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ABSTRACT OF DISSERTATION 
 
Mission-critical artificial intelligence systems present a verification challenge that neither statistical testing nor purely formal methods can 
address alone. Statistical test and evaluation cannot prove that undesirable behaviors never occur; formal verification of arbitrary 
properties of large neural networks remains intractable; and probabilistic guardrails built on the same learned substrate as the systems 
they protect offer no deterministic guarantee. This dissertation develops a neurosymbolic verification architecture that places Satisfiability 
Modulo Theories (SMT) reasoning in a pre-execution gating position above probabilistic components, producing machine-checkable 
evidence that each released output satisfies a declared policy. 

Three contributions are made. First, Formal Decision Traces (FDTs) are introduced as structured verification artifacts that bind constraint 
specifications, output encodings, proof certificates, and cryptographic attestations into a single machine-checkable record, validated 
across three safety-critical domains at millisecond-scale latency. Second, a family of behavioral contracts for autonomous agents is 
specified and empirically validated across 165 trials against a production large language model, revealing a structural asymmetry between 
attacks that neural safety training covers and attacks that only symbolic verification can cover. Third, the IRON COMPASS methodology 

https://nam02.safelinks.protection.outlook.com/?url=https%3A%2F%2Fdocs.google.com%2Fdocument%2Fd%2F1ERh_zYj8iuykOh1jW85QJjyMVm0Qke2u0IytxwBW9Ho%2Fedit%3Fusp%3Dsharing&data=05%7C02%7Ctkung%40fau.edu%7C5c48ccff4fc748aae19508df0a9cea3c%7C63c3c9c1e824413fb4352f0cabb2828f%7C0%7C0%7C639241341249113628%7CUnknown%7CTWFpbGZsb3d8eyJFbXB0eU1hcGkiOnRydWUsIlYiOiIwLjAuMDAwMCIsIlAiOiJXaW4zMiIsIkFOIjoiTWFpbCIsIldUIjoyfQ%3D%3D%7C0%7C%7C%7C&sdata=IAwLHVzioFHShdbnwhMRyDn4Gn6nPUfo7ZUic0UMfPM%3D&reserved=0
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partitions mission-critical AI assurance into four tiers — formally verified, statistically bounded, empirically tested, and documented 
assumption — each bound to the strongest feasible verification method with an articulated independence argument. 

An auditability layer for AI-enhanced positioning, navigation, and timing (PNT) demonstrates the approach in a representative cyber-
physical setting, with measured SMT decision times of 1.2 to 5.6 ms across policy sizes up to 12 sources and 16 exclusion zones. A 
regulatory cross-walk positions the framework as accountability infrastructure for e-governance under the EU AI Act, the NIST AI Risk 
Management Framework, OMB M-25-21, and the Colorado AI Act. The compositional structure — rather than any single verification layer 
— carries the assurance argument, and provides a path to production deployment of AI components whose correctness must be 
demonstrable and replayable over decade-scale liability horizons. 
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