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Why Naive RAG Fails in Regulated Manufacturing: Deterministic Page-Level Citations for 50,000 SOPs

In general software development, "Retrieval-Augmented Generation" (RAG) usually means taking a collection of
documents, splitting them into naive 500-token chunks, generating embeddings with an off-the-shelf vector
model, and passing the top 5 nearest neighbors into a prompt.

In regulated manufacturing-such as pharmaceutical production, nutraceutical compounding, or clinical medical
operations-this approach is dangerous.

A batch deviation investigation cannot rely on an answer that merely "summarizes" the cleaning validation
protocol. A quality auditor requires the exact Standard Operating Procedure (SOP) identifier, the revision
number, the exact page number, and the specific section paragraph. If a system claims that an autoclave cycle
requires 121°C for 25 minutes, but the citation points to a generic paragraph on glassware drying, the system
fails audit scrutiny.

Here is how we engineer deterministic, page-level citation pipelines for massive private document repositories.

---

1. The Multi-Scale Ingestion Pipeline

Regulated PDF libraries are notoriously heterogeneous. A single archive may contain crisp digital PDFs from
recent ERP exports alongside 15-year-old scanned Batch Production Records (BPRs) featuring skewed text,
handwritten signatures, and dot-matrix stamp overlays.

Our ingestion engine operates across three distinct stages:

• Native Text Stream & Font Extraction: For clean vector PDFs, character bounding boxes and font weights
are preserved directly from the PDF stream, generating an exact spatial document model.

• High-Resolution Computer Vision OCR: For scanned documents, pages are rasterized at 300 DPI and
processed through local optical character recognition models trained on pharmaceutical nomenclature,
chemical formulas, and tabular structures.

• Tabular Geometry Recovery: Certificates of Analysis (CoAs) are primarily tables containing lot numbers,
test parameters, specifications, and observed results. Standard chunking shatters table rows across
chunks, destroying relational meaning. We parse tables into structured Markdown and JSON objects,
anchoring every data cell to its physical bounding box coordinates [x0, y0, x1, y1] on the source page.

---

2. Hybrid Sparse-Dense Retrieval

Dense vector embeddings excel at semantic matching ("how do we handle cleanroom air pressure drops?"), but
fail when searching for exact product SKUs, chemical CAS registry numbers, or specific equipment serial
numbers.

We implement a balanced hybrid retrieval architecture:
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Sparse Lexical Search Dense Semantic Search

(BM25 with Pharma Lemmatizer) (Domain-Fine-Tuned Embeddings)

- Exact Lot / CoA Codes - Contextual Intent

- Equipment Part Numbers - Procedural Variations
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Reciprocal Rank Fusion (RRF)
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Cross-Encoder Re-Ranking Stage

(Top 30 Candidates -> Top 5 Validated)
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v

Context Assembly with Bounding-Box Tokens

|

v

Air-Gapped LLM Inference

By feeding candidates through a cross-encoder re-ranking model executing locally on GPU silicon, we ensure
that the final context windows contain zero irrelevant noise.

---

3. The Unbreakable Attribution Contract

Our agents operate under a strict provenance protocol:

> *Every factual claim, tolerance specification, or procedural step must include a machine-verifiable citation
token referencing [Document_ID : Page_Number : Coordinate_Bounds]. If an assertion cannot be mapped
directly to retrieved evidence, the agent is programmatically blocked from outputting it.*

In the user interface, operators don't simply read generated text-they click any highlighted claim to view the
original PDF rendered side-by-side, with the exact source sentence highlighted in yellow on the source page.

This shifts the AI tool from a speculative "black box" to an accelerated compliance microscope.
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