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Abstract

Enterprise AT deployment is a coordination problem across business units, application and Al
teams, testing, platform engineering, cloud or server-farm infrastructure, security, operations,
and enterprise data governance. Use-case benchmarks can show whether one agent completes
one task, but they do not define how rapidly changing capabilities, models, runtime mecha-
nisms, physical capacity, and enterprise data should be owned, changed, admitted, or evidenced
together.

We present four responsibility objects as shared organizational contracts: Skill is a reusable,
versioned business capability and workflow asset; Harness is the runtime compiler and governor;
Scaffold is the execution/control boundary and non-functional requirement (NFR) owner; and
the data substrate is stack-external, independently chief-information-officer (CIO)-governed se-
mantic and telemetry infrastructure. The runtime core is modeled as A = (S, H, X'), with the
data substrate outside that stack.

The central scientific contribution is one bounded, falsifiable hypothesis, P1, which we state
as cost-aware capability-capacity separability. Within a declared operating region, changing
activated capability should preserve the capacity-response interaction within a preregistered two-
sided equivalence margin, while changing compatible Scaffold capacity should preserve capability
semantics up to a preregistered directional non-inferiority margin, and the controls required
to establish either result should remain within a declared enforcement budget. Six familiar
design conditions become measured obligations whose coverage, violations, uncertainty, cost,
and exclusions determine whether P1 is decidable at all.

We propose a cluster-period randomized crossover experiment with balanced order, reset or
washout, repeated seeds and failure regimes, and cluster-aware uncertainty. Its verdict has four
states: supported, falsified, conditional-engineering, or inconclusive. This paper contributes
a contract-bounded runtime architecture, a source-preserving data substrate, and a falsifiable
measurement protocol. It reports no completed runtime implementation, experiment, dataset,
or measured result.
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1 Introduction

Enterprise Al is usually assembled along existing organizational boundaries. A business unit owns
a procurement, customer-service, research, or finance outcome. Application and automation de-
velopers encode the workflow. Al platform teams change models and agent patterns. Testing and
governance teams define release evidence. Cloud, server-farm, site-reliability engineering (SRE),
security, and operations teams supply and control execution. The CIO and domain data stew-
ards govern meaning, access, lineage, and lifecycle across enterprise systems. These groups change
different objects at different rates, yet an agent run crosses all of them.

Use-case evaluation alone does not close this deployment gap. A benchmark can establish task
success, requirement completion, quality, cycle time, or human correction for a particular Skill.
It cannot by itself establish that the capability was admitted under the intended policy, composed
safely, bound to compatible capacity, isolated from other tenants, replayable, portable, or affordable
at enterprise scale. Conversely, a runtime can meet throughput and availability targets while the
Skill produces no business value. Business/use-case evidence and system/runtime evidence are
therefore separate and neither substitutes for the other.

An agentic runtime must answer two different change requests. A product owner wants to ac-
tivate a new behavior without redesigning the execution fleet. A platform owner wants to add
workers, isolation zones, accelerators, or regional capacity without changing what an admitted be-
havior means. Current architecture descriptions often name both concerns but evaluate them sepa-
rately: capability work is judged by task success, while infrastructure work is judged by throughput
and latency. Those one-axis evaluations cannot reveal whether the axes recouple through shared
state, resource-sensitive inputs, scheduler feedback, undeclared effects, or bypasses around policy
enforcement.

The distinction matters because a positive capacity effect is desirable. Adding compatible Scaf-
fold resources should normally improve throughput or queueing delay. The scientific question is not
whether the Scaffold has a zero main effect. It is whether the response to a capability intervention
materially changes across Scaffold configurations, whether semantic outcomes remain non-inferior,
and whether the controls required to establish that result stay within an acceptable enforcement
budget.

This paper therefore asks one research question:

Can a runtime activate independently deployable capabilities without materially changing capacity
response, while scaling capacity without materially changing capability semantics, at an acceptable
enforcement cost?

We call the bounded claim cost-aware capability-capacity separability. It is neither universal
modularity nor proof that a named implementation scales. It is an empirical decision about a
specified runtime, workload, policy, data snapshot, and compatible capacity range, and its verdict
can be supported within €2, falsified within €, reported as a conditional-engineering result, or
inconclusive.

Alongside that scientific question the paper advances a narrower organizational thesis of its own:
for enterprise Al, architecture can serve as a shared organizational contract that makes communi-
cation, ownership, change cadence, and evidence obligations explicit across business and technology
groups. This is not an external quotation. It is the organizing interpretation used here to connect
business capability, runtime governance, execution capacity, and enterprise data without requiring
one mandatory organization chart.

The architecture is organized around a compact model:

A= (8,1, X), (1)
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Figure 1: Shown: business capability enters as a versioned Skill contract, the Harness admits and
binds an activated path, the Scaffold supplies the execution and control boundary, and the CIO-
governed semantic and telemetry substrate remains stack-external; any derived index or summary
in that substrate is discovery metadata rather than source authority. Why it matters: the diagram
separates the two interventions whose independence P1 tests and identifies the boundary at which
recoupling and enforcement cost must be observed. Class: architecture.

where § is a versioned set of Skills, H is the Harness that compiles and governs runs, and
X is a pool of Scaffold instances. Skill owns bounded business semantics. Harness owns runtime
admission, composition, governance, and evidence capture. Scaffold owns the physical execution
and control boundary and its NFRs. A stack-external data substrate, independently governed by
the CIO or equivalent data authority, supplies semantic joins, governed access, provenance, routing
facts, intermediate representations, and integrated business and runtime telemetry.

Figure 1 establishes both the responsibility handoffs and the scientific distinction. Capability
growth means activated independently deployable behavior on admitted paths; it does not mean the
number of entries in a registry. Capacity growth means a change to compatible physical execution
resources under fixed logical policy and fixed data snapshots. The Harness is the binding boundary
that makes both interventions inspectable.

1.1 Contributions

This paper makes three contributions.

1. We define a contract-bounded dual-axis responsibility architecture: reusable business ca-
pability, runtime governance, physical execution and NFR ownership, and enterprise data
governance remain distinguishable, while the Harness resolves a typed contract C =
(I1,0,G, A, B,V) and places probabilistic planning inside deterministic admission, effect, and
evidence enforcement.



2. We specify a source-preserving address/index/operator data substrate. Canonical sources and
versioned provenance remain authoritative; derived summaries are auditable metadata rather
than replacements; and versioned Theme/IR policies state task-family output, access, evi-
dence, fallback, and compatibility requirements. A technical appendix formalizes the bound-
ary for deterministic query-agnostic write-time representations through a decoder-independent
Fano bound, a partition-lattice sufficiency criterion, and a linear-logarithmic write/read sep-
aration.

3. We turn six familiar design conditions into measured obligations and specify a cluster-period
randomized crossover that estimates the capability-by-capacity interaction, semantic non-
inferiority, and enforcement overhead without treating an expected Scaffold main effect as
evidence of separability. The resulting evidence protocol makes the architecture rejectable
rather than presenting its mechanisms as observed results.

The contribution is architecture plus falsification methodology rather than synthetic results.
Table 3 and Section 13 record the evidence status of every claim; the body states each mechanism
once rather than repeating that classification alongside it.

Relation to the two earlier manuscripts. An earlier revision of this work was split into an
enterprise-architecture paper and a focused separability study. That split produced four inconsisten-
cies between the two documents — identical titles, divergent contract-tuple notation, contradictory
units of randomization, and no cross-reference — and this revision retires it. Where the two dis-
agreed, the focused study’s methodology governs: the unit of randomization is a cluster-period, the
contract tuple is C = (I,0,G, A, B, V), and every margin must be derived from a named decision.
The enterprise document’s conditional-engineering verdict is promoted here to a general fourth state
of the decision rule.

2 Origins: Organization, Boundaries, and Change Cadence

2.1 Organization, Communication, and Architecture

Conway’s 1968 observation is that organizations tend to produce system structures reflecting their
communication structures [5]. Enterprise Al makes that observation operationally relevant because
one run crosses business ownership, application development, Al runtime governance, testing, in-
frastructure, security, operations, and data stewardship. A hidden or ambiguous handoff in the
organization can become a hidden or ambiguous dependency in the system.

This paper draws a narrower conclusion of its own. Architecture can be used as a shared
organizational contract that states who owns an object, what that object promises, what it does
not own, how quickly it may change, and what evidence must cross each boundary. The claim is
not that every enterprise needs four teams or four processes. It is that business semantics, runtime
governance, physical execution, and enterprise data require distinguishable decision rights even when
one team implements several of them.

2.2 Ownership and Change Cadence

The four responsibility objects differ most visibly in ownership and expected rate of change. Table 1
is a responsibility model rather than a mandatory organization chart.



Table 1: Enterprise ownership, typical change cadence, and stable contract. One team may im-
plement multiple objects, but their decision rights, stable contracts, and evidence responsibilities
remain distinguishable.

Object Primary enterprise owner  Typical Stable contract
change ca-
dence
Skill Business product owner Hours to  Goal, typed 1/0, effects, tests, evi-
with Al/automation de- weeks dence, version
velopers
Harness AT platform /runtime and Days to Admission, activated path, effects,
governance teams months binding constraints, postconditions,
trace
Scaffold Enterprise platform, Weeks to Resource, isolation, locality, identity,
cloud/server-farm, SRE, years attestation, execution
security, and operations
Data substrate CIO/data authority with Weeks to Semantic access, provenance, rout-
domain data stewards years ing, lifecycle, intermediate represen-
tation

A business workflow or Skill may change within hours, while an isolation boundary, regional
topology, or enterprise semantic standard may remain for years. Directly embedding slower-changing
infrastructure and data assumptions in every Skill makes both sides expensive to change. The Har-
ness contract instead translates an activated business capability into explicit runtime requirements
and binds only accepted work to compatible capacity and governed data access.

2.3 Runtime, Capacity, and External Data Boundaries

The control-plane/data-plane distinction motivates, but does not prove, the proposed separation.
Skill registration, release state, contract compilation, policy versions, and placement rules are con-
trol decisions. Accepted payload processing and effect execution are data-plane work. Selective
activation keeps the full registry and governance state out of each request, while a resolved contract
carries only the path, constraints, identities, and evidence obligations needed for that run.

Enterprise data has a different boundary again. The data substrate is not a fourth runtime layer
and not a database hidden inside the Scaffold. It is stack-external, independently CIO-governed
semantic and telemetry infrastructure with a typically slower change cadence than Skills. Skills
consume its contracts; the Harness mediates access and evidence; the Scaffold enforces locality
and network boundaries. Governed online access paths and asynchronous background indexing
or maintenance loops can evolve behind that contract without requiring source-specific context
assembly in every Skill.

3 Foundations and Novelty Boundary

Classical foundations. The six obligations of Section 9 are established systems ideas, and stat-
ing their lineage constrains the novelty claim. A reference monitor must be tamper resistant,
always invoked, and small enough to analyze; complete mediation requires checking every access
rather than only the first one |2, 32]. Effect non-interference is a form of the information-flow non-
interference long studied in security semantics [10]; capability systems and least authority explain
why an admitted path should carry narrow, unforgeable authority instead of ambient privilege [28].
Information hiding separates decisions likely to change behind stable interfaces [30], Hydra made



policy-mechanism separation an explicit operating-system principle [22], and control/data-plane
separation distinguishes decisions from the execution of accepted work [20]. Autonomic-computing
work supplies the Monitor, Analyze, Plan, Execute over a shared Knowledge base (MAPE-K)
control-loop vocabulary [18, 15|, and ISO/IEC 25010 supplies a product-quality vocabulary, not
margins for this runtime [16]. Queueing and datacenter-interference results motivate tail-latency
and saturation metrics [19, 27, 7|. The paper adapts these ideas to agentic runtimes; it does not
re-derive them.

The nearest thesis: scaling the harness. The closest published statement of this paper’s
premise argues that the next bottleneck in agentic Al is system scaling rather than model scaling,
and names the object of that shift explicitly: treating the structured execution layer around a
foundation model as a first-class object of design, evaluation, and optimization [11]. That is the
same object we call the Harness, and the agreement is worth stating plainly rather than minimizing,
because it means the identification of the harness as the locus of scalability is not this paper’s
contribution. What remains ours is narrower and specific: that work argues for the shift and
surveys its design space, whereas we commit to one falsifiable consequence of it — that capability and
compatible capacity are separable within a declared operating region at a bounded enforcement cost
— and specify the randomized design, margins, obligations, and four-state verdict that could refute
it. A programmatic argument that the harness deserves first-class treatment and a preregistered
protocol that can reject a specific separability claim about it are different kinds of contribution;
conflating them would overstate ours.

Runtime governance and composition. The five-plane reference architecture organizes
production-agent governance into distinct concerns and supplies contemporary support for com-
plete mediation, explicit invariants, and structured evidence [35]. That work motivates enforceable
runtime governance, but it does not establish a separability claim. Composition research shows why
the activated path must be the authorization object: components benign in isolation can become
harmful when composed [45]. Our Harness therefore evaluates the path together with its data, effect,
identity, and resource bindings rather than treating a set of locally approved Skills as sufficient.

The closest existing implementation. Falsifiable release-gate work is the nearest published
counterpart to the mechanism this paper proposes, and stating its reach precisely is what bounds
our remaining contribution [34]. It predeclares a machine-checkable acceptance suite for every new
capability, holds a fixed set of standing invariants across six consecutive releases of an open runtime,
and exhaustively checks the reachable states of a bounded model, including a deliberate-breakage
discipline that confirms the checker emits a shortest counterexample rather than silently passing.
Its central invariant, that no action reaches an effector without a capability token issued by a control
ring, is complete mediation and typed closure enforced together. Two of its reported results bear
directly on claims made here. First, the invariant set survived a more than doubling of capability
surface without being weakened or redesigned, which is empirical support for the general proposition
that a declared contract boundary can absorb capability growth. Second, its measured governance
overhead of 0.021 ms per request is small enough to remove latency as a prima facie objection to
mandatory mediation; we treat that figure as a lower bound for our own boundary, because it covers
invariant evaluation and not the schema validation, graph construction, and binding that a resolved
Harness contract also requires, and we therefore make no overhead estimate of our own.

What that work does not settle is the question this paper asks. Its invariants govern the
action-to-effector path inside one runtime; ours govern the capability-to-capacity binding between



a Skill population and a Scaffold pool. Verification is over a bounded model rather than a deployed
capacity range, and no capability-by-capacity factorial is run, so nothing in it estimates whether
adding compatible Scaffold instances leaves semantic behavior invariant or whether adding capability
leaves the capacity-response function unchanged. The gap between a verified safety core and a tested
separability claim is precisely the space P1 occupies.

Skills as governed assets. Skillware supplies a software ontology for persistent, versioned be-
havioral artifacts and lifecycle continuity [9]. SkillCorpus examines consolidation and evaluation
at ecosystem scale [44]. Cross-layer misalignment research shows that a Skill description and its
observed behavior can diverge [48], and a dedicated treatment of Skill security supplies the threat
models, attack classes, and evaluation vocabulary that a semi-trusted Skill assumption requires [3].
Together these sources support treating a Skill as a governed asset whose declared interface requires
behavioral validation; they do not show that any particular Skill is safe, valuable, or portable. AE-
VAL separates first-attempt performance from self-correction and separates the executor from the
grader [1]. We carry those controls into the release and training protocols because business task
success and runtime contract adherence must be reported as distinct evidence.

Harness evolution and structured change. Harness Handbook identifies behavior localization
and editable structure as central problems in harness evolution [41]|. Continual optimizer evaluation
finds that gains compound only when regression control remains inside the optimization loop [43].
GRACE structures persistent agentic context as a typed semantic graph and validates each proposed
edit only within the local neighborhood of the nodes it touches, reporting a substantial reliability
gain over an otherwise identical flat-text baseline [13]. Two further systems arrive independently
at a decomposed credit signal for harness or Skill repair: gated semantic quality-diversity separates
model proposal from deterministic measurement and archives accepted patches by pathology [25],
and workflow-localized mechanism learning attributes a failure to a workflow node and mechanism
before choosing the smallest valid edit [23]. A further system makes the harness itself the object that
accumulates experience, carrying lessons from past episodes forward rather than re-deriving them
each run [14]; we take that as evidence that harness state is a governed asset, not as evidence that
any particular accumulation policy is safe — which is why Section 7.3 makes retention, deletion, and
authorization contract decisions rather than architectural properties. A complementary negative
result bounds how much any such loop can be trusted: harness optimizers have been observed
proposing guardrails for failure classes that never occurred [42]. These results motivate localized
change, regression gates, and explicit intermediate structures. Sections 7.2 and 8.2 state what
remains distinct in each case.

