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ABSTRACT

Long-horizon research automation needs stronger semantics than prompt chaining or schema-only
artifact passing. We study a restricted contract-governed formulation of Quarks in which a finite
active workflow branch is modeled as a typed directed acyclic graph, each node carries explicit as-
sumptions and guarantees over artifact spaces, cross-node transport is mediated by sound adapters
and admissible aggregators, and execution state is split into a global append-only provenance ledger
and branch-local working memory. Within that regime we prove three results. First, typed local
admissibility composes over the branch when the contract premises hold. Second, branch isolation
and provenance monotonicity follow from the append-only, non-merge memory discipline. Third,
local validator passes do not imply unrestricted graph-level correctness: we construct a two-node
counterexample and then prove a narrow positive corollary for a manuscript-defined typed property
class under explicit coverage, adapter, and memory assumptions. The proof package is comple-
mented by seeded finite theorem audits and implementation-alignment checks against the Quarks
architecture context. The positive audit families close completely in the declared regime, with 40/40
contract-composition cases, 45/45 memory cases, and 15/15 restricted-assurance cases passing; each
theorem also retains a nontrivial archive of negative witnesses outside the proved setting. The result
is a bounded but useful semantics for research orchestration: it supports typed admissibility, prove-
nance discipline, and limited assurance claims without upgrading branch merges, semantic quality,
or unrestricted agent competence into theorem-level guarantees.

1 INTRODUCTION

Multi-agent systems have become a standard organizing pattern for language-model agents, software pipelines, and
research assistants because they let practitioners decompose long tasks into role-specialized components with explicit
intermediate artifacts (Chowa et al., 2026; Li et al., 2024; Guo et al., 2024; Wang et al., 2023b). Systems such as
AutoGen, CAMEL, AgentVerse, MetaGPT, and ChatDev show that coordination protocols, role structure, and message
specialization materially change long-horizon behavior (Wu et al., 2023; Li et al., 2023; Chen et al., 2023; Hong
et al., 2023; Qian et al., 2023). The same pattern extends to scientific-writing and automated-research loops, where
PaperOrchestra and The AI Scientist treat manuscript assembly, experimentation, and review as staged coordination
problems over persistent artifacts (Song et al., 2026; Lu et al., 2024). Search, reflection, and repair methods further
show that branching and backtracking help language agents recover from early mistakes (Wei et al., 2022; Yao et al.,
2023; Besta et al., 2024; Zhou et al., 2023; Yao et al., 2022; Shinn et al., 2023; Madaan et al., 2023).

What those systems usually do not provide is a precise account of which local checks compose, which memory
mechanisms preserve provenance, and which claims must remain at the level of runtime monitoring or empirical
evaluation rather than theorem-level guarantee. That gap matters most in long-horizon research pipelines. A research
workflow spans acquisition, synthesis, theorem development, validation, writing, revision, and export. Each stage
consumes and emits structured artifacts, may branch under uncertainty, and often uses validators or monitors to gate
progression. When the pipeline runs for hours or days, a merely operational description of the roles is not enough. We
need a mathematical statement of what the orchestration layer preserves, what it cannot preserve, and how far typed
interfaces and validators can carry assurance.

Quarks is an appropriate setting for that question because its architecture already treats phases, contracts, semantic
expectations, and persistent cross-phase state as first-class objects. The uploaded implementation context exposes
typed output schemas, explicit phase manifests, and validator-bearing payloads, while the surrounding documentation
emphasizes branching, preserved context, observability, and report generation. Those features are strong evidence that
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Quarks is not just another prompt chain. They are not, however, a proof that arbitrary long-horizon executions are
correct. The manuscript therefore asks a narrower and more defensible question: under what formally stated regime
does contract-governed orchestration support a local-to-global typed admissibility result, a branch-local provenance
lemma, and a principled assurance boundary?

The answer in this paper is deliberately restricted. We work over a finite active workflow branch represented as a
directed acyclic graph. Each node is associated with typed input and output spaces, assumptions, guarantees, and a
local transition. Edge transport either matches directly or passes through a sound typed adapter; multiple predeces-
sors are combined only through an admissible aggregator. Execution state is split into a global append-only ledger
and branch-local working memory. Branch merges, hidden shared mutable state, and unrestricted semantic-quality
predicates are excluded. Within that regime we can state complete proofs and connect them to finite symbolic audits
without confusing audit evidence with theorem truth.

The manuscript makes four concrete contributions.

• We define a contract-bounded workflow semantics in which orchestration policies, adapters, aggregators,
validators, and memory updates are explicit mathematical objects rather than informal implementation con-
ventions.

• We prove a composition theorem showing that typed local admissibility propagates over a finite active branch
when every edge is direct-compatible or mediated by a sound adapter and each successor receives an admis-
sible aggregated input.

• We prove a branch-local memory lemma and an assurance-boundary theorem that jointly explain why append-
only provenance discipline helps but local validator passes alone cannot certify unrestricted graph-level cor-
rectness.

• We connect the theorem package to proof-oriented validation evidence: seeded finite audits close in the
declared regime, while explicit counterexamples mark exactly where the guarantees stop.

The broader relevance of this result is cross-domain. Long-horizon language-agent systems now appear in software
engineering, chemistry, robotic planning, and scientific discovery (Yang et al., 2024; Bran et al., 2024; Boiko et al.,
2023; Pelletier et al., 2025). In each of these settings, designers face the same basic tension: rich tool use and flexible
adaptation improve capability, but open-endedness makes unrestricted correctness hard to prove. By importing the
discipline of contracts, interface theories, and runtime assurance into research orchestration, we do not solve open-
ended autonomy in full. We do show that a meaningful middle ground exists between unstructured prompting and
unrealistic total-correctness claims.

The rest of the paper moves quickly from motivation to formal content. Section 2 synthesizes the literature boundary
that motivates our restricted semantics. Section 3 defines the objects, assumptions, objective, and standing regime.
Section 4 proves the composition theorem, and Section 5 proves the memory lemma, the assurance counterexample,
and the restricted positive corollary. Section 6 and Section 7 explain how the theorem package was stress-tested with
finite audits and how the negative witnesses discipline the claims. Section 8 states the remaining limitations explicitly
instead of hiding them behind architectural rhetoric.

2 RELATED WORK

Two bodies of literature are necessary for this paper, and neither is sufficient on its own. The first body studies multi-
agent orchestration, long-horizon reasoning control, and research automation. The second body studies contracts,
interface theories, formal verification, and runtime monitoring. Our contribution sits at their boundary. That boundary
matters because the manuscript is neither a generic agent survey nor a direct transfer of classical contract algebra into
a new application. The literature review must therefore do more than list neighboring systems. It has to separate
operational precedents from formal ancestors, identify which parts of the vocabulary we inherit directly, and explain
where new objects are required by the Quarks setting. The subsection structure below follows that logic, moving from
orchestration practice to reasoning-control mechanisms and then to the assurance literature that makes a bounded
theorem paper possible.

