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Abstract

Autonomous AI agents discover services, negotiate, and settle payments. However, open
agent markets lack reliable means to verify delivery, constrain delegated authority, and
make identity renewal economically consequential. To address these failures, we formal-
ize the verifiable agent economy, where evidence and programmable constraints govern
identity, behavior, and payment. We introduce the agentic economy stack and formulate
trust-asymmetric coordination through four requirements: delivery incentive compatibility,
verifiable settlement, budget and authority safety, and Sybil resistance. To operationalize
these requirements, we construct a blockchain-based mechanism combining verifiable cre-
dentials, stake, reputation, constrained wallets, and receipt-conditioned settlement. Within
the class of receipt-conditioned payment rules, its geometric-mean payment rule minimizes
worst-case multiplicative exposure to residual value uncertainty. The mechanism satisfies
delivery incentive compatibility and Sybil resistance under explicit deterrence and identity-
cost conditions, while its budget and authority guarantee is limited to actions routed
through the enforcement path. Across five detection laws, numerical analysis identifies an
interior verification-budget optimum. At their respective optima, our mechanism achieves
46% higher welfare than Verification-Only and raises honest delivery from 77% to 99%. A
measured sampling-audit verifier shifts but preserves the optimum, while false positives
and thin markets tighten participation and staking requirements.

Keywords: verifiable agent economy; autonomous AI agents; autonomous payments;
trust-asymmetric coordination; decentralized identity

1. Introduction
Autonomous AI agents are moving beyond task automation toward delegated eco-

nomic action [1]. They can discover services, negotiate offers, and initiate payments on
behalf of human or organizational principals [2,3]. Consider a flight-booking workflow in
which an assistant agent selects and purchases a service without human intervention. A
valid confirmation can still conceal three failures: the service agent may deliver a lower-
quality option than promised, the assistant may overpay for an unverifiable claim, or a
previously reliable service agent may underperform once the immediate gain exceeds the
continuation value of its reputation. These failures arise not simply from errors in agent
reasoning but from delegating economic authority before identity, conduct, and delivery
can be reliably verified.

Although these failures share a trust problem, they require different safeguards. Mis-
delivery is a delivery-discipline problem because settlement can confirm an output without
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establishing that it satisfies the contracted quality [4–6]. Overpayment is a delegated-
authority and pricing problem: negotiation benchmarks report financial losses by purchas-
ing agents [2], while constrained-wallet protocols limit the spending and actions an agent
may authorize [7]. Strategic underperformance after a compliant history is a continuation-
value problem, combining unobservable effort [8] with a reputation that can be abandoned
through identity renewal [9]. Together, these failures give rise to a condition we term trust-
asymmetric coordination, in which principals delegate economically consequential authority
to agents whose identity, capability, effort, and execution cannot be adequately observed or
verified by the delegating party.

Advances in agent architecture, reasoning, and tool use make this coordination prob-
lem increasingly consequential [10,11]. Existing research addresses its components at
different layers: conceptual architectures describe agent-economy institutions [1,12,13];
empirical studies investigate emerging agent-mediated markets and protocols [14,15]; and
payment, identity, and wallet standards provide primitives for settlement, reputation, and
delegated control [3,16]. These streams do not yet jointly formalize four interdependent
requirements: disciplining delivery, pricing residual uncertainty, enforcing delegated au-
thority, and making identity renewal economically consequential. The gap is therefore not
the absence of primitives, but the absence of a formal account of how they must be com-
posed, under which conditions they support trustworthy coordination, and what exposure
remains when verification is incomplete.

To address this gap, we ask: What requirements define a verifiable agent economy, and
under what conditions does a composed coordination mechanism satisfy them? We define the
verifiable agent economy as an institutional regime in which evidence and programmable
constraints govern economic exchange among autonomous agents. We introduce the
agentic economy stack to organize the relevant primitives, model trust-asymmetric co-
ordination as a game, and use this framework to construct a mechanism that satisfies
four coordination requirements. Each guarantee holds under a specific scope. Within the
class of receipt-conditioned payment rules, geometric-mean settlement minimizes residual
exposure. Delivery incentive compatibility and Sybil resistance follow when the stated
deterrence and identity-cost conditions hold, while budget and authority safety follows
when transactions use the prescribed enforcement path. These guarantees apply to digital
transactions in which delivered artifacts provide verifiable settlement evidence. Embodied
agents therefore remain outside the theorem scope. We evaluate the mechanism through
theorem checks, model-based simulations, and an implementation-based sampling-audit
verifier. The results identify an interior optimum for the verification budget and show how
verifier quality, false-positive rates, and market thickness shape coordination outcomes.

