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Abstract

Scientific assistants must preserve evidence as it moves from experimental design to
comparison, decision, and operating instructions. We introduce BIOPROCESSLIN-
EAGE, an evaluation with 12 linked workflows, 78 source-backed facts, and 109
fact—stage requirements from 11 openly licensed publications. Across nine hosted
open-weight model routes, conventional screens are strong, yet direct outputs retain
only 40.1% of complete facts and 7.2% of multi-stage facts consistently, despite
95.6% exact-evidence precision. This separates grounding (support for included
claims) from completeness. In the common eight-route matched comparison,
model-created lineage and graph structures reduce retention, source-unit coverage
certificates add 10.3 percentage points, and deterministic fact-slot compilation
reaches 93.5%. The latter preserves content by design but exposes stage routing
as the next bottleneck. Controlled source interventions support this diagnosis:
removing a target evidence unit lowers target-term retention by 46.7 points, while
restoring it recovers 44.5 points. The results motivate evaluating scientific systems
as information pipelines and protecting source facts before generation.

1 Introduction

Biomanufacturing process development repeatedly transforms evidence. A study defines variables
and ranges where its results support a comparison and decision leading to a decision that becomes an
operating procedure. A value, comparator, or scope qualifier established early may be needed in every
later artifact. Its omission can leave fluent text that no longer represents the supporting experiment.

Current evaluations are poorly aligned with this risk. End-task accuracy can reward the selected
condition without its range or scope. Factuality metrics usually test support for generated claims
rather than coverage of required source facts [Min et al.| 2023 |Wei et al.| 2024]. Recall-oriented
work addresses part of this gap [Liu et al.,2025| Jafar1 et al.,|2026]); a linked scientific workflow adds
stage-specific obligations and repeated use of the same fact.

We therefore ask whether broad task scores predict information retention, whether structured genera-
tion protects facts, and whether source evidence controls downstream artifacts. BIOPROCESSLIN-
EAGE tests these questions with a hidden source-fact inventory, deterministic scorers, matched
interventions, and nine hosted open-weight model routes. It measures where information is lost
without using an LLM judge.

The result is a consistent metric gap: task performance, valid structure, and exact quotations do not
imply conservation. Direct outputs preserve only 40.1% of strict fact—stage requirements. Structures
created by the model inherit its omissions; exhaustive source accounting helps; deterministic copying
protects coverage but over-routes facts. Controlled source interventions show that relevant evidence
changes outputs, locating the main measured bottleneck between evidence availability and reliable
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Figure 1: Linked biomanufacturing information flow. Evidence from source publications is trans-
formed through experimental design, results, comparison, decision rationale, operating procedures,
and structured outputs. A hidden inventory of 78 source-backed facts and 109 fact—stage requirements
tracks whether values, scope, and rationale survive each transformation.

propagation. Our contributions are the fact—stage benchmark, a matched comparison of seven
preservation designs, and an artifact-level causal test of this bottleneck.

2 Related work

Atomic factuality methods test support for generated claims [Min et al., 2023 Wei et al.| [2024];
reference-fact and importance-aware methods add coverage [[Liu et al., 2025, Jafari et al., 2026[]. We
extend this precision—recall distinction to stage-specific requirements: a fact is preserved only where
the workflow needs it, and multi-stage facts must remain complete end to end.

Bioprocess agents combine retrieval, decomposition, planning, verification, or typed protocol com-
pilation [You et al., 2026, [Liu et al.| 2026} [Song et al.,2026]]. We study the information boundary
before those controls: whether the source facts reach every artifact and intermediate representation
they depend on. Our method names denote controlled design patterns, not full reimplementations of
these systems.

3 Problem setting and benchmark

3.1 Fact lineage

A workflow w = (s,0, T, F') contains a bounded source passage s, an objective o, requested stages
T, and hidden reference facts £. Each fact f has an exact evidence quotation, required terms Ky,
optional scope terms, and a set of stages T’y C T" where the fact is needed. The model receives s, o,
and the stage contracts, but never I or T'.

For generated stage text y;, strict fact retention is

1
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Term retention gives partial credit to individual required terms. Cross-stage consistency credits a
multi-stage fact only if all its terms appear in every required stage. Scope preservation applies the
same check to cell line, condition, material, or process qualifiers. Fixed normalization handles case,
spacing, and punctuation. Exact-evidence precision measures submitted quotations found verbatim in
the source; numerical support, schema validity, and stage completion measure separate error modes.
No scorer uses semantic embeddings or an LLM judge.