Code as the execution surface, and sandboxes as the capacity unit. A survey of code-
driven agent systems argues that routing agent behavior through executable, verifiable, stateful
code is the direction of travel for harness design [29]; that framing is the background against which
our Skill-as-Code freezing step in Section 8.1 should be read, and it is why we treat frozen code as
a determinism anchor rather than merely an efficiency device. On the capacity side, millisecond-
level sandbox checkpoint and rollback makes the Scaffold instance a cheap, restorable unit rather
than a heavyweight allocation [8]. That capability is directly relevant to the reset and washout
requirements of Section 10: a crossover design depends on returning a cluster to a comparable state
between periods, and checkpoint /rollback is one mechanism by which the reset sentinels of that
section could be met in practice. We cite it as an enabling mechanism, not as evidence that our
sentinels are achievable.



Context scale and activation depth. Two contemporary studies constrain the evaluation of
selective activation rather than the architecture itself. A controlled study of progressive disclosure
reports that its benefit shrinks toward zero once a harness already partitions and retrieves compe-
tently, becoming decisive only at corpus scale, and that adding a second routing layer never helped
[12]. A white-box study of Skill execution under long contexts observes requirement coverage above
92% while task outcomes collapse [46]. Neither result speaks to capability-to-capacity separability,
but together they fix two controls that Section 10 must hold — retrieval competence and activation
depth — and one metric it must report, the fraction of runs in which every declared requirement
was satisfied rather than aggregate recall alone.

Source preservation and retrieval paths. Three recent studies constrain the data-substrate
claim. In financial-document decision tasks, summary-only conditions increased disagreement rela-
tive to rereading the source, and restoring source context recovered only part of the lost performance;
the result supports keeping canonical evidence reachable, not a universal theorem that every sum-
mary is harmful [21]. At repository scale, lexical ranked retrieval overtook a raw file-navigation
agent in the reported large-corpus regime and used far fewer query tokens, which motivates ranked
discovery before expensive navigation but does not establish BM25 as universally optimal [40].
On one 780-page report with 51 questions, an explicit read-and-navigate operator substantially
outperformed the reported dense-retrieval baseline, while costing more and remaining statistically
unresolved against BM25 [36]. Together these results motivate a layered path — ranked discovery,
structured navigation or operators, then reading versioned source evidence — and require the paper
to distinguish online latency from amortized indexing and navigation cost.

Earlier design motivation. Two serving-side works predate this paper’s evidence boundary and
motivate its mechanism without entering the bibliography as evidence. Policy-Driven Runtime
Layer (arXiv:2605.27744) showed that a seam between framework-side semantics and engine-side
events leaves cross-layer policy unowned, which is the motivation for an explicit contract plane.
Tool Forge (arXiv:2605.28000) demonstrated intent-scoped tool loading with a documented saving
in context size, which motivates selective activation. Both were published before the 2026-06-01
eligibility boundary of Section 13, so they are recorded here as design motivation rather than cited
as evidence, and no result of theirs is asserted.

Industry evidence, separated by plane. Contemporary industry sources illustrate the same
evidence split without establishing the proposed architecture. An AWS account of agentic Al in en-
terprise resource planning supplies business/use-case evidence about workflow transformation [37].
AWS material on AgentOps and distributed hybrid-cloud agentic workloads supplies system /runtime
evidence about operational governance and deployment topology [39, 4]. None validates the com-
plete Skill-Harness—Scaffold architecture, P1, the 0 to 100,000 design target, or the organizational
thesis.

Novelty boundary. Our contribution is therefore not a new reference monitor, capability model,
modularity principle, scheduler, quality taxonomy, autonomic loop, retrieval algorithm, or the iden-
tification of the harness as the scaling locus. It composes established mechanisms into an agentic-
runtime responsibility model and makes separability plus enforcement cost falsifiable. Table 2 states
the ownership and non-ownership claims of the proposed architecture; it is not a completeness rating
of products or organizations.



Table 2: Responsibility boundaries in the proposed architecture. The table defines handoffs and
non-ownership; it is not a completeness rating of products or organizations.

Boundary Business semantics  Runtime gover- Physical execu- Enterprise data
nance tion
Skill owns declares  require- does not own consumes governed
ments contracts
Harness compiles activated owns binds but does mediates access and
capability not supply evidence
Scaffold does not interpret exposes enforceable owns enforces locality and

facts

network boundary

Data substrate preserves domain supplies pol- does not schedule owns semantic inte-
meaning icy /provenance gration and routing
facts

4 Responsibility Model and Primary Claim

The tuples and equations in this section are notation for the measurement contract, not a formal
operational model; the paper does not define a state-transition algebra for the runtime.

4.1 Four Responsibility Objects

Skill. A Skill s € S is a versioned, independently deployable behavior declaration. It owns task
intent, typed inputs and outputs, permitted effects, preconditions, tests, and release identity. Its
minimum interface is s = (g,14,0,p,e,v), where g describes the goal and applicability conditions,
1 and o are typed input and output schemas, p contains preconditions and policy tags, e declares
externally visible effects, and v identifies the validated version. A Skill may package instructions, tool
adapters, executable code, examples, and verifier rules, but it does not choose physical placement,
grant itself credentials, or redefine platform isolation. A Skill is operation-closed when every external
effect it can request is declared and testable through its interface. The unit used in this paper is an
activated Skill bundle on an admitted path, not a passive registry entry.

Collection-scale evidence suggests that operation closure is not what current practice provides.
The SkillMD-138K snapshot released with the Skillware ontology [9] contains 138,133 content-
deduplicated SKILL.md records drawn from 20,556 repositories. Frontmatter is nearly universal
(136,380 records, 98.73%), which the authors read narrowly as evidence that a structured metadata
envelope is a dominant visible convention, explicitly not that its fields are validated or that activation
semantics agree across agent systems. A lexical detector finds an explicit path token into scripts/,
references/, or assets/ in 32,069 records (approximately 23.2%); the authors note that this
detector misses implicit dependencies, so the figure is a lower bound rather than a census. Neither
figure speaks directly to the fields operation closure requires: a frontmatter envelope establishes
that a name and a description are conventional, corresponding to the goal field g, but not a typed
output schema, a declared effect set, or a version identity that a gate could reject independently.
That gap is the reason the Harness must enforce closure as an admission condition rather than
assume it of registered Skills. Whether closure can be retrofitted onto existing Skills at acceptable
cost is an empirical question we do not settle.

Harness. The Harness H is the runtime compiler and governor. Given a request ¢, identity and
policy context u, and a Skill registry S, it produces a candidate execution graph D, validates the
graph, binds accepted nodes to Scaffold instances, and emits a trace:



(¢,u,S) 25 (D, C,b, 7). (2)

Here C is the resolved Harness contract, b is a binding from graph nodes to Scaffold instances,
and 7 is the audit and replay trace. Harness owns logical admission and control: path construction,
schema checking, policy evaluation, effect authorization, logical budgets, binding constraints, version
identities, and evidence obligations. Selection and graph construction may use a language model and
are therefore probabilistic. Admission, schema validation, policy evaluation, budget enforcement,
effect authorization, and trace creation must be replayable for a fixed contract and policy snapshot.

Scaffold. A Scaffold instance x € X is a physical execution envelope x = (r,z,l,a), where r
describes available resources, z the isolation and trust zone, [ the data and network locality, and a the
attestation and runtime identity. A Scaffold may be a process sandbox, container, virtual machine,
browser session, graphics processing unit (GPU) allocation, or remote execution pool. It supplies
compute, process or container boundaries, network and data locality, runtime identity, resource
accounting, queueing, failure containment, and attestation. It exposes resource facts to the Harness
but does not reinterpret task goals or silently add capability semantics. As the execution and control
boundary it owns these NFRs: performance, reliability, availability, observability, manageability,
security, isolation, portability, elasticity, and capacity evolution.

Scaffold decomposition: three functional modules. For deployment purposes the Scaffold
surface decomposes into three modules whose responsibilities do not overlap with Harness logic.
The boundary rule is that the Scaffold operates the pipe — is it available, fast enough, and large
enough — while the Harness owns the logic — what to call, on whose behalf, and why.

1. Sandbox environment. The isolation substrate (microVM, container, WebAssembly sandbox,
or OS process, selected by trust level), its built-in interfaces (memory query, data-substrate ac-
cess, the standard tool inventory, credential injection), liveness monitoring (heartbeat watch-
dog, resource watermarks, zombie detection), egress network policy with default-deny for
sensitive segments reachable only through audited proxies, and an explicit dependency mani-
fest declaring operating system, runtime, and tool versions so that upgrades are image swaps
rather than in-place mutation. Millisecond-level checkpoint and rollback makes such an in-
stance cheap to restore rather than a heavyweight allocation [8].

2. API routing, dual track. The token track manages provider availability, latency, and failover
for model endpoints and aggregates same-prefix requests from multiple agents onto shared
serving sessions to raise key-value cache reuse; it records routing events as append-only logs
for audit and billing, deliberately not as memory. The tool-call track manages replica pools,
load balancing, priority queues, backpressure, idempotent request coalescing, elastic scale-
out through cloud interfaces when queue depth exceeds threshold, and timely release of idle
capacity.

3. Governance. Sandbox lifecycle management (warm pools, seed-affinity placement, tenant
quotas), admission control for externally introduced tools and Skills (publisher verification,
risk-tiered approval, sandbox validation, and composition-risk invariants), agent version reg-
istration (immutable binding snapshots of agent definition, Skill packs, and sandbox images,
with call provenance and drift detection), and enterprise identity and cloud integration.

Each module’s NFRs are phrased as measurable physical quantities — escape rate, cold-start and
snapshot-restore latency, failover time, quota adherence, audit coverage — rather than semantic
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judgments; this operational discipline is what keeps physical scaling orthogonal to capability cover-
age in the separability claim.

External data substrate. The external data substrate owns source authority, semantic defini-
tions, snapshots, lineage, credentials, retention, and policy-relevant data facts. It is not a hidden
Scaffold database and not a Skill-owned cache. The Harness resolves authorized access and evidence
requirements; the Scaffold enforces the resulting locality and network constraints. Section 7 specifies
it.

These are responsibility boundaries, not mandatory teams or services. One implementation can
combine objects, but its measurements must still distinguish logical admission, physical execution,
and data authority. Information hiding is useful only when the hidden decisions have explicit
interfaces and ownership [30].

4.2 Canonical Configurations and Outcomes

The activated capability configuration ¢ identifies the exact versioned Skill bundle, admitted graph,
tool and effect surface, model settings, and verifier set exercised by the workload. The Scaffold
capacity configuration s identifies the compatible worker count, resource class, isolation topology,
placement constraints, and queueing limits. Capability is denoted by c; the symbol s is reserved for
Scaffold capacity in the experimental sections and is never used there for Skill.

The declared operating region {2 fixes the workload family and mix, tenant and identity model,
Harness and policy versions, model and tokenizer versions, external-service contracts, data snap-
shots, compatible Scaffold classes, scheduler regime, and failure regimes. A result outside those
bounds is a new study, not an extrapolation.

For each assigned cluster-period we observe three named quantities:

e runtime response R(c,s): throughput, admission rate, queueing delay, latency distribution,
saturation, retries, and cost per completed run;

e semantic outcome Q(c, s): task success, every-requirement satisfaction, output schema adher-
ence, authorized-effect adherence, and postcondition satisfaction; and

e enforcement overhead E(c, s): added latency, compute, memory, control-plane work, evidence
volume, and monetary cost attributable to admission, mediation, isolation, and measurement.

The literal names runtime response R(c, s), semantic outcome Q(c, s), and enforcement overhead
E(c, s) are part of the measurement contract. They prevent a favorable throughput result from
substituting for semantic stability or a favorable semantic result from hiding an unaffordable control
path.

4.3 P1: Cost-Aware Separability

Let cg and ¢; be preregistered capability configurations and let so and s; be compatible Scaffold
capacity configurations. The primary runtime endpoint Yr(c, s) is the natural logarithm of period-
level p95 admission-to-terminal latency in seconds. Every admitted request is included; a request
without a terminal event by the preregistered timeout 7 is assigned latency 7. Because requests
assigned 7 form a point mass at the censoring bound, and that mass can dominate the period-level
p95 when timeout rates differ across arms, the report must also give the per-cell timeout rate and
run a sensitivity analysis on an alternative endpoint (for example, the p95 of completed runs or
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a winsorized quantile); the equivalence decision on the primary endpoint must be robust to the
recorded timeout distribution. The primary difference-in-differences estimand is

Apr = [Yr(c1, 81) — Yr(co, 51)] = [Yr(c1, 80) — Yr(co, 50)]- (3)

The two-sided equivalence margin is mpr = log(1.10), a 1.10-fold bound on the ratio of latency
ratios: equivalently, an interaction of at most a 10% multiplicative change in p95 tail latency.
The runtime criterion is satisfied only when the 90% two-sided cluster-aware confidence interval
for Apr lies wholly inside [-mpg, mp], the two one sided tests (TOST) rule at level 0.05 [33]. This
is an equivalence test, not a directional non-inferiority test. For more than two levels, the same
named endpoint, scale, margin, and interval rule apply to every preregistered capability-by-Scaffold
interaction contrast in a simultaneous cluster-aware model. The other components of R(c, s) remain
reported secondary endpoints and cannot replace Y after outcomes are observed.

P1 does not constrain the Scaffold main effect Yr(c, s1) — Yr(c, s0). A positive Scaffold main
effect on throughput, or a negative main effect on latency, is expected and does not falsify P1. The
primary semantic endpoint Qreq(c, s) is the proportion of admitted runs satisfying every preregis-
tered requirement. At each capability level, the capacity contrast is Dg(c) = Qreq(¢, 51) —Qreq(¢; 50)-
Semantic stability uses directional non-inferiority: with mg = 0.05, the one-sided 95% cluster-aware
lower confidence bound for every required Dg(c) must exceed —0.05 [31]. Other semantic outcomes
are secondary unless a separate scale, direction, margin, and multiplicity rule is preregistered.

The enforcement budget Bp is fixed before outcomes are examined and applies to the vector of
overhead measures: every mandatory component of E(c, s) must remain within its declared latency,
compute, evidence-volume, and monetary limits under the paired counterfactual in Section 10. A
cheap uninstrumented path cannot satisfy this budget because missing control work makes the
evidence ineligible.

Proposition 1 (Proposition P1: cost-aware capability-capacity separability). Within the declared
operating region 2, an admitted capability intervention preserves the log-p95 latency capacity-
response relationship under the two-sided interaction-equivalence rule, a compatible Scaffold inter-
vention preserves every-requirement satisfaction under the directional non-inferiority rule, and the
measured controls remain within Bg.

Deriving every margin from a named decision. Because the design turns on margins, one
rule binds all of them and not only the two stated above. Every equivalence, non-inferiority, and
interaction margin must be derived from a stated decision that the margin governs — the largest
semantic degradation a release board would accept, the smallest capacity-response departure that
would change a procurement or placement choice — and never from the observed variance of a
pilot, which would let a noisy instrument certify itself by widening its own margin. Record the
decision, its owner, and the resulting numeric margin as separate preregistered fields so that a
reader can dispute the decision without recomputing the statistics. This rule applies equally to the
reset sentinel bounds of Section 10, which are currently stated as numeric placeholders and must
be replaced by decision-derived values before any study is registered.