This paper makes four contributions:

• We operationalize the verifiable agent economy through cumulative criteria for au-
tonomous economic actors and the agentic economy stack, which organizes coordina-
tion, trust, settlement, human integration, and governance.

• We formulate trust-asymmetric coordination as a game subject to delivery incentive
compatibility, verifiable settlement, budget and authority safety, and Sybil resistance.
We also identify offer-stage misrepresentation, assistant-side incentives, collusion, and
specification gaming within the verified evidence boundary as explicit non-claims.

• We construct a mechanism combining credentials, stake, reputation, constrained wal-
lets, and receipt-conditioned settlement. We establish exposure optimality within the
stated rule class and derive the deterrence, identity-cost, participation, and enforce-
ment conditions governing the remaining guarantees.

• We evaluate the formal and implementation-level behavior of the mechanism using
theorem checks, simulations, verifier measurements, and ablations. The results dis-
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tinguish structural properties from outcomes that depend on verifier quality, market
thickness, and parameter calibration.

The remainder of the paper is organized as follows. Section 2 reviews prior work.
Section 3 defines the verifiable agent economy and presents the agentic economy stack.
Sections 4 and 5 formulate the coordination problem and analyze the mechanism. Section 6
reports the numerical analysis, and Sections 7 and 8 discuss the implications and conclude.

2. Related Work
2.1. Prior Framings of the Agent Economy

Research on agent economies spans economic principles [17–19], market implica-
tions [1,20], and architectural proposals [13,21–23]. Tomasev et al. [12] classify sandbox
economies and propose safety principles without specifying a coordination mechanism.
Xu [13] organizes identity, cognition, settlement, and governance in a layered blockchain
architecture, whereas Baxi [24] bounds exposure by conditioning permissions on robustness
assessment. Empirical studies investigate emerging economic conditions and payment
and identity protocols [14,15]. These works provide concepts, architectures, bounds, and
observations relevant to our problem but address different combinations of assumptions
and outcomes.

The term verifiable agent economy also appears in discussions of ERC-8004 [16,25]. There,
it denotes a registry-stack objective rather than an operational definition of an economic
regime. Building on those identity, reputation, and validation primitives, we specify
cumulative criteria for the regime and four constraints for exchange under hidden action,
residual value uncertainty, delegated authority, and renewable identity. The novelty claim
is limited to formalizing this composition, proving the receipt-conditioned exposure result
within its rule class, and deriving explicit conditions for the remaining guarantees; it does
not extend to the individual primitives.

2.2. Agent Payments, Verification, and Trust Infrastructure

Technical research provides complementary primitives for payments, verification,
identity, and delegated control. Programmable payment protocols can condition transfers
on attested computation [3]. Payment systematizations and x402 security analyses iden-
tify the boundary of that guarantee: finality can confirm a transfer against the available
delivery evidence without establishing that the output meets the contracted quality [5,6,26].
Verification-native clearing escalates high-exposure cases to arbitration [27], while reliable
delivery checking requires costly auditing [4]. ERC-8004-style registries provide iden-
tity, reputation, and validation [16,25]; constrained wallets bound an agent’s spending
authority [7]; and surveys map these components across Web3 and AI-agent systems [28].
Together, these mechanisms address distinct failure surfaces but do not jointly determine
the verification budget, the evidence-conditioned settlement price, or the stake and reputa-
tion needed to deter delivery shortfalls. Our model links these design choices rather than
replacing the underlying protocols.

2.3. Coordination, Negotiation, and Trust in Multi-Agent Markets

Negotiation benchmarks [2], agent-market environments [29], platform theory [30],
and controlled studies [31–36] provide complementary accounts of agents as market par-
ticipants and of the markets in which they interact. Pricing agents can learn collusive
strategies [37–41], although the robustness of such behavior is contested [42,43]. Blockchain-
based coordination mechanisms add incentives, reputation, and zero-knowledge verifi-
cation [44–46], while surveys identify their security boundaries [9,47,48]. This literature
shows why capability and prior compliance alone cannot establish reliable conduct. We
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narrow that insight to post-execution delivery discipline by linking observable evidence to
immediate and continuation consequences; the resulting guarantees hold only under the
stated conditions and do not establish truthfulness or collusion resistance.