On the orchestration side, the most relevant lesson is not simply that many agents can outperform one agent on some
benchmarks. It is that long-horizon tasks become legible only after designers introduce explicit roles, intermediate
artifacts, and routing structure. Conversation-based systems such as AutoGen and CAMEL demonstrate that multi-
agent interaction can expose decomposition and critique patterns, while project-oriented frameworks such as MetaGPT
and ChatDev show that staged roles and typed deliverables can stabilize longer workflows (Wu et al., 2023; Li et al.,
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2023; Hong et al., 2023; Qian et al., 2023). AgentVerse and later surveys make the same point at a broader level:
workflow structure, infrastructure, and tool mediation are architectural choices rather than superficial prompt tweaks
(Chen et al., 2023; Chowa et al., 2026; Li et al., 2024; Guo et al., 2024; Wang et al., 2023b). Those papers justify taking
orchestration as a serious systems object, but they do not by themselves provide the typed composition or assurance
language needed for theorem statements.

On the formal-methods side, classic contract and interface theories provide exactly the disciplines that orchestration
papers often leave implicit: assumptions must be stated, guarantees must be scoped, and composition must be shown
under explicit premises rather than inferred from successful examples. Design by contract, modal interfaces, and
assume-guarantee frameworks offer reusable semantic patterns for local compatibility and compositional reasoning
(Jazequel & Meyer, 1997; Raclet et al., 2011; Benveniste et al., 2018; Incer et al., 2025). We invoke those sources
at the level of vocabulary, compatibility discipline, and compositional proof style rather than as a claim that one
inherited theorem already covers the Quarks setting. Yet those theories were not originally written for LLM-centered
research pipelines with branch-local working memory, persistent provenance, and validator-mediated artifact flow.
If imported naively, they risk overclaiming by treating open-ended semantic quality as if it were just another local
contract predicate. Our review therefore treats the contract literature as a source of proof discipline and notation, not
as a drop-in semantics for autonomous research.

The missing bridge is a literature that simultaneously respects orchestration practice and formal assurance boundaries.
Runtime verification, autonomous-systems assurance, and recent work on robotic skill composition show why that
bridge must be narrow (Leucker & Schallhart, 2008; Wongpiromsarn et al., 2023; Torben et al., 2023; Pelletier et al.,
2025). Monitoring can certify the properties it observes, but it cannot magically promote partial local checks into
unrestricted global correctness. Likewise, recent research-paper automation systems such as PaperOrchestra demon-
strate the operational plausibility of specialized end-to-end research workflows, yet their main evidence concerns task
completion and writing quality rather than formal compositional guarantees (Song et al., 2026). This is the exact
opening exploited by the present manuscript: use the orchestration literature to motivate the architecture, use the con-
tract literature to discipline the proof language, and then prove only the narrow branch-local claims that the combined
setting can honestly support.

2.1 MULTI-AGENT ORCHESTRATION AND RESEARCH PIPELINES

Modern multi-agent LLM systems demonstrate that decomposition matters. AutoGen frames coordination as
multi-agent conversation, CAMEL studies role-playing societies, AgentVerse examines collaborative behavior, and
MetaGPT and ChatDev translate software-development roles into explicit staged workflows (Wu et al., 2023; Li et al.,
2023; Chen et al., 2023; Hong et al., 2023; Qian et al., 2023). Surveys now treat role specialization, workflow struc-
ture, and infrastructure as first-class design dimensions for agentic systems rather than peripheral engineering choices
(Chowa et al., 2026; Li et al., 2024; Guo et al., 2024; Wang et al., 2023b).

However, these systems usually stop at protocol description and benchmark behavior. They show that role splitting,
tool access, and message structure improve task completion, but they do not define when a phase interface is merely
a schema and when it becomes a proof-relevant contract. They also rarely state a precise memory law that distin-
guishes branch-local state from global provenance. Even systems that are closest to our application domain, such as
PaperOrchestra and The AI Scientist, rightly focus on end-to-end research or writing loops rather than on a local-to-
global theorem for typed orchestration (Song et al., 2026; Lu et al., 2024). Quarks differs at exactly this point: the
architectural context motivates a semantic treatment of phases and validators, which makes a formal paper possible.

2.2 REASONING CONTROL, SEARCH, AND SELF-CORRECTION

Search and repair methods provide the operational intuition for rerouting and recovery. Chain-of-thought prompting
exposes intermediate reasoning states; Tree of Thoughts, Graph of Thoughts, and language-agent tree search turn
those states into explicit search objects with branching and evaluation (Wei et al., 2022; Yao et al., 2023; Besta et al.,
2024; Zhou et al., 2023). ReAct couples reasoning with action, while Reflexion and Self-Refine use critique and
iterative repair to improve long-horizon behavior (Yao et al., 2022; Shinn et al., 2023; Madaan et al., 2023). Voyager
and Generative Agents show that memory and replay are central when the horizon becomes long or the environment
evolves (Wang et al., 2023a; Park et al., 2023).

This literature motivates why branch-aware orchestration needs more than a fixed linear schedule. But it does not
answer our central mathematical question. Search papers usually optimize reasoning quality or task reward; they
do not characterize which branch edits preserve typed admissibility or provenance monotonicity. Their objects are
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heuristically powerful but semantically underconstrained. We therefore use them as comparators for operational ex-
pressiveness, not as inherited proofs.

2.3 CONTRACTS, INTERFACE THEORIES, AND DESIGN BY CONTRACT

The semantics we need comes instead from contract-based design. Design by contract gave software engineering a
vocabulary of preconditions, postconditions, and invariants through the Ariane case-study lineage (Jazequel & Meyer,
1997). The overview monograph Contracts for System Design is the main broad source here for assume-guarantee
composition across systems and components, and we use it together with adjacent contract-based design work as the
representative background for composition and refinement (Benveniste et al., 2018; Kaiser et al., 2015; Meng et al.,
2021). Modal interface theory supplies the compatibility language used to reason about adjacent components (Raclet
et al., 2011). Pacti then shows how that lineage can be operationalized as a practical contract algebra with composition,
quotient, and diagnosis operators (Incer et al., 2025).

These papers provide the closest mathematical ancestry for our contract semantics, but direct transfer is not auto-
matic. Their components are usually physical, embedded, or software modules with explicit interface variables. Our
components are research phases that exchange typed artifacts, prompt-derived instructions, validator outcomes, and
provenance events. The contribution here is not to reinvent contract theory, but to define a restricted mapping from
that theory into long-horizon orchestration and to state the boundary of the mapping clearly.

