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ABSTRACT

We study formal guarantees for contract-governed multi-agent orchestration in long-horizon au-
tonomous research pipelines. The workflow is modeled as a typed directed graph with validator-
mediated transitions, bounded rerouting, and explicit perturbation families. We derive three
theorem-level results: a dependence-aware upper bound for path-level false acceptance under ad-
missibility and finite-moment conditions; a finite-horizon dominance condition showing when cal-
ibrated rerouting improves a constrained objective over memory-only baselines; and a minimax
robustness boundary for static-threshold policies under unrestricted perturbations, with a restricted
authenticated-regime corollary. Symbolic obligations close across all theorem families, while replay
evidence is mixed: dominance and unrestricted minimax boundary behavior are supported, whereas
full closure for path-bound confirmatory slices and restricted-regime attainability remains incom-
plete due to assumption-regime mismatch in evaluated slices. These results provide an auditable
scientific boundary for what current contract-orchestration guarantees can and cannot claim under
long-horizon and adversarial conditions.

1 INTRODUCTION

Autonomous research systems now operate across long decision chains that mix planning, tool execution, revision, and
adversarial exposure. In that regime, local reasoning quality is not enough. A pipeline can produce apparently coherent
intermediate outputs and still fail globally through contract mismatch, uncalibrated rerouting, or brittle safety gates.
Recent studies on long-horizon planning and chain-of-thought depth show this gap clearly: short-horizon success does
not imply stable long-horizon behavior (Wang et al., 2026; Motwani et al., 2026; Khanh & Hoa, 2026). At the same
time, framework-level benchmarks show that graph-structured multi-agent orchestration improves controllability and
throughput when interfaces and memory are explicit (Orogat et al., 2026; Song et al., 2026; Yang et al., 2024; Hong
et al., 2023; Li et al., 2023a; Wu et al., 2023). These lines jointly motivate a formal treatment of orchestration, not
only a benchmark comparison.

This paper studies contract-governed orchestration for long-horizon autonomous research workflows. We model
the workflow as a typed directed graph whose nodes are phase operators and whose edges carry interface obliga-
tions. Three ingredients are central. First, we formalize composition of validator outputs along a path and derive
a dependence-aware false-accept bound. Second, we formalize uncertainty-gated rerouting as a constrained finite-
horizon policy problem and derive a dominance condition against memory-only baselines. Third, we formalize an
adversarial perturbation game and prove a minimax boundary for static threshold policies, then characterize when a
restricted authenticated regime can recover stronger guarantees.

The practical relevance extends beyond one implementation. Typed contracts, bounded rerouting, and perturbation-
aware validation appear in software-agent frameworks, scientific workflow agents, and multi-tool orchestration sys-
tems (Yadav et al., 2026; Maintainers, 2026d;c;b;a; Lin, 2025; Li, 2024; Papadimitriou et al., 2023). A formal account
clarifies which guarantees are structural, which are conditional, and which fail under regime mismatch.

Our framing is intentionally assumption-explicit because many reported gains in orchestration papers are coupled to
hidden regime choices: static task distributions, bounded tool noise, or implicit stationarity in evaluator behavior.
When those assumptions drift, measured quality can remain high while contract-level guarantees decay. We therefore
separate empirical utility from contract soundness and track both in a single audit trail. The manuscript treats theo-
rem statements as conditional operators over a declared assumption block rather than unconditional claims about all
autonomous research settings. This choice aligns with recent calls for benchmark designs that expose, rather than av-
erage away, long-horizon brittleness and evaluator-induced variance (Wang et al., 2026; Khanh & Hoa, 2026; Haseeb,
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2025; Shinn et al., 2023). It also clarifies how negative evidence should be interpreted: a failed closure slice is not a
contradiction of all theorem logic, but an indication that one or more premises are violated in the tested regime.

A second design goal is executability of formal obligations. Definitions, theorem assumptions, and caveats are mapped
to concrete artifacts, including symbolic checks, replay summaries, and per-family audit reports, so that readers can
trace each claim to an inspectable evidence bundle. This mapping matters for research-as-a-service systems where
orchestration policies may be updated more frequently than core workflow structure. By binding guarantees to typed
interfaces, validator thresholds, and explicit perturbation classes, we make the manuscript usable as both theory and
governance substrate: theory, because proof obligations are stated in compositional form; governance, because each
obligation can be re-evaluated under changed policies without rewriting the full semantic model. The resulting contri-
bution is a contract-level boundary statement for what Quarks-style orchestration can certify today, and which exten-
sions are required before stronger closure claims become defensible.

Contributions.

* We define a typed contract graph formalism for long-horizon orchestration and separate borrowed conventions
from manuscript-specific constructions, including a dependence descriptor for validator composition.

* We prove a dependence-aware path soundness theorem that upper-bounds path-level false acceptance under
explicit admissibility, measurability, and finite-variance assumptions.

* We prove a finite-horizon rerouting dominance theorem that links drift, calibration, and cost trade-offs to
objective improvement over memory-only policies.

* We prove a minimax robustness boundary for static thresholds under unrestricted perturbations and provide
a restricted-regime attainability corollary with explicit margin and noise conditions.

* We connect proofs to executed symbolic and replay evidence, report mixed support where assumptions are
violated, and provide explicit caveats and follow-up closure conditions.

2 RELATED WORK AND NOVELTY BOUNDARY

This section positions the manuscript relative to adjacent lines of work and explicitly separates inherited foundations
from new formal contributions. The goal is not to restate an entire survey, but to identify the exact boundary where this
paper adds theorem-level structure. We synthesize three strands: graph-based orchestration architectures, long-horizon
control and failure analyses, and safety or formal-methods perspectives on agent behavior. Each strand contributes
useful abstractions and evidence, yet each leaves a gap in conditional guarantees for typed contract composition under
rerouting and perturbation. The subsequent subsections isolate those gaps in a claim-auditable form.

Across these strands, prior papers also differ in what they optimize and what they report. Framework evaluations often
prioritize throughput, aggregate task success, or interaction convenience; control-oriented analyses prioritize stability
conditions and horizon effects; safety studies prioritize attack transferability and exploit realism. These objective mis-
matches make direct claim transfer difficult even when benchmark domains overlap. Our novelty boundary therefore
emphasizes compatibility of assumptions before comparison: a result is considered transferable only when interface
typing, observability model, perturbation family, and policy class are aligned.

2.1 GRAPH ORCHESTRATION AND ROLE-TYPED PIPELINES

Multi-agent workflow systems increasingly represent execution as explicit graphs or staged process structures (Orogat
et al., 2026; Song et al., 2026; Choi et al., 2025; Li, 2024; Hong et al., 2023; Li et al., 2023a; Wu et al., 2023). This
line contributes practical design patterns: role specialization, delegated memory, and validator loops. Its strength is
engineering coverage and cross-task portability. Its weakness is that correctness claims are often procedural rather than
theorem-level. In most framework papers, graph edges denote control flow but not formally typed domain-codomain
obligations. As a result, a graph may be executable and still under-specified for compositional guarantees.

The present work borrows the graph perspective from these sources, especially tuple-style framework descriptions and
workflow maps (Orogat et al., 2026; Song et al., 2026), but departs in two ways. First, we require each transition to be
typed by admissibility predicates that can be audited. Second, we isolate a path-level validator composition object and
analyze its risk with dependence terms instead of independence-only approximations. This novelty boundary avoids
claiming invention of graph orchestration itself.
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2.2 LONG-HORIZON FAILURE, REROUTING, AND POLICY CONTROL

Planning-centric analyses show a recurring pattern: greedy or short-sighted action selection degrades when early
decisions influence distant outcomes (Wang et al., 2026; Motwani et al., 2026; Khanh & Hoa, 2026; Lin et al., 2025).
Memory augmentation improves many benchmarks but does not uniformly remove horizon failure (Orogat et al., 2026;
Shinn et al., 2023). This contradiction motivates explicit control-theoretic framing for rerouting and stopping rather
than ad hoc retry loops.

Our rerouting analysis is positioned at this boundary. We borrow finite-horizon drift logic and calibration motivation
from prior planning and control-oriented discussions (Wang et al., 2026; Khanh & Hoa, 2026; Shinn et al., 2023;
Sonu et al., 2015). We then define a workflow-specific objective, feasible policy set, and dominance criterion suitable
for contracted orchestration. The key claim is conditional: dominance requires bounded reroute depth and calibrated
uncertainty. Without those assumptions, oscillatory behavior can dominate.

2.3 SAFETY, PERTURBATION CHANNELS, AND FORMAL VERIFICATION

User-mediated and tool-mediated attacks remain a major challenge in autonomous agents (Chen et al., 2026; Lin,
2025; Yang et al., 2024; Papadimitriou et al., 2023). Existing studies provide empirical taxonomies and red-team
evidence, but threat assumptions vary, which complicates transfer of guarantees. In parallel, neural-symbolic and
formal methods provide compositional tools that can express invariants and proof obligations (Su et al., 2025; Dinu
et al., 2024; Zhang et al., 2020; Efremov et al., 2018). The gap is a bridge between operational attack channels and
explicit policy-class boundaries.