2.4. Economic Foundations Revisited for Autonomous Agents

The framework draws on, rather than replaces, established economic theories. Agency
theory motivates the hidden-action constraint and the use of continuation value to discipline
effort [8,49]. Transaction-cost economics explains why verification may remain costly even
when agents reduce search and bargaining costs [50–52]. Institutional economics motivates
explicit rules for identity, reputation, and enforcement, while unresolved legal status
limits what technical enforcement can establish [53]. Sections 3.2 and 4 translate these
foundations into design constraints; Section 7.2 develops the questions that remain outside
the formal mechanism.

2.5. Comparative Coverage and Remaining Gap

Table 1 makes the preceding synthesis explicit across seven comparison dimensions.
The table records specialization rather than deficiency: conceptual studies emphasize
definitions and architectures, formal studies isolate selected mechanisms and bounds, and
empirical studies provide observed evidence. The remaining gap is their joint formalization,
not the absence of any individual component. Section 3 next operationalizes that integration
through the definition and layered reference model.

Table 1. Coverage of seven comparison dimensions across representative prior work. ✓ fully
addressed; ∼ partially addressed; × not addressed. The map records scope and evidence rather than
overall quality, so ×means only that a work does not target that dimension. For this work, ∼ under
empirical and implementation evidence denotes model simulations and an implementation-based
sampling audit, without field validation of a deployed system.

Work Formal
Definition

Layered
Model

Formal
Problem

Formal
Mechanism

Analysis

Verification-
Based
Trust

Empirical/
Implementation

Evidence

Economic
Grounding

Rothschild et al. [1] ∼ × × × × × ∼
Tomasev et al. [12] ∼ ∼ × × ∼ × ∼
Xu [13] ✓ ✓ × × ✓ × ∼
Gondauri & Batiashvili [14] ✓ × × × × ✓ ✓
Jin et al. [15] × × × × × ✓ ×
Baxi [24] ∼ ∼ ✓ ✓ ∼ ∼ ∼
ERC-8004 discourse [25] × × × × ✓ ∼ ×
This work ✓ ✓ ✓ ✓ ✓ ∼ ✓

3. The Verifiable Agent Economy
This section defines the institutional conditions under which an autonomous software

agent functions as an economic actor. It distinguishes an agentic economy from task
automation, identifies the verifiable subclass studied in this paper, and connects its actor
criteria to the formal requirements developed in Section 4.

3.1. From Economies to Agent Economies

Economic exchange requires more than transacting actors. Authority to commit re-
sources, mechanisms for value transfer, and institutions for identity, contracting, reputation,
and enforcement make commitments attributable under incomplete information. Automa-
tion changes how a task is executed; a distinct economic regime arises when software
receives bounded authority to control delegated resources, create attributable obligations,
and accumulate a persistent market history.
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Definition 1 (Agentic economy). An agentic economy is an economic system in which au-
tonomous AI agents exercise bounded authority delegated by human or organizational principals
to participate in discovery, negotiation, exchange, and settlement. Their commitments and use of
delegated resources are governed by institutional rules that create attributable obligations, exposure,
and reputational consequences for their principals.

An agent’s economic role therefore depends on a persistent institutional position
connecting identity, authority, settlement, evidence, and future market access.

Definition 2 (Economic actor). An autonomous agent is an economic actor in an agentic economy
if it possesses: (C1) a persistent identity, distinguishable from other agents and cryptographically or
institutionally bound to a principal; (C2) delegated authority, expressed as an enforceable mandate
over spending, permissible actions, counterparties, disclosure, and operating context; (C3) payment
capability, through which it sends or receives value in settlement of obligations within that mandate;
(C4) verifiable behavior, under which consequential actions produce attributable evidence evaluated
against a specified claim and verification procedure; and (C5) a persistent, updatable reputation
state, initialized at admission and revised through attributable conduct in ways that affect future
interaction. The five criteria are cumulative; identity alone is insufficient.

