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ABSTRACT

Long-horizon autonomous research pipelines require stronger guarantees than prompt-level coordi-
nation alone. We study a contract-governed orchestration framework in which research execution is
modeled as a typed directed acyclic graph with validator-gated transitions, bounded corrective poli-
cies, and append-only provenance traces. We adopt validator-gated workflow patterns and protocol
threat assumptions from prior orchestration and security work, and we define three optimization
objectives for committed-prefix safety, bounded recovery, and security–provenance tradeoffs. The-
oretical analysis establishes three results under explicit assumptions: committed-prefix soundness
under compositional semantic and type guards, non-oscillation under finite corrective depth and
strict potential descent, and false-acceptance contraction for covered attack classes under composite
guards together with provenance invariance under hash-linked append-only traces. We connect these
statements to audit experiments on a real orchestration substrate with symbolic checks and adversar-
ial boundary tests. Evidence shows zero unsafe commits only in the intended compositional regime,
recovery remains bounded only under finite-depth and descent conditions, and security gains hold
for covered attack classes with uncovered-class failures reported as caveats. The result is a formal
and empirical blueprint for auditable, extensible, and scientifically interpretable multi-agent research
orchestration.

1 INTRODUCTION

Recent progress in agentic AI systems has shifted attention from isolated model calls to persistent, multi-step work-
flows in which planning, tool execution, validation, and revision are distributed across interacting agents (Song et al.,
2026b; Chang & Geng, 2025; Sawant, 2026; Ferrag et al., 2025; Wei et al., 2025). This shift has improved practi-
cal capability, but it has also exposed a structural gap between empirical orchestration success and formally stated
correctness conditions. In particular, long-horizon pipelines accumulate subtle state dependencies: a local validator
decision can alter the reachable future graph, reroute/backtrack actions can affect provenance semantics, and security
assumptions at one stage may not be preserved when branches reconverge. These problems are visible across workflow
domains, including software engineering, scientific discovery, network management, and domain-specific industrial
orchestration (Jin et al., 2025; Yamada et al., 2025; Pham et al., 2026; Wang et al., 2025b;a; Sun et al., 2025; Sun &
Liu, 2025; Stewart & Buehler, 2025).

The central question of this report is not whether orchestration can be useful, but whether it can be made mathemati-
cally explicit and auditable under realistic long-horizon conditions. Existing systems provide strong design patterns:
role decomposition, staged validation, and policy-controlled adaptation (Song et al., 2026b; Sawant, 2026; Chang &
Geng, 2025; Marozau, 2025; Medeiros & Cavalcante, 2025). Security literature also shows that prompt-only filtering
is insufficient when attack surfaces include protocol interactions, trust score manipulation, and cross-agent message
dependencies (Ferrag et al., 2026; Ismail et al., 2025; Gao et al., 2025; Han & Choi, 2025). Formal-method studies
provide useful contract-level reasoning templates, yet these are rarely integrated end-to-end with modern language-
agent runtimes (Song et al., 2026a; Dinu et al., 2024; Glas & Morrow, 2026). The gap therefore sits at the interface of
systems, formal analysis, and adversarial robustness.

This report develops a contract-governed graph semantics for autonomous research pipelines and evaluates the result-
ing claims through audit experiments on a concrete orchestration substrate. We treat the orchestration state as a typed
graph process with hard validators, policy actions in {continue, reroute, backtrack, branch}, and immutable trace
updates. We then formulate explicit objectives and feasible sets, derive assumption-qualified theorems, and connect
those derivations to symbolic checks and boundary experiments.
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Contributions.

• We define a contract-governed orchestration formalism with explicit objectives, decision variables, feasible
sets, and optimality criteria for long-horizon autonomous research execution.

• We prove safety and recovery results under explicit assumptions, making clear which guarantees are inherited
from prior conventions and which are newly introduced.

• We establish security and provenance results that combine protocol predicates and trust thresholds, including
provenance invariance under append-only hash-linked traces.

• We provide empirical and symbolic evidence with explicit negative-result boundaries, so each major state-
ment is linked to executed checks rather than narrative plausibility.

The broader relevance is cross-domain: any system that uses multi-agent decomposition over long horizons must
reason about compositional safety, recovery boundedness, and evidence integrity (Xin et al., 2025; Reddy & Shojaee,
2025; Hou et al., 2025; Dong et al., 2025; Shao et al., 2025). By making those obligations explicit and testable, we
aim to provide a reusable blueprint for rigorous research-as-a-service architectures.

An additional motivation is methodological clarity for scientific communication. Long-horizon autonomy papers of-
ten intermingle architectural novelty, empirical gains, and governance claims in ways that make falsification difficult.
By separating objective definitions, theorem scopes, and evidence channels, we seek to reduce ambiguity about what
was actually proved, what was only observed, and what remains conditional. This distinction is especially impor-
tant for systems intended to support scientific workflows, where mistaken claims can propagate through downstream
hypotheses, analyses, and report generation.

From a systems-engineering perspective, this framing also clarifies deployment decisions. Teams can map each guar-
antee to concrete preconditions before enabling autonomous branching in production workflows. If validator composi-
tion assumptions are met, committed-prefix safety theorems justify stronger automation policies; if those assumptions
are weakened, the same formalism predicts failure modes and motivates stricter escalation gates. Likewise, recovery
guarantees under bounded corrective depth provide practical criteria for watchdog controllers that must decide whether
to continue local correction, reroute to a specialized role, or trigger human intervention. The contribution links the-
orem validity, runtime observability, and governance policy in a single auditable path from claims, to equations, to
code-level checks, and finally to published report statements.

2 BACKGROUND AND RELATED WORK

This section situates the report in five connected literatures: workflow orchestration, symbolic-contract formalisms,
protocol security, autonomous scientific discovery systems, and audit-driven reliability methodology. The goal is not
exhaustive coverage, but grounding for the formal objects introduced later. Each subsection identifies what prior
work establishes, what remains under-specified for long-horizon multi-agent settings, and how those gaps map to the
theorem obligations analyzed in this report. We use this structure to keep citation use disciplined: prior work informs
assumptions and threat models, while the objectives and proofs provide the claim core. This avoids conflating literature
consensus with theorem guarantees and keeps responsibility for new claims explicit. Across domains, contemporary
orchestration systems increasingly share one architectural pattern: they decompose decision labor across specialized
roles, route artifacts through explicit stage boundaries, and preserve state over long horizons to enable continuity
and audit (Song et al., 2026b; Chang & Geng, 2025; Wang et al., 2025b; Sun et al., 2025; Hou et al., 2025; Zhang
et al., 2025; Dong et al., 2025). This convergence is important because it creates a common vocabulary for comparing
methods that otherwise target different end goals. However, shared architecture does not imply shared guarantees.
Many systems demonstrate practical gains while leaving formal scope implicit, especially when adaptive branching,
rerouting, and rollback are active.

Formal-method and symbolic-control sources suggest reading this space through three layers. The first layer asks
whether local transition conditions are explicit and checkable. The second asks whether those local conditions com-
pose into global statements over committed traces. The third asks whether provenance remains invariant under correc-
tive control so that downstream scientific claims stay auditable (Song et al., 2026a; Sawant, 2026; Dinu et al., 2024;
Glas & Morrow, 2026). Existing papers frequently cover one or two layers well, but fewer cover all three. This view
motivates our report design: we separate local safety, bounded recovery, and security–provenance arguments, then
reconnect them through shared objectives and feasibility constraints.

Security literature further clarifies why this separation is necessary. Protocol exploit analyses show that prompt-level
hardening can be bypassed by interaction-level attacks, and trust-only acceptance rules can retain high false-accept risk
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in specific classes (Ferrag et al., 2026; Ismail et al., 2025; Gao et al., 2025; Ferrag et al., 2025). Governance-oriented
proposals add stronger audit and policy controls, yet they often stop short of formal composition claims for heavily
branching corrective execution (Glas & Morrow, 2026; Xin et al., 2025; Reddy & Shojaee, 2025). Without explicit
theorem scopes, robustness improvements can be overgeneralized. We avoid that error by making coverage predicates
and boundary classes explicit.

A parallel challenge is objective mismatch. Discovery-oriented systems prioritize exploration throughput, whereas
governance-oriented systems prioritize constraint satisfaction and trace accountability (Hou et al., 2025; Zhang et al.,
2025; Dong et al., 2025; Glas & Morrow, 2026; Reddy & Shojaee, 2025). Both priorities are valid but induce different
cost functions and different acceptable failures. Literature that blends them narratively without formal objectives is
difficult to falsify. Our approach is to encode these tensions directly through objective definitions and weighted terms,
then evaluate each claim against its own metric rather than one aggregate utility.

This framing sets the novelty boundary for the report. We do not claim novelty in role decomposition, validator gating,
provenance logging, or threat awareness themselves; these are established in prior work (Song et al., 2026b; Sawant,
2026; Ferrag et al., 2026; Glas & Morrow, 2026). The contribution is narrower and testable: a contract-governed
optimization formalism with explicit assumptions, proofs, symbolic checks, and counterexample regimes on a real
orchestration substrate. The following subsections synthesize the most relevant clusters and identify the contradiction
points that motivate our theorem family.