4.4 The Four-State Decision Rule

The verdict has four states. The fourth exists because the six obligations of Section 9 form a
conjunction, and in a real enterprise runtime the most likely outcome of a first study is that some
obligations clear their thresholds and others do not. Treating the conjunction as the only admissible
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entry point would make a study that discovers one undeclared edge report nothing at all about P1,
which is not an acceptable design.

e Supported within ). All six obligations pass coverage, calibrated-sensitivity, and worst-case
violation-bound gates; the 90% interaction interval lies inside [—m g, mpg]; every semantic lower
bound exceeds —mg; and every enforcement-overhead upper bound lies below its component
of B E-

e Falsified within 2. Eligibility and calibration are sufficient for a decision, and the interaction
interval lies wholly above mpg or below —mpg, a semantic upper bound lies below —mg, an
observed-violation lower bound exceeds its ceiling, or an enforcement-overhead lower bound
exceeds its budget.

e Conditional-engineering result. One or more obligation violation rates exceed their
thresholds. The study reports the outcome estimands in full, together with the named obli-
gations whose rates exceeded threshold and the observed value of each, and carries no verdict
on P1 in either direction.

e Inconclusive. Instrumentation coverage or monitor calibration is insufficient, an interaction,
semantic, violation, or overhead interval does not resolve its margin, crossover contamination
remains after reset, a predeclared eligibility rule fails, or another required quantity cannot be
estimated with the planned cluster-aware uncertainty.

A conditional-engineering result characterizes the engineering state of the runtime under test
— which contract obligations it can and cannot currently hold — rather than the scientific status
of P1. It is publishable and informative: it identifies which obligations are expensive to establish
in a real runtime, and the observed rates supply the dose axis for a later study of how outcome
departure scales with residual coupling. What it must not do is enter the P1 decision, because an
outcome measured under a known open channel cannot discriminate between separability and the
channel. A study that ends in this state should report the engineering cost of closing each violated
obligation, since that cost is the practical barrier to testing P1 at all.

The rule also distinguishes failure of the claim from failure to measure it. In particular, a
nonsignificant interaction from an underpowered design is inconclusive, not support.

4.5 Proposition Inventory and Evidence Planes

P1 is the core structural claim. The proposition identifiers are those of this line of work rather than
a consecutive series: P2-P14 were stated in earlier drafts and have since been withdrawn, absorbed
into the six obligations, or demoted to mechanism hypotheses. The three that remain separately
testable keep their original numbers so that the protocols and the earlier record stay comparable:
P15 (dual-subgoal gate benefit, Section 8.2), P16 (task-family evidence-path sufficiency) and P17
(bounded policy-contract decoupling, Section 7.2).
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Table 3: Claim types and evidence status. “Proposed experiment” denotes a protocol, not a com-
pleted study in this paper. The first two rows are definitional and interpretive choices rather than
testable claims; for them the relevant question is whether the distinctions are useful and consistently
applied, not whether an experiment confirms them.

Object Claim type Scoped claim Evidence status
Enterprise- Design pro- Four responsibility objects sepa-  Architectural synthesis; cited
runtime re- posal rate business capability, runtime motivation; no implementation,
sponsibility governance, execution/NFR  adoption, or empirical validation
architecture ownership, and enterprise data
governance through stable con-
tracts and change cadence
Shared or- Interpretive  Architecture makes communica- Definitional framing choice of this
ganizational thesis tion, ownership, change cadence, paper, not a testable prediction;
contract and evidence obligations explicit adoption value unevaluated
across enterprise groups
P1 Proposition Cost-aware capability-capacity = Analytic argument; proposed ex-
separability inside 2 periment (§10)
Path safety / Proposition Complete mediation enables Analytic argument; cited exter-
mediation path-level admission checks nal evidence; proposed experi-
ment (§11)
P15 Hypothesis Output-plus-process gates im- Cited external evidence; proposed
prove discrimination, attribu- experiment (§11)
tion, or training
P16 Hypothesis A pinned address/index policy Proposed experiment (§11)
with source fallback supports
task-family reconstruction
P17 Proposition Compatible source and output Analytic argument; cited exter-
changes remain bounded by ver- nal evidence; proposed experi-
sioned policy contracts ment (§11)
Write-time Analytic re- Query-agnostic deterministic ~ Self-contained finite-alphabet
representation sult representations are sufficient derivation (§15); no empirical
foundation exactly when their induced par- validation

tition preserves every distinction
required by the declared task
family

Dry-run / local- Hypothesis Planning cost is offset by avoided ~ Proposed experiment (§11)
ity work or movement
Skill lifecycle / Design pat- Train, validate, freeze, monitor, Cited external evidence; proposed
training tern and roll back Skills experiment; future work
Prefix stability Design pat- Tool-set cohesion and same-seed No protocol in this paper; mea-
/ seed affinity tern co-location improve cache reuse surement is future work

and locality
Amdahl and Open ques- Serial fraction and orchestration No protocol in this paper; re-
handoff calibra- tion efficiency are linear in tool-set quires a design that manipulates
tion overlap and handoff cost overlap and handoff size
Higher-order Open ques- Structures beyond the contract- Future work
memory tion relevant IR
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Table 4: Two required evidence planes for enterprise adoption.

decision question; neither plane substitutes for the other.

Each plane answers a different

Evidence plane Primary decision Representative evidence Does not establish
question
Business/use-case Does the versioned Task and requirement com- Runtime admission in-

System /runtime

Skill produce the in-
tended business out-
come for its declared
users and workflow?

Does the admitted
path execute within
its declared contract
and enterprise NFR
envelope?

pletion, output quality, cycle
time, human correction, adop-
tion, and outcome-specific ben-
efit or loss

Gate and trace integrity,
path and effect conformance,
throughput, active-agent ca-
pacity, latency, saturation,
failures, isolation, availability,

tegrity, isolation, capac-
ity, availability, porta-
bility, or cost behavior

Usefulness,  workflow
fit, user acceptance, or
business value

backpressure, and cost

The business owner and Skill team require the first plane; runtime governance, platform, SRE,
security, operations, and data authorities require the second. A release decision must name the
evidence required from both planes and must not use success in one as a proxy for the other.

5 Contract Boundary and Architecture

5.1 The Resolved Harness Contract

For an admitted run, the Harness emits a resolved contract

C=(I,0,G, A B,V), (4)

where I and O are the run-level typed inputs and outputs, G is the activated Skill graph, A is the
authority and effect set together with its evidence obligations, B contains resource, time, token, cost,
concurrency, placement, and isolation constraints, and V' pins policy, model, registry, data-snapshot,
capability, verifier, and trace identities needed for replay. The boundary’s interface semantics are
defined by five observable components: the admission decision over C', the activated path in G, the
authorized effects in A, the binding constraints in B, and the postconditions encoded by O and its
evidence obligations. Each field is serializable, inspectable, and independently rejectable. A run
rejected at admission produces a reason and no external effect. An accepted run carries the contract
identity through execution and evidence.

Figure 2 makes the Harness boundary concrete. A useful shorthand is: probabilistically written,
deterministically and auditably executed. The phrase does not imply that execution outcomes are
deterministic; external services and models remain variable. It means that the authorization deci-
sion, declared effects, selected versions, and evidence requirements can be reconstructed from the
recorded contract.

The contract also makes selective activation observable. The registry can contain many Skills,
but ¢ changes only when activated behavior on an admitted path changes. This prevents registry
cardinality from being mistaken for a capability intervention and gives the experiment a stable
treatment identity.
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( Chief Information Officer-governed semantic and telemetry foundation: data substrate )

Figure 2: Shown: a request and activated bundle pass deterministic admission gates to become a
resolved Harness contract with typed data, path, authority, budgets, versions, binding, and trace
identity. Why it matters: the contract is the inspectable unit on which complete mediation, replay,
and capability-to-capacity binding are tested. Class: architecture.

5.2 Control Plane and Data Plane

The control plane owns Skill registration, contract compilation, policy versions, placement rules, and
release state. The data plane carries request payloads, executes accepted nodes, moves authorized
evidence, and emits traces. The planes interact through references and resolved contracts rather
than by copying the full control state into every model prompt.

Figure 3 highlights a failure mode that is easy to mistake for flexibility. Loading every Skill,
application programming interface (API) schema, and policy example into each request leaks control-
plane state into the data plane. Besides token cost, the leak creates ambiguous authority: a descrip-
tion visible to the planner may look executable even when its release or policy state has changed.
The Harness should first select a small candidate set from registry metadata, then materialize only
the accepted versions and constraints needed by the run.

Separation is not established by drawing two planes. The complete-mediation and scheduler-
independence obligations must observe every crossing. A cache fill, quota check, retry controller, or
placement hint that bypasses the resolved contract remains a possible coupling channel.

5.3 Path-Aware Invariants

Per-Skill approval is necessary but insufficient. Let G, = (V;, E;) be the activated graph for request
q, with nodes representing Skill operations and edges representing data or control dependencies.
The Harness evaluates invariants over the path:
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All Skills + all policies
released, draft, deprecated
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( Chief Information Officer-governed semantic and telemetry foundation: data substrate )

Figure 3: Shown: the control plane holds the registry, policy, admission, and placement logic, while
the data plane receives only the resolved contract and executes accepted work; the leaking variant
injects every schema and policy into the request path. Why it matters: keeping inactive registry state
and mutable control metadata off the request path limits unmeasured coupling between capability
growth and runtime load. Class: architecture.

Accept(Gy) = /\ ¢x(Gg,u, A, B, V). (5)
k

Examples include separation of duties, data-residency continuity, prevention of read-then-publish
paths, maximum cumulative privilege, and mandatory human approval before an irreversible effect.
A path can violate an invariant even when each node is locally allowed. Runtime checks must also
cover dynamically inserted nodes and retries, since they change the effective graph.

5.4 Audit, Replay, and Reversibility

An audit trace should distinguish three questions: what the planner proposed, what the deter-
ministic gates accepted, and what the bound Scaffold actually executed. Conflating these stages
makes incident review nearly impossible. At minimum, the trace records request and principal iden-
tity, candidate and activated Skills, contract versions, policy decision inputs, graph hash, binding
decisions, external calls, evidence artifacts, and final effects.

Replay has levels. Decision replay recomputes gate outcomes from recorded inputs. Plan replay
reruns planning under the recorded model and prompt version, accepting that stochastic output may
differ. Fzecution replay re-executes against pinned data or service snapshots when available. The
runtime should declare which level it supports rather than promising exact replay across mutable
external systems.

Contemporary work audits agent execution online to predict failure early from observable signals
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[47]. That capability is complementary to, and not a substitute for, what Section 9 requires:
predicting that a run is likely to fail is a different problem from establishing that a monitor observed
every event in a declared channel set. An early-warning signal can be accurate while coverage of
the threat model remains unmeasured, which is why the obligations below demand an independent
event inventory rather than a predictor’s confidence.

Manageability also requires a stop path. Skill releases can be disabled, policy versions rolled
back, bindings revoked, and in-flight graphs cancelled at Harness checkpoints. These mechanisms
turn a trace from passive observability into operational control.

5.5 Threat Model

The Harness is a reference monitor, so what it protects and against whom must be stated before
the six obligations can be read. We assume the following, and each assumption is a place the
architecture can be attacked rather than a property it establishes.

e Trusted computing base. The control plane is trusted: the Harness compiler, the Skill
registry, the policy evaluator, the gate implementations, and the Scaffold attestation service.
A compromise of any of them defeats the boundary, which is why the design requires repli-
cated control services, signed artifacts, and independent attestation, and degrades by reducing
capability rather than widening governance.

e Untrusted model output. Planner and executor output is an untrusted request for author-
ity, never an authorization. A plan that names an operation outside the resolved contract is
a rejected request, not a widened contract; this is why the admission decision is deterministic
for a fixed contract and policy snapshot while plan generation is not.

e Semi-trusted Skills. A Skill author is authenticated and accountable but not assumed
correct or benign. A Skill may declare one behavior and exhibit another, and contemporary
work reports exactly that divergence [48] and catalogues the resulting attack surface [3].
Declarations are therefore admission inputs to be validated behaviorally, and operation closure
is a gate rather than a claim.

e Untrusted external content. Tool results, retrieved documents, and data-source payloads
are attacker-influenceable. Text that arrives through the data plane cannot change the acti-
vated path, the authorized effect set, or a policy version, because those are resolved in the
control plane before the fetch occurs; contract resolution, rather than instruction filtering, is
the response to prompt injection.

e Adversary capabilities. The adversary can author or modify a Skill, influence request text,
control external content, and compose approved Skills into a hazardous path. The adversary
cannot break Scaffold isolation, forge attestation, or subvert the control plane; those are
Scaffold and platform security properties assumed rather than argued here.

The design goal is narrow: every effect an adversary can reach must appear in some resolved
contract’s authorized effect set, and every attempt outside that set must be a typed failure recorded
in the trace. Gates and traces make a violation attributable, and complete mediation makes an un-
declared channel detectable, but neither prevents an authorized effect from being harmful. Deciding
which effects should be authorized remains a business and policy judgment outside this architecture.

18



6 Cohesion, Context Partitioning, and Derivation Closure

6.1 First Principle: The Agent’s Job Is Organizing Context

For a fixed model, fixed sampling or decoding configuration, fixed runtime tool configuration, and
fixed external state, a single inference varies with its context input. Within that controlled setting,
context is the variable an agent loop directly organizes for the next inference step. Across arbitrary
agent runs the model, decoder, runtime tools, and external systems may also vary, so context is not
literally the only variable. Planning, data retrieval, tool invocation, and memory writes nevertheless
remain decisions about what to place in the next context and what to keep external to it.

This observation has a direct consequence for performance under serving systems that expose
prefix-cache reuse. Cache identity requires more than semantically equivalent prompts: the model
and tokenizer versions, system and policy metadata, tool serialization and ordering, and every
prefix token must remain fixed. If a single token changes in the middle of the prefix, all subsequent
positions must be recomputed. The reusable part is not “the context that changed slightly” but “the
context whose prefix is frozen token-by-token with changes only at the tail.” Heterogeneous tools
or goals can therefore reduce cache reuse and introduce irrelevant context, but this is one candidate
mechanism for long-horizon degradation rather than a complete explanation.

6.2 Context Partitioning by Tool-Set and Data Source

The corresponding design heuristic is: place version-pinned stable material (system prompt, policy
metadata, serialized tool schemas, and fized memory) at the front in deterministic order; place per-
turn task content at the tail. Under a prefix-caching serving stack, a longer token-identical prefix
creates a larger reuse opportunity. Stable semantic content alone is insufficient if serialization,
ordering, tokenizer, or model versions differ.

One useful axis for partitioning context is the tool-set. A sub-agent that repeatedly uses the
same version-pinned set of tools and Harness contracts can maintain a stable prefix when its prompt
renderer is deterministic. Conversely, switching among heterogeneous tool-sets may rewrite that
prefix and dilute attention. Stable tool membership therefore helps prefix stability but does not
guarantee it; the system must measure token identity and cache hits directly.

The secondary axis is data. Detail such as raw tables, full document text, and verbose interme-
diate results should not flow between sub-agents as context. Instead, canonical detail is written to
the data substrate, and a bounded evidence bundle is passed forward: declared conclusions, source
and snapshot handles, evidence spans, key constraints, and unresolved obligations. Downstream
sub-agents retrieve detail on demand through the governed discovery—navigation—read path rather
than treating a natural-language summary as authoritative. Under explicit interface assumptions
that evidence bundles are size-bounded, detail remains external, and downstream retrieval traf-
fic and cost are accounted for separately, the handoff payload changes from O(full context) to
O(evidence bundle). This is a conditional communication-size claim, not an unconditional reduc-
tion in total system work or information loss.

Production evidence for a tool taxonomy. The tool-set partitioning heuristic acquires em-
pirical shape from a production-scale characterization of coding-agent traces — 761M model calls
and 775M tool invocations across 45 distinct tools in one week [24]. Usage is heavily concentrated:
the top 11 tools account for over 90% of invocations, and get_file alone for 35.0%. The observ-
able tools fall into four performance classes whose system consequences differ. Read/retrieval tools
complete in tens of milliseconds with near-universal success and constitute the performance base of
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the loop. Mutation tools cluster at 0.25-0.6 s, bounded by filesystem operations. Ezecution tools
(run_command_in_terminal at 17.0% of invocations, run_build, run_tests) are the latency and
failure source: mean durations of 68-78 s against medians of seconds, success rates near 73%, failed
invocations taking 48x longer at P95 than successful ones, and failed builds injecting 7-8x more
tokens of diagnostics; 9% of turns enter failure-driven retry that consumes roughly 4x the compute
of the median turn. A fourth, small meta/orchestration class is high-frequency and near-zero-failure,
and a 4.6% long tail consists of customized tools, which is the empirical reason admission control
must offer a registration channel rather than a fixed inventory. Two design consequences follow
for the Sandbox module of Section 4.1: read-class tools must remain sub-100 ms, while execution-
class tools must execute asynchronously with timeout fuses and reclaimable resources. The trace is
coding-domain; class shares and tail factors in other domains are an open measurement question.