2.4 FORMAL VERIFICATION, RUNTIME MONITORING, AND ASSURANCE BOUNDARIES

Formal-methods research is explicit about the difference between static guarantees and runtime checks (Wongpirom-
sarn et al., 2023; Leino, 2010). For the monitoring side we use the concise runtime-verification overview of Leucker
and Schallhart as the representative first citation, because it isolates the monitor-versus-proof distinction that mat-
ters most for this paper (Leucker & Schallhart, 2008). Contract-based assurance for autonomous vessels and formal
composition of robotic skills both show that modular assurance becomes tractable only after the designer chooses a
disciplined interface language and a narrow validity regime (Torben et al., 2023; Pelletier et al., 2025). Neuro-symbolic
systems and compiled tool interfaces reinforce the same lesson from another angle: expressive control becomes sci-
entifically useful only when the interface between symbolic structure and learned components is explicit (Dinu et al.,
2024; Khattab et al., 2023; Hitzler & Sarker, 2021; Austin et al., 2021).

The key gap, then, is not whether monitoring or proofs are valuable. It is how to partition claims for research orches-
tration. Existing agent papers often rely on validators, critiques, or execution traces, while formal-methods papers
require a clean statement of what is proved and what is only monitored. Our assurance-boundary theorem closes ex-
actly that gap for the typed regime studied here: local validators can certify the restricted property class they actually
cover, but they do not imply unrestricted graph-level correctness.

Recent research-paper automation systems sharpen the motivation for that distinction. Frameworks such as Paper-
Orchestra show that specialized agent roles can coordinate literature synthesis, drafting, and revision over a long-
horizon research workflow (Song et al., 2026). Those systems are important systems precedents because they expose
explicit decomposition and artifact flow, but their central questions are about coordination quality, writing quality, and
end-to-end task completion. Our manuscript asks a narrower theorem-facing question. Given a Quarks-style phase
graph with typed artifacts, validators, and persistent state, which guarantees compose formally, which rely only on
monitored evidence, and where does the assurance boundary actually sit? That reframing is what lets the paper in-
herit useful ideas from orchestration systems without overstating either their empirical results or the scope of classical
contract theory.

3 PROBLEM SETTING AND CONTRACT OBJECTIVE

We now define the formal setting used throughout the paper. The definitions combine inherited contract semantics with
manuscript-specific objects required by the Quarks architecture context. At first use we distinguish which ingredients
are borrowed and which are introduced in this work. This separation is methodologically important. A theorem paper
about research orchestration can become misleading in two opposite ways: it can present borrowed contract notions as
if they were novel, or it can hide manuscript-specific modeling choices inside apparently standard terminology. The
present section avoids both errors. It states the ambient objects explicitly, then marks where the workflow branch,
memory split, and objective function narrow the problem to the typed non-merge regime actually supported by the
later proofs and audits.
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Table 1: Core symbols and standing regime for the main theorem package. The table is compact, but it does not
replace the inline definitions in the text. Its purpose is to make the validity regime explicit before the proofs: a finite
active branch, typed artifact spaces, sound transport maps, and a non-merge memory discipline.

Symbol Meaning Regime
Gb active workflow branch finite directed acyclic graph
Xv, Yv typed artifact domain and codomain explicit nonempty sets
κv local contract at node v assumptions, guarantees, invariants, transition
αuv edge adapter sound typed map when needed
βv predecessor aggregator admissible typed combiner
L provenance ledger append-only global trace
Wb working memory of branch b branch-local mutable state
Ptyped restricted positive property class typed admissibility only

3.1 WORKFLOW BRANCHES, CONTRACTS, AND TYPED ARTIFACTS

Fix a finite nonempty index set of branches B ⊂ N≥1. For one active branch b ∈ B, let
Gb = (Vb, Eb, τ, κ, α, β)

denote a finite directed acyclic graph. Here Vb is the node set, Eb ⊆ Vb × Vb is the edge set, and τ : Vb → T assigns
a phase type from a finite type alphabet T . The graph is directed and acyclic because the current theorem package
concerns a single active execution branch rather than arbitrary cyclic orchestration or branch merges.

Each node v ∈ Vb carries typed artifact spaces Xv and Yv , both nonempty sets. We interpret Xv as the admissible
input domain and Yv as the typed output codomain for phase v. Following design-by-contract and assume-guarantee
reasoning (Jazequel & Meyer, 1997; Benveniste et al., 2018; Incer et al., 2025), node v also carries a contract

κv = (Av, Gv, Iv, fv),

where Av ⊆ Xv is the assumption set, Gv ⊆ Yv is the guarantee set, Iv ⊆ Xv ×Yv ×Mb is an invariant relation, and
fv : Av ×Mb → Gv ×Mb

is the local transition in the active branch memory space Mb. When fv(x,m) = (y,m′), the semantics is that phase
v may execute only on admissible inputs x ∈ Av , must return an output y ∈ Gv , and must preserve the invariant
Iv(x, y,m

′).

For each edge (u, v) ∈ Eb, one of two cases holds. Either Yu is directly compatible with the input expected by v, or
there exists a manuscript-level adapter αuv that maps predecessor outputs into an intermediate typed space Zuv ⊆ Xv .
When v has more than one predecessor, a manuscript-level aggregator βv combines the incoming adapted artifacts
into a single candidate input for v. These adapters and aggregators are not inherited as named objects from the
contract literature; they are introduced here because the Quarks workflow admits multi-stage artifact transformation
and validation. Table 1 collects the core symbols and exclusions for this setting so that the later theorem statements
can be read against one explicit validity regime rather than against informal architectural intuition.

3.2 MEMORY MODEL, VALIDATORS, AND THE CONTRACT OBJECTIVE

The memory object is manuscript-defined because the implementation context motivates persistent context and branch-
ing, but does not itself provide a theorem-ready algebra. We write

Mb := (L, {Wb′}b′∈B),

where L is a global append-only provenance ledger and Wb′ is the working memory of branch b′. The positive regime
restricts writes during execution on branch b to L and Wb; no transition is allowed to mutate Wb′ for b′ ̸= b. This is
the precise meaning of branch-local memory used later.

Each node v also has a validator
ϕv : Xv × Yv ×Mb → {pass, fail, abstain}.