Figure[I| summarizes the linked information flow; Figure 2] distinguishes early omission from loss
during generation or downstream propagation.

3.2 Workflow construction

BIOPROCESSLINEAGE draws 12 workflows from 11 peer-reviewed, openly licensed biomanufac-
turing articles published from 2017-2023 [Bohl et al., 2021} [Pan et al., 2017} [Torres et al., 2021},
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Figure 2: Observable paths of scientific-information loss. A required fact may be absent before
generation, omitted while an artifact is generated, or present once but not propagated to a later stage.
Filled and open markers denote presence and omission across workflow layers; colors distinguish
multi-stage facts, stage-specific facts, and early or late loss. This representation motivates strict
fact—stage retention and cross-stage consistency.

Table 1: BIOPROCESSLINEAGE contents. The 12 workflows contain 32 requested stage instances
across 11 source groups, 78 reference facts, and 109 fact—stage requirements. Examples are shortened

source-backed passages; bold text marks the content relevant to each stage.

Workflow stage n  Information tracked Example passage

Experimental design 8  Factors, ranges, controls, and  "A three-factor, three-level CCD used 19
responses experiments."”

CPP/CQA identifica- 1  Identities of process parame- "Methotrexate concentration was a criti-

tion ters and quality-attributes cal parameter.”

Condition compari- 6  Conditions and quantitative  "The shift increased Titermax by 54% in

son outcomes BCand 111% in FB."

Process decision 11 Selected conditions, rationale,  "At 32 °C, viability decline was delayed
and bounds by 2 days in BC and 5 days in FB."

Standardization 6  Setpoints, sequence, and ac- "Flasks were incubated at 37 ° C and 220

ceptance criteria

rpm for 90 h."

Marschall et al.l 2023| [Zhang et al. 2023 [Behravan and Hashemil, 2021, |Agbogbo et al., 2020,
Gotsmy et al., |2023| |Liu et al., [2020, |Ghorbant Aghdam et al., 2019, [Sakhnini et al.| 2019]]. It
covers five linked stages; 30 facts are required in multiple stages. Fact-slot scoring defines 107
source-unit—stage gold links; proposition routing uses 314 candidates, including 127 required edges.
Each record includes its exact excerpt, license, URL, and excerpt hash. Validation checks evidence
membership, source integrity, and fact—stage consistency. The inventory was authored independently
of model outputs. Table [l summarizes the workflow contents; stage counts overlap because one
workflow can produce several linked artifacts.

4 Experimental design

4.1 Model panel and common controls

The panel comprises Kimi-K3, GLM-5.2, GPT-OSS-120B, Qwen3.5-397B-A17B, DeepSeek-V4-
Flash, MiniMax-M3, Gemma-4-31B-IT, Qwen3.5-9B, and Qwen3.6-35B-A3B, routed through
Together, Groq, or DeeplInfra. We use temperature 0, seed 20260828, low or disabled reasoning
output, and JSON-object mode when exposed. Predictions are fingerprinted and saved record-by-
record.

Output budgets are 2,304 tokens for lineage and certificate calls, at most 1,024 for graph calls, 96 per
fact-slot routing decision, and 512 per causal artifact. Generated lineage stages are capped at 180
words and causal stages at 70. Because methods differ in calls and deterministic post-processing,
we compare complete systems rather than equal-compute prompts. Each panel reports its exact
available-route denominator (n = 8 or 9) without imputation.



4.2 Capability screens

Three bounded screens test whether conventional capability anticipates preservation. We use the
80 common text items from BioManufacturingBench v1.1 as a descriptive screen; its full pilot
contained 41% zero-variance items and 15.3% negative discrimination estimates, so rank differences
are not treated as a validated leaderboard. Four SOP cases measure required and critical terms, strict
requirement coverage, target-text overlap, JSON validity, and numerical literal support against curated
target text. Five process cases measure factor recall, CPP/CQA element recall, condition-detail recall,
decision critical-term recall, and standardization term recall. These screens provide context for the
linked-workflow measurements.