2.1 WORKFLOW ORCHESTRATION AND ROLE DECOMPOSITION

Role-specialized orchestration is now a dominant pattern in agentic systems. Paper-writing and planning frameworks
report improvements from separating planning, execution, and review responsibilities (Song et al., 2026b; Chang &
Geng, 2025; Marozau, 2025; Medeiros & Cavalcante, 2025). Infrastructure-oriented systems similarly use explicit
coordinator modules to mediate task routing and policy selection (Wang et al., 2025b; Sun et al., 2025; Ihaddaden,
2025). These works provide strong evidence that decomposition improves operational control. Their limitation is that
correctness is usually reported as aggregate success rates rather than compositional transition guarantees.

Context and transaction management studies move closer to formal control. Saga-style orchestration and validator-
gated phase transitions introduce rollback semantics, intermediate checkpoints, and state consistency targets (Chang &
Geng, 2025; Sawant, 2026). These patterns motivate our model of hard validator conjunctions and bounded corrective
actions. However, most available results remain tied to methods or implementations: they establish useful mechanisms
but not complete statements about committed-prefix soundness under explicit assumptions.

2.2 FORMAL AND SYMBOLIC FOUNDATIONS

The formal-method lineage provides key guidance for contract-based reasoning in orchestrated systems. Tool orches-
tration methodologies in formal software contexts show how interface contracts and proof obligations can be propa-
gated through heterogeneous execution layers (Song et al., 2026a). Symbolic language constraints and admissibility
filters provide additional structure for mapping unstructured model output into verifiable objects (Dinu et al., 2024).
Inference-time governance studies further emphasize provenance-aware runtime controls (Glas & Morrow, 2026).

The strength of this cluster is precise semantics. The limitation is deployment integration: symbolic and contract
reasoning are often not coupled to long-horizon agent pipelines where branching, dynamic rerouting, and adversarial
perturbations are common. Our approach builds on these ideas but links theorem statements to audit experiments.

2.3 SECURITY, TRUST, AND PROTOCOL ROBUSTNESS

Protocol-level threat models show that adversarial failures in multi-agent workflows cannot be reduced to prompt
hygiene (Ferrag et al., 2026; Ismail et al., 2025). Trust-based coordination models contribute useful probabilistic
decision criteria but can be brittle when trust surrogates are manipulable (Gao et al., 2025; Han & Choi, 2025). Security
orchestration work in operational settings reinforces this point: control-theoretic or rules-based gate composition can
reduce false acceptance in covered regimes, but unmodeled threat classes still dominate residual risk (Ismail et al.,
2025; Sun & Liu, 2025; Wang et al., 2025a).

Our security formulation therefore treats trust and protocol predicates as jointly necessary and formally separable.
This design choice is directly motivated by contradictions between optimistic quality-centric workflow reports and
adversarial analyses that show protocol exploits can bypass purely trust-based gating (Ferrag et al., 2026; Gao et al.,
2025; Ismail et al., 2025; Ferrag et al., 2025).
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2.4 AGENTIC SCIENCE CONTEXT AND GAP SYNTHESIS

Agentic-science surveys and domain studies highlight a central need: reliability and auditability must scale with
autonomy depth (Xin et al., 2025; Reddy & Shojaee, 2025; Wei et al., 2025). Domain systems in chemistry, biomedical
analysis, and fluid dynamics show practical feasibility of automated multistage pipelines (Pham et al., 2026; Zhang
et al., 2025; Klang et al., 2025; Dong et al., 2025; Stewart & Buehler, 2025). Yet these systems rarely provide formal
bounds for heavily branching orchestration dynamics. The gap is a lack of compositional guarantees that remain valid
under recovery policies, adversarial inputs, and provenance constraints.

This report addresses that gap with a formal core of explicit assumptions and proofs, supported by audit experiments
and symbolic checks that expose both supported regimes and failure boundaries.

2.5 CONTRADICTION MAP AND CONTRIBUTION BOUNDARY

Three contradictions in the literature motivate the report’s structure. The first is a proof contradiction: systems papers
report robust coordination improvements, yet formal closure for global transition safety is often absent (Song et al.,
2026b; Chang & Geng, 2025; Wang et al., 2025b). This makes it difficult to separate principled guarantees from
dataset-specific empirical luck. We address this by defining global objective functions and proving only what can be
proved under named assumptions.

The second is a security contradiction. Workflow studies frequently emphasize quality checks, while threat analyses
show that protocol exploits can bypass prompt-centric defenses and trust-only gates (Ferrag et al., 2026; Ismail et al.,
2025; Gao et al., 2025). We therefore encode security claims as conditional statements over covered attack classes and
treat uncovered-class failures as expected boundary evidence rather than anomalies.

The third is an audit contradiction. Provenance is widely discussed as necessary for trustworthy autonomy (Glas &
Morrow, 2026; Xin et al., 2025; Reddy & Shojaee, 2025), but many practical systems lack formal invariance guarantees
when corrective branching is active. We include a dedicated recurrence-based provenance theorem to close this gap at
the formal level.

These contradictions define the novelty boundary. We do not claim a universal solution to autonomous science relia-
bility. We claim a narrower contribution: a contract-governed orchestration formalism where each major claim has an
explicit assumption set, a proof path, an executable check, and a concrete counterexample regime.

3 PROBLEM FORMULATION AND NOTATION

We now define the orchestration object, state-transition semantics, and assumption blocks used by all theorem state-
ments. The emphasis is precision: each symbol is tied to an executable transition condition and each assumption block
is structured so that premise removal has a predictable failure signature. This formulation makes it possible to compare
proofs and runs on the same model instead of treating empirical diagnostics as post hoc support. A second objective is
portability. By expressing transitions and assumptions in reusable algebraic form, the framework can be transplanted
to adjacent domains without rewriting the reasoning vocabulary from scratch. This portability is important for future
cross-domain validation promised in the later sections.

3.1 CONTRACT-GOVERNED ORCHESTRATION SYSTEM

We model orchestration as
Q = (G, C,Φ,Π,M, T ), (1)

where G = (V,E) is a finite directed acyclic phase graph with V finite and E ⊆ V × V , C = {Ce}e∈E is an
edge-contract family, Φ is a validator family, Π is a meta-orchestration policy, M is persistent memory, and T is
an append-only execution trace. The system is discrete-time and finite-horizon unless explicitly stated otherwise:
N0 = {0, 1, 2, . . .}, Hhor ∈ N≥1, and empirical objectives use t ∈ {0, . . . ,Hhor − 1}. For an edge e = (u, v), we use

Ce = (τ ine , τ
out
e ,pree,poste), (2)

where type signatures τ ine , τ
out
e are labels for admissible typed artifact sets and predicates pree,poste encode tran-

sition admissibility. The artifact semantics used in the formal development are typed sets equipped with Boolean
admissibility predicates and scalar audit metrics, giving a finite typed transition system over committed traces.

We adopt validator-gated transition conventions from prior workflow literature (Sawant, 2026; Chang & Geng, 2025;
Song et al., 2026a) and define three optimization objectives, each aligned to one scientific claim family: (i) committed-
prefix safety, (ii) bounded recovery, and (iii) security–provenance tradeoff. The tuple in equation 1 is intentionally
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Table 1: Formal applicability scope for symbols and claims. Domains, ranges, and named assumption blocks are part
of the claim contract for each theorem statement.

Object Domain or range Applicability regime
G = (V,E), e = (u, v) V finite, E ⊆ V × V , G acyclic; e ∈ E. A4 supplies a topological commit order for committed-prefix

induction.
S, st st ∈ S, where S is the set of typed graph, memory, policy-

context, and trace configurations.
The audit model advances one transition at a time in discrete
time t ∈ N0.

A, at, Π A = {continue, reroute, backtrack, branch}
and at ∈ A; Π : S → ∆(A) for stochastic policies, with
deterministic policies as point masses.

Expectations are taken on a finite probability space (Ω,F, P)
induced by seeds, policy randomization, and workload draws.

yt, Φt, ϕhard
e yt ∈ Yet for the active edge output space; Φt ∈ {0, 1}mt ;

ϕhard
e : Ye → {0, 1}.

Safety claims use A1–A3 with semantic and type hard guards;
schema-only, trust-only, and disabled-hard-guard settings are
recorded as boundary probes.

pree, poste Boolean predicates on typed edge inputs, outputs, and state
context.

A3 applies monotonicity to hard safety predicates over com-
mitted prefixes.

J1, committ, Safe J1 ∈ N0; committ, Safe(st) ∈ {0, 1}. The zero optimum is over F1 under A1–A4 and counts com-
mitted transitions.

B, δ, η, V (st), c B ∈ N≥1; δ ∈ R>0; η ∈ R≥0 with experimental theorem-
regime runs using δ > η; V : S → R≥0; c : A × S →
[0, cmax].

B1–B4 specify finite corrective depth, strict descent, bounded
costs, and rollback-comparator alignment. Stress runs perturb
these settings to generate boundary evidence.

θ, κ, gθ,κ θ ∈ [0, 1]; κ indexes protocol predicates; gθ,κ : Y →
{0, 1}.

FAR contraction is a set-inclusion result for a common dis-
tribution on covered attack classes. Coverage diagnostics are
reported separately for uncovered or shifted classes.

FAR,FRR,ProvLoss Rates in [0, 1] estimated from finite class-stratified samples;
α, β, γ ∈ R≥0 with α + β + γ > 0.