The codomain includes abstain because validator coverage is limited. This follows the proof-versus-monitoring dis-
tinction emphasized by runtime verification and autonomous-systems assurance (Leucker & Schallhart, 2008; Wong-
piromsarn et al., 2023; Torben et al., 2023), while the specific pass/fail/abstain codomain used here is manuscript-
defined for the typed workflow regime. A local validator may confirm typed admissibility while remaining silent
about broader semantic properties.
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Source Node u
Output in Y_u

Adapter alpha_uv
Sound or Unsound

Aggregator beta_v
Admissible or Invalid

Successor Node v
Input in X_v

Positive regime: typed artifacts, sound adapters, admissible aggregators, append-only ledger, no branch merge

Excluded regimes: unsound adapters, invalid aggregators, hidden shared state, branch merges

Contract-bearing workflow structure for C1 and C2

Figure 1: Contract-bearing workflow branch used in the proofs. The figure shows the active branch as a typed directed
acyclic graph with phase-local contracts, optional edge adapters, successor aggregators, and the split between a global
provenance ledger and branch-local working memory. Dashed exclusions mark the settings intentionally left outside
the theorem regime, including branch merges, hidden shared mutable state, and free-form untyped execution; when
audit counts are annotated in the figure, they describe finite audit support and not uncertainty about the theorem
statements themselves.

Although the paper is proof-first rather than optimization-heavy, the selected path still benefits from an explicit objec-
tive and optimality criterion. For a fixed branch b, define the decision variable

πb := (≺b, {αuv}(u,v)∈Eb
, {βv}v∈Vb

),

where ≺b is a topological execution order. Let Πadm
b be the feasible set of such triples satisfying the standing assump-

tions introduced below. We then define the manuscript-level contract objective

Jb(πb) :=
∑
v∈Vb

1[ϕv(xv, yv,Mb) = pass] . (1)

The associated optimality criterion is not unrestricted task quality. Instead, πb is contract-optimal when Jb(πb) =
|Vb|. Under the theorem conditions, contract-optimality is equivalent to typed admissibility at every node. This is
narrower than semantic usefulness, novelty, or human judgment, and we will keep that distinction explicit throughout
the paper.

3.3 STANDING ASSUMPTIONS

The main theorem package relies on five assumptions.

A1 (finite active branch). Gb is finite and acyclic, and execution follows a topological order ≺b. A2 (typed local
contracts). For every v ∈ Vb, Av ⊆ Xv , Gv ⊆ Yv , and fv is defined only on Av . A3 (sound transport). For every
(u, v) ∈ Eb, direct compatibility holds or there exists a sound adapter αuv satisfying the condition in Definition 4.1.
A4 (admissible aggregation). For each nonsource node v, the aggregator βv maps all predecessor-compatible tuples
into Av . A5 (branch-local append-only memory). During positive-regime execution on branch b, updates may
extend L and mutate only Wb; branch merges, deletions, and hidden shared state are excluded.

These assumptions are strong enough to support complete proofs but intentionally weak enough to leave meaningful
negative witnesses. The validation artifacts show exactly what fails when any one of them is dropped.

4 FORMAL CONTRACT SEMANTICS

This section establishes the local-to-global typed admissibility theorem. We start with the manuscript-specific def-
initions of sound adapters and admissible aggregators, then prove the main result by induction over the topological
order. The order of exposition mirrors the proof dependencies. The theorem is not an abstract black box that takes a
graph and returns correctness. It depends first on transport semantics between nodes, then on the aggregation rule for
multiple predecessors, and only then on an induction argument over the active branch. Writing the section this way
makes it possible to see exactly which hypothesis is doing what work, and it also makes the later negative witnesses
easier to interpret because each broken premise has already been isolated formally.
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4.1 SOUND ADAPTERS AND ADMISSIBLE AGGREGATORS

Definition 4.1 (Sound Adapter). For an edge (u, v) ∈ Eb, a map αuv : Yu → Zuv ⊆ Xv is sound if, for every
yu ∈ Gu, one has αuv(yu) ∈ Zuv , and every value presented by v through that edge is of the form αuv(yu) for some
yu ∈ Gu.

Definition 4.2 (Admissible Aggregator). Let pred(v) = {u ∈ Vb : (u, v) ∈ Eb}. For a nonsource node v, an
aggregator

βv :
∏

u∈pred(v)

Zuv → Xv

is admissible if βv(z) ∈ Av for every predecessor tuple z = (zuv)u∈pred(v) with zuv ∈ Zuv .

Definitions 4.1 and 4.2 instantiate interface compatibility for typed research artifacts rather than physical ports or
embedded controllers. That distinction matters because the aggregator is not a classical contract operator borrowed
directly from Benveniste et al. (2018); it is a manuscript-level object introduced to model multi-input phases that
combine validated predecessor artifacts. Figure 1 makes the role of these maps concrete.

The next equation records the branch-local update law assumed later.

Uv(L,Wb, xv, yv) =
(
L ⊔ ℓv(xv, yv), U

W
v (Wb, xv, yv)

)
, (2)

where ⊔ denotes append-only ledger extension, ℓv is the newly recorded provenance event, and no term in equation 2
mentions Wb′ for b′ ̸= b. Equation equation 2 is manuscript-defined and not inherited verbatim from the contract
literature; it is the minimal update law compatible with the selected Quarks branch model.

4.2 COMPOSITION THEOREM

We now state the main local-to-global result. The theorem claims only typed admissibility, not semantic correctness
of the resulting research output.

Theorem 4.3 (Typed Contract Composition on Active Workflow DAGs). Fix an active branch b ∈ B satisfying
A1–A5. Assume every source node v receives an initial input xv ∈ Av . For each edge (u, v) ∈ Eb, assume direct
compatibility or a sound adapter αuv . For each nonsource node v, assume an admissible aggregator βv . Then there
exists a topological execution of Gb such that, for every node v ∈ Vb, the realized input belongs to Av , the realized
output belongs to Gv , and the resulting execution policy πb is contract-optimal in the sense of equation 1.

Proof. Let v1, . . . , vn be any topological ordering of Vb, which exists by A1. We prove by induction on k ∈ {1, . . . , n}
that after executing the prefix v1, . . . , vk, every executed node vi satisfies xvi ∈ Avi , yvi ∈ Gvi , and the memory state
remains in the positive regime.

For the base case, let v1 be a source node. By hypothesis its initial input satisfies xv1 ∈ Av1
. Since fv1 is defined on

Av1 , there exists (yv1 ,M′
b) = fv1(xv1 ,Mb) with yv1 ∈ Gv1 . By A5 and equation 2, the update touches only L and

Wb, so the positive memory regime is preserved. Hence the claim holds for k = 1.

Assume the statement holds through step k − 1, and consider node vk. Every predecessor u ∈ pred(vk) lies earlier
in the topological order, so by the induction hypothesis each predecessor output satisfies yu ∈ Gu. If u is directly
compatible with vk, the transported artifact already lies in the required predecessor-specific subset of Xvk . Otherwise,
by Definition 4.1, the adapted value αuvk(yu) lies in Zuvk ⊆ Xvk . Therefore the tuple of transported predecessor
artifacts belongs to

∏
u∈pred(vk)

Zuvk . By Definition 4.2, the aggregated value

xvk = βvk

(
(zuvk)u∈pred(vk)

)
lies in Avk . Since fvk

is defined on Avk , execution produces (yvk ,M′′
b ) = fvk(xvk ,M′

b) with yvk
∈ Gvk . Again A5

ensures that the update preserves the positive memory regime. This closes the induction.

