
Supplementary information. The online version of this article contains supple-
mentary material available in Zenodo at https://zenodo.org/records/18098196. The
archived material includes the source code for quantized LLM inference, evalua-
tion, and figure/table generation, together with extended performance benchmarks
for the quantized LLM on embedded platforms and additional semantic telemetry
visualization traces.

For software traceability, the AI workflow used the archived software package
Bucle2D, version 4.0, publicly deposited in Zenodo at https://zenodo.org/records/
18098196, together with GPTQ-based quantization tools implemented through the
official AutoGPTQ project. The structural engineering workflow was performed using
ANSYS Workbench 2023 / Ansys Mechanical 2023 for topology optimization and
finite-element analysis, and SOLIDWORKS 2023 for CAD geometry preparation.

Proprietary software was accessed under valid institutional or commercial licenses,
whereas open-source software was used in accordance with the corresponding license
terms. The manuscript and supplementary materials report only original outputs
generated with these tools and do not redistribute proprietary software, binaries,
protected graphical assets, or third-party model weights.

Model weights are subject to the respective licenses of their original providers
and are therefore not redistributed. The repository provides scripts and configura-
tion files to reproduce the evaluation using the referenced base models under their
corresponding license terms.

https://zenodo.org/records/18098196
https://zenodo.org/records/18098196
https://zenodo.org/records/18098196

	Introduction
	A systems-engineering correspondence.
	The Motorsport Paradigm
	The Edge AI Paradigm: Hessian-Aware Quantization
	The Convergence Hypothesis
	H1 (Isomorphism of sensitivity).
	H2 (Geometric interpretation of GPTQ).
	H3 (Operational viability via INT4).
	H4 (The edge window).


	Contributions
	Paper Organization

	Theoretical Framework and Cross-Domain Sensitivity Mapping
	Positioning Relative to Prior Work and Research Gap
	Structural Materials vs. Numeric Data Types
	Why bit-width binds latency: a memory-traffic lower bound.

	Topology Optimization and the Stiffness Matrix K
	Quantization and the Curvature Matrix H
	Curvature is not always strictly SPD in deep networks (practical metric view).
	Second-order energy perturbation: compliance vs. loss increase
	Eigenvalue spectra: soft modes and compressible directions
	Geometric Interpretation: GPTQ as a Nearest-Plane Projection
	Geometric intuition (why simple rounding is suboptimal).


	Implications for On-Track ``Edge Windows''
	Inference Integrity Envelope and Systems Efficiency Metrics
	Scope and limitation of the theoretical mapping.


	Methodology for Paired Structural and Digital Lightweighting
	Overall Study Design
	Structural Case Study: Topology Optimization of a Formula Student Upright
	Baseline geometry, material, and loading conditions
	BESO workflow, convergence settings, and manufacturability controls

	Problem Formulation: Quantization as Sensitivity-Guided Removal
	Methodological scope.
	Optional visualization (compile-safe).


	Governing Equations: BESO vs. Hessian-Aware PTQ/Pruning
	Quantization Operators and Process Parameters
	Derived Metrics from Measured Operating-Point Logs
	Staged Evaluation Protocol for Incremental Comparison
	Production-Grade PTQ Toolchains
	GPTQ (Hessian-aware PTQ).
	AWQ (Activation-aware reinforcement).
	Contextual baselines and optional pathways.


	Babai Nearest-Plane as the Core Machining Operator (GPTQ)
	From quadratic loss to a metric projection.
	Why nearest-plane beats rounding (engineering intuition).
	Reproducibility checklist.


	Parameter-Efficient Adaptation as an Optional Extension
	Kernel-Level Realization: MARLIN as ``Finishing''
	Digital Lightweighting Pipeline and Measurement Protocol
	Reference Deployment Architecture for Track-Side Edge Windows
	Telemetry ingestion: the serializer block.

	Methodological Boundaries

	Results
	Hypotheses evaluation summary
	Structural branch results: topology evolution and validated final performance
	Topology progression and morphology before/after optimization
	Generalizability across structural configurations

	Measured digital operating points (VRAM, throughput, integrity, and power)
	Incremental deployment comparison (ablation-style summary)
	H1: Safety-envelope correspondence (structural fatigue margin vs. digital integrity margin)
	H2: Integrity preservation at low precision (perplexity retention and task-grounded reasoning)
	Domain-specific validation: the ``Track Engineer Exam'' (TEE-20)
	Qualitative case study: safety-critical reasoning
	Additional qualitative examples


	H3: Feasibility via bandwidth relief (VRAM , throughput )
	H4: Edge-window feasibility from throughput-to-time mapping

	Discussion
	Cross-domain interpretation: one constraint logic, two substrates
	Discussion aligned with H1–H4
	H1 (Isomorphism of sensitivity).
	H2 (Geometric interpretation of GPTQ).
	H3 (Operational viability via INT4).
	H4 (The edge window).
	Domain validity beyond perplexity.


	Structural progression and what can reasonably be generalized
	Inference integrity envelope: Digital Factor of Safety as an acceptance gate
	Human latency budget and cognitive ergonomics
	IPW and what is (and is not) supported by the current dataset
	Motorsport embedded environment: ECU/DAQ constraints and supervisory compatibility
	Telemetry as a physical signal chain.
	Supervisory-loop compatibility.
	Why unified memory matters (platform-level implication).


	Threats to validity and reproducibility notes
	Closing insight

	Conclusion and Future Work
	Hypotheses revisited (H1–H4)
	H1 (Cross-substrate sensitivity isomorphism).
	H2 (Geometric interpretation of GPTQ under the Hessian metric).
	H3 (Feasibility via bandwidth relief: VRAM and throughput).
	H4 (Edge-window feasibility can be stated deterministically).


	Inference integrity envelope and IPW as embedded design constraints
	Operational implication for premier-class motorcycle edge windows
	Hardware implications: toward FP4-class ``materials''
	Limitations and threats to validity
	Future work
	Supplementary information
	Acknowledgements



	Mathematical Derivation of Hessian-Aware Quantization
	From Quadratic Loss to Metric Projection
	The Explicit Algorithm




