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Executive Summary

Modern software assurance suffers from a fundamental disconnect:
Organizations can often describe:

what they intended to deploy,
what was approved,

what was built,

and what was scanned,

but cannot continuously prove:
e what is actually executing in runtime environments.
This gap between:

e repository truth,
and:
e runtime truth

has become one of the largest unmanaged risks in modern software-defined systems.

Today’s environments are:
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continuously deployed,
dependency-driven,
orchestrated dynamically,
Al-enabled,

and operationally mutable.

Containers rebuild automatically.
Dependencies shift silently.
Runtime libraries drift operationally.
Infrastructure evolves continuously.

Yet many governance models still rely on:

static SBOMs,

periodic scans,

deployment attestations,

and point-in-time compliance reviews.

This paper introduces:

Repository-to-Runtime Verification

—a Configuration-First Governance model that continuously correlates:

repository state,

build lineage,

SBOM evidence,

deployment provenance,

and runtime operational execution.

The paper defines verification patterns that connect:

e source repositories,
to:
e actual runtime behavior,

using:

continuous evidence generation,
cryptographic provenance,
runtime drift detection,
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e and operational assurance analytics.
The Meta-Governance platform operationalizes these patterns through:

Nexus,
GitViz,
Hurricane,
and Argus.

Together, these systems create continuously verifiable lineage between:

e code,
e configuration,

e evidence,

e and runtime reality.

The Assurance Gap

Traditional software governance evolved around:

e releases,
e approved baselines,
e and deployment checkpoints.

Modern systems no longer operate within these boundaries.

Today:
e code changes continuously,
e dependencies update dynamically,
e infrastructure is ephemeral,
e and runtime environments drift operationally.

Organizations may possess:

approved repositories,

validated builds,

signed artifacts,

and compliant deployment pipelines,
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while runtime systems behave materially differently.
This creates a dangerous assurance gap between:

e repository intent,
and:
e runtime execution.

The Core Operational Problem

Modern software assurance ultimately reduces to one critical challenge:

Can operational runtime state be
continuously verified against repository
lineage?

This requires proving:

what code existed,

how it evolved,

what dependencies were resolved,
what artifacts were generated,

what infrastructure deployed them,
and what actually executed at runtime.

Most organizations cannot continuously answer these questions.

The Shift to Configuration-First
Governance
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Configuration-First Governance treats:

e configuration state
as:
e the primary assurance object.

Not documentation.
Not architecture diagrams.
Not point-in-time certifications.

Actual operational configuration determines:

what software executes,

what dependencies exist,

what services communicate,

and what risks are operationally present.

This requires connecting:

e repository truth,
to:
e runtime truth.

Repository-to-Runtime Verification

Repository-to-Runtime Verification establishes continuously measurable lineage between:

repositories,

builds,

artifacts,

deployments,

and runtime operations.

This transforms governance from:

e assumption-based trust,
to:
e continuously verifiable operational integrity.
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Verification Pattern 1

Repository Lineage Validation

The first requirement is proving repository integrity itself.
This includes:

commit ancestry,

branch lineage,

contributor identity,
dependency manifests,
merge chronology,

and configuration evolution.

Git repositories become:

e evidence-bearing operational assets.
GitViz
Within Meta-Governance, GitViz provides:

repository intelligence,

commit graph analysis,
dependency evolution tracking,
branch lineage visibility,

and historical provenance analysis.

GitViz establishes:

e repository chronology as the operational anchor for downstream assurance.

Verification Pattern 2
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Build Provenance Verification

A trusted repository alone is insufficient.
Organizations must verify:

how artifacts were built,

what dependencies resolved,

what environments executed builds,
and what pipelines participated.

This includes validating:

compiler/toolchain versions,
CI/CD workflows,

build parameters,
dependency resolution,

and generated outputs.

Build provenance establishes:

e reproducibility,
e integrity continuity,
e and trusted artifact lineage.

Verification Pattern 3

SBOM Operational Binding

Software Bills of Materials (SBOMs) provide visibility into software composition.
Standards such as:

e CycloneDX
e and Software Package Data Exchange

establish:
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e dependency inventories,
e supplier visibility,
e and component relationships.

However:
static SBOMs alone do not prove runtime integrity.

SBOMs must become:

e operationally bound evidence objects.

Nexus

Nexus operationalizes this capability through:

dependency discovery,
repository crawling,
SBOM generation,
package lineage analysis,
and topology mapping.

Nexus creates:

e continuously refreshable software composition evidence.

Verification Pattern 4

Evidence Timeline Correlation

Modern assurance requires preserving:
e chronology,
e lineage,

e and operational evolution over time.

Evidence must remain:
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e historically traceable,
e cryptographically anchored,
e and operationally correlated.

Hurricane

Hurricane functions as the evidence and provenance layer of Meta-Governance.
Hurricane:

stores evidence artifacts,

correlates SBOM lineage,

preserves repository chronology,

manages cryptographic attestations,

and maintains historical evidence continuity.