6.3 Four Mechanisms for High Cohesion and Loose Coupling

The partitioning principles above yield four design mechanisms distributed across the three runtime
responsibility objects:

1. Tool-set cohesion (Skill). A sub-agent should use one version-pinned tool-set and deter-
ministic prompt serialization throughout a run. This increases the opportunity for prefix
stability and cache reuse, which must still be measured. The anti-pattern is an agent that
changes tool schemas, ordering, or policy metadata across successive turns without recording
the resulting cache discontinuity.

2. Minimally overlapping partitioning (parallelism). When a task is decomposed into
parallel sub-agents, their tool-sets should be as disjoint as task semantics allow. Disjoint
tool declarations are only a proxy for a smaller shared surface: compute pools, locks, exter-
nal services, authorization backends, data dependencies, and scheduler state may still create
contention or correlated decisions and must be measured separately.

3. Evidence-bundle handoff (loose coupling). Sub-agents pass bounded conclusions to-
gether with source, snapshot, span, verifier, and pending-obligation handles, not full context.
The receiving sub-agent retrieves authoritative detail on demand from the data substrate.
Because that substrate is stack-external rather than a further runtime object, this absorption
does not introduce its storage schema into the runtime core.

4. Seed-affinity placement (Scaffold). Each type of sub-agent has a derivation seed, an
image with pre-warmed tools, dependencies, and cache. Same-seed sub-agents are co-located
to reuse image layers, tool processes, and cache hot regions; different-seed sub-agents are
spread across resource domains to reduce contention.

The parallelism argument of mechanism 2 can be stated as a calibration hypothesis. If a fraction
¢ of a workload remains serial, Amdahl’s law caps the speedup at 1/(c + (1 —¢)/N) for N parallel
sub-agents. We hypothesize ¢ = ¢y + Ap + nz, where p measures tool-set overlap and z collects
independently measured shared-compute, lock, service, authorization, data, and scheduler coupling.
We likewise hypothesize Fo.n = Eg — pc for orchestration efficiency and average handoff cost
¢. Neither linear relation is implied by the architecture, and neither is tested by any protocol
here: the crossover design of Section 10 varies capability and capacity but does not sweep p or
¢ as designed factors. We therefore register both calibrations as open questions, and note what
a study would need: a design in which tool-set overlap and handoff evidence-bundle size are the
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manipulated variables at fixed workload and Scaffold pool, with the linear form itself under test
against a monotone-but-nonlinear alternative.

Mechanisms 1 and 4 target intra-agent locality; mechanisms 2 and 3 target inter-agent coupling.
Their evidence status differs and should not be blurred. Mechanisms 1 and 4 have no protocol here;
their claims concern token-prefix identity, cache-hit rate, and co-location interference, which the
present protocols do not manipulate.

6.4 Derivation-Closure Orchestration

The four mechanisms describe how a partition should look once chosen. They do not say how
the runtime arrives at a partition for a request whose required tools and sources are not known in
advance. We close that gap with a rule we call derivation closure: each admitted sub-agent contract
is closed over named operations, evidence sources, input/output and handoff schemas, effects, and
budgets. Any reference outside that admitted closure is not satisfied in place but becomes the
admission condition for deriving a new sub-agent.

Bounding the output range. Fixing those admitted operations, evidence sources, schemas,
effects, and budgets bounds the sub-agent’s authorized action-and-evidence range because each
contract dimension is enumerable at admission time. It does not bound every token sequence the
model might emit, nor does it guarantee semantic correctness. This is the operational reading of
high cohesion: the sub-agent is cohesive not merely because its prompt is focused but because its
executable authority and evidence duties are contractually closed.

References as derivation conditions. When a sub-agent encounters a needed search tool or
data source that its contract does not cover, granting it inline would erode both the frozen prefix
and the closure property. Instead the reference is recorded as an unmet dependency and triggers
derivation: the Harness resolves a fresh contract whose tool-set and data-set cover that dependency,
seeds a new sub-agent from the matching template, and binds it as a child. Capability growth
within a single request therefore proceeds by adding bounded sub-agents rather than by enlarging
any existing one. Each derivation event is an ordinary contract compilation and passes the same
deterministic gates, so the request-level graph remains typed and replayable no matter how the
partition was discovered.

The main agent as a satisfaction controller. The main agent does not execute task tools.
Its function is to assemble returned evidence bundles and propose whether the run may terminate.
For each output sub-domain d, the contract binds a versioned verifier Vy, its evidence inputs, and
a threshold 7, before execution. The controller performs a governed join across returned evidence
bundles, applies top-k selection to retain the best-supported evidence per field, and reports the
satisfaction ratio of the declared output sub-domains:

1

sat(o%) = Tdom(eo)] » Z(: t)H‘ [Va(joiny (evidence bundles)q) > 74]. (6)
om(o%

When every Vj is deterministic or version-pinned with a preregistered error tolerance, the ratio
can participate in a contract-level termination predicate. When a verifier is model-based, mutable, or
uncalibrated, the ratio is an estimate and cannot by itself authorize termination; the contract must
require an independent deterministic gate or named human approval. Subject to that distinction,
the loop continues while the ratio is below its target and some unsatisfied sub-domain still admits
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Figure 4: Shown: a main agent derives bounded sub-agents for unmet dependencies, then a separate
verifier or semantic join checks their returned evidence before a termination gate closes the path.
Why it matters: capability expansion during a run remains a sequence of admitted contracts rather
than an invisible increase in ambient authority. Class: protocol.

an untried derivation. The remaining cases — exhausted derivation budget or no candidate — are
typed outcomes whose unsatisfied sub-domains and verifier versions appear in the trace.

Figure 4 shows the loop. Three properties are testable. First, version-bound verifier results can
move termination from an implicit model judgment into an inspectable contract predicate, subject
to verifier validity. Second, because derivation is the only way to widen tool or data access, the
trace is a complete record of admitted and activated capabilities, not a claim about every capability
the task counterfactually needed. Third, the per-sub-domain structure aligns orchestration with the
training gate of Section 8.2, allowing the same declared decomposition to be evaluated at training
and run time.

6.5 Parallelism, Locality, and Planning-Time Dry-Run

Once the Harness has a graph, it can expose parallelism that a monolithic prompt obscures. In-
dependent nodes may execute concurrently; dependent nodes remain ordered by graph edges and
effect constraints. The Scaffold pool contributes locality and capacity facts. The binding algorithm
can then co-locate data-intensive nodes, isolate high-risk effects, and reserve scarce accelerators only
for nodes that declare them.

A planning-time dry-run resolves graph structure, candidate bindings, budget envelopes, pol-
icy decisions, and expected evidence without committing external effects. It answers operational
questions before execution: which data regions will be crossed, which nodes can run in parallel,
which irreversible effects require approval, whether predicted cost is within budget, and whether all
required Scaffold types are available.
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Governed Execution and Evidence Pipeline: Logical to Physical Mapping
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Figure 5: Shown: logical control validates and binds a graph, physical execution runs it in compatible
isolation and locality zones, and an evidence path records both decisions and effects; the vertical
links are illustrative, potentially many-to-many contract mappings rather than a one-to-one logical-
to-physical correspondence. Why it matters: placement optimization remains distinguishable from
semantic policy while still exposing the resource channels that could recouple capability and capacity.
Class: architecture.

Figure 5 supports a modest claim: graph visibility creates an optimization opportunity; it does
not guarantee a speedup. Dry-run is not assumed to be beneficial. Its latency and avoided-work
value are part of enforcement overhead FE(c, s), and locality can conflict with load balance, policy,
or accelerator availability. A study can use immediate admission instead, but it must still record
equivalent binding and rejection facts.

7 The External Data Substrate

7.1 External Data as a Contract Instantiation

External data should not be a privileged side channel into the agent. It is a Harness-contract
instantiation with explicit authentication, authorization, schema, snapshot, provenance, freshness,
residency, and evidence obligations. A data Skill may discover or query assets, but the resolved
contract determines what can be fetched and what evidence must accompany the result.

Figure 6 shows how this boundary preserves both portability and accountability. The same
analytical Skill can run against different warehouses or document stores when their adapters satisfy
the contract. Conversely, the same data source can support multiple Skills without learning their
task semantics. Evidence returned to the model is a typed bundle carrying source and snapshot
identity, not an unqualified text fragment. Within ), the data snapshot and policy-relevant facts
are fixed or explicitly assigned as a failure regime; a live source whose contents drift without version
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Figure 6: Shown: the data authority resolves a semantic request into a governed contract, the
Scaffold performs an isolated fetch, and the run receives an evidence bundle rather than source
credentials; the figure’s shorthand means that no undeclared task semantics or credentials cross the
boundary, while declared request fields and evidence obligations necessarily do. Why it matters:
data policy and snapshot identity remain fixed experimental inputs instead of hidden properties of
the capability or capacity treatment. Class: architecture.

identity makes semantic non-inferiority inconclusive.

Hypothetical Al4Science walkthrough. Consider a request to screen perovskite candidates
for a target band gap near 1.3 eV using recent literature and to produce a cited, reproducible report.
The choice of a research workload rather than a procurement, customer-service, or finance case is
deliberate. Those three are the cases where the contract boundary is easiest to draw, because
their data sources, effects, and approval authorities are already institutionally settled. Corporate
research is the harder case on every dimension the architecture claims to handle: the source set is
heterogeneous and partly external, the compute requirement is specialized enough to test whether
capacity really is substitutable, the effects include an irreversible outward publication, and the
evidence obligation is a per-claim citation rather than a workflow outcome. A boundary that resolves
cleanly here should resolve in the settled cases; the converse does not follow. The walkthrough is
an architecture walkthrough, not an implemented case study.

The explicit chain is intent — contract compilation — path gate — binding — trace — typed
failure — recoupling. At intent, the request fixes the band-gap target together with recency, cita-
tion, and reproducibility constraints. During contract compilation, the Harness activates literature-
review, materials-screening, and report-generation Skills and closes their typed inputs, outputs,
effects, and evidence obligations. The path gate checks data authorization, institutional high-
performance-computing identity, a network allowlist for literature and materials databases, and
effect closure before any fetch or computation. Binding resolves approved databases, a microVM
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for scripts, and a compatible accelerator without exposing infrastructure credentials to the Skills.
The trace pins Skill and model versions, literature and materials-data snapshots, binding and sched-
uler decisions, screening-script identity, and citation evidence. A missing authorization, ungrounded
citation, unit anomaly, or absence of compatible capacity is returned as a typed failure rather than
repaired through an undeclared path. Finally, recoupling is visible if a shared quota, scheduler feed-
back, or resource-sensitive scientific output makes a Scaffold change alter the admission decision,
activated path, authorized effects, binding constraints, postconditions, or scientific result.

Field-level sketch of the resolved contract. Because the value of a contract boundary
depends on whether its fields can actually be written down, we make the same walkthrough
concrete at field granularity. The intent above resolves to one C' = (I,0,G, A, B,V) whose
fields carry, illustratively: I names target-property = band gap, target-value = 1.3 eV,
tolerance = 0.1 €V, chemistry-family = perovskite, literature-window = 24 months, and
citation = required. O is a typed report with three output sub-domains: candidate-table
(composition, predicted gap, uncertainty, method), literature-synthesis (one resolvable citation
per asserted claim), and reproduction-bundle (script hash, environment digest, input snapshot
identifiers). G is the activated three-node graph literature-review — materials-screen —
report-compose, with the second node’s inputs typed to the first node’s citation-bearing out-
put. A authorizes read:literature-db, read:materials-db, execute:screening-script, and
write:report-artifact, while write:external-publication is absent and therefore refused; its
evidence obligations are per-claim-citation, unit-check-passed, and script-hash-recorded.
B carries gpu-class = Al00-or-compatible, max-gpu-hours = 40, max-tokens = 2M, a
cost-ceiling, concurrency = 8, isolation = microVM, and data-residency = institutional.
V pins the Skill versions, planner and executor model identifiers, policy snapshot, literature and
materials-database snapshot identifiers, binding record, and trace root hash.

Three of these fields carry the walkthrough’s load. The absence of
write:external-publication from A is what turns an attempted outward post into a typed failure
instead of a silent success. The tolerance field in I is what makes candidate-table scoreable by
a deterministic verifier, which is the precondition for the satisfaction ratio of Section 6.4 to carry
any weight. And the pair of snapshot identifiers in V' is what separates a reproducible disagreement
between two runs from an unexplained one. The field names are ours and illustrative rather than
normative.

7.2 From Query Plan to Intermediate Relation

The stack-external data substrate preserves canonical raw or source-native records together with
versioned snapshots, provenance, access policy, and deterministic read or extraction operations. An
asynchronous background loop may build indexes, summaries, proposed relations, and navigation
structures, but these are auditable derivatives rather than the sole authority. Here we make the
“plan” step concrete as an explicit, versioned data-use policy we call the Intermediate Relation (IR),
situated between a source-oriented address/index catalog and an output-oriented contract registry.
The abbreviation is unfortunately overloaded in adjacent literature, where IR more often denotes
an intermediate representation — a compiler-style artifact that a generator emits and a backend
consumes. Our IR is not that: it is a versioned, auditable relation between a task theme and the
source set admitted for it, and it is read by the Harness at admission rather than compiled into an
artifact.
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The Intermediate Relation. The Data Wiki is an address/index/operator catalog over those
authoritative records. Each entry identifies the source, snapshot or validity interval, provenance,
format, access boundary, deterministic read or extraction operations, retrieval terms, typed cross-
source relations, and any derived natural-language description together with its producer, version,
confidence, and evidence spans. The operational path is layered: global ranked discovery narrows
the candidate set; hierarchical navigation or compiled operators resolve fields and relations; and
the agent reads the versioned source evidence needed for the decision. A summary may improve
discovery or planning, but it cannot be the only retained representation and its presence does not
imply task-family sufficiency.

Section 15 states the formal reason for this boundary without assuming that every summary
fails. For a fixed finite task family, a deterministic write-time representation is exactly sufficient
only when its induced partition preserves every source distinction needed by every admitted query.
Enlarging the future query family can only refine that minimal sufficient partition and weakly
increase its entropy. A coordinate-query construction then separates a k-bit query-agnostic sufficient
representation from a ceil(logak)+1 bit read-time request-and-return path when the versioned source
remains addressable. The comparison deliberately separates persistent representation cost from
online communication cost; storage, indexing, authorization, freshness, and latency remain explicit
system costs. P16 therefore tests bounded task-family evidence-path sufficiency with governed
fallback, not universal sufficiency of an index or summary.

Proposition 2 (Hypothesis P16: task-family evidence-path sufficiency). For a preregistered target
report family and field set, a version-pinned Data Wiki address/index policy with governed source
fallback supports held-out reconstruction equivalently or non-inferiorly to a token-matched direct-
reading policy, while exceeding metadata-only, shuffled-index, and informative field-ablation controls.
The claim is relative to that task family, access budget, source snapshot, and verifier. It does not
assert that an index or summary preserves every possible meaning, and raw retention alone does not
guarantee accessibility, freshness, correctness, or authorization.

The Theme Wiki holds a versioned task-family output and quality contract: required fields,
report structure, verifier versions, evidence granularity, uncertainty treatment, freshness rules, and
allowed fallback or escalation. Templates for reports, charts, decks, analytical write-ups, or data-
model programs are registered only after the corresponding output sub-domain has been validated
under the lifecycle of Section 8.2. The two registries are intended to change independently only
through bounded interfaces: a source catalog should not encode every presentation demand, and an
output contract should not bind to one physical source.

Bounded policy coupling. The IR is the declared coupling point between them, not a proof that
no hidden coupling exists. For a given theme it records source identifiers and snapshots, allowed
discovery and navigation operations, evidence requirements, fallback rules, compatibility ranges,
and seven contextual dimensions:

IR : theme — ({(src;, snapshot;, ops;)}, SW1H+Which, evidence, fallback, compatibility), (7)

where When states validity and update cadence; Where states the access-domain boundary; Who
states ownership and authorization; What states business semantics; Why records a declared
integration rationale or causal hypothesis rather than hidden chain-of-thought; How states the
allowed physical or logical access operations; and Which states typed temporal, lineage, and cross-
reference relations. Each derived field carries confidence, provenance, evidence spans, and a schema
version. These dimensions are metadata and policy inputs, not substitutes for source evidence.
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With the IR explicit, intent selects a Theme contract; ranked discovery finds candidate sources; the
IR constrains navigation, evidence, and fallback; the Harness validates freshness and authorization;
and the Scaffold executes only the admitted reads or operators.