We close part of that gap with a minimax statement over static threshold policies. The statement is intentionally
narrow. It does not claim impossibility for all adaptive defenses. Instead, it establishes a lower bound for one policy
family under observation indistinguishability, then states a corollary for an authenticated restricted regime. This is
aligned with recent calls to separate robustly proven guarantees from broad empirical narratives (Rothfarb et al., 2025;
Xia et al., 2025; Jiang et al., 2024; Naden et al., 2019).

A further boundary concerns evaluation semantics rather than theorem syntax. Much of the orchestration literature
reports end-task success, aggregate preference scores, or throughput under fixed workloads. Those outcomes are
useful, but they are not interchangeable with contract-level correctness signals. In contract-governed pipelines, a
run can obtain high utility while still violating interface compatibility, validator consistency, or safety invariants that
matter for deployment. We therefore treat empirical summaries and theorem obligations as complementary layers
with different failure meaning. Empirical traces indicate what happened under sampled conditions; formal statements
define what must hold under declared assumptions. This distinction directly shapes how we compare prior work:
we read benchmark improvements as evidence of capability, while we reserve correctness claims for settings where
assumptions, policy class, and perturbation model are explicit enough to support auditable transfer. The manuscript’s
novelty is to keep those layers connected without conflating them.

3 PROBLEM FORMULATION AND PRELIMINARIES

This section defines the mathematical setting before any theorem statement is used. We formalize ambient objects,
domains, codomains, random variables, policy spaces, and optimization targets so that later claims are auditable
without hidden assumptions. We also mark provenance at introduction time: graph and transition abstractions are
inherited from prior literature, while dependence-aware descriptors and contracted policy objects are defined in this
work. The intent is to keep notation compact in the main text while still making validity regimes explicit, including
where statements stop applying.

3.1 TYPED CONTRACT GRAPH, SPACES, AND STANDING ASSUMPTIONS

Let G = (V, E) be a finite directed graph with |V'| > 1. Each node v € V is a phase operator
fo: Xy =Y,

where X, and Y, are measurable spaces equipped with o-algebras sufficient for all random variables used below. For
each edge (u,v) € E, define admissibility indicator

Adm(u,v) € {0,1},

where Adm(u,v) = 1 means outputs in Y;, satisfy declared preconditions for X,,. This convention follows typed
interface ideas from graph orchestration literature (Orogat et al., 2026; Song et al., 2026; Hong et al., 2023).



Under review as a paper at omegaXiv 2026

A pathis p = (v1,...,v) with k € N>q. The path is admissible if Adm(v;, v;41) = 1 foralli € {1,...,k — 1}.
For each node on p, define local false-accept indicator E; € {0, 1} and path sum

S, = ZE (1)

Let 11, = E[S,] and 0} = Var(S,). We assume finite variance and, for the concentration bound used later, 4, < 1.
This last condition is a regime condition, not a tautology.

We distinguish inherited and new formal objects. Inherited objects include graph-structured orchestration and
transition-state abstractions (Wang et al., 2026; Orogat et al., 2026; Song et al., 2026; Li et al., 2023a). In this work
we newly define a dependence descriptor

Dy, := {Cov(Ei, Ej) h<i<j<k )

used to expose when independence assumptions are unsafe.

3.2 DECISION VARIABLES, FEASIBLE SET, AND OPTIMALITY CRITERION

Rerouting is modeled in discrete time ¢ € {0,..., H — 1} with finite horizon H € N>;. Let F; be the filtration
generated by observed validation signals and execution history. A policy p maps current state and uncertainty to a
distribution over branch actions:

pt € A(B(st)), pt is Fi-measurable.

Decision variables are the sequence of branch choices induced by p. The feasible set is
R={p:b <bmax, m <N <e/c, Pr(T < H) =1}, 3)
where b; is reroute depth, byax € N>g, 7¢ is calibration error, and T’ is stopping time.

We define the objective
H-1
J(p)=E Z (we Erry + w, Costy + wq Delay,) + wy P | )
t=0
with nonnegative weights we, w., wq, wes. The optimality criterion is standard constrained minimization:

* € argmin J(p). 5
p gmin J(p) (5)
The terminal potential ®; > 0 represents unresolved critical mass at horizon end and is adapted to Fp;.

For perturbation robustness, define static-threshold policy class Hgtatic = {7 : 7 € [0, 1]} and perturbation family
Q(C) over user, tool, and context channels (Chen et al., 2026; Lin, 2025; Papadimitriou et al., 2023). For A € (0, 1),
define minimax risk
Ry(m)= sup [APr(FAs=1)+(1-\) Pr(FRs =1)]. (6)
5€Q(C)

4 DEPENDENCE-AWARE PATH SOUNDNESS

This section develops the first formal contribution: a path-level soundness bound that retains covariance structure in-
stead of collapsing to independence assumptions. The narrative flow is lemma-first. We prove composability under
typed admissibility, derive a one-sided concentration statement, and then combine event inclusion with concentration
control to obtain the main bound. Beyond derivation, we explain applicability boundaries and why theorem validity is
not equivalent to empirical closure in any arbitrary run slice. This distinction is central to the paper’s evidence taxon-
omy. We also emphasize where each assumption enters the derivation so later diagnostic failures can be interpreted at
the right logical level.

4.1 LEMMA CHAIN AND MAIN BOUND

We start from typed composability.

Lemma 4.1 (Typed composability). Let p = (v1,...,vy) be admissible. Then the composed map
fp:kao"'ofvl :le _>Yvk

is well-defined.
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Proof. By admissibility, for each adjacent pair (v;,v;41), outputs of f,,, satisfy the declared preconditions of f,, ., .
Composition of measurable maps with matching codomain-domain constraints is closed. Induction on path length &
yields well-defined f,, on X,,. O

Next we upper-bound one-sided deviation of Sj,.
Lemma 4.2 (Cantelli one-sided control). Assume p1, < 1 and afj < 00. Then

0_2

Pr(S,>1)< ——2 = B,(p,D,). 7
r(Sp > )—U]%Jr(liup)Q (p, Dp) (7

Proof. Cantelli’s inequality gives, for any random variable X with mean m and finite variance s, and any a > 0,
52
Pr(X—m>a) < ——.
( za)< 52 + a2

Set X = S,, m = pp,, and a = 1 — p1, > 0. Substituting yields equation 7. Dependence enters through 012,, since

k
op =Y Var(E)+2 Y Cov(E; Ej).
=1

1<i<j<k
Hence the bound is dependence-aware through equation 2. O

Theorem 4.3 (Path false-accept soundness). Assume: (i) admissible finite path, (ii) measurable Bernoulli indicators
E;, (iii) pp < 1 and finite 0'12], and (iv) event inclusion {FA, = 1} C {S, > 1}. Then

Pr(FA, =1) < B,(p,D,). (8)

Proof. From inclusion, Pr(FA, = 1) < Pr(S, > 1). Apply Lemma 4.2 to obtain equation 8. The theorem is valid
only when p,, < 1;if p, > 1, Cantelli at threshold one does not provide the same control and the claim is out of
regime. O

4.2 INTERPRETATION AND APPLICABILITY

Equation 8 is conservative by construction, and its value depends strongly on covariance structure. Positive covariance
can inflate O’% and loosen the bound; negative covariance can tighten it. The theorem therefore should be read as a
conditional guarantee: when typed admissibility and moment assumptions hold, path-level false acceptance is upper-
bounded by a quantity that explicitly reflects dependence. This avoids a frequent failure mode in orchestration audits,
where independence is assumed implicitly and uncertainty is under-reported. The theorem does not claim universal
tightness, nor does it claim that all practical slices satisfy p,, < 1.

5 BOUNDED REROUTE DOMINANCE IN FINITE HORIZON

This section formalizes rerouting as constrained control rather than informal retry behavior. We define a finite-horizon
objective, drift condition, and feasible policy set, then derive a dominance inequality against memory-only baselines
under calibrated uncertainty and bounded depth. The result ties optimization and reliability directly: objective gains
are interpretable as theorem support only when drift assumptions hold in the declared regime. We therefore treat drift
verification as part of scientific evidence, not a post hoc diagnostic after metric reporting. The additional purpose is to
expose exactly which policy knobs alter theorem applicability.

5.1 DRIFT CONDITION AND OBJECTIVE COMPARISON

Let ®, be nonnegative and adapted. Suppose

E®u1 — Q| )< —e+em, m<if<elc )
Summing equation 9 over t = 0, ..., H — 1 yields a finite-horizon decrease guarantee.
Lemma 5.1 (Finite-horizon drift telescope). Under equation 9,

E[®y] < ®o — H(e — ci). (10)
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Proof. Take conditional expectations in equation 9, then total expectation, then sum over ¢. The left side telescopes to
E[®y — ®p). Bound 7; by 7 and rearrange. O

Theorem 5.2 (Dominance over memory-only baseline). Let p*, p™™ € R be feasible policies under the same horizon

and budget constraints. Suppose p* has larger drift margin by A, > 0 and incurs at most A additional expected
per-step operational cost. Then
J(p*) — J(p™) < —weHA, + HA,. (11)

In particular, if wgAe > A, then J(p*) < J(p™™).