4.3 Preservation interventions

Every generative method receives the same workflow objective, source, requested stages, scope-
preservation rule, and prohibition on unsupported claims. The interventions test which controls
reduce the loss patterns in Figure

Generation and verification. Direct generates every stage with short exact quotations. Hierarchical
decomposition first lists up to 12 facts and constraints within the same response. Generate—repair
adds a second call with deterministic feedback for malformed JSON, missing stages, unsupported
numbers, and inexact quotations; hidden reference facts are never revealed.

Model-created structure and source accounting. Lineage asks the model to create shared fact
identifiers cited by each stage. Coverage certificates instead segment the visible source into numbered
units that must be accounted for and linked to stages. Dependency graphs ask the model to construct
source-unit nodes and dependencies before stage generation. Verified lineage and certificate variants
receive one source-visible repair call.

Recall-protected compilation. Fact slots present source-exact units as FactIDs. The model selects
IDs for each stage, after which software copies the corresponding text verbatim. Invalid routes select
all units, and globally omitted units are appended to every stage. This design protects recall and
makes routing precision measurable.

One-pass lineage and certificates are paired with direct generation; verified lineage, verified certifi-
cates, graphs, and fact slots are paired with generate—repair. Deltas are computed within route before
aggregation.

4.4 Causal source-evidence intervention

We select one isolated target per workflow whose evidence maps to one source unit and no other
annotated fact. Ranking prioritizes numerical, multi-stage, term-rich, and critical facts, yielding
12 targets. Each is tested with the original source (clean), the target unit removed (ablated), the
target restored as a provenance-labeled packet (restored), or an unrelated fact in the same packet
format (sham). Necessity is clean—ablated retention, restoration is restored—ablated, and specificity
is restored—sham. These contrasts identify effects of controlled input evidence on generated artifacts.

4.5 Aggregation and uncertainty

Metrics are averaged equally across workflows within each route, then equally across available routes.
Intervention effects are paired within route. We report exact denominators, observed ranges, and
descriptive Spearman correlations; no population inference or formal hypothesis test is intended.

5 Results

5.1 Broad capability does not predict strict preservation

Figure 3| gives the common eight-route cross-experiment view: mean common-text benchmark and
isolated process scores are 80.2% and 85.5%, respectively. Across all nine routes, direct strict fact
retention is 40.1% (range 18.5-65.9%) and cross-stage consistency is 7.2%. The benchmark-retention



Table 2: Measured information-preservation outcomes. Percentage-point (pp) changes use the
matched baseline within each model route.

Measurement Observed result n
Grounding vs. completeness 95.0% exact-evidence precision; 38.6% strict fact retention 8
Cross-stage conservation 6.9% of multi-stage facts complete throughout 8
Coverage certificate +10.3 pp retention relative to direct generation 8
Fact-slot compiler 93.5% retention; +53.4 pp relative to generate—repair 8
Fact-slot routing 53.1% precision at 97.3% recall 8
Evidence intervention —46.7 pp after ablation; +44.5 pp after restoration 9
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Figure 3: Cross-model scientific-information preservation. Recorded cost, the seven-endpoint
descriptive summary, experiment scores, and matched retention changes for the common eight-route
subset. The summary equally weights heterogeneous endpoints and the cost is runner-estimated; both
are descriptive.

rank correlation is only p = 0.126 (n = 9). GPT-OSS-120B illustrates the mismatch: 85.0% on the
common-text screen and 94.6% across process metrics, but 18.5% strict retention.

The common eight-route subset in Figure [3] averages 67.7% on the unweighted seven-endpoint
summary (range 60.6-75.9%). Recorded preservation-run cost ranges from $0.022 to $0.593; these
configured token-rate estimates provide run context rather than a normalized cost-effectiveness
comparison. Table 2] summarizes the main measured preservation outcomes; Figures BH3|show their
model-level structure.

5.2 Grounding and completeness measure different behavior

Figure fresolves the metric gap. Across nine direct routes, term retention is 67.0%, complete-fact
retention 40.1%, critical-fact retention 39.1%, and cross-stage consistency 7.2%. In the common
eight-route set, direct outputs attain 95.0% exact-evidence precision, 99.1% supported numerical
literals, and 99.0% stage completion. Grounding is therefore strong for included content while
required content remains incomplete.
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Figure 4: Detailed capability, preservation, and reliability metrics. The top row uses nine routes
for SOP, process, and direct-lineage metrics; the bottom uses the common eight-route subset for
method, fact-slot, and reliability metrics. Each row shares a route axis and 0-100% scale. SOP
“Source F1” uses curated target text; direct evidence precision uses the source passage.