To make the IR concrete at field granularity, an illustrative entry for the
theme  quarterly-revenue-report  is: sources =  {sales-system@2026Q1-close,
billing-system@2026Q1-close}; allowed operations = {rank, read-table, read-json,
join-on-product-line}; When = validity window 2026Q1, refreshed daily at 02:00; Where
= intranet; Who = finance-analyst group only; What = revenue by product line per accounting
close; Why = a declared reconciliation hypothesis requiring both accounts-receivable and point-of-
sale sources; How = the named lakehouse table and sales-system JSON adapter; Which = typed
cross-references to the product-line dimension, the 2026QQ1 accounting-close event, and the lineage
edge to finance.revenue_raw; evidence = row identifiers, source spans, snapshot identifiers, and
verifier version; fallback = escalate unresolved mismatches to the data steward. The request first
discovers the two sources, then navigates only through admitted operations, and finally reads the
cited rows or JSON objects. A stale or unauthorized hit is rejected before any fetch, and neither
source’s full schema is copied into the agent context.

Proposition 3 (Proposition P17: bounded policy-contract decoupling). Within preregistered com-
patibility ranges and in the absence of hidden shared state, a change compliant with one registry’s
versioned interface does not require an unanticipated schema or module change in the other registry.
Incompatible semantic changes, evidence-policy changes, or newly exposed dependencies must update
the IR and may require coordinated migration; those expected changes do not count as decoupling
failures.

The proposition is conditional on bounded interface complexity, substitutable implementations,
explicit version compatibility, admission control, and no undeclared shared state. It concerns unan-
ticipated propagation, not immutability. A source or output change may legitimately modify entries,
tests, generated artifacts, and the IR; the falsification question is whether a change declared com-
patible causes propagation outside the preregistered dependency graph.

Contribution boundary. The general principle that explicit structure can confine a change’s
blast radius has independent support in the scoped-verification work discussed in Section 3 [13]|. The
IR applies that principle to the coupling between a source-oriented catalog and a task-family output
contract. This subsection proposes no new retrieval or data-integration algorithm. Its contribution
is the systems-level organization of authoritative sources, derivative indexes, operators, and data-
use policies into an auditable boundary; retrieval quality, source accessibility, policy completeness,
and propagation bounds remain unproven.

7.3 Agent-Side Memory: An Explicit/Implicit Dual Track

The data substrate above is stack-external. A second memory surface lives inside the Harness: the
agent-side record of its own execution, distinct from both the transient model context window and
the contract-governed external substrate. We specify it as a dual track because the two halves have
different owners, visibility, and change cadences.

Explicit memory (agent-visible). The explicit track records observable interactions along two
organizational axes — role (user, model, tool call, Skill call) and timeline (session, turn, step) —
plus a content type (input, intermediate artifact, log, output, error). Its indexing schema is the
same H5WI1H-+Which record defined for the IR: What is the content type, Who the role together
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with producers, consumers, and explicitly excluded principals, When the timestamps plus a validity
window, Where the source reference, Why a declared rationale or causal hypothesis, How the digest,
key list, and short narrative, and Which the temporal and cross-reference links. It records tool traces,
declared checks, and evidence pointers rather than private chain-of-thought. Reusing one schema for
agent memory and data-substrate facts is deliberate: it lets the asynchronous background indexing
loop ingest agent traces as first-class facts, so that execution history composes with enterprise
knowledge rather than living in a parallel silo.

Implicit memory (system-managed). The implicit track holds deployment configuration the
agent never sees: tool and API call configuration, context-compression configuration, and storage-
backend selection with partitioning and retention. The design rule is that changes to the implicit
track are invisible to the agent, which consumes only explicit query results — the memory-level
instance of the control-plane/data-plane separation of Section 5.2.

Four resolved engineering decisions. Four design questions at this boundary have concrete
resolutions, stated so they are falsifiable rather than aspirational.

1. Compaction offloads rather than silently deletes. When the active context is compressed,
retained original records move to governed archive storage; the near-line tier keeps derived
summaries, indexes, and an offload pointer. Retention classes, legal holds, privacy limits,
deletion requests, and access policy determine whether an original is archived, redacted, or
deleted. Generating a final summary neither authorizes indefinite retention nor makes deletion
safe.

2. Concurrent writes use a backend-neutral idempotency and ordering contract. Multiple agents
appending to the same memory submit an identity, scope, content digest, source version,
and monotone sequence or logical timestamp. An implementation may serialize through a
log, transactional store, or partitioned writer; no universal embedded single-writer design is
assumed. Concurrency control for multi-agent systems is an active systems problem in its own
right, with dedicated mechanisms proposed for it [26]; we cite that work to justify treating the
ordering contract as a declared interface rather than to adopt any specific mechanism, and we
make no throughput or contention claim of our own. Deduplication is valid only within the
declared identity, scope, and version.

3. Capacity is a declared constraint with a hash-indexed overflow path. Memory quota enters
Q alongside compute and token budgets. Near capacity, the coldest data is content-hashed
and offloaded, leaving fixed-length index entries, so near-line volume scales with record count
rather than content size — and the same hash serves as the deduplication key of decision 2.

4. Compression and indexing are governed capabilities behind a stable interface. One or more
model-based or deterministic components may perform multimodal compression, merge, and
index generation. Every derivative carries its producer and source versions. An upgrade
requires benchmark regression on task-family fidelity, retrieval recall, evidence alignment, and
join accuracy, plus revalidation of affected Skills whenever compatibility cannot be established
from the declared contract. Version registration runs through Scaffold governance; semantic-
contract ownership stays in the Harness.

Cross-agent sharing. Agents do not read one another’s memory directly. Access follows a gov-
erned three-stage path: ranked discovery over permitted metadata, structured navigation over
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5W1H+Which and typed relations, then reading the authoritative record or evidence span. A
natural-language summary may help rank or orient the search, but it is not the authority. Match-
ing Who, overlapping When, and a typed Which edge are policy and ranking features rather than
guarantees of correctness. The sharing mechanism is specified, not measured; comparisons among
lexical, embedding, graph/operator, and hybrid paths are registered as an open evaluation question
with online latency and amortized indexing cost reported separately.

8 Skill Lifecycle and Training

8.1 Skill-as-Code

Treating a Skill as a prompt file makes capability growth difficult to review. Skill-as-Code applies
a software lifecycle to the complete capability contract: source-controlled declarations, schema
linting, effect review, contract tests, sandbox tests, model-version tests, signed release artifacts,
staged rollout, monitoring, and rollback. That a Skill deserves the status of a software unit with
its own identity, and that identity persistence across update, rollback, and removal is measurable
rather than assumed, has been developed as an ontology in its own right [9]; we take that framing
as given. The broader case that routing agent behavior through executable, verifiable, stateful code
is the direction of travel for harness design has likewise been surveyed [29]. What this subsection
adds is narrower and specific to a probabilistic control plane: the point in the lifecycle at which a
converged Skill stops being regenerated and becomes frozen code, and the release gate that decides
when it may.

Figure 7 makes validation and reversibility part of the release architecture rather than a doc-
umentation convention. The lifecycle is draft — train — validate — staged release — monitor;
observed drift returns the Skill to revalidation, a thaw returns frozen behavior to training, rollback
restores a prior staged release, and retirement closes activation while preserving identity history.
Operation closure is a validation gate: tests must show that externally visible behavior is expressible
through declared effects. Model-version stability is tested at the same boundary, and a release is
blocked if contract adherence, path selection, or postcondition satisfaction regresses.

Skill-as-Code also serves as a deterministic anchor in the probabilistic control plane. A Skill’s
operation space closes once its tool-set is stable, its output format is structured, and its decision
branches are enumerable; at that point the execution process can be frozen into code rather than
regenerated probabilistically each turn. Frozen code removes model sampling from that execu-
tion path and embeds a stable procedure, but its execution is deterministic only for fixed inputs,
dependency and external-service snapshots, random seed, and execution semantics. Under those
conditions, the control plane has probabilistic planning, deterministic frozen-code execution, and
deterministic gates. The frozen prefix of Section 6.1 stabilizes the context; the qualified frozen
procedure stabilizes the decision within it.

8.2 Training Before Freezing: A Dual-Subgoal Reward

Skill-as-Code explains how a stabilized Skill is governed and frozen, but not how the Skill reached
stability. We assume a premise that this paper does not claim as its own contribution: the versioned
Skill is trainable external state of an otherwise frozen agent, edited in text space under a bounded
Skill-training loop whose three elements are bounded edits, validation gates, and a rejected-edit
buffer of refused proposals. Optimizer-level treatments of self-evolving Skills established that fram-
ing before this work; because the relevant sources predate the 2026-06-01 eligibility boundary of
Section 13, they are recorded as design motivation rather than cited as evidence. What this sub-
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Figure 7: Shown: a Skill moves through versioned validation, staged activation, monitored release,
rollback, and retirement, with evidence attached to each transition and a freeze step where a con-
verged Skill becomes code. Why it matters: the experiment can identify the capability configuration
precisely and can repeat or reverse an intervention without conflating it with registry churn. Class:
protocol.

section contributes is confined to the reward and admission structure of that loop. A single scalar
is a lossy projection of a natural-language goal: it cannot tell the optimizer whether a failure lies
in the outcome or in the process, nor which output sub-domain regressed.

We propose to structure the reward along two subgoal dimensions, both derived from artifacts the
contract architecture already maintains. The outcome subgoal scores the result separately along each
sub-domain of the Skill’s declared output schema c°“, with an independent annotated benchmark
per sub-domain and a weighted aggregate:

Tout(s) = Z wq - T4 (outputy, benchmarky). (8)
dedom(oout)

The process subgoal supplies a dense, immediate signal about observable execution: whether the
correct tools and data sources were invoked, whether intermediate artifacts and declared checks
satisfied the criteria, and whether each step gate passed:

1
| ZH‘ stepy, satisfies the tool/data/logic/gate criteria]. 9)
ps
k

Tproc(s) = |ste

Each mini-batch computes both subgoal families, and the validation gate becomes vector-valued
rather than scalar. Let

R(s) = ((ra())dedom(oonty »Poroc(s) ) (10)
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Before training, the evaluator fixes the verifier and tolerance ¢; for every component, together with
protected components P and target components 7. A proposed Skill s’ is admitted relative to s
only when

Accept(s'|s) = /\ Ri(s') > Rj(s) —€j| A \/ R;(s") > Rj(s) + ¢ - (11)
jer JET

This Pareto-style gate prevents an aggregate gain from hiding a protected-domain regression while
still requiring a material improvement on at least one declared target. The role of the human
changes accordingly: instead of judging every iteration, the human confirms the evaluation method
once, after which reward computation is automatic.

Proposition 4 (Hypothesis P15: dual-subgoal gate benefit). Compared with a scalar gate and with
an output-vector-only gate, the output-plus-process vector gate R(s) improves offline discrimination
between Pareto-valid and dominated edits, improves attribution of a failure to a declared output sub-
domain or process step, and improves online convergence at equal rollout budget without increasing
protected-component regressions. The claim requires both comparator-specific contrasts to meet their
preregistered margins.

Relation to concurrent work on regression control. The two decomposed-credit systems
introduced in Section 3 [25, 23| reach the same conclusion that a single scalar is too coarse, and
what remains distinct here is the axis along which credit is indexed. Both index it by an inferred
property of the failure, discovered after the fact — a pathology in one case, a workflow node and
mechanism in the other. Our decomposition instead indexes credit by the sub-domains of the
declared output schema o°“, which exist in the contract before any run occurs. The practical
consequence is that the reward dimensions are fixed by the same declaration that the Harness
already gates and that Section 6.4 uses to compute the run-time satisfaction ratio, so training-time
attribution and run-time completeness share one structure. Whether contract-derived dimensions
outperform diagnosis-derived ones is an open question, not something we claim, and it is exactly
the question posed by P15.

Caveat: trustworthiness of process criteria. One caveat constrains how the process dimen-
sion may be read. A deterministic testbed has shown that harness optimizers can propose guardrails
for failure classes that provably never occurred, in 15 of 60 runs when the input merely resembled
a familiar rule [42]. We adopt that paper’s term for the resulting artifact: a phantom violation
is a reported process failure that the recorded episode did not contain. Because 7proc depends on
judging whether a step satisfied its criteria, a dimension-annotated rejection is only as trustworthy
as the criterion that produced it. Process criteria must therefore be preregistered artifacts rather
than model-generated at scoring time, and counterfactual no-violation episodes must test whether
the gate invents a process failure.

As training converges, subgoals whose evaluation logic and process criteria stop changing have
closed operation spaces; they cross the closure threshold of Section 8.1 and are frozen to code at
the staged-release step. Training and compilation are two phases of the same Skill lifecycle.

9 Six Measured Obligations

The six conditions below are not architectural virtues awarded by inspection. Each is a measured
obligation with five required outputs: instrumentation coverage, observed violations, uncertainty,
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enforcement cost, and operating-region exclusions. For obligation j, an independent inventory
supplies the eligible-event count NN;; the monitor supplies O; joinable event records and observes X
violations among them. Uncovered events are M; = N; — O;. Self-reported Harness traces cannot
establish their own completeness.

Each obligation declares a coverage floor «;, violation ceiling v;, and monitor-sensitivity floor
n; before collection. Coverage must satisfy O;/N; > v;. For support, every uncovered event is
treated as a violation: the one-sided 95% cluster-aware upper confidence bound Uj for the worst-
case rate (X; + M;)/N; must be below v; for every obligation. Bounds are not pooled across
obligations. Because the decision rule also resolves the interaction-equivalence and semantic non-
inferiority margins, the analysis plan must preregister a single family-wise error rule — for example,
joint coverage supplied by a simultaneous confidence region, or a closed testing sequence fixing
the order in which obligations and margins are decided — before collection; the per-obligation
bounds are otherwise not jointly valid. If the denominator is unavailable, coverage falls below its
floor, or U; does not clear its ceiling, the obligation cannot support P1, and the study reports a
conditional-engineering result under Section 4.4.

Calibration is also mandatory. For every obligation, blinded diagnostic injections open prereg-
istered known violation channels across the assigned cluster-periods. If K; violations are injected
and D; are detected, the one-sided 95% cluster-aware lower confidence bound for sensitivity D;/K;
must exceed 7);. Injected events are labelled and excluded from the experimental violation numer-
ator and from semantic and runtime outcomes. Missing injections, a failed sensitivity floor, or a
monitor that cannot be calibrated makes P1 inconclusive; high nominal coverage cannot substi-
tute for calibration. The report includes all inventory, detection, injection, uncertainty, cost, and
exclusion counts.

Typed closure. Instrumentation enumerates every node, input, output, tool, data source, au-
thority, and external effect on each activated path and joins those events to the resolved contract.
A violation is an executed or requested operation absent from the typed bundle, including a dy-
namically derived node that was not separately admitted. Coverage compares contract manifests
with independent tool, network, and effector inventories. Uncertainty is reported for undeclared
operations per activated path and per operation. Validation latency and manifest/evidence volume
enter E(c, s). Paths containing opaque executors whose operation inventory cannot be observed are
excluded from €2 before outcomes are inspected.

Complete mediation. Instrumentation sits at every effectful boundary: tool dispatch, creden-
tial issuance, network egress, persistent write, message send, and privileged runtime transition. A
violation is an invocation that reaches such a boundary without a current resolved-contract au-
thorization. Coverage is the fraction of independently observed boundary events matched to an
admission record. The violation interval is cluster-aware because bypasses can share a process,
node, or period. Interposition latency and controller capacity enter E(c,s). Effectors that cannot
expose an independent call inventory are pre-outcome exclusions.

Effect non-interference. Instrumentation labels writes, messages, cache mutations, model-side
state, and externally visible effects with contract and tenant identities, then records readers and
downstream consumers. A violation is an undeclared path by which one admitted run changes the
authorized effects or semantic inputs of another. Coverage includes every mutable or communicative
channel in the threat model, not only database writes. Uncertainty is reported by channel and

32



cluster-period. Labeling, taint or provenance processing, and isolation cost enter F(c,s). Shared
services without attributable mutation or consumption logs are excluded from (2.