Proof. Write objective difference from equation 4 as a sum of per-step operational differences plus terminal potential
difference. By assumption, operational difference is upper-bounded by HA.. Apply Lemma 5.1 to both policies and
subtract bounds, obtaining terminal advantage at least H A in favor of p*. Weighted combination yields equation 11.
Strict inequality follows from the stated margin condition. O

5.2 BOUNDARY CASE: OSCILLATION REGIME

The dominance theorem is not unconditional. If calibration degrades so that r; approaches /c, the drift margin can
collapse. Likewise, if depth constraints are relaxed, cycles can accumulate overhead without reducing ®;. These cases
are not edge details; they are central to interpretation. They imply that rerouting should be treated as an optimization
problem with explicit feasibility and monitoring, not as a generic retry mechanism. This boundary interpretation is
consistent with long-horizon instability evidence in planning studies (Wang et al., 2026; Motwani et al., 2026; Khanh
& Hoa, 2026; Lin et al., 2025) and with practical concerns about branching overhead in framework-level systems
(Orogat et al., 2026; Shinn et al., 2023; Li et al., 2023a).

6 ROBUSTNESS BOUNDARY UNDER PERTURBATIONS

This section establishes the adversarial boundary of static-threshold validation policies. The formal structure is in-
tentionally two-part: a minimax lower bound for unrestricted perturbations, followed by a conditional attainability
corollary for authenticated restricted channels. Presenting both statements together prevents two common errors:
overstating impossibility as universal and overstating restricted-case success as globally representative. By writing
both within one framework, we can map operational assumptions directly to formal guarantees and to falsifiable fail-
ure modes. The resulting interpretation is intentionally conditional and excludes unsupported extrapolation to richer
policy classes.

6.1 STATIC-POLICY MINIMAX LOWER BOUND

We model adversarial perturbations as transformations in €2(C) that may alter user messages, tool outputs, or contextual
traces while preserving observable score collisions in the worst case (Chen et al., 2026; Lin, 2025; Papadimitriou et al.,
2023). Consider static threshold policies [gatic.

Theorem 6.1 (Static-threshold minimax boundary). Assume an unrestricted perturbation family contains paired per-
turbations that induce observation indistinguishability between opposite latent validity labels. Then
inf  Ry(m) > min{\,1— A} (12)

mE€llstatic

Proof. Fix any static threshold policy 7. Under indistinguishable observations, 7, cannot separate one unsafe and
one safe latent state that map to the same observed score. If the shared score is accepted, false accept is one for the
unsafe latent state, giving risk at least A. If rejected, false reject is one for the safe latent state, giving risk at least
1 — A. Therefore worst-case risk for 7 is at least min{\, 1 — A}. Taking infimum over 7 preserves the bound. O

6.2 RESTRICTED-REGIME COROLLARY

The previous theorem does not deny improvements from stronger channels. It states a boundary for unrestricted
perturbations and static policies. We now state a conditional attainability result.

Corollary 6.1.1 (Authenticated restricted-family attainability). Suppose perturbations are restricted to an authenti-
cated family with margin m > 0 between safe and unsafe score supports and bounded additive noise €, such that
m > 2¢,. Then there exists a static threshold policy whose risk satisfies

Ry(77) < €. (13)
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Proof. By margin separation and bounded noise, the noisy safe and unsafe score intervals remain disjoint. Any
threshold in the open interval between the two noisy supports separates both classes, so both false accept and false
reject probabilities are bounded by the noise leakage term. Substituting in equation 6 yields equation 13. The statement
fails when margin collapse or channel authentication failure destroys interval separation. O

7 ANALYTICAL BOUNDARY CASES AND CONSTRUCTIVE COUNTEREXAMPLES

This section develops explicit boundary constructions that complement the theorem statements. The goal is to show,
in symbolic terms, how regime mismatch can arise even when architectural contracts appear well-formed. We analyze
one boundary construction for each theorem family and keep all constructions inside the declared mathematical setting.
These constructions are not synthetic filler: they define failure witnesses that can be turned into targeted rerun criteria.
In a theorem-first manuscript, this step is necessary because a practical theorem is not only a statement of success
conditions; it is also a map of where the guarantee can fail and why.

7.1 HIGH-LOAD DEPENDENCE CONSTRUCTION FOR PATH BOUNDS

Consider an admissible path of length £ with exchangeable Bernoulli indicators E; such that

with ¢ € (0, 1) and correlation parameter p € [fﬁ, 1} sufficient for covariance validity. Then

pp=kq,  on=kq(1—q)[1+ (k—1)p].

Two observations follow immediately. First, for fixed ¢ > 0, increasing k pushes ji,, above one, creating deterministic
exit from the theorem regime. Second, for fixed k and g, positive p inflates variance and therefore increases the Cantelli
numerator. Together these effects explain why long paths with correlated validators can show weak or nonconfirmatory
behavior despite typed composability. The issue is not a contradiction of Theorem 4.3; it is that the run has moved
into a high-load regime where the theorem premises fail.

This construction also clarifies why independence-only reporting can be misleading. If one sets p = 0 by default, then
pina = ka(1 —q),

which underestimates variance whenever p > 0. In that case, an independence-based bound can appear sharper than
the dependence-aware bound while being less honest about risk. The manuscript therefore treats dependence reporting
as a methodological obligation, not an optional diagnostic. This design choice is consistent with literature emphasizing
explicit architecture-level assumptions and compositional semantics in multi-agent systems (Orogat et al., 2026; Dinu
et al., 2024; Zhang et al., 2020; Efremov et al., 2018).

A second implication is experimental design: confirmatory slices for Theorem 4.3 should be sampled by controlling
both £ and ¢ so that k¢ < 1 has margin, not only point feasibility. If sampling targets kg =~ 1, small estimation drift
can repeatedly push slices out of regime. The counterexample family thus translates directly into rerun constraints:
maintain a safety margin on p,,, stratify by estimated covariance sign and magnitude, and report theorem support
conditional on these strata.

7.2 CALIBRATION-DEPTH TRADE-OFF WITNESS FOR REROUTING

For rerouting, consider the drift inequality
E[®111 — @ | Ft] < —e +comr.
Suppose calibration error is a monotone function of effective branching pressure:
Ne = Mo + o, be + B, ki,

where b; < by,ax 18 backtrack depth and , is branch fan-out. When «, 5 > 0, increasing exploration can improve
local recovery opportunities while simultaneously degrading calibration quality. This creates a nontrivial operating
region in which greater search effort can either help or hurt objective performance depending on whether induced
calibration growth erodes drift margin. To make this concrete, set @, 7 = max

0,®; — 6; + & where §; captures resolved error mass and &; captures new inconsistency introduced by branch in-
flation. If branch expansion increases &; faster than it increases d;, then empirical objective gains can vanish even
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with nominally richer exploration. This witness explains why Theorem 5.2 includes explicit feasibility and calibration
assumptions. The theorem does not assert that more branching is always better. It asserts that calibrated rerouting
with bounded depth dominates memory-only controls when drift and cost margins satisfy equation 11. From a policy
perspective, this witness implies that calibration is part of the control state, not a post-processing score. A system that
tunes branching without jointly constraining calibration can violate the theorem regime while still appearing active
and responsive. This is especially relevant in long-horizon settings where small calibration errors accumulate over
many decision points (Wang et al., 2026; Motwani et al., 2026; Khanh & Hoa, 2026; Shinn et al., 2023). Hence the
manuscript recommends reporting dominance on matched calibration strata and publishing oscillation incidence as a
first-class metric.

7.3 MARGIN-COLLAPSE WITNESS FOR RESTRICTED ROBUSTNESS

For robustness, let safe and unsafe latent scores satisfy nominal separation m > 0 under authenticated channels. Let
adversarial and stochastic disturbances jointly induce perturbation term v with support in [—¢,,, €,] for calibrated runs
and occasional spoofing impulses ¢ under channel breaches. Observed score difference then becomes

Az=m+v+(.

The corollary condition is effectively a lower-tail requirement on Az: if channel integrity ensures ( = 0 and m > 2¢,,
threshold separation exists. But if spoofing events produce negative impulses with magnitude comparable to m,
support overlap reappears and the corollary can fail despite otherwise moderate noise. This witness emphasizes that
channel authentication is not a cosmetic implementation detail; it is mathematically load-bearing for Corollary 6.1.1.
It also clarifies why unrestricted-family behavior can satisfy Theorem 6.1 while restricted-family attainability remains
mixed in practice. The two statements are about different perturbation sets. A run can validate the lower bound under
broad attacks and still miss restricted-regime closure if margin guarantees are not consistently enforced. The witness
further motivates explicit provenance instrumentation in evaluation protocols (Chen et al., 2026; Lin, 2025; Yang et al.,
2024; Papadimitriou et al., 2023). Without provenance-level labels, failure analyses can misattribute margin collapse
to model uncertainty alone. By contrast, provenance-aware diagnostics can partition failures into noise-dominated and
spoof-dominated components, which correspond to different remediation paths.