The criteria can operate under different institutional arrangements. In an operator-
mediated regime, a central entity attests identity, records behavior, executes payment,
and maintains reputation. In an open regime, participants cannot rely exclusively on one
operator’s integrity and continuity, so evidence, programmable constraints, and records
resistant to unilateral revision must perform those functions.

Definition 3 (Verifiable agent economy). A verifiable agent economy is the subclass of agentic
economies in which criteria (C1) to (C5) are enforced through verifiable evidence and programmable
constraints without sole reliance on a central operator. Identity rests on verifiable credentials;
consequential conduct produces attributable evidence; authority and payment follow machine-
enforceable limits and settlement rules; and reputation persists in records resistant to unilateral
revision and inexpensive reset. Trust is asymmetric because principals and counterparties bear
unequal exposure while lacking equivalent access to agent type, policy, effort, and execution context.
Verification does not remove that asymmetry; it makes specified conduct and exposure limits
enforceable despite incomplete observability.

Definition 3 is operational rather than nominal. Building on Xu’s architectural treat-
ment [13], it specifies the criteria that the constraints in Section 4 and the proofs in Section 5
operationalize.

Figure 1 presents four analytical modes of digital economic coordination rather than a
claim that every system follows a linear historical sequence. The first records human nego-
tiation and contracting. The second adds platform-based discovery and matching while
humans remain the economic actors. The third automates market actions through principal-
or platform-owned accounts, to which identity, budget, reputation, and liability remain
attached. In the fourth, the software agent itself acquires persistent identity, bounded
authority, settlement capability, reputation, and an evidence-producing accountability path.
Generic multi-agent systems, algorithmic markets, and gig platforms do not require all five
criteria and therefore need not constitute agentic economies under Definition 1.
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Figure 1. Four analytical modes of digital economic coordination. An agentic economy arises when
a software agent acquires persistent identity, bounded delegated authority, settlement capability,
reputation, and an accountable evidence trail.

3.2. Economic Departures and Formal Design Requirements

The agentic economy makes explicit institutional functions that conventional exchange
often assigns to people, organizations, or law. Four departures motivate the constraints
in Section 4. First, agency theory treats hidden action under misaligned incentives; au-
tonomous agents add opaque policies and specification-sensitive behavior, which motivates
delivery incentive compatibility based on verifiable conduct and persistent consequences.
Second, a digital receipt can establish delivery without establishing contracted quality,
so verifiable settlement must connect payment to evidence while accounting for verifi-
cation cost. Third, autonomous execution may precede effective ex post remedies, which
makes machine-enforceable budget and authority limits necessary. Fourth, digital identities
can be recreated and adverse histories discarded, so Sybil resistance must make identity
multiplication and reputation reset economically consequential.

One additional departure informs the research agenda without creating another formal
constraint. Rational-choice models generally presume a stable objective, whereas language-
model agents can display context-dependent behavior [54]. The framework therefore
disciplines observable conduct rather than presuming that latent objectives are known.
Questions concerning agents’ labor-like and capital-like properties are reserved for the
research roadmap and do not enter the present guarantees.

3.3. The Agentic Economy Stack

The agentic economy stack (shown in Figure 2) locates the criteria and their enforce-
ment mechanisms within three functional planes. Coordination covers policy, discovery,
negotiation, matching, and strategic action; trust covers identity, reputation, and behavior
verification; and settlement covers wallets, delegated limits, and conditional payment.
Human integration provides override, escalation, accountability, and distributional trans-
parency, while governance controls admission, pricing, sanctions, and rule revision. Table 2
links the six layers to their governing theories and principal failure modes.

The formal constraints cross these layers: identity and admission support Sybil re-
sistance; policy, verification, and reputation support delivery incentive compatibility;
verification and payment support verifiable settlement; and wallets, governance, and hu-
man oversight support budget and authority safety. Actor criteria and layer indices remain
distinct. Identity (C1), authority (C2), payment (C3), and reputation (C5) map primarily to
L3, L1, L2, and L4, while verifiable behavior (C4) spans execution and settlement evidence.
This mapping connects the reference architecture to the formal problem rather than treating
the stack as a descriptive taxonomy.
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Figure 2. The agentic economy stack. Autonomous agents interact through coordination, trust,
and settlement planes under cross-cutting human integration and an enclosing governance frame.
The emphasized region identifies the failure surfaces formalized by the trust-asymmetric coordina-
tion problem.