Shared-state isolation. Instrumentation records every read, write, lock, cache access, session
update, and durable checkpoint against an assigned state partition. A violation is an access outside
the contract’s partition or an undeclared contention edge between treatment units. Undeclared con-
tention is not hypothetical: concurrent multi-agent execution has motivated dedicated concurrency-
control designs [26], which is why this obligation is instrumented rather than argued. Coverage uses
storage, cache, lock-manager, and process-level inventories. The report gives interval estimates for
unauthorized accesses and cross-partition contention. Namespace, copy, flush, and reset costs enter
E(c,s). State that cannot be reset, snapshotted, partitioned, or audited is excluded before period
assignment.

Resource invariance. Instrumentation hashes the semantic inputs visible to the activated behav-
ior, including model settings, token limits, tool schemas, policy facts, data snapshot, clocks where
relevant, and resource metadata exposed to the model or tools. A violation occurs when changing
compatible s changes an undeclared semantic input or crosses a preregistered resource boundary
that defines a different capability environment. Coverage is the fraction of semantic-input fields
independently captured in every arm. Field-level differences and their uncertainty are reported,
not averaged into one score. Capture and normalization costs enter E(c,s). Accelerator classes,
memory limits, or degradation modes known to alter semantics are separate strata or outside 2.

Scheduler independence. Instrumentation records queue state, priorities, admission feedback,
retry decisions, autoscaling signals, placement hints, cancellation, and scheduler-written metadata
visible to the Harness, model, tools, or data path. A violation is an undeclared scheduler-to-
semantics or capability-to-placement feedback edge. Coverage joins scheduler decisions to every
admitted and rejected run. Violation intervals are estimated by cluster-period and failure regime.
Scheduler logging, policy evaluation, and any traffic-shaping overhead enter E(c, s). Adaptive sched-
ulers whose policy version or feedback channels cannot be pinned and observed are excluded from
Q.

Passing all six thresholds does not prove that no seventh coupling channel exists. It establishes
that the preregistered threat model was measured well enough to apply P1 within 2. The required
diagnostic injections test the monitor assigned to each declared channel; they do not expand the
claim beyond that threat model.

10 Cluster-Period Crossover Study

10.1 Unit, Assignment, and Interventions

The experimental unit is a cluster-period, also called a system epoch: an isolated worker pool,
tenant partition, or deployment cell operated under one assigned (c,s) pair for a fixed period.
Requests inside a period are repeated observations, not independent randomized units. Cluster-
period assignment avoids pretending that requests sharing caches, queues, schedulers, or controllers
are independent. This is the paper’s only unit of randomization; earlier drafts that randomized
individual runs are superseded.

Clusters cross over through all eligible capability and Scaffold configurations. Period assignment
is randomized within prespecified cluster and failure-regime blocks. Order balancing uses counter-
balanced sequences so each treatment appears comparably early and late and follows every other
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treatment often enough to estimate differential carryover. The design follows established crossover
and cluster-crossover principles [17, 38]. Period and sequence terms are fixed before outcome in-
spection, but neither term substitutes for an explicit lagged-treatment carryover estimate.

A capability intervention changes ¢ by activating a versioned bundle that occurs on admitted
paths in the fixed workload. Adding inactive registry entries is not a treatment. A capacity in-
tervention changes s by altering compatible worker count, resource class, or topology while logical
admission policy, activated bundle, model settings, workload mix, and data snapshots remain fixed.
Both interventions must be observable in resolved contracts and physical resource records.

Two confounds require explicit control on the capability axis. First, retrieval competence must
be fixed and reported, because a controlled study of progressive disclosure found that its benefit
shrinks toward zero when the harness already partitions and retrieves competently, and becomes
decisive only at corpus scale [12]; run both a single-source and a many-source scale. Second, hold
activation depth at one level unless depth is the preregistered intervention, as the same work reports
that a second routing layer never helped.

10.2 Reset, Workload, and Failure Regimes

Every transition uses a prespecified reset or washout procedure. It drains or cancels in-flight work,
restores mutable data and policy snapshots, clears or versions caches and sessions, resets rate-limit
and retry state, reinitializes scheduler history, and waits through a measured stabilization interval.
Millisecond-level sandbox checkpoint and rollback is one mechanism by which such a reset could be
made affordable [8]; whether it suffices for the sentinels below is untested.

The predeclared reset sentinel metrics are: zero prior-period contract identities in queue, cache,
session, retry, rate-limit, and scheduler-state inventories; exact data, policy, model, tool, and
assigned-treatment manifest hashes; a bounded 90% confidence interval for sentinel log-p95 la-
tency relative to a fresh-start reference; and a bounded one-sided 95% lower confidence bound for
the sentinel every-requirement satisfaction risk difference. All conditions must pass before the next
period begins. The two numeric bounds are deliberately left unfixed here: under the margin rule of
Section 4.3 they must be derived from a named decision with a recorded owner, and the placeholder
values used in earlier drafts (+log(1.05) and —0.025) carried no such derivation. A study that
registers this protocol must supply them.

A sequence is primary-analysis eligible only if every assigned period completes and every tran-
sition passes all reset sentinels before outcomes are unmasked. A failed transition invalidates the
complete sequence; partial sequences do not enter the primary estimator. The power plan fixes
a minimum number K, of complete sequences per treatment order. Loss of order balance or
fewer than K, eligible sequences for any order makes P1 inconclusive. Reset-failure and sequence-
completion rates are preregistered and reported by incoming treatment, preceding treatment, pe-
riod, and order before outcome unmasking. The complete-sequence estimator is paired with an
assignment-based intention-to-treat sensitivity analysis over every randomized cluster-period: reset
failure counts as an operational failure for Qreq, missing R is bounded by prespecified worst-case
values, and a tipping-point analysis varies outcomes for failed transitions. Treatment imbalance in
reset failure, or a P1 decision that changes within the sensitivity range, makes P1 inconclusive.

The workload mix, arrival process, task corpus, identity distribution, model and tokenizer, tool
versions, external-service emulator or contract, and data snapshots are fixed across crossover arms.
Every eligible cell is repeated over preregistered sampling seeds, arrival-process seeds, and system
seeds. Failure regimes are crossed or blocked explicitly: normal operation, worker loss, delayed
external service, quota pressure, and one or more injected recoupling channels. The base P1 decision
and diagnostic failure-regime results are reported separately.
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Pre-outcome exclusions are determined from admission, reset, instrumentation, and
infrastructure-health facts before semantic or runtime outcomes are revealed. Permitted exclu-
sions include failed reset sentinels, corrupted treatment assignment, unavailable independent in-
strumentation denominator, a noncompatible Scaffold class, or an external incident that violates (2.
Load-induced failure is an outcome, not an exclusion. Exclusion counts and cluster-period identities
remain in the report.

10.3 Estimands and Uncertainty

The primary R(c, s) analysis estimates Agr on the specified log-p95 scale with cluster and period
structure, sequence and failure-regime terms, and prespecified workload strata. The model includes
first-order lagged capability, lagged Scaffold capacity, their lagged interaction, and their preregis-
tered interactions with current treatment. First-period lag terms are undefined and do not con-
tribute to carryover contrasts. Differential carryover is acceptable only when every 90% confidence
interval for a lag-by-current-treatment contrast on Y lies inside [-mpg/2, mpr/2] and every one-
sided 95% lower bound for the corresponding Qeq risk difference exceeds —mg/2. An unresolved
or out-of-bound lag effect makes P1 inconclusive even after reset sentinels pass.

Cluster-aware uncertainty uses a prespecified mixed-effects model with a small-sample correction,
checked by cluster-level randomization inference when the order design permits [38]. The exact
covariance structure, finite-sample correction, multiplicity adjustment for more than two treatment
levels, and fallback when too few clusters remain are fixed in the analysis plan. Request-level
standard errors are not valid substitutes. The Q(c, s) analysis uses the Qreq risk differences and
non-inferiority rule of Section 4.3; aggregate task scores remain secondary so that one strong subtask
cannot hide a required failure. Aggregate recall is insufficient on its own: a white-box study observed
requirement coverage above 92% while task outcomes collapsed, because a small number of dropped
requirements can invalidate an otherwise complete artifact [46]. The report therefore gives the
fraction of runs in which every declared requirement was satisfied and records which requirements
were dropped rather than only how many.

Enforcement overhead is a marginal quantity. The FE(c,s) counterfactual is one baseline:
paired safe replay in a sealed emulator. For every sampled immutable request or event trace in
each (c,s) cell, the emulator runs an enforcement-on replay and a minimal pass-through replay
with identical capability and Scaffold configuration, seeds, snapshots, model and tool outputs, and
safe stub effectors. The minimal pass-through arm consumes the prevalidated trace but omits the
admission, mediation, isolation, and evidence operations whose runtime cost is being estimated.
Replay order is randomized within each pair. Out-of-band emulator containment remains active in
both arms and is excluded from runtime enforcement cost. For component k, the cell estimator is
the mean paired on-minus-baseline difference Ek(c, s).

Because both replay arms are pinned to identical model and tool outputs, E(c,s) estimates
the marginal runtime enforcement overhead only. It deliberately excludes the opportunity cost of
rejected behavior: when admission refuses an operation, the model’s subsequent trajectory changes,
and that downstream consequence is fixed away by the pinned outputs. That cost is not lost
from the accounting — it appears in the semantic outcome Q(c, s), where a refused-but-necessary
operation shows up as an unsatisfied requirement. Reporting E without this statement would invite
the reading that enforcement cost has been underestimated; the two quantities are complementary
and must be read together.

The analysis reports admission, mediation, isolation, reset, evidence-processing, and total com-
ponents on their preregistered natural-unit scales. Every one-sided 95% upper confidence bound
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Hypothesis Intervention and control Evidence plane Falsification or in-

conclusive condition
P1 (primary): Cluster-period randomized Semantic outcome Falsified within Q if a
capability X Crossover. Independently Q(c,s); runtime re- semantic, runtime, or

Scaffold separa- vary activated capability sponse R(c,s); enforce- enforcement interaction
bility configuration ¢ and Scaf- ment overhead E(c,s); exceeds its preregis-
fold capacity configuration six condition-violation tered margin. Incon-
s; hold workload and data rates; cluster-aware clusive if operating-
snapshot fixed; preregister uncertainty; capability- region, condition, or
reset or washout. by-Scaffold interaction detectable-interaction
estimand. requirements fail. Oth-
erwise supported within
Q.
P15: vector proposal-bank contrasts - margin failure or phan-
gate tom violation
P16: evidence- held-out joint contrast - direct-reading  control
path sufficiency wins
P17: policy-  dependency-change oracle - unanticipated propaga-
contract decou- tion
pling

Figure 8: Shown: P1 maps to cluster-period interventions on capability and capacity, six measured
obligations, semantic and runtime estimands, enforcement cost, and the conditions distinguishing
supported, falsified, conditional-engineering, and inconclusive verdicts. Why it matters: the matrix
ties every architectural claim to an observation and prevents missing coverage or low power from
being reported as separability. Class: proposed measurement design.

must lie below its component budget B j in every required (c, s) cell. A missing pair or unresolved
bound is inconclusive; a lower confidence bound above budget falsifies P1.

Power. Power is designed around the interaction-equivalence and semantic non-inferiority mar-
gins, not the larger and easier Scaffold main effect. Detecting an interaction contrast of a given
magnitude requires substantially more replication than detecting a main effect of the same magni-
tude, because the contrast is a difference of differences and accumulates the variance of every cell
entering it; a design powered only for the main effects will routinely fail to resolve the term P1
actually rests on. The plan states clusters, periods, observations per period, assumed intracluster
correlation, carryover allowance, minimum detectable interaction, semantic non-inferiority margins,
and expected attrition from pre-outcome exclusions.

To make the rule concrete: with a between-period log-latency standard deviation of 0.4 on the
log-p95 scale, an intracluster correlation of 0.05, and 500 admitted runs per cluster-period, the
variance of a single cell mean is the per-run variance times (1 4+ (n — 1)picc) divided by kn, and
the difference-in-differences contrast quadruples that variance. The minimum detectable interaction
at 80% power is then roughly 0.08 on the log scale, an 8% multiplicative interaction, only when
there are about 41 clusters per treatment order; any plan with fewer clusters must be declared
underpowered before collection. The numbers are illustrative, not a substitute for the preregistered
variance model. Reporting an achieved-power shortfall as an independence result is the single most
likely way for this program to produce a false positive in favor of its own conjecture.
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10.4 Reporting

Figure 8 summarizes the program: the interventions, the six obligations, the three estimands, and
the conditions under which each of the four verdicts is reached. Its purpose is to make missing
coverage and insufficient power visible as named outcomes rather than letting either be reported as
separability.

The primary result table reports each (c, s) cell, cluster-period count, exclusion count, six cov-
erage rates, six violation intervals, R(c,s), Q(c,s), E(c,s), the interaction estimate and interval,
all preregistered margins, and the final four-way decision. Capacity-response curves remain visible
even when P1 is inconclusive. This preserves the useful positive Scaffold main effect while refusing
to infer independence from it.

10.5 A Minimal Viable First Study

The protocol above describes the program at full extent, which no single group is likely to execute
first. Because the largest risk to this line of work is that its evidence requirements are heavy
enough to postpone all evidence indefinitely, we state the cheapest configuration that still produces
a publishable result about P1.

The minimal study declares a deliberately small €2: a single tenant, one workload family, one
model and tokenizer version, one policy snapshot, and exactly two compatible Scaffold classes rather
than a topology sweep. The capability axis uses synthetic Skills whose declared inputs, outputs, and
effects are authored for the experiment, so that ground truth about declared surfaces is available
without waiting for a production Skill population. The factorial is correspondingly small — a
handful of capability configurations crossed with two capacity settings — and replication is spent
on cluster-periods per cell rather than on additional cells.

What this configuration must not reduce is instrumentation. All six obligations are instrumented
and all six violation rates reported, because the rates are the study’s primary product even when the
outcome contrasts are underpowered. Instrumenting an obligation is not the same as passing it, and
the minimal study does not require that all six pass: a first study whose complete-mediation rate
is nonzero and whose remaining five rates are at zero yields a conditional-engineering result that
names exactly which channel a real runtime leaves open and what it costs to close, and that result is
more useful to the next study than an unreported failure to reach the conjunction. Two economies
are acceptable at this scale: the diagnostic injection arms may be reduced to the shared-compute
and external-service quota channels, and the semantic estimand may be restricted to task success,
every-requirement satisfaction, and the five interface semantics.

The expected output is modest and specific: six violation rates with the instrumentation that
produced them, a semantic interval across two Scaffold classes, a two-point capacity response, an
interaction estimate reported with its achieved power, and a cost account of what closing each
violated obligation required. A study of that size cannot establish separability and should not claim
to. It can establish whether the six obligations are instrumentable at all in a running system, which
is currently unknown and is a precondition for every larger study.

11 Secondary Protocols

The architecture suggests narrower studies that do not enter the P1 decision unless preregistered
as part of an obligation. Each is stated with its refuting condition.
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Harness-bypass ablation. FExecute the same workloads with full mediation and with narrowly
instrumented bypasses: direct tool invocation, untyped data fetch, unrecorded retry, and direct
Scaffold selection. Count undeclared effects, policy violations, evidence omissions, non-replayable
decisions, incident localization time, and false rejections. The mediation claim is weakened if an
unbound call reaches an effector without a typed rejection in the trace, or if bypass does not
measurably affect control or replay under adversarial workloads.

Control-plane leakage. Seed the registry with canary metadata, deprecated schemas, and policy
text the workload never requires. Compare eager loading, retrieved activation, and opaque-reference
activation; track canary reproduction, prompt tokens, deprecated-tool selection, policy-version con-
fusion, and plan accuracy. The claim fails if control metadata appears in outputs or influences plans
despite opaque activation, or if opacity prevents the planner from satisfying valid requests.

Path-level composition safety. Construct Skill pairs and longer paths that are benign indi-
vidually but violate data-flow, privilege, or effect-ordering constraints when composed [45]. Com-
pare local allowlists with path-aware admission; measure hazardous-path detection, false positives,
dynamic-graph coverage, and decision latency. The claim is weakened if invariants cannot express
realistic hazards, if dynamic insertion routinely escapes checks, or if false positives make valid
composition impractical.