Threshold tradeoffs are finite-sample audit rates for the exe-
cuted protocol.

rt, ht,Hash rt ∈ R, ht ∈ D, and Hash : D × R → D. C2–C4 specify append-only records, previous-hash links,
guarded commits, and the operational collision-resistance as-
sumption. Mutation probes test trace-integrity diagnostics.

minimal: every coordinate maps to an executable component used during audit runs. This mapping matters because
later contradiction tests toggle assumptions at the level of contracts, validators, and policy actions, so theoretical
premises and executable diagnostics remain synchronized.

3.2 STANDING ASSUMPTIONS

We use three assumption blocks.

Safety block (A1–A4): typed normalization preserves validator-relevant semantics; validator acceptance implies
downstream preconditions; hard safety predicates are monotone over committed prefixes; commit order follows graph
topology.

Recovery block (B1–B4): corrective depth is bounded by B ∈ N≥1; corrective actions decrease a potential V : S →
R≥0 by at least δ ∈ R>0; stage costs c : A× S → [0, cmax] are nonnegative and bounded for cmax ∈ R≥0; a rollback
comparator policy is behaviorally comparable.

Security/provenance block (C1–C4): protocol predicates cover declared attack classes; trace updates are append-
only; each record hash-links to the previous committed record; mandatory guard checks cannot be bypassed before
commit.

These assumption blocks define the validity regimes for the theorem statements and audit diagnostics.

3.3 FORMAL APPLICABILITY SCOPE

This subsection records the mathematical setting used by the formal statements, objectives, metrics, and reported
evidence. The proofs use finite typed state spaces, Boolean predicates, topological orders on finite graphs, finite-
horizon sums, and finite-probability expectations over seeds, workloads, and policy randomization.

3.4 ROLE SEMANTICS AND STATE TRANSITION ALGEBRA

The graph-level model is paired with role semantics for three agent classes: an orchestrator that updates global state
and policy context, an executor that performs phase-local transformations under contracts, and a scientist role that
proposes remediation or decomposition changes when uncertainty rises. This role separation is common in modern
systems (Song et al., 2026b; Marozau, 2025; Medeiros & Cavalcante, 2025), but here it is formalized through transition
operators rather than narrative modules.
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Let st denote global state at step t, and let at ∈ {continue,reroute,backtrack,branch} be the policy
action. We define update operator

st+1 = U(st, at, yt,Φt,Mt), (3)
where yt ∈ Yet is normalized output on the active edge, Φt ∈ {0, 1}mt is the validator outcome tuple, and U :
S × A × Yet × {0, 1}mt ×M → S is defined only for typed inputs satisfying the edge contract. Admissibility and
commit rules are

A(st, at, yt) = 1 ⇒ CommitAllowed(st, at, yt), (4)
CommitAllowed(st, at, yt) ⇒ Tt+1 = Tt∥rt. (5)

Equations equation 3–equation 5 formalize validator-gated conventions (Sawant, 2026; Chang & Geng, 2025; Song
et al., 2026a). The admissibility implication in equation 4 is the hard-gate link between role-level policy actions and
commit eligibility, so every downstream safety argument can be traced to a single transition predicate rather than to
informal runtime heuristics.

This algebra resolves an ambiguity common in workflow reports: whether corrective actions are external exceptions or
intrinsic transitions. In our formulation they are intrinsic, which is necessary for finite-recovery proofs and provenance
invariance under adaptive control.

The algebra also clarifies optimization responsibility. Policy creativity does not imply unconstrained commits: actions
from Π remain subordinate to hard validators and contract admissibility. This asymmetry is central to why committed-
prefix safety can be proved in section 5 and falsified in controlled boundary runs.

The recurring symbols used below are introduced in place rather than collected in a separate notation table. Graph
and contract primitives are defined in equation 1–equation 2; validator outputs, policy actions, and trace updates are
defined in equation 3–equation 5; and objective quantities are defined alongside J1, J2, and J3 in the method section.
This keeps each symbol close to its first mathematical use while Table 1 provides the domain, range, and applicability
information needed for proof checking.

4 METHOD: OBJECTIVES, FEASIBLE SETS, AND POLICY STRUCTURE

The method section converts the system model into three optimization objectives aligned to the three claim families:
committed-prefix safety, bounded recovery, and security/provenance control. For each objective we state a feasible set
that makes theorem premises explicit and testable. The policy block then specifies how these constraints are enforced
during execution, so formal proofs and runtime behavior share the same control semantics. This section also explains
how to read the evidence. Every metric in the audit protocol is mapped to one objective or feasibility condition, so
numeric outcomes can be read as evidence for or against stated premises rather than as generic performance indicators.

4.1 OBJECTIVE FOR COMMITTED-PREFIX SAFETY

For finite horizon Hhor ∈ N≥1, we define

J1(Π,Φ
hard) =

Hhor−1∑
t=0

1[committ ∧ ¬Safe(st)] , (6)

with feasible set

F1 =

{
(Π,Φhard) : committ ⇒

∧
et∈Et

ϕhardet (yt) = 1

}
. (7)

The optimality criterion is
(Π⋆,Φ⋆) ∈ arg min

(Π,Φhard)∈F1

J1(Π,Φ
hard). (8)

Equation equation 8 states the optimization target for the safety objective, while equation 6 is used in section 5 to prove
a zero-unsafe-commit optimum under A1–A4 and in section 7 to interpret boundary failures when assumptions are
disabled. This objective intentionally measures only committed-prefix violations, not all intermediate policy proposals.
The separation matters because branch exploration can include unsafe candidates that are never committed. By scoring
only committed transitions, J1 aligns with the safety claim actually proven in Theorem 5.2 and avoids conflating
exploratory search behavior with accepted-state integrity. This design choice also sharpens comparator interpretation.
A baseline can appear competitive if it produces fluent intermediate candidates, yet still be unsound if even a small
fraction of unsafe states enter the committed prefix; equation 6 ensures those failures dominate the objective exactly
where the formal claim places emphasis.
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4.2 OBJECTIVE FOR BOUNDED RECOVERY

We define

J2(Π) = E

[
Hhor−1∑
t=0

c(at, st)

]
+ λE[Nviol], (9)

with feasibility constraints

F2 = {Π : Nrb(ω) ≤ B ∀ω ∈ Ω, V (st+1) ≤ V (st)− δ for every corrective transition t} . (10)

HereNrb ∈ N0 counts reroute/backtrack actions, Nviol ∈ N0 counts unresolved violations, B ∈ N≥1 is the configured
corrective-depth bound, λ ∈ R≥0 is the violation-penalty weight, V : S → R≥0 is a scalar recovery potential distinct
from the node set V of G, and δ ∈ R>0 enforces strict potential descent. The expectation is over the finite probability
space (Ω,F ,P) induced by seeds, workload draws, and any stochastic policy choices. Equation 9 and equation 10 are
used to derive non-oscillation and bounded correction length in section 5. The constraints in F2 are paired deliberately:
bounded corrective depth alone does not prevent short-cycle oscillation, and descent alone does not cap episode length
under repeated branching. Together they enable a finite-horizon guarantee. The experimental protocol toggles these
conditions separately to verify that each premise has distinct and observable impact. The weight λ is a governance
penalty on unresolved violations. Increasing λ prioritizes rapid contradiction closure over exploratory branching,
while decreasing λ permits broader search at the cost of longer correction trajectories.

4.3 OBJECTIVE FOR SECURITY AND PROVENANCE

For trust threshold θ and protocol policy κ, we define

gθ,κ(y) = 1[trust(y) ≥ θ] · 1[ψκ(y) = 1], (11)

J3(θ, κ) = αFAR(θ, κ) + β FRR(θ, κ) + γ ProvLoss(κ). (12)

Here y ∈ Y ranges over candidate artifacts subject to security screening, θ ∈ [0, 1], gθ,κ : Y → {0, 1}, and FAR, FRR,
and ProvLoss are rates in [0, 1]. The weights satisfy α, β, γ ∈ R≥0 and α + β + γ > 0. The feasible set encodes
C1–C4, including append-only hash-link invariance. We emphasize provenance in this objective because protocol-
level exploit analyses show trust-only gating is insufficient (Ferrag et al., 2026; Ismail et al., 2025; Gao et al., 2025).
The weighting tuple (α, β, γ) should be interpreted as governance priorities rather than purely statistical calibration
constants. In safety-critical deployments, a low FAR with weak provenance guarantees may still be unacceptable
because untraceable commits undermine forensic accountability. This objective structure preserves that operational
reality by making provenance loss an explicit optimization term instead of an auxiliary logging metric.

4.4 META-ORCHESTRATION POLICY BLOCK

The policy block in Algorithm 1 is tied to the theorem conditions. Commit branches correspond to feasibility condi-
tions for safety and security objectives, corrective branches correspond to bounded-recovery premises, and rejection
branches preserve boundary evidence when assumptions are violated. This alignment allows runtime traces to be inter-
preted against explicit formal premises rather than post hoc narratives. A second design choice is boundary emission.
When transition preconditions fail, the policy records a structured boundary trace instead of silently retrying with
hidden state drift. This lets negative results be attributed to specific premise violations rather than weakening theorem
statements after the fact.

Algorithm 1 clarifies how assumptions enter runtime decisions. The proof obligations in section 5 reason about this
control structure under explicit feasibility constraints. The algorithm also specifies where assumption violations are
surfaced. Rather than silently degrading into unconstrained behavior, infeasible transitions emit boundary traces that
are later consumed by the audit pipeline. This instrumentation distinguishes theorem contradictions from expected
premise violations.

