
foundations for the 500 Rieth 2017 multi-simulation corpus. Per CUB-1965 arithmetic precision gap. Required for riscv32imc deployment without FPU.
bench harness.

PATENTS

1,141 CUBs - 5,972 Verus theorem-bearing functions - 448 spec files - 64-crate monorepo
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