Inline expansion versus bounded derivation. Contrast granting authority inline with the
bounded derivation of Section 6.4. The derivation protocol is supported only if inline expansion
measurably widens the activated authority surface or the trace.

Dry-run and locality economics. Hold graph and Scaffold pool fixed; compare immediate ex-
ecution with dry-run admission, and locality-oblivious with locality-aware binding. Report dry-run
latency, avoided failed-run cost, bytes moved across zones, completion latency, resource utilization,
and policy rejection stage. Dry-run is not justified where its predictions are poorly calibrated or its
cost exceeds avoided work.

Skill-as-Code across model versions. Freeze Skill source and test corpus while varying planner
and executor model versions; include perturbations of input phrasing, tool errors, and partial data.
Separate the component under test from the component that scores it, and grade the first attempt
only: without that separation an agent can silently repair itself mid-run and have the repaired
output scored as a pass, inflating pass rates toward a spurious ceiling [1]. Log every self-correction
as an observation rather than crediting it. The lifecycle is insufficient if production-significant
changes pass the suite, or if nondeterminism makes the suite too unstable to gate releases.

Dual-subgoal reward for Skill training (P15). Construct one fixed proposal bank for a multi-
sub-domain task and evaluate every proposal under three gates: (a) one scalar; (b) the output vector;
and (c) the output-plus-process vector R(s). Preregister all verifiers, tolerances, protected and tar-
get sets, process criteria, decision thresholds, and the two comparator-specific contrasts (¢) —(a) and
(¢) — (b); both must meet their margins, and averaging the comparators is insufficient. Independent
experts or deterministic tests assign blinded oracle labels for Pareto validity, protected-component
regression, and process-attribution truth. Include counterfactual episodes with no violation of a
selected process criterion as a phantom-violation oracle [42|. Then run the bounded training loop
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with each gate under matched multi-seed conditions, holding model, workload distribution, opti-
mizer prompt, rollout budget, verifier versions, and stopping rules fixed. P15 is weakened if con-
figuration (c) fails a preregistered discrimination, attribution, convergence, or rollout-cost margin
against either comparator, increases protected-component regressions, or reports process violations
that the phantom-violation oracle disproves.

Evidence-path sufficiency and policy-contract decoupling (P16, P17). For P16, preregis-
ter the task family, fields, output descriptor, source snapshots, access budget, reconstruction metric,
and acceptance margins before splitting reports into strict training, validation, and held-out sets.
Build and revise the address/index policy using training and validation only, then pin its sources,
operators, fallback rules, and verifier before inspecting the held-out set once. On identical held-out
tasks, randomize the agent to: (a) the pinned address/index policy with governed source fallback;
(b) token-matched direct reading; (c) metadata-only input; (d) preregistered field or operator abla-
tions; or (e) shuffled indexes assigned to the wrong source. Task-family sufficiency requires policy
(a) to be equivalent or non-inferior to (b) while exceeding the metadata-only, shuffled-index, and
informative ablation controls by their positive margins. P16 is weakened when that joint contrast
fails, when source or evidence identities cannot be reconstructed, or when leakage auditing finds
unauthorized access, held-out-guided revision, or an unpinned verifier.

For P17, build a versioned Data Wiki, Theme Wiki, and IR over an enterprise-like corpus.
Before each intervention, preregister compatibility ranges and an expected dependency graph for
three change classes in each direction: a compatible entry-content update; an incompatible semantic
or evidence-contract change requiring migration; and a cross-registry use-case change expected to
update the IR and named entries. A named artifact-change oracle records touched entries, schemas
or modules, IR records, tests, generated artifacts, and hidden-state dependencies, then compares the
observed change set with the preregistered graph while reviewers label extra and missing propagation
blinded to the claimed decoupling. P17 is weakened when a declared-compatible one-sided change
causes unanticipated propagation into the other registry, or when an undeclared shared dependency
bypasses the IR; expected migrations do not by themselves falsify it.

External-data reconstruction. Test whether source, snapshot, and access-decision identity can
be rebuilt from the returned evidence bundle of Section 7. It fails if an evidence bundle cannot
reproduce those identities.

Automated Skill training beyond P15, cross-registry change propagation, prefix-stability mea-
surement, and seed-affinity placement remain future work. They require their own interventions,
oracles, and evidence boundaries, and should not be attached to P1 as additional propositions,
because doing so would turn one systems question into an open-ended architecture survey.

12 Discussion

12.1 Enterprise Adoption as Contract Adoption

The proposed architecture does not require four new departments. It requires four responsibility
objects to remain distinguishable even when one organization owns several of them. A business
product owner can change a Skill without acquiring authority over runtime policy; a Harness team
can change admission and composition without silently redefining business meaning; a Scaffold team
can evolve capacity while remaining accountable for its NFRs; and the CIO-governed data substrate
can evolve semantic and telemetry contracts on its own cadence. This separation gives architecture
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reviews a concrete agenda: owner, version, stable contract, evidence obligation, rollback authority,
and permitted rate of change.

Adoption should be evaluated on both planes in Table 4. Neither success plane substitutes for the
other, and a release process that reports only one leaves a different enterprise decision unanswered.

The Harness also creates a control-plane concentration risk. If its compiler, registry, or policy
evaluator is unavailable, admission may stop; if one is compromised, a typed contract can become
false assurance. Implementations need replicated control services, signed artifacts, independent
attestation, and a declared degraded mode. New requests should fail closed when compilation is
unavailable. Cached decisions require explicit freshness bounds, and registry failure may preserve
already activated versions for in-flight work without admitting new ones. Degradation should reduce
capability rather than widen governance.

Harness mediation and stack-external data access also have costs. Contract compilation, in-
variant evaluation, telemetry integration, semantic joins, and evidence retention consume latency,
capacity, and administrative effort. Their cost must be measured against avoided failures and
improved auditability; this paper provides no measured overhead. Selective activation can miss
a relevant Skill, strict closure can reject useful exploration, path checking can be expensive for
dynamic graphs, trace retention can conflict with privacy, and physical decoupling can fail under
specialized hardware or residency constraints. The contracts make these trade-offs attributable;
they do not remove them.

12.2 Dispute and Escalation

The organizational thesis is testable only if the contracts also state how contested decisions are
resolved, so we fix four rules. First, an ownership dispute over a Skill is resolved against the stable
contract of record: the declared owner of the versioned artifact governs until a named escalation
authority changes the record, and the change itself carries the authority’s identity, the evidence
considered, and a timestamp in the trace. Second, a contested release is held in staged state until
the named authority confirms it against the evidence planes of Table 4; one plane’s evidence alone
cannot push a release. Third, if the data substrate is unavailable or a governing authority cannot
be reached, the system degrades by reducing capability rather than widening governance. Fourth,
every escalation is recorded as part of the evidence and audit trail, so the dispute-resolution path
is itself auditable and attributable rather than a silent override.

12.3 Artifact and Preregistration Statement

This paper reports no experiment, and there is accordingly no dataset, no code, and no measurement
artifact to release. The claim to be judged is that the protocols of Sections 10 and 11 are specific
enough for an independent group to execute without consulting the authors, and that claim is
falsified by any protocol whose margins, controls, or falsification conditions cannot be instantiated
from the text alone.

Three commitments follow for any study that this paper’s authors later conduct against these
protocols. First, the operating region €2, the six obligation instrumentations and their thresholds,
all equivalence, non-inferiority, and interaction margins, the replication per cell, and the resulting
minimum detectable interaction will be registered before data collection and published with the
results whether or not the outcome favors the conjecture. Second, the obligation decisions will be
frozen before any outcome estimand is unblinded, and the observed violation rates will be reported
alongside the binary decisions. Third, a study that ends in the conditional-engineering state will be
reported as such rather than withheld, since its violation rates and closure costs are the information
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the next study needs.

12.4 Open Adoption and Research Questions

Enterprise adoption raises organizational and technical questions together. What is the smallest
contract language that captures effects without becoming a second programming language? Which
decision rights and change cadences work when one team spans several responsibility objects? Which
business metrics should block a Skill release, and which Scaffold NFR margins should block run-
time admission? How should business and runtime telemetry be joined without transferring data
ownership into the Harness? Which graph invariants can be checked statically, and which require
runtime monitors? Which diagnostic injections localize recoupling, and at what workload com-
plexity do dry-run and semantic-join costs become economical? A further question is comparative:
no protocol here contrasts this contract boundary with the orchestration frameworks currently in
production use, and a per-dimension comparison against them remains the most conspicuous gap
in the evaluation program.

13 Limitations and Threats to Validity

This paper presents a reference architecture and proposed experiments, not a production system,
enterprise adoption study, or empirical result. It provides no completed runtime implementation,
no measured enforcement budget, no dataset, no benchmark result, and no claim about a deploy-
ment’s supported scale. It does not demonstrate operation from 0 to 100,000 admitted or active
agents. It does not establish business value, semantic-join quality, telemetry completeness, portabil-
ity, safety, or any Scaffold NFR. The diagrams are responsibility and protocol views, not screenshots
or implementation evidence.

A verdict of supported would not mean that independence has been proven. It would mean only
that within the preregistered €2, margins, power, and instrumentation, no falsification criterion was
triggered. Any stronger extrapolation is unwarranted.

The responsibility mapping may underrepresent human approvals, long-running state, multi-
tenant incentives, cross-organization trust, and regulated decision rights. Skill, Harness, and Scaffold
are overloaded terms, and existing systems may combine their responsibilities in one service. The
organizational and governance side of the thesis remains the least evidenced part of this work:
owner division, dispute escalation, and cross-enterprise transferability have not been examined by
any organizational study:.

The evidence base is layered rather than uniform. Classical foundations are stable anchor points,
while the retained contemporary sources were released in the months preceding this revision. They
motivate governance, composition, lifecycle, regression control, structured change, and the harness-
scaling thesis itself, but they do not validate this architecture or its organizational claim. Fast-
moving preprints may also change after the versions recorded in the bibliography.

Separability may hold only within a bounded operating region. A new capability can require a
new hardware class; a new Scaffold can expose timing or locality behavior that changes task quality.
The six obligations may be incomplete, correlated, or difficult to hold fixed, while deterministic gates
and trace identity can expose a violation without preventing it. Strict coverage rules reduce false
support but can make useful deployments inconclusive or force a conditional-engineering verdict.
How often the full conjunction is reachable in a production runtime, and at what engineering cost,
is unknown to us; it is possible that the conjunction is expensive enough that P1 is testable only in
a reduced setting whose external validity is then in question.
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Equivalence, non-inferiority, and interaction conclusions depend on chosen margins and achieved
power. Margins can be chosen too loosely, and enforcement budgets can omit organizational or
operational cost. The crossover improves efficiency when clusters can return to a comparable state;
it is unsuitable for irreversible learning, persistent user adaptation, or infrastructure changes with
long carryover, which need parallel clusters or longer stepped designs. P15, P16, and P17 likewise
remain hypotheses or propositions with preregistered controls, not observed results.

The formal data appendix has a narrower scope than the architecture. It assumes finite al-
phabets, deterministic query-agnostic encoders, exact task answers, and separate accounting for
persistent representation and online communication. Randomized encoders, approximate or con-
tinuous tasks, learned-retrieval calibration, changing source distributions, and total lifecycle cost
require additional analysis. Its impossibility statements apply only when an interface merges source
states that the declared task family must distinguish; they do not establish that one retrieval tech-
nology is universally superior or that retaining a source by itself makes the source accessible, correct,
fresh, authorized, or auditable.

14 Conclusion

Enterprise Al needs a contract across groups that change different things at different rates. This
paper assigns reusable, versioned business capability to Skill; runtime compilation, admission, com-
position, governance, and evidence to Harness; the execution/control boundary and NFR ownership
to Scaffold; and semantic joins plus integrated telemetry to a stack-external, independently gov-
erned data substrate. Architecture as a shared organizational contract is the paper’s narrower
organizational thesis, not a claim that one organization chart fits every enterprise.

The scientific core is cost-aware capability-capacity separability. P1 asks whether activated
independently deployable behavior on admitted paths preserves the capacity-response relationship,
whether compatible capacity changes preserve semantic outcomes, and whether the required controls
fit an enforcement budget. A cluster-period randomized crossover, six measured obligations, explicit
decision-derived margins, and a four-state verdict make that question answerable. Deterministic
gates and trace identity make departures detectable, auditable, and attributable; they do not cause
independence.

The paper therefore asks enterprises to demand two forms of proof. Business/use-case evidence
must show that a Skill produces the intended workflow outcome. System/runtime evidence must
show that the admitted path and its execution satisfy contract and NFR obligations. Neither
substitutes for the other. The next scientific step is not a further architectural elaboration but the
minimal study of Section 10.5: implement the monitors, run one small crossover, and publish the
result including the cases that end as falsified, conditional-engineering, or inconclusive.

15 Technical Appendix: Information-Theoretic and Discrete Foun-
dations

This appendix formalizes one narrow question raised by the external data substrate: what can a
representation fixed at write time preserve when the eventual query is not yet known? The results
justify retaining governed source evidence and treating indexes, summaries, and relations as task-
bounded derivatives. They do not prove the empirical superiority of the proposed Data Wiki, and
they do not remove storage, governance, or retrieval costs.
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15.1 Scope, Notation, and Deficiency

Let X be a source record on a finite alphabet, () a query from a finite declared task family, and
Y = y(X, Q) the exact answer. A deterministic write-time encoder produces Z = f(X) before
the realized query is available. A read-time decoder produces Y = 9(Z,Q). Entropy and the
conditional Fano step use standard information-theoretic definitions [6]. The query-conditional
information deficiency of the representation is

Alf)=H(Y | Z,Q). (12)

The encoder is exactly sufficient for the declared task family when A(f) = 0, equivalently when some
decoder recovers Y for every source-query pair in scope. All conclusions are relative to that task
family and support. A randomized encoder, a query-conditioned materialization, an approximate
answer relation, or a continuous source requires a different sufficiency notion and is outside the
propositions below.

Proposition 5 (Decoder-independent error floor for a fixed representation). Let M be the answer-
alphabet size and let P, be the error probability of any decoder using only (Z,Q). Then A(f) <
Hy(P.) + P.loga(M — 1). Consequently, when A(f) > 0, every decoder has a positive inverse-Fano
error lower bound determined by the fixed representation and task. A stronger agent may reduce
decoder suboptimality, but it cannot reconstruct distinctions absent from (Z,Q). Proof: apply the
conditional Fano inequality given Q@ and average over Q). The inequality supplies a lower bound, not
a point estimate of observed error, and equality need not hold.

15.2 Partitions and the Minimal Sufficient Representation

Every deterministic encoder induces a partition 7y of the source alphabet: two source states share a
block exactly when the encoder maps them to the same value. Each query g induces a task partition
g whose blocks contain source states with the same answer to that query. Let 7* be the common
refinement of all 7, in the declared task family; it is the coarsest partition that still preserves every
task-relevant distinction.

Proposition 6 (Partition criterion, rate bound, and query monotonicity). The encoder is exactly
sufficient if and only if every block of wy is contained in a block of ©*. Therefore every sufficient
deterministic representation satisfies H(Z) > H(w*), and the block identifier of m* achieves equal-
ity, so Rmin = H(7m*). Enlarging the admitted query family adds task partitions to the common
refinement, can only make m* finer, and can never reduce Ryi,. Proof: if two source states share an
encoder value, exact decoding requires them to have the same answer for every query; this is precisely
the refinement condition. Conversely, the condition defines a decoder on each encoder block. The
w* block identifier is a function of every sufficient Z, which gives the entropy bound, and adding
quertes can only add distinctions.

This proposition makes “the codebook was designed for the wrong task” precise. A representation
may be sufficient for a narrow family and insufficient after the family expands even if its bit length
does not change. Bit count alone is therefore not a fidelity guarantee: the induced distinctions must
align with the declared query family.