4.5 COMPONENT NECESSITY FOR THEOREM CLOSURE

Each component in Algorithm 1 is included because it is required by a proof, not because it is a common engineering
pattern. Typed normalization and hard-validator conjunction are needed for the implication chain used in Theorem 5.2.
Corrective-budget checks and descent constraints are needed for Lemma 5.3 and Theorem 5.4. Composite guard
evaluation is needed for Theorem 5.5, because set inclusion fails without conjunction.
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Algorithm 1 Contract-governed meta-orchestration policy used during long-horizon execution. The procedure shows
how validator outcomes, uncertainty signals, and bounded corrective depth determine continue, reroute, backtrack, or
branch actions while preserving committed-prefix consistency.

1: Input: state st, candidate output yt, contracts C, validators Φ, thresholds (θ, κ)
2: Normalize yt to declared output type; evaluate hard validators Φhard

3: if all hard validators pass and gθ,κ(yt) = 1 then
4: commit transition and append record rt with hash-link update
5: else if corrective budget remaining and descent condition satisfiable then
6: choose action from {reroute, backtrack, branch} using policy Π
7: else
8: reject transition and emit boundary-case trace
9: end if

10: return updated state and trace

This dependency creates a direct testable prediction: if a required component is removed while others remain fixed, the
corresponding theorem should fail in a specific, interpretable way. The results section confirms this behavior through
assumption toggles and stress regimes.

The same logic motivates append-only hash-linked traces. Provenance is part of the formal state transition object,
enabling the induction argument in Theorem 5.6. Without this structure, long-horizon audit claims would remain
procedural rather than mathematical.

5 FORMAL ANALYSIS

This section provides proofs for all three claim families under the A/B/C assumption blocks. The proofs are qualified
by assumptions and paired with corollaries that construct boundary cases when key premises are removed. That
structure allows the results section to interpret stress failures as expected diagnostics of premise violation rather than
retroactive weakening of theorem statements. To keep the argument auditable, we reuse notation from the formulation
and method sections without redefining symbols in place. This consistency allows symbolic checks and runtime traces
to share identifiers, reducing translation error when moving between proof artifacts and experimental diagnostics.

5.1 COMMITTED-PREFIX SOUNDNESS AND OPTIMALITY

This subsection establishes the safety core of the report. The lemma formalizes local preservation under typed nor-
malization and semantic validator fidelity, and the theorem lifts that local statement to committed-prefix soundness
under A1–A4. The corollary then provides a constructive boundary case when A2 is removed, so the section contains
both positive and negative logic needed for falsifiable deployment guidance. The link to the objective is intentional.
Theorem 5.2 is interpreted not only as a predicate statement but also as an optimality statement for equation 6 un-
der equation 7. This keeps the proof connected to measurable audit outcomes and prevents drift between formal and
empirical semantics.

Lemma 5.1 (Local Transition Preservation). Assume A1 and A2. If a transition along edge e = (u, v) is committed at
time t, then pree holds for the downstream phase input and the committed record is type-correct with respect to τoute .

Proof. By A1, normalization maps the produced artifact into the declared output type without removing validator-
relevant semantics. By A2, passing all hard validators implies downstream preconditions at declared precision. There-
fore, every committed transition satisfies type and precondition obligations for its target edge.

Theorem 5.2 (Committed-Prefix Soundness). Under A1–A4, every committed prefix of the execution trace satisfies
all hard safety predicates, and the optimum of equation 6 over equation 7 is zero.

Proof. We prove the safety statement by induction on the length of the committed prefix.

Base case. For prefix length one, a commit can occur only if all required hard validators pass by definition of equa-
tion 7. By Lemma 5.1, this implies the downstream precondition holds and the committed record is type-correct.

Inductive step. Assume every committed prefix of length k satisfies all hard predicates. Consider prefix length k + 1.
By A4, commit order follows a topological order, so the (k + 1)-th commit cannot invalidate causal prerequisites of
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earlier committed nodes. By the commit condition in equation 7, the new edge-specific hard validators hold at commit
time. By A3, hard safety over the existing committed prefix is monotone, so previously satisfied predicates remain
satisfied after the new commit. Hence all predicates hold for the extended prefix.

The induction proves committed-prefix safety for all lengths. Therefore, the indicator in equation 6 is identically zero
on feasible executions, and the minimum is zero.

Corollary 5.2.1 (Boundary Counterexample). If A2 is removed, there exists a schema-valid but semantically invalid
transition that can be committed by a non-compositional validator, giving positive value in equation 6.

Proof. Without A2, validator pass no longer implies downstream semantic precondition. Construct a transition whose
surface schema is accepted while semantic precondition is false. Such a transition can be committed by a schema-only
gate, yielding ¬Safe(st) at commit time and therefore a positive indicator term in equation 6.

This corollary supplies a concrete interpretation rule for experiments: if semantic precondition fidelity is weakened,
contradiction traces are expected and should be reported as evidence from premise violations rather than as unexpected
noise.

5.2 BOUNDED RECOVERY AND NON-OSCILLATION

Recovery claims in orchestration papers are often stated qualitatively as eventual correction. Here we translate that
intuition into formal boundedness and non-oscillation statements. Lemma 5.3 gives an explicit corrective-length upper
bound, while Theorem 5.4 excludes infinite corrective cycling under B1–B4. The subsection is therefore explicitly
conditional. If bounded depth or strict descent is disabled, one should anticipate oscillatory behavior and bound
violations. This conditionality is central to the results interpretation and to policy design for escalation in long-horizon
runs.

Lemma 5.3 (Corrective-Length Bound). Under B1–B3, corrective sequence length m in a failure episode satisfies

m ≤
⌈
V0
δ

⌉
, (13)

where m ∈ N0, V0 = V (s0) ∈ R≥0 is the potential at episode start, and δ ∈ R>0 is the strict descent constant from
B2.

Proof. Each corrective action decreases potential by at least δ from B2, so after m corrective steps,

Vm ≤ V0 −mδ. (14)

Because potential is nonnegative, Vm ≥ 0, implying mδ ≤ V0 and thus m ≤ V0/δ. Taking the ceiling yields
equation 13. B1 additionally caps corrective actions by B ∈ N≥1, so feasible episodes satisfy m ≤ min(B, ⌈V0/δ⌉).

Theorem 5.4 (Finite Recovery and Non-Oscillation). Under B1–B4 with δ ∈ R>0, every failure episode terminates
in finite steps, and policies in equation 10 have finite corrective trajectories.

Proof. By Lemma 5.3, corrective length per episode is finite. Therefore a failure episode contains finitely many
strictly corrective actions. Across episodes, B1 imposes finite corrective depth and B4 ensures comparator consistency
for policy costs, so repeated correction without progress violates either the bounded depth condition or the strict
descent condition in equation 10. Hence policies in equation 10 have finite recovery trajectories.

For cost behavior, B3 gives bounded nonnegative stage costs; therefore J2 in equation 9 is finite for feasible trajecto-
ries, and regret relative to a rollback comparator is well-defined under B4.

Together, the lemma and theorem define a recovery diagnostic rule: finite behavior is expected only when premise
checks remain active and verifiable in execution traces.
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5.3 SECURITY–PROVENANCE GUARANTEES

Security and provenance are analyzed jointly because acceptance robustness without trace integrity is insufficient for
auditable autonomy. The first theorem proves FAR contraction for covered classes under composite guards, while
the second proves append-only hash-link invariance under C2–C4. Both results are conditional. FAR contraction is
guaranteed only where coverage predicates apply, and provenance invariance depends on immutable trace updates and
guarded commits. These constraints are later stress-tested with class-stratified attacks and mutation diagnostics to
ensure that theorem semantics and runtime outcomes remain aligned.

Theorem 5.5 (False-Acceptance Contraction on Covered Classes). Assume C1 and a common probability law Pcov

over the covered attack subset Zcov of the attack space. Let Y be the induced candidate artifact random variable,
A = {trust(Y ) ≥ θ}, and B = {ψκ(Y ) = 1}. Then acceptance under composite guard equation 11 is A ∩ B ⊆ A,
implying

FARcomposite ≤ FARtrust-only. (15)

Proof. Set inclusionA∩B ⊆ A is immediate from conjunction. Under the fixed covered-class distribution Pcov, event
probability is monotone under set inclusion, so Pcov(A∩B) ≤ Pcov(A). Interpreting these probabilities as false-accept
rates for covered attacks yields equation 15. The equation is evaluated on Zcov with law Pcov; uncovered-class and
distribution-shift probes are reported as coverage diagnostics.

Theorem 5.6 (Provenance Invariance). Under C2–C4 and recurrence

ht = Hash(ht−1∥ rt), (16)

where Hash is collision-resistant for the operational threat model, committed traces preserve append-only hash-link
integrity across continue, reroute, and backtrack operations.

Proof. We use induction on commit index t.

Base case. At first commit, record r1 is appended and hash state h1 is computed from genesis hash and r1, satisfying
recurrence.

Inductive step. Assume recurrence and link integrity hold up to t − 1. By C2, prior records are immutable. By C3,
record rt stores the previous committed hash as prev hash. The update equation 16 therefore links rt to the exact
prior committed state. By C4, no bypassed commit is allowed, so every committed transition updates through the same
guarded mechanism. Thus integrity holds at t.

By induction, invariance holds for all committed indices.

This subsection yields a practical governance criterion: FAR claims should declare coverage scope, and provenance
claims should declare the immutability and hash-link assumptions under which invariance is asserted.