8 COMPARATIVE THEORETICAL ANALYSIS OF ALTERNATIVE FORMALIZATIONS

This section compares the manuscript’s formal choices with common alternatives in orchestration research. The ob-
jective is not to claim that one formalization dominates universally, but to explain why the chosen framework best
matches the stated guarantees and evidence mode. We analyze three alternatives: independence-only risk aggrega-
tion, unconstrained adaptive policy classes, and benchmark-score-only interpretation. Each alternative can be useful
in context, yet each weakens at least one requirement needed for theorem-level boundary claims in long-horizon con-
tracted orchestration. The comparison is constructive rather than adversarial: it identifies what each alternative can
still contribute when integrated into a theorem-aware evidence contract.

8.1 INDEPENDENCE-ONLY AGGREGATION VERSUS DEPENDENCE-AWARE CONTROL

Many practical reports summarize validator ensembles with independence-style approximations such as product sur-
vival terms or union-style upper bounds. These forms are easy to compute and often interpretable for low-correlation
settings. However, they suppress the covariance structure that dominates behavior in synchronized failure modes.
In dependency-rich pipelines, synchronized validator errors are not rare anomalies; they can be induced by shared
upstream context, common prompt artifacts, or coupling through tool outputs. In such settings, independence-only
approximations can understate risk and overstate confidence. The dependence-aware construction in equation 2 and
equation 7 is a compromise between full joint distribution modeling and naive independence. It keeps second-order
dependence explicit while remaining computationally tractable for replay auditing. This choice is aligned with the
manuscript’s proof objective: provide auditable upper bounds under finite-moment assumptions without pretending to
recover exact tail probabilities. In comparison, full joint modeling would require stronger distributional assumptions
and significantly heavier estimation pipelines, while independence-only models would not preserve the caution needed
for worst-case interpretation. This comparison matters for claim scope. If the goal were only relative ranking between
heuristics, independence approx1mat10ns might be sufficient. But if the goal is theorem-linked risk certification under
explicit assumptions, covariance-aware reporting is the minimum acceptable structure. Therefore the manuscript’s
bound should be read as a conservative certification object rather than a predictive model of exact false-accept fre-
quency.
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8.2 STATIC THRESHOLD POLICIES AND ADAPTIVE EXTENSIONS

The robustness theorem in Equation 12 is intentionally scoped to IIg;atic. This scope has two benefits. First, it allows
a clean indistinguishability argument with minimal policy-side assumptions. Second, it aligns with operational base-
lines commonly used in validator gates. The trade-off is that static policies are not the full design space. Adaptive
policies with memory, context features, and dynamic abstention can potentially improve practical performance. Why
not prove directly over adaptive classes? Because an unrestricted adaptive class can absorb assumptions into the policy
representation itself, making guarantees difficult to falsify and easy to overstate. A stronger route is staged: prove a
robust lower-bound boundary for a constrained policy family, then extend the family with explicit additional assump-
tions and separate theorem statements. This staged route mirrors methodology in formal planning and verification
literature, where expressivity increases are accompanied by new proof obligations (Dinu et al., 2024; Zhang et al.,
2020; Efremov et al., 2018; Sonu et al., 2015). In the present evidence state, static-family boundary claims are better
supported than adaptive-family guarantees. Therefore the manuscript does not extrapolate theorem conclusions to
adaptive controllers. Instead, it treats adaptive-policy analysis as a follow-up theorem program with explicit assump-
tions about observability, calibration dynamics, and policy regularity. This preserves honesty about what is currently
proven.

8.3 BENCHMARK-SCORE NARRATIVES AND CLAIM-EVIDENCE CONTRACTS

A third alternative is to treat benchmark metrics as sufficient evidence for global claims. This approach is common
in systems papers because it is easy to communicate and aligns with leaderboard culture. However, metric improve-
ments can conflate multiple mechanisms: better calibration, easier slices, changed perturbation regimes, or even silent
assumption drift across runs. Without theorem-linked assumption tracking, such improvements are hard to interpret
causally. The claim-evidence contract used in this manuscript addresses this by requiring each major claim to list
theorem dependencies, comparator baselines, uncertainty method, and caveats. In practice, this converts narrative re-
porting into a structured argument: a claim is supported only when the relevant theorem implication is tested in-regime
against its designated falsifier with declared uncertainty treatment. This framework is consistent with recommenda-
tions for reproducible autonomous-agent evaluation where protocol transparency is as important as aggregate score
improvements (Yang et al., 2024; Sénger et al., 2023; Karl et al., 2022; Toghi et al., 2021; Naden et al., 2019). The
comparison does not reject benchmark reporting. It repositions it. Benchmark metrics remain useful, but as evidence
components inside a theorem-aware contract rather than standalone proof of global reliability. This is especially im-
portant for long-horizon autonomous research systems, where failure costs can accumulate over extended execution
chains.

8.4 DOMAIN-TRANSFER AND THEOREM PORTABILITY

An additional comparison concerns transfer across domains. Multi-agent orchestration methods are now used in
software engineering, scientific synthesis, operational planning, and simulation-heavy environments
citepS004,5010,5021,S034,S041. A common assumption is that if a pipeline architecture transfers, its reliability
claims transfer as well. That assumption is generally false unless theorem premises are domain-stable. In contracted
orchestration, domain transfer changes at least three objects: distribution of validator errors, calibration behavior of
uncertainty proxies, and structure of perturbation channels. Each change can invalidate parts of the original theorem
regime.

Consider transfer from a code-generation workload to a scientific-writing workload. The interface graph may remain
similar, but error semantics shift from executable correctness to evidential correctness, and perturbation channels
include citation noise and context poisoning rather than only API misuse. In this setting, the symbolic proof of
a bound can remain valid while empirical regime coverage changes drastically. The right portability statement is
therefore conditional: theorem syntax can transfer, but theorem support status must be recomputed under domain-
specific assumptions and evidence.

The same logic applies to robustness corollaries. A restricted authenticated channel in one domain may correspond to
deterministic API contracts; in another domain it may require provenance-preserving retrieval and citation validation.
If authentication semantics differ, the condition set underlying

eqrefeq:restricted-epsilon is not equivalent across domains. Domain transfer should then be modeled as assumption
transport, not metric transport. Practically, this means each transfer should include a theorem-assumption checklist
and a boundary-case replay plan before claims are promoted. This perspective helps reconcile apparently conflicting
observations in the literature. Benchmark studies may report broad gains from architectural decomposition
citepS002,5027,5033,S036, while planning and safety studies continue to report brittle behavior under longer depen-
dencies and adversarial shifts
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Algorithm 1 Two-Stage Theorem Audit for Contracted Orchestration

—_

: Input: theorem set 7, run slices S, assumptions ledger A
Run symbolic checks for each T € T; record pass/fail and algebraic witness
for each slice s € S do

Evaluate assumption predicates in .4 and assign regime tag

If in regime, test theorem implication on slice outcomes

If out of regime, route slice to counterexample ledger
end for
Aggregate support status as supported, mixed, or unsupported per claim family
Output theorem-audit table, comparator table, and caveat map

R A U

citepS001,S003,S008,S011. Both observations can be true because they are often evaluated under different effec-
tive assumption sets. A theorem-aware portability protocol makes those assumption differences explicit and prevents
rhetorical overgeneralization.

For this manuscript, portability implications are straightforward. The proposed formal stack is portable as a method-
ology: define typed contracts, state admissibility and calibration assumptions, prove boundary theorems, and audit
claims with regime tags. What is not automatically portable is the support label attached to each claim family. Support
labels are empirical objects attached to a domain-specific assumption instantiation. This distinction should be part of
any revision phase that extends the system to new datasets, new toolchains, or new interaction channels.

9 VALIDATION EVIDENCE AND THEOREM AUDIT

This section connects formal claims to executed evidence. The key design choice is separation between symbolic
closure and replay-based regime auditing. Symbolic checks confirm algebraic identities and boundary inequalities,
while replay audits test whether theorem assumptions and implications hold on actual slices. The section reports these
layers jointly through tables and figures so that support labels are transparent. This avoids conflating proof correctness
with deployment readiness and makes mixed outcomes scientifically legible instead of narratively ambiguous. It also
clarifies how comparator outcomes enter interpretation without replacing theorem predicates.

9.1 AUDIT PROTOCOL

Proof obligations were checked in two layers: symbolic closure and replay-based theorem auditing. Symbolic checks
verified algebraic identities and boundary inequalities for the three theorem families, including positivity conditions,
telescoping identities, and minimax case reductions. Replay auditing evaluated whether executed slices satisfied the-
orem predicates and whether observed outcomes matched theorem-level implications under those predicates. This
separation matters because symbolic correctness does not guarantee empirical regime compliance. The two-stage
workflow used for this separation is summarized in algorithm 1.