After all n nodes have executed, every node satisfies its assumption and guarantee sets. Because the validators in the
positive regime are defined to pass on exactly those typed admissibility events they cover, each term inside equation 1
equals 1, so Jb(πb) = |Vb|. Thus πb is contract-optimal.

The proof is intentionally local. It never appeals to reviewer judgment, semantic novelty, or correctness of the scientific
conclusions produced downstream. Its only conclusion is that typed admissibility composes when the transport maps,
aggregators, and memory law remain inside the declared regime.
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5 MEMORY DISCIPLINE AND THE ASSURANCE BOUNDARY

The contract-composition theorem is not enough by itself. Long-horizon orchestration also depends on how memory
is partitioned and on what exactly validators observe. This section states two positive results and one negative theorem.
The three statements belong together because they answer complementary questions. The memory lemma explains
why provenance remains local and monotone in the declared regime. The assurance counterexample explains why
that local discipline still does not certify unrestricted semantics. The restricted corollary then recovers the strongest
safe positive implication. Taken together, they prevent the paper from drifting into a vague claim that “contracts plus
validators” somehow solve open-ended correctness for research automation.

5.1 BRANCH-LOCAL PROVENANCE

Lemma 5.1 (Branch Isolation and Ledger Monotonicity). Suppose A5 holds and every node update is governed by
equation 2. Then for any finite execution prefix on branch b, two properties hold simultaneously: (i) no execution step
modifies Wb′ for b′ ̸= b; (ii) if Lt and Lt+1 denote consecutive ledger states, then Lt+1 = Lt ⊔ ℓ for some event ℓ, so
Lt is a prefix of Lt+1.

Proof. We argue by induction on the length t of the execution prefix. For t = 0, both properties are immediate.
Assume they hold through time t, and consider the update produced by node v at time t + 1. Equation equation 2
shows that the next state is formed by two operations only: extension of the ledger by ⊔ℓv(xv, yv), and application of
UW
v to Wb. No term in the update law mentions any Wb′ with b′ ̸= b, so branch isolation is preserved. Because ⊔ is

append-only by definition, the new ledger contains the old ledger as a prefix. Thus both properties hold at time t+ 1.
Induction completes the proof.

Lemma 5.1 is modest but important. It says that the memory discipline used by the theorem package is not merely
a narrative convenience. It is the exact structural condition that prevents one branch from silently rewriting another
branch’s working state while still allowing global provenance to accumulate.

5.2 WHY LOCAL VALIDATOR PASSES ARE NOT ENOUGH

To make the assurance boundary explicit, define the conjunction of local validator passes by

Φloc(σ) :=
∧
v∈Vb

[ϕv(xv, yv,Mb) = pass] , (3)

where σ denotes the realized branch execution trace. We also distinguish two property classes. The manuscript-defined
class Ptyped contains only properties reducible to typed admissibility, declared coverage, and the branch-local memory
discipline. A broader class Pglobal may additionally refer to semantic agreement, scientific usefulness, or any property
not fully observable to the validators.

Theorem 5.2 (Local Pass, Global Fail Counterexample). There exists a finite two-node branch execution σ such that
Φloc(σ) holds but some property P ∈ Pglobal fails.

Proof. Consider a branch with nodes v1 → v2. Let

Xv1 = Yv1 = Xv2 = Yv2 = {a, b}.

Set Av1 = Gv1 = Av2 = Gv2 = {a, b}. Define both validators to check only type membership in {a, b}, so they
pass on any typed input-output pair. Let node v1 emit a, let the edge be directly compatible, and let node v2 emit b.
Because every input and output lies in the declared typed sets, both validators pass, and therefore Φloc(σ) holds.

Now define a global property P ∈ Pglobal by requiring semantic preservation of the proposition encoded upstream:
P (σ) holds only if the artifact emitted by v2 preserves the semantic content of the artifact emitted by v1. By construc-
tion a ̸= b, and the local validators do not test semantic preservation. Hence P (σ) fails although every local validator
passes. This is exactly the desired counterexample.

The point of Theorem 5.2 is not that validators are useless. It is that local passes do not imply more than the validators
actually inspect. That distinction is often blurred in agent-system papers and needs to be explicit in a theorem paper.
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Corollary 5.2.1 (Restricted Positive Implication). Let σ be an execution in the regime of Theorem 4.3 and Lemma 5.1.
Assume additionally that validator coverage is exact for typed admissibility and branch-local provenance, meaning
that local passes certify precisely the premises used in Theorem 4.3 and Lemma 5.1. Then

Φloc(σ) ∧ Ccover ∧ Cadapter ∧ Cmemory =⇒ Ptyped(σ). (4)

Proof. Under the stated hypotheses, local validator passes certify that each node execution lies inside the typed as-
sumption and guarantee sets and that the branch-local memory discipline is respected. Theorem 4.3 then yields typed
admissibility for every node, while Lemma 5.1 yields branch isolation and ledger monotonicity. The class Ptyped is
defined to contain exactly these properties and no stronger semantic claims. Therefore the conjunction in equation 4
implies Ptyped(σ).

Corollary 5.2.1 is intentionally narrow. It does not rehabilitate unrestricted local-to-global assurance. It only states
that once coverage, transport, and memory premises are made explicit, the typed properties genuinely do compose.

6 VALIDATION SUBSTRATE AND EVIDENCE CONSTRUCTION

The core results above are proofs, but the manuscript also carries executed validation artifacts. Their role is not to
estimate theorem truth. Their role is to test whether the formal regime is internally coherent, whether its exclusions are
meaningful, and whether the Quarks implementation context provides honest architectural grounding for the symbols
appearing in the paper. That distinction between proof and audit is central to the scientific framing. The proofs already
establish the main logical claims. The executable artifacts instead answer a different question: if one tries to instantiate
the theorem premises in concrete finite cases, do the positive and negative regimes behave the way the mathematics
says they should? By keeping that question separate, the manuscript can use finite audits as evidence about formulation
quality and claim boundaries without turning them into a surrogate for universal proof.

6.1 FINITE AUDIT FAMILIES

The proof-validation stack materializes finite audit families for three claim groups: contract composition, branch-
local memory, and the assurance boundary. The contract suite sweeps node counts in {2, 3, 4, 5}, maximum indegree
in {1, 2}, adapter regimes in {sound,unsound}, aggregator regimes in {admissible, inadmissible}, and memory
regimes in {branch local append only, shared mutable} across fixed seeds {11, 23, 37, 53, 71}. The memory suite
varies branch count, depth, ledger policy, and memory regime. The assurance suite varies property class, coverage
regime, and graph size. These sweeps are finite symbolic stress tests, not probabilistic approximations to the proof
obligations.