This creates:

e continuously queryable operational history.

Verification Pattern 5

Runtime Observation Verification

Repository assurance alone is insufficient.

Organizations must continuously observe:
e actual runtime execution.

This includes:

running processes,
loaded libraries,
active dependencies,
container contents,
orchestration state,
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e and infrastructure behavior.

Argus
Argus operationalizes runtime assurance by collecting:

runtime snapshots,
process evidence,
execution fingerprints,
dependency observations,
and operational telemetry.

Argus establishes:

e continuously measurable runtime truth.

Verification Pattern 6

Repository-to-Runtime Correlation

The most critical verification pattern is correlating:

e runtime execution,
back to:
e repository lineage.

This enables organizations to determine:

whether runtime systems match approved repositories,
whether runtime dependencies align with SBOM baselines,
whether operational drift has occurred,

and whether executing systems remain trustworthy.

This creates:

e end-to-end operational lineage.
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Runtime Drift Detection

Drift is inevitable in modern environments.
Runtime systems evolve through:

orchestration activity,
dependency mutation,
infrastructure scaling,

hot patches,

injected libraries,

and operational changes.

Repository-to-Runtime Verification enables:
e continuous drift detection.
This includes identifying:

unauthorized processes,
dependency divergence,
untracked runtime libraries,
unexpected binaries,

and operational anomalies.

Cryptographic Provenance

Repository-to-Runtime Verification requires:
e cryptographic integrity,
e tamper-evident evidence,
e and provable lineage continuity.

This includes:

e signed attestations,
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e deterministic hashing,
e Merkle validation,
e and cryptographic trust chains.

Cryptographic provenance establishes:

e where artifacts originated,
e what changed,
e and whether evidence remains trustworthy.

Continuous Assurance

Traditional governance often relies on:

e periodic scans,
e static reports,
e and retrospective audits.

Repository-to-Runtime Verification enables:
e continuous operational assurance.
Evidence becomes:

continuously generated,
operationally attached,
runtime-aware,

and cryptographically verifiable.

This transforms governance from:

e audit-centric validation,
to:
e operational integrity measurement.

cATO and Federal Assurance
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Continuous Authorization to Operate (cATO) initiatives increasingly require:

e operational evidence continuity,
e runtime validation,
e and continuously measurable integrity.

Repository-to-Runtime Verification directly supports:

continuous assurance models,
software supply chain visibility,
runtime drift validation,

and evidence automation.

Without runtime correlation:
cATO risks governing:

e deployment assumptions,
rather than:
e operational reality.

Al and Autonomous Systems

Al-enabled systems introduce additional verification challenges.
Organizations increasingly require the ability to validate:

model provenance,
runtime inference behavior,
dependency lineage,
orchestration integrity,

and operational drift.

Repository-to-Runtime Verification patterns provide foundational governance structures for:

e Al assurance,
e agentic systems,
e and autonomous operational workflows.
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Air-Gapped and Sovereign Operations

Repository-to-Runtime Verification becomes especially important in:

aerospace,

defense,

tactical edge,

industrial systems,

and sovereign operational environments.

These systems require:

local evidence generation,
offline validation,
cryptographic independence,
and operational survivability.

Meta-Governance enables:

e continuously verifiable operational assurance,
even within:
e disconnected or air-gapped infrastructures.

Executive Visibility

Executives increasingly require answers to operational questions such as:

What code is actually running?

What changed?

What drifted?

Which dependencies are operationally active?
Which systems remain trustworthy?

Repository-to-Runtime Verification enables:

e continuously measurable operational trust,
e live assurance visibility,
e and evidence-backed governance analytics.
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The Strategic Shift

The software industry is transitioning from:

e deployment-centric governance,
to:
e runtime-centric assurance.

Organizations can no longer assume:

e deployed systems remain stable,
e approved repositories remain operationally accurate,
e or signed artifacts remain trustworthy indefinitely.

Operational truth must become:

e continuously observable,
e continuously measurable,
e and continuously provable.

Repository-to-Runtime Verification operationalizes this future.

Conclusion

Modern software-defined systems evolve too rapidly for:

e static inventories,
e point-in-time scans,
e and assumption-based governance.

Organizations increasingly require the ability to:

e continuously correlate repository lineage,
e validate runtime execution,
e detect operational drift,

e and preserve cryptographic evidence continuity.
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Repository-to-Runtime Verification provides this capability.

By combining:
e GitViz,
e Nexus,
e Hurricane,
e and Argus,

Meta-Governance establishes continuously verifiable lineage between:

e source code,

e software composition,

e evidence,

e and operational runtime reality.

The future of software assurance depends not on trusting deployments.

It depends on continuously proving operational execution.

Meta-Governance

Nexus ° GitViz « Hurricane * Argus

Proof. Not Promises.
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