9.2 MAIN EMPIRICAL AND SYMBOLIC FINDINGS

Table | summarizes coverage and primary signals. The contract-composition theorem family had 80 evaluated slices,
but executed slices in this run violated the key i, < 1 condition, so confirmatory coverage remained weak. The
reroute-dominance family remained supported in the executed regime, with drift-condition failures confined to a mi-
nority of slices. The minimax-boundary family confirmed the unrestricted lower-bound statement while showing
incomplete closure for the restricted corollary. Dependence and drift behavior across theorem families is visualized in
figure 1, and the robustness trade-off frontier is shown in figure 2.

Table 2 maps each claim family to its primary falsifier and uncertainty procedure. This map was fixed before interpre-
tation to avoid post hoc comparator drift. The primary practical conclusion is heterogeneous support across theorem
families: reroute dominance is supported in-regime, while path soundness and restricted-family robustness remain
mixed because key confirmatory premises were not uniformly satisfied in the executed slices.

9.3 EVIDENCE-TO-CLAIM DECISION RULES AND SUPPORT SEMANTICS

The core methodological decision in this manuscript is to treat support status as a typed object rather than a narrative
adjective. For each theorem family, we separate three layers: symbolic closure, regime validity, and empirical implica-
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Table 1: Main-theorem audit summary used in the manuscript body. The table reports evaluated rows and the dominant
verification signal for each theorem family. Coverage tags indicate that boundary conditions were tracked explicitly
instead of being implicitly absorbed into aggregate metrics. This distinction is necessary for a formal paper because
theorem support and regime support are different objects.

Theorem Family Rows Evaluated Primary Signal Coverage Tag
Path soundness bound 80 no confirmatory rows  stress-only slices
Reroute dominance bound 2880 dominance supported ~ mostly in-regime
Minimax boundary 1536 lower bound supported restricted gap open

Table 2: Claim-to-comparator map used for confirmatory interpretation. Each row states the comparator that defines
the main contrast, the most likely falsifier, and the uncertainty protocol applied to the reported effect. This table is part
of the evidence contract: a claim is treated as supported only if it remains stable against its designated falsifier under
the stated uncertainty procedure.

Claim Family Primary Comparator Most-Likely Falsifier Uncertainty Method

Path soundness architecture-only stacking covariance misspecification in bootstrap interval with
baseline high-correlation traces delta-method bound error
Reroute dominance memory-only fixed-depth poor uncertainty calibration under paired-seed bootstrap
baseline fixed budget with beta-binomial inter-

val
Minimax boundary static-threshold baseline provenance spoofing with margin Wilson intervals with
collapse bootstrap risk-gap inter-

val

tion checks. Symbolic closure asks whether algebraic identities and inequality manipulations required by the theorem
remain correct under declared domains. Regime validity asks whether the evaluated slice satisfies the assumptions
needed for confirmatory interpretation, such as moment bounds, calibration constraints, or policy-class restrictions.
Empirical implication checks ask whether observed outcomes satisfy the theorem’s directional consequence once the
first two layers hold. A claim is labeled supported only when all three layers align for the relevant statement. This rule
prevents a common failure mode where symbolic correctness is implicitly promoted to empirical confirmation.

The distinction is visible in Table 1 and Table 2. The theorem-audit table reports broad row coverage, but cover-
age alone is not interpreted as support. Instead, support requires that rows counted in the theorem denominator are
in-regime rows. For the path-bound family, heavy-load slices provide useful stress evidence but cannot certify equa-
tion 8 when the 1, < 1 premise is violated. For the reroute family, objective improvements are interpreted through
equation 11 only when drift premises anchored in equation 9 remain active. For the robustness family, risk trends are
interpreted against equation 12 for unrestricted channels and against equation 13 only when authenticated restricted-
channel assumptions hold.

This layered rule also clarifies why mixed status is scientifically meaningful. A mixed label does not indicate vague
uncertainty; it indicates a precise decomposition: some theorem implications are supported on qualified subsets, while
one or more prerequisites are unresolved on other subsets. In formal terms, mixed status means there exists a non-
empty support set Sox and a non-empty unresolved set Sg,;, under the manuscript’s assumption map. The size and
structure of Sg,p, directly determine next experiments, because each unresolved subset is tied to a specific violated
predicate. This structure converts revision from broad exploration into targeted closure.

Finally, the support-semantics rule improves comparability across theorem families. Without it, one family could
appear stronger only because it was tested on easier slices or reported with weaker assumption discipline. By enforcing
a shared support contract across Tables 1 and 2, and by interpreting the curves in figure 1 and figure 2 through the same
regime lens, we obtain a fair comparison: each theorem is judged by whether its own assumptions and implications
cohere on the slices used to evaluate it.

10 DISCUSSION AND LIMITATIONS

This section interprets what the evidence supports and, equally important, what it does not support. We aggregate
theorem outcomes, regime tags, and comparator behavior into a coherent claim-status map. The discussion emphasizes
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Figure 1: Joint evidence for path-soundness and reroute-dominance analyses. The left panel plots empirical false-
accept rates against the dependence-aware upper bound across path length and covariance regimes, with uncertainty
intervals reflecting bootstrap and delta-method components; it shows that theorem interpretation is highly sensitive to
regime compliance, especially the y,, < 1 condition. The right panel reports objective trajectories for the proposed
reroute policy and baselines across finite horizons, showing robust objective advantages for calibrated rerouting while
also exposing slices where drift assumptions weaken.
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Figure 2: Risk frontier for the robustness-boundary analysis across trade-off weight A. The unrestricted perturbation
family tracks the minimax envelope predicted by equation 12, while the authenticated restricted family shows lower
observed risk but non-uniform closure of the restricted corollary. The figure should therefore be read as boundary
evidence, not blanket success: it supports the impossibility theorem under broad perturbations and simultaneously
highlights unresolved conditions for practical attainability.

that negative and mixed results are not peripheral; they identify the current validity boundary of the formal program.
We also map each unresolved edge to a concrete closure path so limitations are actionable. This approach is aligned
with rigorous reporting standards in formal-empirical hybrid research where conditional guarantees are expected.

10.1 CLAIM STATUS AND SCIENTIFIC INTERPRETATION

The central interpretation is that formal boundary statements are useful even when full empirical closure is incom-
plete. The path soundness theorem remains mathematically valid under its assumptions, but current replay slices do
not satisfy the main moment regime needed for confirmatory evaluation. The reroute dominance theorem receives
partial empirical support: objective advantages are strong, while drift-condition closure remains incomplete in several
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calibrated slices. The minimax boundary theorem is supported in unrestricted settings, but the restricted corollary
remains mixed. These results justify a disciplined support taxonomy rather than binary pass/fail claims.

This stance aligns with broader methodological discussions in formal and empirical Al research (Theologitis & Suciu,
2025; Haseeb, 2025; Shu et al., 2024; Lin, 2024; Li et al., 2023b; Sanger et al., 2023; Karl et al., 2022; Toghi et al.,
2021). When theorem assumptions are explicit and auditable, negative evidence can refine validity regimes instead
of collapsing the whole contribution. In this paper, mixed outcomes narrow the trusted operating region and provide
concrete targets for rerun design.

10.2 FAILURE MODES, EXTERNAL VALIDITY, AND FOLLOW-UP REQUIREMENTS

Three limitations are most important. First, some executed slices are out of regime for the dependence-aware bound
because j1,, exceeds one; these slices are informative for stress testing but cannot confirm equation 8. Second, reroute
dominance depends on calibrated uncertainty and bounded depth. Where those assumptions weaken, oscillation risk
rises and objective gains can shrink. Third, restricted-regime robustness depends on authenticated channels and non-
collapsed margins; without these, the corollary cannot be expected to hold.

These limitations are not administrative details. They define the next scientific steps: enforce in-regime sampling
for the path theorem, tighten calibration diagnostics for reroute drift, and strengthen channel authentication tests for
restricted robustness. Until those conditions are met, broad deployment claims are unwarranted. The paper therefore
claims theorem-level boundaries and conditional guarantees, not universal success.

11 IMPLICATIONS FOR CONTRACTED RESEARCH SYSTEMS

This section translates theorem boundaries into policy implications for autonomous research infrastructure. It focuses
on governance-level decisions: how to expose regime status, how to route failures by type, and how to preserve trace-
ability as systems evolve from static thresholds to richer adaptive controllers. The aim is not to introduce new claims,
but to ensure the formal results are operationally interpretable without exaggeration. We therefore keep implications
tightly linked to proven statements, measured caveats, and explicit follow-up obligations. The section is included to
make boundary results actionable for system designers and reviewers.