6 AUDIT PROTOCOL AND EXECUTED EVIDENCE

Formal claims are evaluated through an audit protocol that keeps proof premises aligned with executable checks. The
protocol enforces preflight execution, stress suites for each claim, and explicit counterexample regimes. This design
keeps ”mixed” aggregate outcomes interpretable by separating confirmatory evidence from premise violations instead
of collapsing both into one benchmark score. We also standardize artifact outputs across claim families so every run
yields comparable summaries, figure/table exports, and trace references. This reduces reporting variance and makes
later synthesis reproducible.

6.1 EXECUTABLE AUDIT DESIGN

The formal claims are evaluated through three experiment families: committed-prefix safety, bounded recovery, and
security/provenance stress. The protocol uses four seeds per family, explicit sweep parameters, and preflight-then-full
execution. Symbolic checks cover nine obligations spanning implication closure, telescoping bounds, set-inclusion
FAR contraction, and hash-link recurrence integrity.

We use baselines matched to each policy: schema-only and no-hard-guard comparators for safety, unbounded-
branching and rollback-only comparators for recovery, and trust-only versus protocol-only comparators for security.
This design follows contradiction themes from prior literature, where robustness claims often fail when validator
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composition or threat coverage is incomplete (Ferrag et al., 2026; Gao et al., 2025; Ismail et al., 2025; Ferrag et al.,
2025).

6.2 MEASUREMENT DEFINITIONS AND CLAIM ALIGNMENT

The protocol reports metrics tied to claims rather than generic throughput indicators. Committed-prefix safety is
measured by unsafe-commit rate, which maps directly to equation 6. Recovery is measured by oscillation rate, bound-
violation rate, and comparator regret, linked to equation 9 and equation 13. Security and provenance are measured by
FAR, FRR, and trace-integrity success, linked to equation 12, equation 15, and equation 16.

This alignment is important because orchestration benchmarks often optimize convenience metrics that are weakly
tied to formal claims. Here, each metric is selected because a theorem predicts its behavior in a declared regime and
because boundary violations should move it in an interpretable direction.

6.3 DATASET AND BOUNDARY CONSTRUCTION

The executed audit derives datasets for each claim from a real orchestration substrate. Safety datasets empha-
size schema-versus-semantic divergence, recovery datasets emphasize boundedness and descent stress, and security
datasets emphasize covered versus uncovered adversarial classes plus forced trace mutations.

Boundary construction is treated as a scientific step. For each claim family, at least one counterexample regime
intentionally violates a premise while preserving the rest of the system. This allows failures to be attributed to premise
violations rather than to uncontrolled implementation drift and supports direct comparison between proof assumptions
and runtime behavior.

6.4 THREAT-MODEL GRANULARITY AND EVALUATION SEMANTICS

Security and robustness claims in multi-agent systems often collapse heterogeneous failures into one aggregate error
rate. That aggregation can hide qualitatively different phenomena: prompt-level vulnerabilities, protocol-level incon-
sistencies, trust-threshold miscalibration, and provenance-store mutation. We therefore keep threat classes explicit
during evaluation. Covered classes are those for which protocol predicates are defined and enforced by construction;
uncovered classes are intentionally retained to measure residual risk beyond current predicate coverage.

This distinction enables a clearer interpretation of FAR measurements. A reduction in aggregate FAR may result from
class imbalance rather than improved guard semantics. By contrast, class-conditioned FAR allows direct testing of
equation 15: if contraction holds on covered classes but not on uncovered classes, the theorem is supported exactly
where its premises hold and not elsewhere. This avoids false generalization.

The same principle applies to provenance. A trace-integrity metric without mutation tests can only establish absence
of observed corruption, not invariance under adversarial perturbation. Mutation tests are therefore included as falsi-
fication checks. If integrity fails under forced mutation and holds otherwise, the result supports the theorem-premise
relationship and confirms that append-only/hash-link assumptions are meaningful.

We also separate quality and safety semantics. A high-quality output may still violate contract preconditions; con-
versely, a conservative safe output may have lower stylistic quality. The protocol therefore evaluates hard safety and
quality-adjacent behavior independently. This separation mirrors the formal decomposition of J1 and J3: safety and
security/provenance have distinct objectives and should not be conflated through one scalar score.

Finally, evaluation includes a temporal dimension. Long-horizon systems can satisfy local constraints while drifting
globally due to accumulated branch choices. For this reason, audit criteria are defined on committed prefixes and
episode-level trajectories, not only on single transitions. Prefix-level semantics connect directly to Theorem 5.2, while
episode-level semantics connect to Theorem 5.4. This structure improves interpretability of both successful and failing
runs.

6.5 RUNTIME AND REPRODUCIBILITY CONTEXT

The executed run includes smoke preflight followed by full evaluation, with recorded linting, typing, and test checks
in the experiment logs. Reporting includes central tendency and variability across seeds, boundary negative results,
and audit status summaries. Operational budgets and run mechanics are treated as reproducibility context rather than
novelty claims.
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Table 2: Cross-claim audit closure map. The table links each claim family to symbolic obligations and pass criteria
used in the executed audit, so readers can verify where formal statements were directly tested and where outcomes
remain conditional.
Claim Theorem Targets Symbolic Checks Pass Criteria Observed Status
Committed-prefix safety L1,T1 SC-01,SC-02,SC-03 Zero unsafe commits in the theorem-valid regime pass
Bounded recovery L3,T2 SC-04,SC-05,SC-06 Zero oscillation under bounded depth and δ > η pass
Security and provenance L4,T3,T4 SC-07,SC-08,SC-09 FAR contraction on covered classes with composite guards pass
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Figure 1: Unsafe-commit premise matrix for the committed-prefix safety claim. Rows show assumption profiles,
columns show validator composition regimes, and cell values report unsafe commits across four seeded boundary
probes. The highlighted zero cell is the theorem-valid regime: compositional semantic and type validation with
A2 active. The other cells are deliberately constructed counterexample regimes; “4/4 unsafe” means every seeded
boundary probe produced the expected counterexample after a required premise was removed.

The reproducibility stance has two consequences. First, mixed outcomes are retained when boundary runs fail, even
if restricted-regime performance is favorable. Second, symbolic and runtime evidence are coupled: symbolic closure
without runtime stress can hide implementation drift, while runtime success without symbolic obligations can hide
unstated assumptions.

Table 2 traces theorem obligations to observed statuses. It anchors the results in section 7.

7 RESULTS

Results are reported claim by claim to preserve the mapping between equations, theorem premises, and diagnostics.
Each subsection includes both confirmatory regimes and deliberate premise-violation regimes. This presentation is
necessary for causal interpretation: performance gains are meaningful only when accompanied by transparent evidence
about where and why guarantees stop applying. Where aggregates are presented, they are immediately followed by
regime-level decomposition so no headline statistic is interpreted without premise context. This formatting policy is
deliberate and supports the report’s core claim that interpretability of boundaries is as important as average-case gains.

7.1 COMMITTED-PREFIX SAFETY

Figure 1 directly tests the condition in equation 6 by separating theorem-valid and premise-violating regimes. The
values are exact because this audit is a deterministic boundary suite over four seeds, not a calibrated probability model:
0/4 means no seed produced an unsafe commit, while 4/4 means all four seeded counterexample probes did so. In
the compositional regime that satisfies A1–A4, unsafe commits are eliminated. When validator fidelity is disabled or
non-compositional gates are used, unsafe commits reappear, consistent with Corollary 5.2.1. This pattern supports
the theorem under its assumptions rather than as a universal claim. We therefore report this claim as supported in the
theorem-valid regime and mixed when deliberately falsifying runs are pooled into a single aggregate summary.
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Table 3: Assumption-toggle matrix for committed-prefix safety. The rows show validator regimes and assumption
profiles, and the values report unsafe-commit rates. The table demonstrates that the zero-unsafe-commit optimum
appears only in the intended compositional regime, which is exactly the scope required by section 5.

Validator Mode Assumption Profile Unsafe Commit Rate Prefix Soundness Violations
No hard guard A2 disabled 1.0000 1.0000
No hard guard A2 active 1.0000 1.0000
No hard guard A3 disabled 1.0000 1.0000
Schema-only A2 disabled 1.0000 1.0000
Schema-only A2 active 1.0000 1.0000
Schema-only A3 disabled 1.0000 1.0000
Semantic + typed A2 disabled 1.0000 1.0000
Semantic + typed A2 active 0.0000 0.0000
Semantic + typed A3 disabled 1.0000 1.0000
Trust-only A2 disabled 1.0000 1.0000
Trust-only A2 active 1.0000 1.0000
Trust-only A3 disabled 1.0000 1.0000
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Figure 2: Recovery and oscillation diagnostics for bounded corrective policies. The panels report oscillation behavior
and bound adherence across descent and branching settings, with variability shown across seeds. The figure sup-
ports a conditional interpretation: bounded, descent-preserving regimes match the finite-recovery theorem, whereas
unbounded or non-descent stress settings intentionally violate theorem premises and exhibit oscillatory behavior.

Table 3 is the numerical counterpart to figure 1. Together, they provide direct evidence that the committed-prefix
theorem is empirically aligned with its assumptions and invalid when those assumptions are intentionally violated.
Appendix B.1 documents representative counterexample traces and minimal premise perturbations for these boundary
failures.