The finite audits still matter for two reasons. First, they expose missing assumptions quickly. If a proposed theorem
silently relied on an inadmissible aggregator or on the absence of shared mutation, the negative witness archive would
reveal the omission. Second, they make the failure boundary concrete for readers who need more than an abstract
caveat. The symbolic report therefore records both positive closure counts and explicit out-of-regime witnesses.

6.2 IMPLEMENTATION ALIGNMENT

The theorem package also includes a read-only implementation-alignment audit. This audit does not execute the
uploaded Quarks codebase. Instead, it checks whether the central manuscript symbols have code or document anchors
in the architecture description. Typed phase contracts, validator-bearing payloads, and explicit phase manifests have
field-level architectural evidence. By contrast, the branch-local append-only ledger and the restricted property class
Ptyped remain manuscript-defined extensions. This separation is scientifically useful because it prevents the paper
from claiming that every formal object is already present as a proved invariant of the codebase.

The separation between proof and audit is therefore deliberate. Proof establishes what follows from the mathematical
assumptions. Finite audits test the adequacy of those assumptions against seeded examples and explicit counterexam-
ples. Implementation alignment explains which objects are architecture-grounded and which are introduced to obtain
a tractable theorem package.

9
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Table 2: Theorem-audit summary for the three central claims. “Positive cases” denotes seeded finite executions
satisfying the declared premises; the Wilson intervals summarize only the stability of those finite audit families and do
not quantify uncertainty about the proofs themselves. “Negative witnesses” counts explicit out-of-regime or premise-
violating constructions retained to keep the claim boundary visible.

Claim Pos. Pass Low High Neg. Status
Contract composition 40 40 0.9124 1.0000 280 supported
Memory discipline 45 45 0.9213 1.0000 180 supported
Assurance boundary 15 15 0.7961 1.0000 120 supported
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Figure 2: Assurance-boundary evidence summarized as a contrastive diagram. The left panel visualizes a local-
pass/global-fail witness in which every validator certifies typed conformance while a broader semantic property still
fails; the right panel shows the repaired regime in which explicit coverage, adapter, and memory premises reduce the
target to the restricted property class Ptyped. Any exact counts or interval annotations in the figure describe the finite
audit family used to test the boundary, whereas the logical direction of the theorem and corollary comes from the
proofs in Section 5.

7 RESULTS AND BOUNDARY ANALYSIS

We now summarize the theorem-audit evidence and interpret it in the same bounded language as the formal results.
Table 2 should be read after Section 4 and Section 5, because the table is a compact summary of already defined claims
rather than a substitute for the definitions and proofs.

Table 2 shows a consistent pattern. Positive cases close completely once the premises are enforced, and every theorem
retains a substantial negative witness set when a premise is weakened. For contract composition, all 40 seeded positive
cases pass, while 280 counterexamples arise from unsound adapters, inadmissible aggregators, or memory regimes that
leave the theorem boundary. For the memory lemma, all 45 positive cases pass, while merge-enabled, shared-mutable,
ledger-only, and stale-replay regimes generate 180 failures. For the assurance boundary, the positive corollary passes
on all 15 restricted typed cases, while 120 false-assurance witnesses remain available when the property class or
coverage regime is broadened.

The evidence is therefore strongest not where the claims are broadest, but where they are narrowest and most explicit.
The composition theorem is strongest because its premises are structural and easy to audit. The memory lemma is
slightly more manuscript-specific because the branch-local ledger split is motivated by architecture evidence rather
than directly inherited from the codebase. The assurance result is strongest as a negative theorem: the counterexample
is robust, while the positive implication is intentionally confined to Ptyped.

Figure 2 is the most direct visual summary of the manuscript’s claim boundary. It makes the two assurance layers
visible at once: the left panel explains why local validator passes cannot be upgraded into unrestricted graph-level
correctness, and the right panel shows the only positive implication we actually prove. This figure tests the main
interpretive claim of the paper because it juxtaposes the exact same workflow ingredients under two different property
classes. The difference is not the presence or absence of validators. The difference is whether the target claim asks for
typed admissibility or for broader semantics outside validator coverage.

10
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The workflow figure in Figure 1 serves a different evidentiary role. It is not a benchmark plot. It is a mechanistic
summary of the structural hypotheses used in Theorem 4.3 and Lemma 5.1. In particular, it shows why the adapter
and aggregator objects matter, and why the memory law is split into a global ledger plus branch-local working state.
Without that split, the main theorem and lemma would either fail outright or require much stronger hidden premises.

Finally, the implementation-alignment audit constrains what we say about Quarks itself. The architecture context
supports explicit typed phases, validators, and publication-facing artifact exports. It does not support a claim that
the uploaded codebase already proves the append-only ledger law or the restricted property class. Treating those as
manuscript-defined extensions is therefore a strength rather than a weakness. It keeps the paper at a defensible novelty
boundary.

8 DISCUSSION, LIMITATIONS, AND FUTURE WORK

The paper’s central payoff is conceptual discipline. It shows that a long-horizon research pipeline can support a
real theorem package once the designer is willing to narrow the regime: finite active branch, typed artifacts, sound
transport, admissible aggregation, and branch-local append-only memory. That is already useful because it separates
what can be inherited from contract and assurance theory from what remains implementation-specific or empirical.

The same discipline also clarifies what the paper does not show. First, branch merges remain outside the theorem
regime. The negative witness archive makes that exclusion substantive rather than cosmetic. Once one branch may
overwrite or reconcile another branch’s working state, Lemma 5.1 no longer applies directly and Theorem 4.3 loses
the clean induction structure that depends on a fixed active branch. Second, the theorem package does not certify
unrestricted semantic quality. Theorem 5.2 exists precisely to prevent that overclaim. A validator can certify that an
artifact is well typed and provenance-consistent without certifying that it is insightful, novel, or correct in the ordinary
scientific sense. Third, the memory law is architecture-grounded only indirectly. The Quarks context motivates pre-
served context and explicit phase artifacts, but the append-only ledger plus branch-local working memory split is still
a mathematical choice introduced here to make provenance reasoning tractable.

These limitations suggest concrete future work rather than generic calls for “more experiments.” A next theorem
package could study guarded branch merges by replacing the single active branch with a merge algebra and explicit
reconciliation contracts. Another direction is to refine validator coverage into a layered type system so that Ptyped can
be expanded without collapsing into semantic overclaiming. A third direction is empirical rather than formal: once
a suitably bounded semantic-quality substrate exists, one could test whether the contract-governed regime correlates
with downstream research quality. None of those directions is needed to justify the present manuscript, but each one
is required before broader claims become defensible.