11.1 FROM THEOREM BOUNDARIES TO ENGINEERING POLICY

The formal results suggest a practical governance rule: each orchestration claim should be indexed by a theorem
regime, not only by aggregate performance. In deployment terms, this means a controller should expose a regime
state vector that tracks admissibility, moment conditions, calibration thresholds, and policy-class membership before
surfacing a confidence label. A single scalar score is insufficient because different failures have different corrective
actions. For example, a path-bound regime failure caused by w,, > 1 should trigger contraction of accepted load and
validator decomposition, while a drift-regime failure should trigger calibration repair or depth-budget reduction. This
type of policy routing aligns with recent interface-safety analyses that emphasize explicit intervention channels over
implicit trust in aggregate metrics (Chen et al., 2026; Lin, 2025; Yang et al., 2024; Papadimitriou et al., 2023). It also
aligns with reproducibility recommendations in workflow automation, where each guarantee is attached to an auditable
assumption ledger (Song et al., 2026; Theologitis & Suciu, 2025; Li et al., 2023b). In addition, the minimax boundary
theorem motivates conservative default behavior for static gates in unconstrained channels. If system operators cannot
guarantee authenticated provenance or score-margin separation, threshold tuning alone cannot remove worst-case risk.
The right response is to alter the channel model rather than to overfit thresholds. This point is frequently obscured
in benchmark reporting, where threshold sweeps can look favorable while threat assumptions drift across tasks. Our
framework makes that drift explicit by linking each policy interpretation to equation 6 and its theorem regime.

11.2 FUTURE WORK ANCHORED TO IDENTIFIED GAPS

The mixed evidence profile yields concrete mathematical and experimental follow-ups. First, the path theorem needs
an in-regime replay generator with enforced y1,, < 1 by construction and explicit covariance controls, so that empirical
coverage of equation 8 can be tested rather than inferred from out-of-regime stress traces. Second, the reroute theorem
needs stronger calibration diagnostics tied directly to drift terms in equation 9; current aggregate objective gains should
be decomposed into drift-derived and non-drift-derived components. Third, the restricted robustness corollary needs
authenticated-channel benchmarks with measurable margin and noise metadata to evaluate equation 13 under true
corollary conditions rather than approximate proxies. These are not generic next steps. Each is linked to a currently
unresolved theorem edge and can be audited with the same claim-evidence structure used in this manuscript. More
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broadly, an important open direction is extension from static-threshold policy classes to adaptive policy families with
memory and context-dependent gating. Such an extension should preserve formal traceability: policy expressivity
can increase only if theorem statements and failure boundaries remain explicit. Otherwise, additional adaptivity may
improve average-case metrics while weakening the reliability interpretation that motivates contracted orchestration in
the first place.

11.3 AUDIT LIFECYCLE AND REVISION GOVERNANCE

A robust contract-governed system needs more than one successful run; it needs an iteration policy that preserves
theorem semantics as evidence evolves. We therefore propose an audit lifecycle with three governance stages. Stage
one is theorem-preserving ingestion: every new dataset slice or perturbation family is mapped to the existing assump-
tion ledger before any support label is updated. Stage two is conditional interpretation: evidence is partitioned by
regime membership, and only regime-valid subsets contribute to theorem-confirmatory counts. Stage three is closure
routing: unresolved subsets are assigned to specific follow-up actions, such as calibration repair, policy-class restric-
tion, or channel-authentication redesign. This lifecycle ensures that revision changes support status through explicit
mathematical predicates rather than through narrative reinterpretation.

In operational terms, the lifecycle can be represented by a transition relation on claim states. Let each claim state be
one of {supported, mixed, unsupported} with attached caveat set and evidence set. A revision step transforms a claim
state only when it adds evidence that is both assumption-valid and implication-relevant. Under this rule, adding out-
of-regime stress results may enrich the counterexample ledger but does not automatically move a claim from mixed
to supported. Conversely, adding in-regime results that directly target unresolved predicates can move a claim toward
support with minimal ambiguity. This state-transition view provides a transparent contract for future loops in which
theorem premises, symbolic checks, and replay evidence co-evolve.

The governance benefit is practical: reviewers and operators can audit not only current claim status but also whether
status changes were justified by valid evidence transitions. This property is crucial for long-horizon research systems,
where iterative updates are common and where silent drift in assumption handling can undermine reliability claims.
A theorem-first lifecycle therefore functions as both a scientific and governance control. Scientifically, it keeps con-
clusions aligned with formal premises. Operationally, it constrains revision behavior so that each update is traceable,
falsifiable, and reproducible. We consider this dual role essential for moving contract-governed orchestration from
one-off demonstrations toward stable, auditable infrastructure.

12 CONCLUSION

We presented a theorem-first treatment of contract-governed multi-agent orchestration for long-horizon autonomous
research pipelines. The technical core includes a dependence-aware path soundness bound, a bounded-reroute dom-
inance theorem, and a minimax robustness boundary with a restricted-regime corollary. Each result is tied to an
explicit mathematical setting: typed graph composition, finite-horizon policy control with measurable uncertainty, and
perturbation games over a static policy class.

From a scientific-method perspective, the contribution is not only the three formal statements but the way they are
coupled to evidence discipline. A common failure in autonomous-agent reporting is mismatch between theorem
language and metric language: proofs assume one regime, while empirical summaries aggregate over mixed regimes
without explicit tags. This manuscript addresses that mismatch by requiring theorem-facing support labels to be
derived from assumption-aware audits. The approach is intentionally conservative. It may classify some promising
outcomes as mixed rather than supported, but that conservatism improves interpretability and makes revision planning
concrete. In particular, the unresolved edges identified here are not broad requests for more experiments; they are
mathematically targeted closure tasks tied to specific theorem premises.

This perspective also suggests a broader template for future research on long-horizon autonomous systems. Formal
guarantees should be paired with explicit applicability maps, and applicability maps should be paired with replay
protocols that can detect regime drift. Under this template, a negative result is valuable when it localizes which as-
sumption failed and what engineering or modeling change is needed. The practical effect is cumulative progress: each
iteration can either expand a proven regime or expose a new boundary condition, while preserving traceability across
proofs, code, and evidence artifacts. We view that traceability-first loop as essential for transitioning autonomous
research pipelines from promising prototypes to auditable scientific infrastructure.

An immediate implication is review-time accountability. When a claim is tagged as mixed, reviewers can inspect
exactly which theorem predicate, comparator test, or perturbation condition is unresolved, rather than relying on
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broad confidence language. That inspection pathway lowers ambiguity for both acceptance decisions and follow-on
revisions. It also creates a direct interface between formal-method reviewers and systems reviewers, since both can
operate on the same claim-evidence contract.

The evidence profile is intentionally explicit. Symbolic checks close the algebraic obligations, while replay evidence
yields mixed support that is informative about regime boundaries. This combination supports a precise conclusion:
contract structure and theorem-level auditing materially improve interpretability of long-horizon orchestration claims,
but robust empirical closure depends on regime-compliant data slices and calibrated policy constraints. In that sense,
the main contribution is a defensible scientific boundary for what can be guaranteed, what is currently supported, and
what must be resolved next.
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A EXTENDED PROOFS AND DERIVATION DETAILS

This appendix section expands technical arguments that are summarized in the main text. The objective is full au-
ditability: each theorem is restated at the level of assumptions, variable domains, and dependency points used in the
proof chain. We also clarify where regime conditions enter and how failure of a condition changes interpretation.
These expansions provide complete argument narratives for readers who want to verify logical closure and understand
how symbolic checks and replay audits interact with the formal statements. The appendix also records where support-
ing and mixed outcomes diverge so readers can trace claim boundaries without ambiguity. Beyond proof mechanics,
this section clarifies dependency ordering across results. The path bound establishes a local risk envelope, the dom-
inance result translates calibrated reroute control into objective improvement conditions, and the minimax boundary
defines where static policies necessarily fail. Reading them in this order matters because each theorem answers a
different question and uses a different validity regime. The appendix therefore makes cross-theorem assumptions ex-
plicit, including where they align and where they do not. This organization also helps reviewers identify whether a
proposed extension changes a theorem premise, a proof step, or only an interpretation layer.

A.1 PROOF EXPANSION FOR PATH SOUNDNESS

This subsection expands the argument behind Theorem 4.3 and isolates where each assumption is used. Assumption
(1), path admissibility, is required only for semantic legitimacy of composition and does not directly enter the proba-
bility bound. Assumptions (ii) and (iii), Bernoulli measurability and finite variance with p,, < 1, are the probabilistic
core. Assumption (iv), event inclusion from path false acceptance to at least one local false acceptance, links semantic
failure to the sum variable. The proof can be restated as a chain of measurable set inclusions and one concentration
inequality application:

{FApzl}Q{szl}:{sp_ﬂpzl_ﬂp}-

When p1,, < 1, the threshold on the right is positive and Cantelli applies directly. The dependence descriptor enters
through the variance expansion, not by a separate correction term. That distinction is important: covariance is not
an optional add-on; it is the mechanism that changes bound width. If one incorrectly drops covariance in positively
correlated validators, the bound can be artificially tight. This is exactly why the manuscript treats dependence as
first-class structure.