15.3 Linear-Logarithmic Write-Time and Read-Time Separation

Consider X = (X7,..., X)) with independent uniform bits, let @ identify one of the k coordinates,
and let Y = Xg. A write-time encoder does not observe the realized coordinate.
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Proposition 7 (Linear-logarithmic separation under source fallback). Any deterministic write-time
representation that answers every coordinate query exactly satisfies H(Z) > k bits. If the original
versioned source remains addressable at read time, an exact path can instead send a coordinate ad-
dress using ceil(logak) bits and return one evidence bit, for Rioundtip = ceil(logak) + 1. Hence
Ryrite/ Rroundtrip > k/(1 + ceil(logak)) = Theta(k/logak). Proof: any two distinct bit vectors dif-
fer in some coordinate, so a representation sufficient for all coordinate queries must distinguish
all source vectors and has entropy at least H(X) = k. The read-time path encodes the requested
coordinate and returns its source bit. The comparison is between persistent query-agnostic repre-
sentation and one online request-and-return exchange; it does not count the raw source store, index
maintenance, authorization checks, or access latency as zero.

The result is linear-logarithmic in the number of fields k, not exponential in k. It becomes
exponential only if the address length n = logsk is chosen as the independent parameter, in which
case the write-time lower bound is 2" and the online exchange is n+1. The architectural implication
is limited but useful: preserving a governed source-fallback path can avoid forcing one derivative
representation to anticipate the joint distinctions of every future query.

15.4 Indistinguishability, Addressability, Order, and Slicing

Proposition 8 (Interface indistinguishability). Any storage or retrieval interface induces an equiv-
alence relation over source states: two states are equivalent when every accessible result presented
to the decoder is identical. If equivalent states have different answers for some admitted query, no
downstream decoder restricted to that interface can be exactly sufficient. Proof: the decoder receives
the same input for both states and therefore must return the same output for both.

This elementary proposition covers several discrete failure modes without claiming that they oc-
cur in every implementation. A lexical, positional, relational, or embedding-based index is adequate
only to the extent that its complete accessible state preserves the distinctions required by the task
family. A coarse retrieval cell that merges task-distinguishable values is insufficient; an embedding
system that retains stable source identifiers and supports exact fallback need not have that defect.
Addressability is thus a property of the whole interface and fallback path, not a label attached to
one algorithm.

Order loss is the same phenomenon under a group action. If Z(x) = Z(gz) for a permutation g
but an admitted task assigns different answers to x and gz, the representation is insufficient. For n
distinct items under a uniform unknown ordering, a permutation-invariant representation discards
loga(n!) bits of order identity. This lower bound applies only when order is task-relevant; invariant
tasks legitimately quotient it away.

Slicing can be represented as an evidence hypergraph. Atomic source spans are vertices and each
query has one or more sufficient evidence sets. Under a retrieval budget of at most b slices, a fixed
partition fails for a query whenever every sufficient evidence set intersects more than b independently
retrievable slices or contains a relation the interface does not expose. Larger chunks can change that
incidence pattern but do not guarantee repair; the relevant object is the query-evidence structure,
not chunk size alone.

15.5 Architectural Consequences and Falsification Boundary

The formal results support five design constraints for the proposed substrate. First, every derivative
must retain resolvable source and snapshot identity. Second, the system must declare the task
family for which a representation or policy is claimed sufficient. Third, indexes and summaries
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should be evaluated by the distinctions and evidence paths they preserve, not by compression
ratio alone. Fourth, fallback requires executable access, authorization, freshness, provenance, and
version compatibility in addition to retained bytes. Fifth, a widened task family or changed source
distribution triggers revalidation because the minimal sufficient partition may have changed.

What remains empirical is at least as important. The appendix does not show that the Data
Wiki reduces latency or cost, that its indexes outperform direct reading, that embedding retrieval is
generally inferior, or that source fallback is operationally reliable. Those questions belong to P16’s
held-out comparison and to lifecycle-cost measurement. The proofs establish only a boundary:
under the stated finite deterministic assumptions, once an interface merges two source states that
an admitted task must distinguish, downstream intelligence alone cannot restore exactness.

References

[1] Tejas Singh Anand, Yuet Ying Christina Wang, Wanting Jiang, Steve Masson, Tian Zheng,
and Bingjie Zhou. Aeval: From anecdotal to deterministic testing for agentic skill workflows.
arXiw preprint arXiv:2607.16345, 2026.

[2] James P. Anderson. Computer security technology planning study. Technical Report ESD-TR-
73-51, Volume II, Electronic Systems Division, Air Force Systems Command, 1972.

[3] Sanket Badhe and Priyanka Tiwari. Agent skill security: Threat models, attacks, defenses, and
evaluation. arXiw preprint arXiv:2607.13987, 2026.

[4] Robert Belson, Aditya Lolla, and Chris Smith. Architecting distributed agentic ai workloads
across aws hybrid cloud services. AWS Infrastructure and Sustainability Blog, 2026.

[5] Melvin E. Conway. How do committees invent? Datamation, 14(4):28-31, April 1968.

[6] Thomas M. Cover and Joy A. Thomas. Elements of Information Theory. Wiley-Interscience,
2 edition, 2006.

[7] Jeffrey Dean and Luiz Andre Barroso. The tail at scale. Communications of the ACM, 56(2):74—
80, 2013.

[8] Yunpeng Dong, Jingkai He, Shiqi Liu, Yuze Hou, Dong Du, Zhonghu Xu, Si Yu, Baochuan
Yang, Yubin Xia, and Haibo Chen. Deltabox: Scaling stateful ai agents with millisecond-level
sandbox checkpoint /rollback. arXiv preprint arXiv:2605.22781, 2026.

[9] Haodi Fan and Zucong Lan. Skillware: A software ontology and engineering lifecycle for
persistent behavioral artifacts. arXiv preprint arXiv:2607.18970, 2026.

[10] Joseph A. Goguen and José Meseguer. Security policies and security models. In Proceedings of
the 1982 IEEE Symposium on Security and Privacy, pages 11-20, 1982.

[11] Shangding Gu. From model scaling to system scaling: Scaling the harness in agentic ai. arXiv
preprint arXiv:2605.26112, 2026.

[12] Yifeng He, Yinzhe Zhao, Jicheng Wang, and Hao Chen. Is progressive disclosure all you need
for long-context agents? arXiv preprint arXiv:2607.17598, 2026.

[13] Dan C. Hsu and Luke Lu. Scoped verification for reliable long-horizon agentic context evolution
under distribution shift. arXiv preprint arXiv:2607.09175, 2026.

45



[14]

[15]

[16]

[17]

[18]

[19]

[20]

21]

[22]

[23]

[24]

[25]

[26]

27]

Yue Huang, Wenjie Wang, Han Bao, Yuchen Ma, Xiaonan Luo, Yi Nian, Haomin Zhuang,
Zheyuan Liu, Yue Zhao, and Xiangliang Zhang. Memoharness: Agent harnesses that learn
from experience. arXiv preprint arXiw:2607.14159, 2026.

IBM Corporation. An architectural blueprint for autonomic computing. Technical report, IBM,
2006.

International Organization for Standardization and International Electrotechnical Commission.
Systems and software engineering—systems and software quality requirements and evaluation
(square)—product quality model, 2023.

Byron Jones and Michael G. Kenward. Design and Analysis of Cross-Over Trials. Chapman
and Hall/CRC, 2014.

Jeffrey O. Kephart and David M. Chess. The vision of autonomic computing. Computer,
36(1):41-50, 2003.

Leonard Kleinrock. Queueing Systems, Volume 1: Theory. John Wiley and Sons, New York,
1975.

Diego Kreutz, Fernando M. V. Ramos, Paulo E. Verissimo, Christian E. Rothenberg, Siamak
Azodolmolky, and Steve Uhlig. Software-defined networking: A comprehensive survey. Pro-
ceedings of the IEEE, 103(1):14-76, 2015.

Hoyoung Lee, Suhwan Park, Seunghan Lee, Jun Seo, Jaehoon Lee, Sungdong Yoo, Min-
jae Kim, CheolWon Na, Zhangyang Wang, Zach Golkhou, Minkyu Kim, Sotirios Sabanis,
Alejandro Lopez-Lira, Dhagash Mehta, Soonyoung Lee, Chanyeol Choi, Wonbin Ahn, and
Yongjae Lee. Information loss and distortion in llm-based data compression. arXiv preprint
arXiw:2606.29251, 2026.

Roy Levin, Ellis S. Cohen, William M. Corwin, Fred J. Pollack, and William A. Wulf. Pol-
icy /mechanism separation in hydra. In Proceedings of the Fifth ACM Symposium on Operating
Systems Principles, pages 132-140, 1975.

Zibin Lin, Shengli Zhang, Taotao Wang, Yihan Xia, Deen Ma, and Guofu Liao. Workflow-
localized mechanism learning: Attribution-guided repair and knowledge reuse for structured
agent skills. arXiv preprint arXiw:2607.20999, 2026.

Banruo Liu, Haoran Qiu, Ifigo Goiri, Rodrigo Fonseca, Ricardo Bianchini, and Esha Choukse.
Agentic coding in the wild: Characterizing github copilot traces at production scale. arXiv
preprint arXiv:2608.00101, 2026.

Xiaotian Luo, Fengxingyu Wang, Chuanrui Hu, Dizhan Xue, and Yafeng Deng. Self-evolving
agent harnesses via gated semantic quality-diversity. arXiv preprint arXiv:2607.13683, 2026.
Version 2, 2026-07-30.

Hongtao Lyu, Dingyan Zhang, Mingyu Wu, Xingda Wei, and Haibo Chen. Coagent: Concur-
rency control for multi-agent systems. arXiv preprint arXiv:2606.15376, 2026.

Jason Mars and Lingjia Tang. Bubble-up: Increasing utilization in modern warehouse scale
computers via sensible co-locations. In Proceedings of the J4th Annual IEEE/ACM Interna-
tional Symposium on Microarchitecture, pages 248-259, 2011.

46



28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

Mark S. Miller, Ka-Ping Yee, and Jonathan S. Shapiro. Capability myths demolished. Technical
Report SRL2003-02, Johns Hopkins University Systems Research Laboratory, 2003.

Xuying Ning, Katherine Tieu, Dongqi Fu, Tianxin Wei, Zihao Li, Yuanchen Bei, Jiaru Zou,
Mengting Ai, et al. Code as agent harness: Toward executable, verifiable, and stateful agent
systems. arXiv preprint arXiw:2605.18747, 2026.

David L. Parnas. On the criteria to be used in decomposing systems into modules. Communi-
cations of the ACM, 15(12):1053-1058, 1972.

Gilda Piaggio, Diana R. Elbourne, Stuart J. Pocock, Stephen J. W. Evans, Douglas G. Altman,
and the CONSORT Group. Reporting of noninferiority and equivalence randomized trials.
JAMA, 308(24):2594-2604, 2012.

Jerome H. Saltzer and Michael D. Schroeder. The protection of information in computer
systems. Proceedings of the IEEE, 63(9):1278-1308, 1975.

Donald J. Schuirmann. A comparison of the two one-sided tests procedure and the power
approach for assessing the equivalence of average bioavailability. Journal of Pharmacokinetics
and Biopharmaceutics, 15(6):657-680, 1987.

Deepak Soni. Falsifiable release gates for self-improving systems: Standing invariants at scale.
arXi preprint arXiv:2607.13070, 2026.

Krti Tallam. A five-plane reference architecture for runtime governance of production ai agents.
arXiv preprint arXiv:2606.12520, 2026.

Sagar Tamang, Ayush Vyas, and Tabarakul Hazarika. Beyond top-k: How agents navigate
document collections. arXiv preprint arXiv:2608.06305, 2026.

Venkat Tatavarthy, Beth Sharp, and Ganesh Suryanarayanan. Transforming erp with agentic
ai. AWS for SAP Blog, 2026.

Rebecca M. Turner, lan R. White, and Tim Croudace. Analysis of cluster randomized cross-over
trial data: A comparison of methods. Statistics in Medicine, 26(2):274-289, 2007.

Anastasia Tzeveleka, Anna Griiebler, Antonio Rodriguez, Sergio Garcés Vitale, and Aris
Tsakpinis. Agentops: Operationalize agentic ai at scale with amazon bedrock agentcore. AWS
Machine Learning Blog, 2026.

Pengyu Wang, Benfeng Xu, Shaohan Wang, Mingxuan Du, Xin Zeng, Huarui Wu, Lei Zhang,
and Licheng Zhang. Bm25 wins at scale: On the effectiveness of lexical search in scientific
literature retrieval. arXiv preprint arXiv:2607.26497, 2026.

Ruhan Wang, Yucheng Shi, Zongxia Li, Zhongzhi Li, Yue Yu, Junyao Yang, Kishan Pana-
ganti, Haitao Mi, Dongruo Zhou, and Leoweiliang. Harness handbook: Making evolving agent
harnesses readable, navigable, and editable. arXiv preprint arXiv:2607.13285, 2026.

Su Wang, Pin Qian, Yifan Lin, Jingzhou Xu, Yihang Chen, Xiaochong Jiang, Lifei Liu, and
Haoran Yu. Phantom guardrails: When self-improving agent harnesses fix failures that never
happened. arXiv preprint arXiw:2607.13083, 2026.

Wenxiao Wang, Priyatham Kattakinda, and Soheil Feizi. Do agent optimizers compound? a
continual-learning evaluation on terminal-bench 2.0. arXiv preprint arXiv:2607.14004, 2026.

47



[44]

[45]

[46]

[47]

48]

Yanze Wang, Pengfei Yao, Tianyi Sun, Chuanrui Hu, Yan Xiao, Yunyun Han, Yifan Chen, Jun
Sun, and Yafeng Deng. Skillcorpus: Consolidating and evaluating the open skill ecosystem for
real-world llm agents. arXiv preprint arXiw:2607.15557, 2026.

Yi Xie, Jiawei Du, Yu Cheng, Jiuan Zhou, and Zhaoxia Yin. Benign in isolation, harmful in
composition: Security risks in agent skill ecosystems. arXiv preprint arXiv:2606.15242, 2026.

Yue Xue. How agent skills fail under long contexts: A white-box study in code auditing. arXiv
preprint arXiw:2607.17937, 2026.

Boxuan Zhang, Jianing Zhu, Zeru Shi, Dongfang Liu, and Ruixiang Tang. Agentfore-
sight: Online auditing for early failure prediction in multi-agent systems. arXiv preprint
arX1w:2605.08715, 2026.

Chengjun Zhang, Yang Gao, Jianna Hur, Jingjing Zhang, and Sagar Samtani. Cross-layer mis-
alignment detection in agent skills: A progressive loading-aware contrastive learning approach.
arXi preprint arXiv:2607.10534, 2026.

48



	Introduction
	Contributions

	Origins: Organization, Boundaries, and Change Cadence
	Organization, Communication, and Architecture
	Ownership and Change Cadence
	Runtime, Capacity, and External Data Boundaries

	Foundations and Novelty Boundary
	Responsibility Model and Primary Claim
	Four Responsibility Objects
	Canonical Configurations and Outcomes
	P1: Cost-Aware Separability
	The Four-State Decision Rule
	Proposition Inventory and Evidence Planes

	Contract Boundary and Architecture
	The Resolved Harness Contract
	Control Plane and Data Plane
	Path-Aware Invariants
	Audit, Replay, and Reversibility
	Threat Model

	Cohesion, Context Partitioning, and Derivation Closure
	First Principle: The Agent's Job Is Organizing Context
	Context Partitioning by Tool-Set and Data Source
	Four Mechanisms for High Cohesion and Loose Coupling
	Derivation-Closure Orchestration
	Parallelism, Locality, and Planning-Time Dry-Run

	The External Data Substrate
	External Data as a Contract Instantiation
	From Query Plan to Intermediate Relation
	Agent-Side Memory: An Explicit/Implicit Dual Track

	Skill Lifecycle and Training
	Skill-as-Code
	Training Before Freezing: A Dual-Subgoal Reward

	Six Measured Obligations
	Cluster-Period Crossover Study
	Unit, Assignment, and Interventions
	Reset, Workload, and Failure Regimes
	Estimands and Uncertainty
	Reporting
	A Minimal Viable First Study

	Secondary Protocols
	Discussion
	Enterprise Adoption as Contract Adoption
	Dispute and Escalation
	Artifact and Preregistration Statement
	Open Adoption and Research Questions

	Limitations and Threats to Validity
	Conclusion
	Technical Appendix: Information-Theoretic and Discrete Foundations
	Scope, Notation, and Deficiency
	Partitions and the Minimal Sufficient Representation
	Linear-Logarithmic Write-Time and Read-Time Separation
	Indistinguishability, Addressability, Order, and Slicing
	Architectural Consequences and Falsification Boundary