9 CONCLUSION

This paper formulated a bounded semantics for long-horizon research orchestration and proved three results inside
that regime: typed local admissibility composes over finite active workflow DAGs; branch-local working memory
plus an append-only ledger preserves branch isolation and provenance monotonicity; and local validator passes do not
imply unrestricted graph-level correctness, although they do imply a restricted typed property bundle under explicit
coverage assumptions. The accompanying finite audits and implementation-alignment checks reinforce the same
message. Strong claims are possible, but only after the workflow objects, transport maps, memory law, and validator
coverage are stated precisely. For research-as-a-service systems, that is a practical and conceptual gain: it replaces
vague architectural optimism with a theorem package whose scope, evidence, and failure modes are all legible.
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Table 3: Extended symbol glossary for the formal regime. The table adds domain and exclusion notes that would
interrupt the main exposition if repeated inline. Each entry should be read together with the first-use definition in
the main manuscript, especially when the symbol refers to a manuscript-defined object rather than inherited contract
notation.

Symbol Meaning Domain and exclusions
Gb active workflow branch finite DAG for one active branch; excludes cycles and

merges
κv local contract inherited contract vocabulary specialized to typed research

artifacts
αuv edge adapter manuscript-defined typed transport map; must preserve ad-

missibility
βv aggregator manuscript-defined multi-input combiner; valid only for pre-

decessor tuples in declared typed subsets
L global ledger append-only provenance trace; no deletion or compaction in

the positive regime
Wb branch memory mutable state of the active branch only; no writes to Wb′ for

b′ ̸= b
Φloc local pass conjunction conjunction of observable validator outcomes; not a seman-

tic oracle
Ptyped restricted property class typed admissibility and provenance-only claims; excludes

semantic usefulness and novelty

A EQUATION PROVENANCE AND EXTENDED SYMBOL NOTES

This appendix records the provenance and applicability of the main equations. Equation equation 1 is manuscript-
defined. It is not taken verbatim from any source because the paper does not optimize a generic task reward. Instead, it
formalizes the contract-specific notion of full typed coverage over the active branch. The decision variable πb contains
only the execution order, adapters, and aggregators needed for the theorem package; it does not represent unrestricted
policy learning or global search. The feasible set Πadm

b therefore depends on A1–A5 and is empty whenever merges,
hidden shared state, or untyped execution are enabled.

Equation equation 2 is also manuscript-defined. Its provenance comes from two directions. The Quarks architecture
context motivates preserved context, explicit artifacts, and phase-local execution state, while the contract and runtime-
verification literature motivates keeping update laws explicit (Benveniste et al., 2018; Leucker & Schallhart, 2008;
Wongpiromsarn et al., 2023). The equation itself narrows that broad motivation into a precise append-only law. Its
applicability is therefore limited to the non-merge regime. Once ledger compaction, deletion, or cross-branch overwrite
is admitted, the equation no longer describes the system and Lemma 5.1 ceases to apply.

Equation equation 3 inherits the idea of monitor conjunction from runtime verification, but the specific symbol Φloc is
introduced in this manuscript to make the assurance boundary concise. The critical point is that Φloc ranges only over
observable validator outcomes. It does not quantify over inaccessible semantic properties or over external facts that no
validator checks. For that reason, equation 3 is a suitable premise for equation 4 only after the coverage assumptions
are made explicit.

Equation equation 4 is the most delicate equation in the paper because it is simultaneously positive and narrow.
Its left-hand side contains three conjuncts beyond Φloc: coverage, adapter, and memory discipline. Each conjunct
corresponds to a real failure mode in the negative witness archive. Coverage blocks false-assurance upgrades; adapter
soundness blocks type-preserving but semantically malformed transport; and memory discipline blocks silent cross-
branch interference. The equation therefore states an implication that is valid exactly because the regime is narrow.
Readers should not interpret it as a template for unrestricted global correctness.

For convenience, Table 3 restates the most heavily used symbols together with their domains and exclusions. The table
supplements, but does not replace, the first-use definitions in the main text.

B EXPANDED PROOF STRUCTURE

The main-text proofs are complete, but this section records the proof architecture in more detail so that the induction
dependencies and failure boundaries are explicit. The proof of Theorem 4.3 depends on three structural facts. The first
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is that every predecessor of a node appears earlier in the topological order; this is the only place where acyclicity is
used. The second is that every transported predecessor artifact lies in a declared typed subset, either directly or after a
sound adapter. The third is that the aggregator maps the full predecessor tuple into the assumption set Av . The theorem
fails immediately if any one of those facts is dropped. Without acyclicity there is no induction order. Without adapter
soundness a predecessor may emit a typed value that still lies outside the successor’s admissible domain. Without
aggregator admissibility the successor can receive a tuple of individually compatible inputs whose combination is
itself inadmissible.

The inductive invariant in the proof can therefore be stated explicitly. After executing the prefix v1, . . . , vk, every
executed node satisfies its contract, the memory remains in the positive regime, and every edge leaving the prefix
transports an artifact that is already in the typed subset expected by the remaining proof steps. This stronger invariant
explains why the theorem is genuinely compositional. The induction hypothesis is not merely that past nodes were
correct in isolation; it is that their outputs remain usable by future nodes under the declared transport semantics.

Lemma 5.1 uses a simpler induction because the update law has a simpler structure. Here the key observation is that
branch isolation is a syntactic property of equation 2. No term in the right-hand side can mention an inactive branch
memory. This is stronger than a semantic promise that inactive branches will probably not be touched. If a future
extension introduces a merge operator, the update law itself must change, and with it the applicability of the lemma.

Theorem 5.2 is a constructive negative result, so the proof structure is different. The proof does not rely on induction.
Instead, it isolates the smallest possible witness family in which the validator alphabet is too weak for the target
semantic property. The two-node construction is enough because the failure has nothing to do with graph size. It
arises from a mismatch between what the validators inspect and what the claimed property requires. This construction
is the assurance analogue of a classic counterexample in program logic: a local proof rule is sound only for the
predicates that actually occur in the rule.

Corollary 5.2.1 then becomes almost tautological, but only because the property class is defined carefully. A weakly
written corollary would fail by silently broadening Ptyped. The present corollary avoids that error by defining the
property class after the theorem and lemma, not before them. The reader can therefore audit the inclusion relation
directly: if a desired property mentions semantic novelty, reviewer acceptance, or branch-merge consistency, it is not
in Ptyped.

One additional consequence is worth stating. The contract objective equation 1 is not an optimization wrapper pasted
onto the theorem package. It is a compact restatement of the same inductive logic. A policy is contract-optimal exactly
when the theorem guarantees that every node is admissible and every validator in the declared coverage set passes. If
coverage changes, the interpretation of the objective changes too. This is another reason the assurance-boundary result
is necessary.