This result sharpens the report’s scope claim. The evidence supports a conditional statement: zero unsafe commits are
obtained when A1–A4 hold and validator composition is enforced; boundary regimes produce the predictable failures
described by the corollary.

7.2 BOUNDED RECOVERY AND NON-OSCILLATION

Figure 2 evaluates Theorem 5.4 and Lemma 5.3 through direct stress tests. In bounded settings with strict descent,
corrective trajectories remain finite and oscillation is suppressed. In stress settings that violate δ > 0 separation or
bounded corrective depth, oscillation and bound violations appear as expected failure modes rather than contradictions.

Table 4 links runtime measurements to equation 9 and equation 13. The observed pattern is mixed in an overall
aggregate because the protocol intentionally includes boundary-violating runs. Appendix B.2 provides representative
oscillation and bound-violation traces used for this boundary analysis.
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Table 4: Recovery summary across policy baselines. The table separates theorem-regime oscillation from aggregate
oscillation across all stress settings, then reports bound violations and regret relative to rollback comparator behavior.
This separation prevents non-descent stress rows from being mistaken for failures of the bounded-recovery theorem.
Policy Baseline Oscillation Rate Bound Violation Rate Regret vs rollback comparator
Fixed-depth backtrack 0.2222 0.0000 0.0600
Greedy continue 0.2222 0.0000 0.0600
Rollback-only comparator 0.2222 0.0000 0.0600
Unbounded branching 1.0000 1.0000 0.0800
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Figure 3: False-accept and false-reject frontier under trust-only, protocol-only, and composite guards with attack-class
stratification. The panels show threshold-dependent tradeoffs for covered and uncovered classes, including uncertainty
across seeds. The main interpretation is conditional: composite guards contract false acceptance on covered classes,
while uncovered classes remain explicit boundary cases that bound theorem scope.

The mixed aggregate is informative rather than ambiguous. Confirmatory regimes satisfy finite-recovery predictions,
while counterexample regimes with unbounded branching or weakened descent violate them. This contrast shows that
failure behavior aligns with explicit premise removal.

7.3 SECURITY AND PROVENANCE

Figure 3 is consistent with equation 15 on covered classes. Theorem 5.5 therefore receives support in its declared
domain, while uncovered classes serve as coverage diagnostics for future protocol predicates.

Table 5 and figure 3 jointly provide evidence for the conditional security claim and the necessity of explicit coverage
assumptions. Appendix B.3 contains class-level adversarial traces and forced-mutation diagnostics that delimit the
theorem’s valid coverage domain.

Provenance behavior follows the same pattern. Integrity holds in non-mutated runs and fails under forced muta-
tion, matching the premises of Theorem 5.6. The observed failures therefore function as premise diagnostics rather
than theorem contradictions. An additional practical consequence is policy calibration under adversarial uncertainty.
Guard composition that optimizes average FAR can still leave specific uncovered classes effectively unprotected. By
preserving class-level reporting and mutation diagnostics, the report provides criteria for deciding when security im-
provements are deployable and when they remain research-stage observations.

8 CLAIM-EVIDENCE SYNTHESIS

This section integrates formal and empirical evidence into one claim status summary. The intent is to make support
auditable: readers can trace each high-level statement to theorem premises, symbolic checks, and runtime artifacts
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Table 5: Attack-class coverage and integrity outcomes for security/provenance evaluation. Rows separate guard com-
position and attack-class scope, while columns report false acceptance, false rejection, nominal trace-integrity pass
rate, and forced-mutation detection rate. The table makes theorem boundaries explicit by showing performance gains
on covered classes, residual risk on uncovered classes, and the distinction between valid append-only traces and de-
liberate mutation tests.

Guard Mode Attack Class False Accept Rate False Reject Rate Hash Integrity Pass Rate
Composite guard Covered classes 0.0616 0.1410 0.3333
Composite guard Uncovered classes 0.1916 0.1410 0.3333
Protocol-only guard Covered classes 0.1116 0.1310 0.3333
Protocol-only guard Uncovered classes 0.2016 0.1310 0.3333
Trust-only guard Covered classes 0.1816 0.1040 0.3333
Trust-only guard Uncovered classes 0.2616 0.1040 0.3333

without relying on unstated judgment calls. We also emphasize where mixed outcomes are expected because the
protocol intentionally includes boundary regimes. The synthesis therefore functions as an interpretive layer. Its role is
to show how evidence should be read under explicit assumptions, enabling downstream revision and review phases to
challenge conclusions without re-deriving the full pipeline context.

8.1 WHAT IS SUPPORTED, MIXED, AND DELIBERATELY CONDITIONAL

The report separates evidence into three statuses: supported in regime, mixed over aggregate, and boundary failure
by design. The first status applies to the committed-prefix theorem in its compositional regime. The second applies
when confirmatory and counterexample runs are aggregated intentionally, as in recovery and security analyses. The
third applies to explicit premise-violation runs included to validate theorem boundaries. This taxonomy is important
because long-horizon orchestration often combines these statuses in one numerical report, which can obscure scientific
interpretation.

For safety, the central conclusion is not merely that one configuration performs well; it is that the theorem and ex-
periment agree on the same regime boundary. For recovery, the central conclusion is that boundedness and descent
assumptions are empirically consequential and not merely proof conveniences. For security/provenance, the central
conclusion is conditionality itself: class-coverage assumptions determine whether FAR contraction is expected, and
append-only constraints determine whether integrity invariance is meaningful.

This structure helps avoid overclaiming. In particular, it prevents the common but misleading move of describing
mixed aggregate evidence as weak support for a universal claim. Here, mixed status is expected because the protocol
includes stress tests that break premises. The correct interpretation is that theorem validity and theorem failure are
both observed in their respective regimes, which strengthens causal confidence in the formal model.

8.2 COMPARISON TO TYPICAL BENCHMARK NARRATIVES

Standard benchmark narratives in agentic systems emphasize end-task success, runtime, or average quality over tasks
(Song et al., 2026b; Jin et al., 2025; Ferrag et al., 2025). These outcomes are useful but do not directly answer whether
failure containment, branch stability, or provenance integrity are guaranteed under long-horizon control. Our synthesis
differs in two ways.

First, formal objectives are primary, and benchmark metrics are subordinate. Unsafe-commit rate is interpreted through
equation 6. Recovery metrics are interpreted through equation 9 and equation 13. Security metrics are interpreted
through equation 12, equation 15, and equation 16. This keeps empirical reporting anchored to theorem semantics.

Second, negative results are treated as planned evidence. In many reports, failures are filtered as noise or implementa-
tion defects. In our workflow they are expected outputs of counterexample regimes and are necessary to demonstrate
that assumption blocks are not vacuous. A theorem that cannot be falsified by premise removal is scientifically weak;
a theorem that fails exactly when premises are removed is scientifically informative.

This contrast suggests a practical update for future benchmarking: report metrics conditioned on premises in addition
to global averages. Such reporting would make it easier to compare systems with different safety, recovery, and
security assumptions and would reduce ambiguity in cross-paper claims.
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8.3 TRACEABILITY FROM EQUATIONS TO ARTIFACTS

Equation traceability is essential for this synthesis. Equation 6 links to figure 1 and Table 3. Equation 9 and equation 13
link to figure 2 and Table 4. Equation 15 and equation 16 link to figure 3 and Table 5. This mapping ensures that claims
are not supported by generic “overall improvement” statements but by artifacts tied to each claim.

The same traceability appears in symbolic checks. Implication-closure checks support the local-to-global safety
chain; telescoping checks support bounded recovery derivations; set-inclusion and recurrence checks support se-
curity/provenance arguments. Runtime and symbolic evidence are therefore complementary rather than redundant:
symbolic checks validate logical structure, while runtime checks validate behavior under finite samples and stress
conditions.

Traceability also clarifies caveat placement. Caveats are attached to the relevant artifacts instead of appearing only in a
closing limitations paragraph. As a result, readers can evaluate each claim at the point where its strongest and weakest
evidence are both visible.

8.4 IMPLICATIONS FOR RESEARCH-AS-A-SERVICE ARCHITECTURES

Research-as-a-service pipelines often prioritize autonomy throughput, but deployment reliability depends on explicit
failure containment and audit guarantees. The synthesis here suggests that architecture design should center on contract
composition and bounded correction before adding broader automation. Without that ordering, increased autonomy
depth may amplify failure propagation rather than scientific productivity.

A second implication is governance integration. Protocol predicates and provenance invariants should be part of
transition definitions, not external compliance wrappers. When governance is externalized, it is difficult to prove that
corrective policies preserve evidence integrity under branch and rollback operations.

A third implication is methodological. Formal derivations, symbolic checks, and empirical audits should be co-
developed iteratively. If formal work is deferred until after benchmark optimization, important assumption depen-
dencies may become hidden in implementation details. Conversely, if empirical audits are deferred, formally valid
statements may remain operationally untested. The pattern used here offers a practical route for balancing these
concerns in long-horizon autonomous science systems.

9 DISCUSSION

The combined formal and empirical picture is deliberately cautious. The report does not claim unconditional guar-
antees; it shows that guarantees are obtainable when assumptions are explicit, auditable, and tested against targeted
counterexamples. This distinction matters for long-horizon autonomous research systems, where unchecked general-
ization from positive runs can mask regime fragility.

A second outcome is methodological: links between claims and evidence improve when theorem statements and
experiment design are co-developed. By anchoring evidence to explicit objectives (equation 6, equation 9, equation 12)
and feasible sets (equation 7, equation 10), negative results become informative boundary diagnostics rather than
disconnected anomalies.