SOP outputs show the same partial-credit pattern: required- and critical-term recall average 77.1%
and 77.3%, but strict requirement coverage is 28.1% (n = 9). Process metrics range from 77.8% to
100%; condition comparison is saturated across all nine displayed routes. These isolated scores do
not expose whether every required detail survives a linked workflow.

5.3 Source accounting protects facts; self-generated structure does not

Figure [5] compares matched effects in the common eight-route set. Lineage changes retention by
—>5.2 points, verified lineage by —6.6, and dependency graphs by —7.4; six, six, and seven routes
respectively show decreases. A representation built from incomplete extraction preserves the omission.
Coverage certificates reverse the direction: one-pass certificates add 10.3 points over direct generation
and verified certificates add 10.4 over generate—repair, with increases in seven routes. Exhaustive
source accounting helps, although certificate retention remains 48.9%.

The fact-slot compiler produces the largest increase: 93.5% mean strict retention and a 53.4-point gain
over generate—repair, increasing all eight routes. Term retention reaches 96.9%, scope preservation
99.6%, and every numerical literal is source-supported. This is a compiler result: software copies
selected units and appends globally omitted units to every stage. Consequently, routing recall is
97.3% but precision is 53.1%. A multisignal proposition router retains the coverage floors at 43.1%
precision. The system can protect content; its next design objective is precise stage assignment.

5.4 Evidence interventions locate the propagation bottleneck

The causal panels in Figure[5]isolate one target source unit per workflow. Across nine routes, removal
lowers target-term retention by 46.7 points and complete-target retention by 36.1. Restoration
recovers 44.5 term points and 32.9 complete-fact points; relative to sham restoration, the target
packet adds 46.1 and 32.9 points. Every route shows positive effects. Relevant evidence therefore
controls artifact content, while direct generation still omits most complete fact-stage requirements.
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Figure 5: Preservation mechanisms and artifact-level causal effects. Top: matched retention effects
and transitions for eight routes. Bottom: necessity (clean—ablated), restoration (restored—ablated),
and specificity (restored—sham) for terms and complete facts across nine routes. The interventions
identify effects on generated artifacts, not internal model mechanisms.

The measured bottleneck lies in selecting that evidence, assigning it to each dependent stage, and
preserving all values and qualifiers.

6 Scope and future evaluation

This study targets literal conservation across 12 workflows from 11 source groups. Exact-term
scoring makes numerical values, ranges, and scope auditable; future evaluation can pair it with
expert adjudication and paraphrase-aware semantic scoring, while expanding CPP/CQA and modality
coverage. The capability screens serve as context rather than a leaderboard; larger calibrated item
banks can test how preservation relates to domain capability.

The comparisons describe model—provider routes under one fixed generation setting and evaluate com-
plete workflows rather than equal-compute prompts. Pinned local checkpoints, repeated generations,
provider replication, and factorial control of calls and output length are natural extensions. The causal
experiment isolates effects of source packets on generated artifacts; local models would additionally
support hidden-state and token-probability analyses, and contamination probes can separate source
use from memorization.

The intended use is evidence-preservation research, not autonomous process control. Process experts,
quality review, and laboratory execution provide the next validation layer for any operational system.

7 Discussion and conclusion

The experiments support a simple mechanism. Standard generation optimizes a plausible answer,
while conservation requires every needed fact to be selected and propagated. Verification can detect
unsupported numbers or inexact quotes, but it cannot repair an omission without first representing



what is missing. Lineage ledgers and graphs therefore inherit extraction gaps; adding structure after
selection does not recover absent content.

Exhaustive source accounting changes that sequence. Certificates require visible units to be considered
before generation, and fact-slot compilation prevents rewriting from changing them. This raises
retention from roughly 40% to 94%, while moderate routing precision identifies the remaining
optimization target. A practical architecture is therefore recall-protected compilation followed by
precision control and human review at the fact—stage boundary.

Scientific assistants should be evaluated as information pipelines, not only as answer generators.
The source interventions show that models use relevant evidence; the linked benchmark shows that
they do not consistently carry all of it forward. Measuring that gap makes preservation an explicit
engineering objective.

Reproducibility statement

The evaluation configuration records model and provider routes, prompt and source hashes, deter-
ministic scoring code, generation options, a fixed seed, and record-level fingerprints. Raw responses
support deterministic re-scoring without regeneration.
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