C COUNTEREXAMPLES AND FAILURE REGIMES

The negative witness archive is large because the theorem package is deliberately honest about where it fails. Rather
than reproduce every individual witness, we group them into four families that carry the scientific content.

The first family concerns unsound transport. In these cases each predecessor node may satisfy its own guarantee set,
but the adapter either maps into the wrong typed subset or fails to preserve the invariant needed by the successor. The
immediate result is that Theorem 4.3 no longer applies. The counterexample does not require semantic subtlety; a
typed mismatch is enough. This family justifies why soundness is not a cosmetic adjective in Definition 4.1. It is the
exact point at which local admissibility can stop composing.

The second family concerns inadmissible aggregation. Here every predecessor artifact can be individually well formed,
yet the combined tuple can still fall outside Av . This matters operationally because research phases often combine evi-
dence from several upstream steps. A system that validates each input independently but never validates the aggregate
can appear locally sound while still violating the successor contract. The finite audit suite contains many such failures
because the combinatorial space of predecessor tuples is precisely where hidden assumptions often surface.

The third family concerns memory discipline. Shared mutable state, ledger-only regimes, stale replay, and merge-
enabled execution all generate failures for different reasons. Shared mutation breaks branch isolation because an
inactive branch can affect the active branch without an explicit transition. Ledger-only regimes preserve provenance
but lose the working-copy semantics needed for local repair. Stale replay reintroduces past artifacts without preserving
freshness assumptions. Merge-enabled regimes are the most important boundary case: they show that the proof
package is not merely incomplete on merges, but structurally mismatched to them.
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Branch-memory regimes: valid trajectory versus failure witnesses

Figure 3: Memory-regime comparison used to interpret Lemma 5.1. The figure contrasts the positive branch-local
append-only setting with stale-replay, shared-mutable, and merge-enabled regimes by making visible which writes
are local, which provenance events extend monotonically, and where invalid cross-branch interference appears. The
panels should be read as witness classes rather than benchmark curves: any counts or interval annotations summarize
the finite audit family, whereas the decisive distinction is whether the update law satisfies the structural restriction in
Equation equation 2.

The fourth family is the assurance boundary itself. Figure 2 gives the compact version, but the negative archive is
scientifically useful because it prevents a common rhetorical slide. Once a paper has validators, traces, and explicit
artifacts, it is tempting to speak as if the system is globally checked. Theorem 5.2 and its witness family show why
that language is misleading. The archive keeps the failure visible so that later empirical or formal extensions can be
evaluated against a real baseline rather than against an erased limitation.

Figure 3 plays an analogous role for the memory lemma. It makes the valid and invalid regimes visually distinct and
therefore serves as an appendix-only diagnostic figure rather than a decorative add-on. The main text already states
the lemma. The figure helps readers audit why the lemma fails exactly where it does.

D IMPLEMENTATION ALIGNMENT AND REPRODUCIBILITY

The theorem package was supported by a proof-oriented validation stack with fixed seeds {11, 23, 37, 53, 71}, finite
audit families, and a read-only implementation-alignment pass. This section records those details because they affect
interpretation even though they are not the scientific contribution.

The validation program materialized three families of typed workflow fixtures: contract cases, memory cases, and as-
surance cases, plus a stress suite for out-of-regime diagnostics. The executable audit remained lightweight enough for
a bounded local validation run: a short smoke stage checked imports, fixture generation, and report writing before the
full symbolic sweep. Confidence intervals were Wilson intervals over seeded finite case families. Their interpretation
must remain narrow: they summarize the stability of the generated audit family and not the logical strength of a proof.
In particular, a 100% pass rate on the positive cases in Table 2 does not strengthen Theorem 4.3; it only confirms that
the executable checker agrees with the stated premises on the generated family.

The implementation-alignment audit was equally narrow. It read the architecture manifest, the requirements specifica-
tion, the contract registry, the phase metadata, the publication-export documentation, and the validation entry points,
then mapped manuscript symbols to code or document anchors when available. The resulting table, shown in Table 4,
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Table 4: Implementation-alignment summary for the manuscript symbols. The table distinguishes field-level architec-
tural evidence from narrative evidence and manuscript-defined extensions. Its purpose is to prevent overclaiming: a
symbol with only narrative or manuscript support may still be a useful formal object, but it should not be described as
if it were already an implemented invariant.

Symbol Support Anchor type Interpretation
typed phase contracts field-level document architecture specifies phases with explicit in-

puts, outputs, contracts, and context scope
validation payloads field-level code registry exposes typed validation outputs and

validator-bearing contracts
phase manifests field-level document phase metadata records dependencies and

semantic expectations
preserved context narrative document architecture motivates persistent context but

does not itself prove the memory lemma
semantic validators field-level code validators are first-class architecture ele-

ments
export flow narrative document documentation supports reproducible paper-

oriented artifact packaging
branch-local append-only
ledger

manuscript-defined manuscript formal memory split introduced in this work

Ptyped manuscript-defined manuscript restricted property class introduced to state
the assurance corollary

confirms that typed phases, validators, and export-oriented artifacts have architecture support, while the ledger split
and restricted property class remain manuscript-defined. That is the correct outcome. A proof paper should not pretend
that every useful formal object already lives in the codebase.

Reproducibility of the proofs themselves is therefore two-layered. At the mathematical layer, reproducibility means
that every assumption needed by the proof is written explicitly and every result has a complete proof block. At the
audit layer, reproducibility means that the generated cases, seeds, counts, and negative witnesses can be replayed by
the validation shell without changing the uploaded codebase. The manuscript is careful not to conflate these two
meanings.

E EXTENDED AUDIT INTERPRETATION

The theorem-audit counts deserve one final interpretive remark. A naive reading might ask why 280 negative witnesses
for contract composition coexist with a fully supported claim. The answer is that the negative witnesses are not failed
proof attempts inside the theorem regime. They are deliberate tests of adjacent regimes in which a premise is removed.
In fact, their abundance is evidence that the theorem boundary is meaningful. If no negative witnesses existed after
premise removal, the assumptions would be suspiciously weak or redundant.

The same reasoning applies to the memory and assurance results. The positive memory cases all pass because they
obey the branch-local append-only law. The negative cases exist because they do not. For the assurance theorem,
the broad negative result is the point, while the narrow positive corollary shows exactly how much assurance can be
recovered. This asymmetry is scientifically healthy. It keeps the theorem package aligned with what validators and
typed contracts can actually support.

For readers concerned with broader system claims, the correct takeaway is therefore layered. The contract theorem
gives a stable local-to-global statement for typed admissibility. The memory lemma gives a stable state-discipline
statement for one active branch. The assurance theorem warns against inflating either result into a semantic oracle.
Together they provide a foundation for research orchestration, but not a final theory of autonomous research quality.
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