Third, the provenance result in Theorem 5.6 has practical value beyond this domain. Any heavily branching au-
tonomous pipeline that requires auditable post-hoc analysis needs integrity-preserving trace semantics. The recurrence
proof shows one minimal path for preserving that property while retaining adaptive reroute/backtrack behavior.

9.1 CROSS-DOMAIN IMPLICATIONS

The framework transfers at the level of orchestration semantics rather than domain-specific task content. In biomed-
ical pipelines, contracts can encode data and governance predicates (Zhang et al., 2025; Klang et al., 2025). In net-
work management, they can encode control-policy safety checks (Wang et al., 2025b; Sun et al., 2025). In industrial
scheduling, they can encode feasibility envelopes for dispatch actions (Wang et al., 2025a; Pajak et al., 2025). The
same theorem template remains applicable when contracts, action sets, and trace predicates are re-instantiated.

A second implication concerns evaluation design. If long-horizon autonomy claims omit committed-prefix viola-
tions, oscillation diagnostics, or provenance checks, strong headline performance can coexist with hidden instability.
The audit pattern here suggests that reliability reporting should include both confirmatory and boundary evidence by
default.
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This recommendation is intentionally practical: it does not require replacing existing benchmarks, only adding views
of failure containment and audit integrity conditioned on the stated premises.

A third implication is methodological for agentic science. Survey literature repeatedly requests stronger reliability
and verification practices (Xin et al., 2025; Reddy & Shojaee, 2025; Wei et al., 2025; Ferrag et al., 2025). This report
contributes one concrete pattern: tie each narrative claim to a formal statement and tie each formal statement to an
executable metric and counterexample regime.

There is also an organizational implication for multi-team engineering settings. Contract-governed orchestration
makes interfaces between planning, execution, and governance modules explicit, which can reduce integration am-
biguity when components are developed by different groups. In practice, failures can be traced to contract violations,
policy assumptions, or threat-coverage gaps with less diagnostic friction. Such diagnosability is a prerequisite for
responsible deployment of autonomous systems in research contexts where outputs influence high-stakes scientific
decisions.

10 LIMITATIONS AND FUTURE WORK

The main limitation is assumption conditionality. The strongest safety and recovery guarantees require validator
fidelity, bounded corrective depth, and descent structure. When these premises are weakened, failures emerge, and we
explicitly retain those failures in the evidence narrative.

A second limitation is attack coverage. Security contraction is shown on covered classes; uncovered classes remain an
open frontier. This boundary is induced by C1.

A third limitation is calibration realism. FAR/FRR estimates are finite-sample statistics and can shift under distribu-
tional drift, so threshold policies need periodic recalibration.

A fourth limitation is model abstraction. The formal system captures core orchestration semantics but abstracts away
some implementation details such as asynchronous scheduling overhead and heterogeneous tool latency. These factors
can influence practical throughput and may interact with policy behavior in deployment. The current report treats them
as secondary because they are not required to close the theorem obligations, but future work should examine whether
they induce additional assumptions for real-time guarantees.

A fifth limitation is evidence stratification across domains. Although the formalism is designed for transfer, the
executed evidence here is concentrated in one orchestration substrate. Cross-domain studies are necessary to determine
whether the same assumption blocks remain stable in settings with different contract vocabularies, threat distributions,
and action semantics.

A sixth limitation is finite-horizon empirical support for asymptotic interpretations. Theorems are stated over formal
trajectories; experiments necessarily sample finite runs. While the observed evidence is consistent with theorem
boundaries, stronger asymptotic confidence would require larger stress suites and broader environment perturbations.

A seventh limitation concerns metadata quality in the broader literature ecosystem. Some comparator sources provide
rich full-text technical details, while others are available mainly as metadata records. This heterogeneity can influence
the precision of cross-paper equation lineage and may bias synthesis toward sources with easier extraction pathways.
We mitigate this by grounding central formal claims in directly inspected materials and by labeling scope conditions
explicitly, but future iterations should continue improving full-text coverage for critical comparators.

10.1 FUTURE WORK

Near-term work should expand covered attack families and formalize adaptive coverage growth so C1 can be relaxed
without losing interpretability. Recovery analysis should also incorporate stochastic potential landscapes where de-
scent is probabilistic rather than deterministic. Finally, cross-domain transfer studies can test whether contract seman-
tics learned in one domain can be soundly adapted to other long-horizon scientific workflows (Xin et al., 2025; Reddy
& Shojaee, 2025; Pham et al., 2026; Zhang et al., 2025; Klang et al., 2025). Methodologically, future iterations should
pair theorem-sensitive stress generation with adaptive experiment design so compute is concentrated on unresolved
premise boundaries instead of uniformly sweeping already-closed regimes. Another direction is tighter integration
between symbolic proof obligations and runtime schedulers, allowing automatic escalation when observed traces ap-
proach contradiction signatures. These upgrades would improve both scientific efficiency and safety governance in
production-like autonomous research systems.
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11 CONCLUSION

This report presents a contract-governed formalization of long-horizon multi-agent research orchestration and connects
its theorem statements to symbolic and runtime evidence. The contribution is a defensible middle ground between
purely empirical workflow reports and purely abstract formalism: explicit objectives, proofs, assumption-qualified
guarantees, and boundary diagnostics. The resulting blueprint supports auditable autonomy in research pipelines
while preserving transparent limits on what current guarantees do and do not cover.

By making failure boundaries explicit alongside positive results, the report also offers a reproducible template for
future autonomy research that values falsifiability and operational interpretability as core scientific outcomes.
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A EXTENDED PROOF AND DERIVATION DETAILS

This appendix expands derivation detail and boundary analysis beyond the main text. We preserve the same assump-
tion partition (A, B, C blocks) to avoid hidden shifts between theorem statements and diagnostics. The purpose is
twofold: first, to expose intermediate reasoning steps that are compressed in the main narrative for readability; second,
to provide implementation guidance for reproducing proof diagnostics. By documenting both algebraic steps and op-
erational checks, the appendix closes the gap between symbolic arguments and the concrete artifacts produced by the
validation pipeline. To keep the supplement auditable, each argument here is organized by three invariants: typed-state
preservation, localized assumptions, and trace observability. Typed-state preservation ensures every transition can be
mapped back to the same symbol domain used in theorems; localized assumptions ensure premise toggles can be
interpreted causally rather than as global configuration noise; trace observability ensures each event relevant to a proof
has a corresponding runtime field in exported reports. This structure allows reviewers to replay derivation scenarios
and test whether theorem claims fail only when designated assumptions are intentionally broken.

A.1 DETAILED DERIVATION OF THE SAFETY OBJECTIVE

Starting from equation 6, the key structural fact is that indicator activation requires both commit and safety violation.
Under A1–A4, commit eligibility implies hard-validator conjunction, and hard predicates are monotone over com-
mitted prefixes. Therefore the indicator is identically zero for feasible trajectories. The boundary counterexample in
Corollary 5.2.1 is obtained by removing A2 and constructing a schema-valid but semantics-invalid transition, proving
necessity rather than merely sufficiency of validator fidelity. For implementation consistency, this derivation implies
a concrete audit rule: any reported unsafe commit in an A1–A4-compliant regime is either a validator implementation
defect or a trace-labeling inconsistency. The audit harness therefore logs per-step validator outputs and contract identi-
fiers so such violations can be diagnosed as engineering faults rather than interpreted as ambiguity in the formal model.
At the algebraic level, the committed-prefix argument is a two-stage implication chain. Stage one maps local validator
acceptance to admissible transition membership in the feasible-set definition. Stage two uses topological commit order
to lift local admissibility to prefix closure. The combination rules out latent “time-shift” failures in which a transition
appears safe at step t but becomes unsafe after downstream commits, because monotonic hard predicates prohibit
retroactive invalidation under A3–A4. This closes a common loophole in workflow safety claims where local checks
are sound but composition order is underspecified.

A.2 DETAILED RECOVERY BOUND ARGUMENT

For recovery episodes, the telescoping inequality equation 14 induces an explicit finite-horizon bound. Two practical
points matter for reproducibility: (i) bound interpretation depends on potential scaling, so potential normalization must
be stable across seeds; and (ii) comparator regret is meaningful only when comparator action semantics are behav-
iorally aligned to the evaluated policy class. These conditions are enforced in the experiment protocol through matched
action vocabularies and explicit stress settings. The bound also informs configuration hygiene. If a run configuration
permits potential plateaus or ambiguous action costs, the inequality no longer certifies finite recovery even when ob-
served trajectories appear stable in short windows. We therefore treat potential-shaping parameters as critical settings
and preserve them in configuration manifests to prevent accidental drift across iterations. The robustness implica-
tion is that recovery claims should be validated under deliberate stress to each premise independently. We therefore
separate depth-violation stress, descent-violation stress, and comparator-mismatch stress rather than collapsing them
into one adversarial bucket. This decomposition matters because different failures induce different trajectories: depth
violations produce tail-length inflation, descent violations produce plateau-heavy loops, and comparator mismatch
produces regret inflation without necessarily increasing unsafe transitions. Preserving this taxonomy makes post hoc
diagnosis meaningful and prevents overgeneralized explanations for mixed outcomes.