A second detail concerns interpretability when g, approaches one from below. In that limit, denominator term
(1 — pp)? shrinks and the bound approaches one unless variance is very small. Therefore, even in-regime slices
can yield weak but still valid certificates. Weak certificates should not be labeled theorem failure; they are a pre-
dictable consequence of near-critical expected error mass. The genuine failure mode is regime exit (u,, > 1), where
the theorem no longer applies as stated.

A.2 PROOF EXPANSION FOR REROUTE DOMINANCE

Theorem 5.2 combines a drift argument and a cost accounting argument. Here we make the decomposition explicit.
Define per-step operational term

Ci(p) = we Erri(p) + we Costy(p) + wq Delay, (p),

and terminal term T'(p) = wy P (p). Then

H-1
T(7) = (o) =E| 3 (Culp™) = Calp™™) | +EIT(p") = T(p™ )],
t=0

The first bracket is controlled by the per-step cost difference assumption. The second is controlled by drift margins
from Lemma 5.1. The point often missed in informal analyses is that both components scale with horizon H. This
means horizon amplification can either strengthen or weaken net dominance depending on whether drift advantage or
extra operational cost dominates. The criterion wg A, > A, is therefore a rate condition, not just a sign check.

We also clarify measurability needs. The filtration requirement ensures conditional expectations in equation 9 are well-
defined and that policy decisions are non-anticipatory. If policy updates use information not in ¢, drift bounds can
be invalidated by construction. Likewise, almost-sure termination by H is required to keep objective accounting finite
and comparable across policies. In continuous operation systems, this assumption should be interpreted as bounded
evaluation windows with explicit truncation semantics.
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A.3 PROOF EXPANSION FOR THE MINIMAX BOUNDARY

Theorem 6.1 uses an indistinguishability argument that is simple but easy to over-generalize. The theorem is specific
to static-threshold policies and to perturbation families that can collapse safe and unsafe latent states onto overlapping
observations. Let z be a shared observed score generated by two latent states with opposite labels. For any threshold
policy 7, either z > 7 or z < 7. The first case incurs false accept on the unsafe latent state; the second incurs false
reject on the safe latent state. Because the adversary takes the supremum, policy cannot avoid both simultaneously.

The corollary changes one ingredient: it restricts perturbations to authenticated channels and requires margin separa-
tion after noise. This is stronger than mere average-case improvement. It is a structural condition that can be falsified
by provenance spoofing or margin collapse. The corollary should therefore be interpreted as a conditional design
target. If system engineers can maintain authenticated channels and margin buffers, they can achieve low risk. If they
cannot, the main theorem remains the applicable boundary.

B PROVENANCE AND SYMBOL LEDGER

This section documents provenance of nontrivial equations and symbols so readers can distinguish inherited con-
ventions from manuscript-specific definitions. It complements inline definitions from the main text by gathering
high-reuse objects in one place and attaching applicability notes. The goal is interpretability under iteration: when
a future rerun modifies assumptions or policy classes, this ledger makes it explicit which equations must be rein-
terpreted, rederived, or retired. This prevents silent drift between formal claims and operational evidence. It also
supports review-time verification by showing where each formal object first enters the manuscript. The ledger also
serves a scope-control role for scientific claims. Several expressions are classical at the level of mathematical form but
manuscript-specific at the level of policy class, perturbation family, or typed contract interpretation. Distinguishing
those layers avoids two common mistakes: attributing all novelty to notation choices, or treating all notation reuse as
direct theorem inheritance. By tracking where objects are imported and where they are specialized, the manuscript
preserves both technical precision and fair provenance attribution.

B.1 PROVENANCE NARRATIVE

For transparency, this subsection distinguishes borrowed formal motifs from manuscript-specific definitions. Bor-
rowed motifs include workflow graph abstraction and transition-system framing from prior orchestration and planning
literature (Wang et al., 2026; Orogat et al., 2026; Song et al., 2026; Sonu et al., 2015). Borrowed motifs also include
perturbation-family framing from adversarial agent studies (Chen et al., 2026; Lin, 2025; Papadimitriou et al., 2023).
In this manuscript, we newly define the dependence descriptor in equation 2, the contracted feasible policy set in
equation 3, and the explicit objective and optimality criterion in equation 4—equation 5. We also instantiate minimax
risk in equation 6 for the static-threshold policy class used by Theorem 6.1.

This provenance split has practical value. It lets readers inspect whether each theorem is genuinely new formal
synthesis or a direct restatement. In our case, theorem statements are new compositions over known building blocks,
while certain assumptions and operators inherit established conventions. That is an expected pattern in formal systems
research. Another reason to separate provenance is interpretive stability under reruns. If a future iteration changes
admissibility semantics, policy constraints, or perturbation channels, only a subset of equations should be reconsidered.
The ledger specifies that subset. In particular, equations that define manuscript-specific feasible sets and robustness
targets require revalidation when policy classes change, while background concentration tools remain reusable under
preserved moment assumptions. This distinction keeps revision effort focused and helps maintain consistent claim
boundaries across iterations.

B.2 SYMBOL GLOSSARY TABLE

Table 3 provides a compact glossary for symbols with high reuse in the main text. It is a supplement, not a substitute,
for first-use definitions. To make the glossary operationally useful, each row includes both mathematical type and
regime note. The type field prevents ambiguity when symbols are reused across sections with different semantic roles,
and the regime note records where a symbol enters theorem-confirmatory interpretation versus boundary analysis. This
matters for mixed-evidence manuscripts: the same symbol may appear in both a validated theorem statement and an
out-of-regime stress test, but the evidentiary meaning is different. The table therefore supports quick cross-checking
between formal statements, audit outputs, and caveat language without forcing readers to reconstruct symbol scope
from dispersed paragraphs.
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Table 3: Symbol glossary with domain and applicability notes. The glossary is included in the appendix for fast
lookup, while all symbols are introduced inline in the main text at first use. Applicability notes clarify when a symbol
contributes to theorem-confirmatory interpretation versus boundary or stress analysis.

Symbol Meaning Domain/Range Applicability Note
G=(V,E) phase orchestration graph finite directed graph default execution topology
fo phase operator at node v X, — Y, measurable requires typed edge admissibil-
map ity
E; local false-accept indicator {0,1} used in path risk theorem
Sp path error count N>o defined in equation 1
Ips 02 moments of S, R>o theorem regime needs p, < 1
Dy, dependence descriptor covariance collection manuscript-specific depen-
dence object
p reroute policy measurable map to sim- constrained by equation 3
plex
J(p) finite-horizon objective R>o minimized over feasible set
D, unresolved potential R>o drift argument variable
R () minimax robustness risk [0,1] policy-class-dependent bound-
ary

Although compact, the glossary also encodes non-applicability information. For example, 1, and (712) remain well-
defined outside the confirmatory regime, but conclusions tied to equation 8 do not transfer automatically when p1,, > 1.
Likewise, R () is defined for broad policy classes, yet the lower-bound theorem in this manuscript applies to a static-
threshold class under specified perturbation assumptions. Stating these boundaries near the symbol table reduces
interpretive drift and keeps theorem statements aligned with their declared domains.

C EXTENDED THEOREM-AUDIT DIAGNOSTICS

This section provides a denser view of theorem-audit outcomes than the main narrative can carry. It includes de-
tailed check-level interpretation, mixed-outcome handling, and structured counterexample meaning. The purpose is
methodological transparency rather than additional claim expansion. By exposing where specific checks fail and why,
the section supports correct scientific usage of mixed evidence and helps downstream reruns target the right closure
tasks. It also demonstrates how the claim-support taxonomy is mechanically connected to theorem checks instead of
editorial preference. This makes the evidence trail robust under independent replication. The diagnostics are organized
to separate algebraic closure, regime satisfaction, and boundary stress behavior. Algebraic closure addresses whether
symbolic identities and implication steps are internally consistent. Regime satisfaction addresses whether executed
slices meet theorem premises. Boundary stress behavior addresses whether expected failure modes appear under de-
liberate assumption violations. This separation is central to fair interpretation: a theorem may remain mathematically
sound while lacking confirmatory empirical support in the current slice distribution. The table and surrounding prose
are designed to preserve that distinction.

C.1 DETAILED THEOREM CHECK TABLE

Table 4 expands theorem-level outcomes beyond the compressed main-text summaries. The objective is to keep the
main narrative readable while retaining full audit visibility.

The table shows why the manuscript uses a support taxonomy with a mixed category. A strict pass/fail paper-level
label would discard useful information. For example, symbolic closure and unrestricted minimax support remain
informative even though restricted corollary closure is incomplete. Conversely, objective dominance evidence should
not be over-generalized into full drift closure when its supporting lemma is only partially satisfied empirically.