Table 2. The six layers of the agentic economy stack, their functional planes, governing theories, and
principal failure modes. Human integration and governance cut across all layers.

Layer Plane Governing Theory Primary Failure Mode

L1 Wallet Settlement Agency theory Over-delegation, authority misuse

L2 Payment Settlement Fair exchange, transaction-cost economics Payment and quality decoupling

L3 Identity Trust Institutional economics Sybil, shallow registration

L4 Reputation Trust Information economics Reputation forgery, whitewashing

L5 Policy Coordination Rational choice, game theory Manipulated or unstable preferences

L6 Market Coordination Mechanism design, repeated games Collusion, manipulation

3.4. Scope and Boundary Conditions

Three clarifications delimit the framework. First, criteria (C1) to (C5) are cumulative,
but criterion (C5) requires a persistent state rather than an established history: reputation
is initialized at admission and updated through attributable conduct. Off-chain operation
remains in scope when consequential actions preserve the same identity, evidence, authority,
settlement, and sanction semantics. Second, economic-actor status grants neither legal
personhood nor direct liability; it denotes an operational role under delegated authority.
Non-pecuniary objectives remain within scope only when the agent controls delegated
resources and enters value-bearing transactions. Third, the extension to embodied agents
is conceptual and is not established by the results of this paper. No theorem, proposition,
or corollary below is stated over physical action, the constraint set gains no additional
member for it, and the numerical study contains no embodied experiment. The narrower
claim is that criteria (C1) to (C5) and the four constraints can be expressed for embodied
agents if a trustworthy physical evidence chain supplies what a digital artifact supplies
in the present setting. Whether such a chain can be established, and at what cost, remains
open and is developed in Section 7.3.
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4. System Model and Problem Formulation
We model delegated exchange among consumer principals, assistant agents, and

service agents as a repeated Bayesian interaction with partially observable service type,
effort, and delivery. The formulation separates four requirements: delivery incentives,
evidence-conditioned settlement, delegated-authority enforcement, and resistance to iden-
tity multiplication.

4.1. Agents, Types, and the Interaction Game

Assistant agents A act for consumer principals and service agents S for provider
principals, withA∩S = ∅. They interact at t = 1, 2, . . . in a repeated market, so reputation
can affect future opportunities.

Definition 4 (Agent as economic player). An agent is a tuple i = (ρi, ψi, ui, Ii, Bi, Ri, τi),
where ρi is its persistent identity (C1), ψi its policy, ui its utility function, Ii its information
set, Bi its delegated budget and authority envelope (C2, C3), Ri its reputation state (C5), and τi

the attributable evidence generated by consequential actions (C4). The tuple operationalizes the
economic-actor criteria of Definition 2.

Each period begins with task context c, promised quality q̄, a delegated envelope,
and principal valuation v(·). Discovery identifies candidates [55]; negotiation selects an
offer; execution produces output o at private cost Ci(o) and trace τi; and settlement verifies
the specified evidence, transfers payment, applies sanctions, and updates reputation.
Before contracting, the principal commits the settlement-relevant value bounds or the rule
from which they are derived. Subjective value outside that commitment is not priced by
the mechanism.

Service agent i privately observes type θi = (qi, Ci) drawn from common prior F,
where qi denotes its feasible quality and Ci its cost function. The principal observes delivery
only through mechanism-exposed evidence, and the service agent does not observe the
principal’s full valuation. Trust asymmetry therefore combines delegated control with
unequal information.

Assumption 1 (Self-interest and rationality). Each service agent selects policy ψi to maximize
expected discounted utility under common prior F, information set Ii, and discount factor δ ∈ (0, 1).
Beliefs update by Bayes’ rule on histories reached with positive probability. Honesty is not assumed;
compliant delivery must instead be sequentially rational.

This best-response model is an idealization; Section 6.7 separately tests agents that
learn from realized rewards. Let ℓi ≥ 0 denote realized slashing loss and z ∈ {0, 1} indicate
whether verification is invoked, with zt its value in period t. A service agent receiving
payment p obtains

ui = p− Ci(o)− ℓi, (1)

while the principal obtains
up = v(o)− p− cvz. (2)

Reputation affects continuation utility; verification consumes resources, while residual
mispricing enters the exposure criterion below.