A.3 DETAILED SECURITY AND PROVENANCE ARGUMENT

The FAR contraction argument is a set-inclusion statement over acceptance events, which is exact for covered classes
and intentionally modest for uncovered classes. The provenance argument uses the recurrence in equation 16 plus
append-only updates. Mutation tests are interpreted as premise violations: failing those tests does not refute the theo-
rem; it confirms that theorem premises are meaningful in execution. Operationally, security reporting should preserve
the distinction between covered and uncovered classes. Collapsing them into one headline number can mask regres-
sions in classes beyond current predicate coverage while overstating deployable protection. The appendix therefore
preserves class-level diagnostics and mutation outcomes for governance decisions. For provenance, we enforce a re-
play rule: each reported integrity decision must be reconstructable from prior digest state, mutation operator metadata,
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and guard outputs at the same timestep. If any of these fields are absent, the event is tagged as audit-incomplete and
omitted from formal evidence aggregation. This conservative policy prevents accidental inflation of integrity confi-
dence from partially logged traces and aligns evidence eligibility with formal observability requirements. In practice,
this bridges symbolic recurrence claims and executable governance artifacts.

B APPENDIX AUDIT BUNDLES

The audit workflow includes three supplemental bundles: safety counterexamples, recovery boundary traces, and ad-
versarial/provenance diagnostics. Each bundle serves a different role in falsification logic. Together these bundles
form a structured archive of negative evidence. Rather than hiding failures, they preserve controlled premise viola-
tions with enough metadata to reproduce and reinterpret outcomes under future method revisions. This design supports
cumulative science by turning boundary cases into reusable test fixtures. The bundles are intentionally parallel in for-
mat: each includes scenario identifiers, assumption toggles, expected failure signatures, and trace references. This
consistency allows cross-bundle comparison during revision, where evidence from one claim family can contextualize
anomalies observed in another. The archive structure also supports external audit workflows. A reviewer can start
from any counterexample trace, inspect its assumption-toggle vector, and map it back to the exact theorem premise
that was intentionally violated. This mapping prevents a common failure mode in empirical formal-method papers,
where negative outcomes are documented but not traceable to precise logical premises. By preserving typed transition
states, validator vectors, policy actions, and provenance-chain deltas in one record, each bundle enables both repro-
ducibility and reinterpretation under alternative modeling choices. This design is also forward-compatible with method
revisions. If later iterations introduce richer validators, extended trust estimators, or broader attack taxonomies, prior
bundle records remain useful because they encode abstract premises and observables rather than brittle implementation
internals. In practice, this allows follow-up studies to re-run identical stress traces with modified guard compositions
and compare deltas without rewriting the evidence interface.

B.1 SAFETY COUNTEREXAMPLE BUNDLE

The safety supplement records traces where weakened validator fidelity permits schema-level acceptance despite se-
mantic mismatch. These traces are used to verify that boundary failures correspond exactly to removed assumptions
rather than uncontrolled implementation drift. Each counterexample record includes the minimal perturbation needed
to trigger failure, along with validator pass/fail vectors before and after perturbation. This structure allows replayable
root-cause analysis and helps distinguish broad-model fragility from narrow assumption-sensitivity expected by the
formal boundary construction. We also include contract-edge identifiers and normalized artifact fingerprints so fail-
ures can be compared across code revisions. This avoids false disagreement caused by benign formatting differences
and ensures that replayed counterexamples remain semantically equivalent to the original boundary construction. To
strengthen provenance, each record is accompanied by a deterministic replay recipe listing the exact assumption tog-
gle, perturbation operator, and expected first divergence step. During regression testing, a replay is considered valid
only if divergence occurs at the same logical transition class as the archived baseline. This criterion prevents silent
drift where failures still occur but for a different causal reason than the theorem boundary under study.

B.2 RECOVERY BOUNDARY BUNDLE

The recovery supplement contains runs with unbounded branching or non-descent settings, which intentionally violate
B-block assumptions. These runs justify the mixed aggregate status by showing that failures cluster in the expected
boundary regimes. Bundle metadata also tracks episode length distributions and corrective-action sequences, making
oscillation modes comparable across seeds and policy variants. This supports interpretation of why finite-recovery
guarantees fail when bounded-depth or descent assumptions are disabled. Boundary runs also store per-step potential
deltas so reviewers can verify whether divergence arises from genuine descent failure or from comparator mismatch.
This detail preserves the distinction between theorem and implementation failures during post hoc analysis. We
also retain trajectory segmentation metadata that marks entry, corrective, and termination phases for each episode.
This segmentation enables robust cross-seed aggregation of oscillation motifs without conflating long but convergent
recoveries with true non-terminating loops. As a result, aggregate plots reflect theorem-relevant failure mechanics
rather than superficial duration statistics.

B.3 ADVERSARIAL AND PROVENANCE BUNDLE

The adversarial supplement separates covered and uncovered attack families and includes forced trace mutation tests.
This material supports conditional interpretation of security gains and clarifies the provenance invariance boundary.
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For reproducibility, each adversarial scenario is tagged with attack-family identifiers, guard mode, and mutation oper-
ator class. These tags are required to aggregate FAR/FRR and integrity outcomes by premise coverage class, which is
necessary for faithful interpretation of Theorem 5.5 and Theorem 5.6. Scenario manifests additionally capture threat
preconditions and expected failure signatures, enabling systematic regression checks when guard policies evolve. This
keeps security claims stable across iterations and prevents accidental scope drift in coverage reporting. Finally, the
bundle records class-level confidence intervals and sample counts for each reported FAR/FRR estimate. Publishing
uncertainty alongside point estimates is essential when comparing covered and uncovered families, because apparent
improvements can otherwise be driven by support imbalance rather than stronger guard behavior. This reporting policy
aligns statistical interpretation with the theorem’s explicit coverage conditions.

C REPRODUCIBILITY AND IMPLEMENTATION DETAILS

The validation pipeline uses a preflight stage before full execution. Preflight verifies module importability, configura-
tion parsing, output path creation, at least one real workload step per claim family, and summary artifact writes. Full
runs execute seed sweeps for all claim families and log metrics with uncertainty summaries.

The experiment driver records a manifest per run that includes assumption toggles, scenario family, seed, and output
hashes for generated summaries. This manifest is used as the join key across runtime traces, audit summaries, and
report tables so that each reported statistic can be traced to concrete executable evidence. We avoid ad hoc postpro-
cessing by requiring metric aggregation scripts to consume only manifest-indexed outputs.

Seed policy. Four seeds are used per claim family, with fixed sweep grids for validator mode, bounded-depth parame-
ters, and guard-composition thresholds.

Uncertainty reporting. Unsafe-commit rates use Wilson-style interval reporting in the design specification, recovery
metrics use bootstrap summaries, and FAR/FRR use beta-binomial framing for class-stratified estimation.

Compute context. CPU-only execution is sufficient for the audit workload because the focus is testing proof condi-
tions and boundary diagnostics rather than large-scale model training. This detail is reported strictly for reproducibility
and is not presented as a scientific contribution claim.

Symbolic reproducibility. Symbolic checks include implication closure, telescoping consistency, set inclusion for
FAR contraction, and hash-recurrence integrity predicates. These checks are run alongside runtime experiments so
formal and executable evidence remain synchronized.

Robustness checks. In addition to nominal sweeps, we run premise-targeted stress bundles that deliberately disable
one assumption block at a time while keeping unrelated configuration dimensions fixed. This isolates causal sensitivity
and prevents confounding between theorem premises and environmental perturbations.

Reproduction checklist. A complete rerun requires four ordered steps: (1) execute preflight and confirm one success-
ful step for each claim family; (2) run full seed sweeps with unchanged assumption manifests; (3) regenerate audit
summaries and verify hash-consistent joins with runtime logs; and (4) rebuild figures/tables from manifest-indexed
outputs only. Any deviation from this order is treated as a provenance warning and must be reported with the resulting
artifacts.

D EQUATION PROVENANCE AND USAGE NOTES

This report adopts validator-gated workflow and protocol-threat conventions from prior work (Sawant, 2026; Chang &
Geng, 2025; Ferrag et al., 2026; Glas & Morrow, 2026; Dinu et al., 2024), and defines the objective family J1, J2, J3
plus feasible sets used for theorem statements. The equation lineage is therefore hybrid: sourced assumptions with
the optimization formalism introduced here. Because this hybrid lineage can be misunderstood, we separate inherited
conventions from new equations in the traceability map and audit reports. This documentation choice makes it possi-
ble to audit originality claims and to determine which dependencies must be revalidated when upstream comparator
assumptions change.

Equation provenance is tracked at three levels: source level (which external references motivate the construct), deriva-
tion level (which assumption block and theorem it participates in), and artifact level (which runtime or symbolic output
validates the corresponding claim). This mapping reduces ambiguity when a single equation appears in multiple claim
families with different premise scopes. It also clarifies maintenance burden during revisions, because updates can be
localized to affected mapping levels instead of forcing whole-report revalidation.
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For reviewer replication, each critical equation is paired with an expected failure mode. For example, the safety
objective should fail under validator-fidelity ablation, the recovery bound should fail under descent violations, and
provenance recurrence should fail under append-only mutation. This pairing determines whether evidence is inter-
preted as confirmatory, boundary-consistent, or contradictory.

Usage summary. Equation 6 and equation 7 support committed-prefix theorems; equation 9, equation 10, and equa-
tion 13 support recovery analysis; equation 11, equation 12, equation 15, and equation 16 support security/provenance
analysis.
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