C.2 COUNTEREXAMPLE AND BOUNDARY INTERPRETATION
Counterexamples reveal where assumptions fail in operational traces. For the path theorem family, heavy-load slices

push 11, above one, which invalidates the confirmatory reading of equation 8. For reroute dominance, high uncertainty
caps and large depth budgets produce oscillatory traces with weaker drift behavior. For robustness, authenticated-
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Table 4: Detailed theorem checks with qualitative interpretation. The table separates algebraic closure, implication
checks, and regime-sensitive outcomes, which is necessary when symbolic checks pass but empirical theorem closure
is mixed. A mixed or false status here is treated as a first-class scientific finding and is propagated into claim support
labels.

Theorem ID Result Interpretation

Path composabil- Yes Typed composability is consistent with finite path construction and schema checks.
ity lemma

Cantelli positivity Yes Denominator positivity condition is satisfied on valid symbolic domains.

lemma

Path  soundness No Empirical bound coverage is weak in current slices because confirmatory regime con-
theorem ditions are not met.

Drift  telescope No Drift condition does not hold on all calibrated slices; closure is partial.

lemma

Dominance theo- Yes Objective dominance over memory-only baseline is observed on evaluated horizons.
rem

Oscillation propo- No No oscillation witness was observed in the executed run; targeted stress slices are still
sition required for closure of this proposition.

Minimax bound- Yes Unrestricted perturbation behavior remains near the lower-bound envelope.

ary theorem

Restricted attain- No Restricted-channel low-risk condition does not hold uniformly in executed slices.

ability corollary

channel assumptions are violated in a subset of slices where provenance separation is insufficient. These outcomes
justify targeted reruns with constrained generators and stronger channel controls rather than broad theorem rejection.

From a methodological viewpoint, this pattern mirrors established advice in empirical formalism studies: treat as-
sumption violations as structured evidence, not as narrative noise (Theologitis & Suciu, 2025; Haseeb, 2025; Li et al.,
2023b; Karl et al., 2022; Toghi et al., 2021). The manuscript therefore keeps explicit caveat links from each claim to its
failure mode and to a concrete follow-up experiment class. A useful interpretation rule is to classify counterexamples
by which premise failed first. If failure starts at type admissibility, the appropriate response is schema and interface
correction before probabilistic analysis. If failure starts at moment or drift assumptions, the response is distributional
recalibration or policy-budget adjustment. If failure starts at perturbation-family mismatch, the response is threat-
model narrowing or stronger channel authentication. This premise-first taxonomy avoids conflating fundamentally
different breakdown mechanisms and yields a cleaner rerun agenda for the next validation cycle.

D REPRODUCIBILITY PROTOCOL AND OPERATIONAL CONTEXT

This section records execution details needed to reproduce the theorem-audit pipeline in a controlled setting. It sep-
arates reproducibility context from contribution claims by placing budget, sweep, and manifest considerations in the
appendix. The section also formalizes practical guardrails for reruns: preserve regime tagging, keep assumption checks
executable, and avoid mixing confirmatory and stress slices in the same support denominator. These conditions are
essential for maintaining the interpretation integrity of theorem-linked evidence over repeated iterations. They also
define minimum reporting obligations for future revision phases. Reproducibility here is defined as semantic replay,
not only command replay. Command replay is necessary but insufficient if regime tags, assumption predicates, or
claim-link assembly rules drift between runs. For that reason, this appendix emphasizes stable definitions for support
categories and explicit mapping from theorem obligations to executable checks. The objective is that an independent
rerun can regenerate the same support semantics from primary outputs without ad hoc interpretation adjustments.

D.1 EXECUTION BUDGET, SEEDS, AND SWEEP DESIGN

The executed validation used CPU-only resources with explicit preflight and full stages. The preflight stage validated
imports, config parsing, first-batch execution, and expected artifact writes. Full runs covered finite sweeps for path
length, covariance regime, calibration cap, depth limit, horizon, and perturbation family. Seed sets were fixed per ex-
periment family to support paired comparison and interval estimation. Uncertainty reporting used bootstrap intervals,
Wilson intervals, and delta-method approximations depending on metric type.
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Operational constraints are reported here, not in the title or abstract, because they describe reproducibility context
rather than scientific novelty. This separation avoids conflating deployment budget with theoretical contribution. The
key reproducibility principle is that every theorem-level claim should map to a machine-auditable check with explicit
regime tags. Budget-aware design also affects inferential strength. Limited sweeps can still provide useful theorem
diagnostics when the design prioritizes premise coverage over broad task heterogeneity. In this run, sweep factors
were selected to stress each theorem boundary directly: covariance and path load for soundness, depth and calibration
for dominance, and perturbation family with margin settings for minimax robustness. This targeted allocation is
appropriate for proof-first validation, but it must be reported explicitly so readers do not misread selective depth as
comprehensive empirical coverage.

D.2 MANIFEST AND DATA RESOLUTION NOTES

The run includes a machine-readable execution manifest, symbolic check records, and dataset-resolution notes. Some
external benchmark families remain candidate-level and were not fully materialized in the executed run. The paper
therefore treats those families as exploratory context and anchors confirmatory interpretation to materialized slices.
This choice is conservative and aligns with the claim-evidence policy used throughout the manuscript.

For readers reproducing or extending the study, the most important requirements are: preserve typed contract schemas,
enforce declared policy constraints, retain regime tags in every slice, and separate theorem-confirmatory counts from
out-of-regime stress tests. Without this separation, apparent improvements can reflect sampling artifacts rather than
theorem support. A second reproducibility requirement is provenance completeness for any newly materialized bench-
mark slice. If additional datasets are introduced in future iterations, each slice should include source identity, version
or commit metadata, license status, and checksum-level integrity notes before its outputs are used in claim summaries.
This requirement prevents silent source substitution and keeps theorem-evidence interpretations stable across reruns
with expanded data coverage.

D.3 CANONICAL AUDIT ARTIFACTS AND CROSS-FORMAT CONSISTENCY

Table 4 gives the prose-level interpretation of theorem-audit outcomes, and companion structured exports retain the
same evidence in machine-readable form. Keeping both views is important: the narrative table explains why a the-
orem status is supportive, mixed, or unsupported, while the structured tables preserve exact status fields, comparator
mappings, and audit metadata for downstream re-analysis. This dual representation prevents transcription drift dur-
ing revision and makes it straightforward to reproduce claim-support labels directly from audit records. The key
requirement is semantic consistency between manuscript statements and structured evidence rather than dependence
on any one display format. The canonical machine-readable theorem-audit exports include a theorem-summary table,
a claim-comparator mapping table, and a theorem-check ledger with per-obligation status fields.

The appendix and main text rely on a paired artifact model. Human-readable tables and figures communicate interpre-
tation, while machine-readable exports preserve exact values, status tags, and comparator metadata. Both representa-
tions are considered canonical only when they encode the same claim-evidence links and caveat annotations. During
revision, this consistency rule prevents drift between narrative summaries and structured audit records. In practice,
every theorem-status update must be reflected simultaneously in the narrative interpretation table, the comparator
mapping table, and the theorem-check ledger used for automated aggregation.

This cross-format rule also supports independent verification. A reader can first inspect the manuscript-facing displays
to understand the scientific argument, then reproduce support labels from the structured exports without reinterpreting
prose. If the two views disagree, the discrepancy is treated as a reporting defect, not as an acceptable ambiguity. By
defining canonical status through semantic agreement rather than through file location, the manuscript keeps repro-
ducibility requirements explicit while avoiding coupling scientific interpretation to implementation-specific storage
details.

E ADDITIONAL RELATED-WORK SYNTHESIS FOR BREADTH

To keep the main text focused on formal claims, this appendix section records broader literature links that informed
scope decisions. Debate- and collaboration-based protocols can improve critique diversity but may also enlarge in-
teraction attack surfaces and coordination overhead (Kargupta et al., 2025; Li et al., 2025; Rothfarb et al., 2025; Xia
et al., 2025). Agent-computer interface studies show that interface constraints can dominate autonomy quality and
safety outcomes, reinforcing the need for explicit contract boundaries (Yang et al., 2024; Papadimitriou et al., 2023).
Neural-symbolic synthesis papers show pathways to stronger reasoning structure but often leave execution-layer con-
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tract semantics implicit (Su et al., 2025; Dinu et al., 2024; Jiang et al., 2024; Zhang et al., 2020; Efremov et al.,
2018).

We also considered repository-based ecosystem evidence from widely used frameworks (Maintainers, 2026d;c;b;a).
Repository evidence is valuable for implementation realism but weaker as standalone scientific proof unless tied to
commit-pinned reproducible experiments. This is why repository citations in the manuscript support contextual claims
about design space, while theorem and validation claims are tied to explicit formal statements and executed audit
artifacts. An additional breadth observation concerns evaluation philosophy. Several framework papers prioritize
aggregate success metrics under broad task suites, while formal-methods literature prioritizes premise transparency
and non-applicability articulation. Our manuscript adopts the latter standard for claim acceptance and uses framework
evidence mainly to motivate design relevance and stress regimes. This hybrid stance aligns practical orchestration
concerns with theorem-level accountability and helps avoid overgeneralizing from benchmark averages to formal
guarantees.
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