4.2. Settlement, Value, and Verification

A receipt establishes an observable event but need not identify the quality or value
relevant to settlement.
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Definition 5 (Receipt, value, and verification). Let O be the output space and Receipt : O→ R
map each output to settlement-visible digital evidence, such as an execution attestation, content
hash, or signed service receipt. Receipt r induces the fiber

F (r) = {o ∈ O : Receipt(o) = r}. (3)

The committed settlement value satisfies v(o) > 0. Outputs in the same fiber remain indistin-
guishable to bare settlement even when their values differ. At cost cv ≥ 0, a verifier partitions each
receipt fiber into residual fibers. For residual fiber r′, let [vmin(r′), vmax(r′)] be its value interval,
with vmin(r′) > 0. The verifier’s worst-case multiplicative spread is

s(cv) = sup
r′

vmax(r′)
vmin(r′)

≥ 1. (4)

The case cv = 0 corresponds to the bare receipt; Assumption 2 states how additional verification
affects this spread.

Verification evaluates a contracted claim linking q̄, τi, and the receipt. Deterministic
checks, sampling audits, semantic evaluators, external oracles, and human arbitration
instantiate this interface with different error rates and costs.

Definition 6 (Identity, reputation, and stake). Creating a fresh identity costs γ ≥ 0. Each
service agent carries reputation Ri, updated from attributable evidence τi, and posts stake Si ≥ 0
subject to slashing after verified misconduct. Identity governs admission, reputation affects future
matching, and stake creates an immediate loss upon detection. The trust rule specifies whether
reputation transfers across contexts and whether a sanctioned identity may re-enter.

Definition 7 (Mechanism). A mechanism is a tuple M = (µ, π, ϕ) ∈ M, where matching rule µ

selects service agents from task context, offers, and reputation; payment rule π specifies verification
conditions and transfers; and trust rule ϕ governs admission, reputation, staking, and slashing.
The mechanism acts on observable histories and admissible evidence, not directly on private type
or effort.

4.3. The Trust-Asymmetric Coordination Problem

Mechanism M induces a repeated Bayesian game. A profile is compliant when selected
service agents deliver the promised quality and participants follow the identity, payment,
and authority rules. The mechanism must make compliant delivery sequentially rational
while satisfying the four constraints in Figure 3.

Figure 3. Trust-asymmetric coordination. A principal delegates bounded resources to an assistant
agent that contracts with a service agent whose type and effort remain partially hidden. The four
constraints protect delivery incentives, settlement, delegated authority, and identity.
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• Delivery Incentive Compatibility (IC): Given compliant play by others, delivering the
promised quality maximizes each selected service agent’s expected discounted payoff
at every information set. This is an ex post delivery-discipline condition under a given
detection technology, not incentive compatibility in the mechanism-design sense; it
does not imply truthful revelation of types, costs, prices, or capabilities. Verifiable
traces expand the contractible signal available to deter hidden-action deviations [8,49].

• Verifiable Settlement (VS): For residual interval [vmin, vmax] and receipt-conditioned
price P, exposure is max{P/vmin, vmax/P}. Writing ϱ(M) for worst-case exposure
over residual fibers, the payment rule releases funds only against admissible evi-
dence and must satisfy ϱ(M) ≤ β(cv) for a verification-dependent bound β. Verifica-
tion therefore trades resource cost against unresolved exposure between buyer and
seller [50,51].

• Budget and Authority Safety (BA): On every realizable history, spending and actions
routed through the mechanism remain within the delegated envelope Ba of assistant
agent a ∈ A. The constraint covers the enforced execution path; it does not govern
external actions that bypass the constrained wallet or authority gate.

• Sybil Resistance (SR): Net of identity cost γ, stake exposure, and reputation rule ϕ, no
agent increases expected utility by operating an additional identity. A fresh identity
therefore provides no profitable reputation reset, duplicate access, or evasion of
prior sanctions.

Four deviations remain outside this constraint set. First, the matching rule does
not make submitted prices or capability claims truthful; misrepresentation is disciplined
only after execution through verification, slashing, and reputation. Second, IC does not
govern assistant-side conduct. An assistant that overpays within a loose envelope remains
bounded by BA and the exposure bound in Section 5.3, but its selection decision is not
made incentive compatible. The same boundary excludes conflict between the assistant
and its own principal: a misformulated instruction or a prompt-injection attack can redirect
an assistant that is executing the mechanism faithfully, and neither is represented in the
game [5,9]. Budget and authority safety still caps what such an assistant can spend through
the enforcement path but not whether that spending serves the principal. Third, collusion
among service agents is not modeled. Coordinated pricing is a documented risk [37–39]
and remains an open problem in Section 7.2. Coordinated reputation inflation, in which
a group of agents transacts internally to raise one another’s scores, is excluded on the
same ground, and covert coordination can be difficult to detect from settlement evidence
alone [40]. Fourth, conduct that satisfies the verified claim while defeating principal intent
remains residual because verification evaluates specified evidence, not intent.

Expected discounted surplus under compliant play is

W(M) = E
[︄

∞

∑
t=1

δt−1(v(ot)− Cit(ot)− cvzt)

]︄
, (5)

where it denotes the service agent selected in period t.
Payments, refunds, and redistributed stake cancel from this expression; actual resource

destruction or administrative cost must be subtracted separately.

Problem 1 (Trust-asymmetric coordination problem). The trust-asymmetric coordination
problem is

maximize
M∈M

W(M)

subject to IC, VS, BA, and SR.
(6)
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A mechanism is feasible when all four constraints hold. A feasible mechanism is exposure-
optimal when its receipt-conditioned payment rule minimizes residual exposure over all receipt-
conditioned payment rules. Section 5 constructs M⋆, which is feasible when the stated de-
terrence, participation, identity-cost, and enforcement conditions hold, and establishes its ex-
posure optimality within that rule class. It does not claim that M⋆ solves the unrestricted
welfare-maximization problem.

5. Coordination Mechanism
This section constructs M⋆ = (µ⋆, π⋆, ϕ⋆) from credential-gated admission, reputation-

weighted matching, constrained escrow, and verification-conditioned settlement. The
exposure result holds within the class of receipt-conditioned payment rules; the remaining
guarantees depend on the stated incentive, identity-cost, and enforcement conditions.

5.1. The Mechanism

Trust rule ϕ⋆: Admission requires a credential binding ρi to a principal and refund-
able stake Si ≥ S. Reputation Ri ∈ [0, 1] starts at zero. Verified compliance gives
R+

i = min{1, Ri + η}; a detected shortfall gives R+
i = max{0, Ri − η} and destroys frac-

tion σ of Si. Updates require attributable evidence, and unslashed stake is refundable at
orderly exit.

Matching rule µ⋆: Each service agent submits an offer containing a settlement ceiling
pi and promised quality. Admissibility requires valid credentials, sufficient stake, task
compatibility, and pi within the principal’s delegated budget. The mechanism selects

i⋆ ∈ argmax
i∈E(c)

{Ri − λpi}, (7)

where E(c) is the admissible set and λ > 0 controls the tradeoff between reputation and
price. This is a scoring rule, not a truthful mechanism: agents may shade prices or overstate
capability. The ceiling pi⋆ bounds pre-execution exposure, while a capability claim rejected
by the verifier triggers refund, slashing, and reputation loss. Offer-stage truthfulness is
not claimed.

Payment rule π⋆: The wallet reserves pi⋆ ≤ Ba and validates the action against dele-
gated authority. Verification at budget cv produces [vmin, vmax], and settlement is admissible
only if P⋆ =

√
vminvmax ≤ pi⋆ . If the verifier accepts the evidence, P⋆ is released to the

service agent and the escrow remainder is returned to the principal; rejection returns
the escrow to the principal and activates sanctions. The ceiling bounds exposure before
execution, while P⋆ prices residual uncertainty at settlement.

Assumption 2 (Verification technology). At budget cv, the verifier partitions each receipt
fiber into residual fibers whose value spread is bounded by s(cv), where s : R≥0 → [1, s0] is
nonincreasing, s(0) = s0, and s(cv) → 1 as verification strength increases. Cost cv is incurred
per verified settlement. The scalar spread summarizes residual uncertainty rather than a particular
implementation. With false-negative rate ϵ(cv), the effective spread is

sϵ(cv) = s(cv) + ϵ(cv)
(︁
s0 − s(cv)

)︁
, (8)

which interpolates between the verified and unresolved bounds. Residual spread, shortfall detection
d(cv), and false-positive probability φ(cv) remain distinct verification properties. When false
negatives affect residual ambiguity, the exposure results below use sϵ(cv) in place of s(cv).
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Assumption 2 treats verification as an interface rather than presupposing a particular
technology. Table 3 instantiates the three verification quantities for four verifier classes and
identifies when the interface is empty, meaning that no admissible claim can be evaluated
and the mechanism has nothing to price. Section 6.5 measures these quantities for a
sampling-audit verifier.

Table 3. Verifier classes, their verification primitives, and the conditions under which no admissible
claim can be evaluated.

Verifier Class Residual Spread s(cv)
Detection d(cv), False
Positives φ(cv)

Interface Empty When

Deterministic check (hash,
attestation, schema)

Equals 1 for the verified
predicate and remains
unconstrained for untested
properties

Approaches d = 1 and
φ = 0 only when the check
and its attestation are
trustworthy

Value depends on
properties outside the
check

Sampling audit (test suite,
human spot check)

Value spread induced by
the confidence bounds on
the audited pass rate;
interval width decreases at
order k−1/2

Determined by the
sampling and acceptance
rules; controlling φ
requires calibration on
compliant cases

No sampleable case
distribution exists, or
outcomes do not identify
compliant conduct

Semantic evaluator
(model-based judge)

Value interval induced by
calibrated uncertainty in
the judge’s assessment

Estimated against labeled
contracted claims; φ may
arise from systematic judge
error

The quality predicate is not
operational, or the judge
shares the agent’s relevant
failure modes

Human arbitration

Value interval implied by
admissible evidence and
adjudicator uncertainty,
limited by contract
specificity

Must be estimated from
adjudication performance;
cost and delay enter the
verification budget

The obligation is not
adjudicable, or delay
exceeds the settlement
window

Algorithm 1 specifies the ordering of authority validation, execution, verification,
and transfer; Figure 4 locates those operations in the infrastructure. Blockchain provides
one auditable implementation: ERC-8004-style registries can instantiate ϕ⋆ [16,25], escrow
contracts can implement stake and slashing, and account-abstraction policies can enforce
π⋆ [7]. The results also apply to non-blockchain or hybrid substrates that reproduce
the same admission, evidence, authority, settlement, and sanction semantics and satisfy
Assumption 2. Zero-knowledge and zkML proofs are possible evidence technologies but
are not implemented in the evaluation.

Algorithm 1 Per-period execution of M⋆

Require: admitted agents with identities ρi, stakes Si, and reputations Ri; task context c;
delegated envelope Ba of assistant agent a; verification budget cv

1: each admitted service agent i submits an offer (pi, q̄)
2: form E(c) using credential, stake, task, authority, and settlement-ceiling checks
3: compute sci ← Ri − λpi; select i⋆ ∈ argmaxi∈E(c) sci ▷ µ⋆

4: reserve pi⋆ and validate the action against Ba ▷ π⋆; BA
5: agent i⋆ executes the task, emitting output o and attributable trace τi⋆

6: invoke the verifier at budget cv and obtain [vmin, vmax] ▷ π⋆; VS
7: if the verifier accepts the evidence then
8: release P⋆ =

√
vminvmax to i⋆; return the remainder to the principal; increase Ri⋆

9: else
10: return the escrow to the principal; slash σSi⋆ ; decrease Ri⋆ ▷ ϕ⋆

11: end if
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Figure 4. Per-period mechanism flow. Arrows indicate the order of operations in Algorithm 1.
Verifiable registries, constrained escrow, and validation services instantiate the trust and settlement
steps without making blockchain a definitional requirement.

5.2. Criterion-to-Mechanism Mapping

Table 4 records where the five economic-actor criteria enter the mechanism; the formal
guarantees are established separately below.

Table 4. Economic-actor criteria and their corresponding mechanism components.

Criterion (Definition 2) Mechanism Component

(C1) Identity Credential-gated admission
(C2) Authority Constrained wallet and authority envelope
(C3) Payment Escrow and receipt-conditioned settlement
(C4) Verifiable behavior Verification at the selected budget, with geometric-mean release
(C5) Reputation Stake, reputation update, and score matching

5.3. Residual Verification Exposure

For residual fiber r′, let its value interval be [vmin(r′), vmax(r′)] and spread
sr′ = vmax(r′)/vmin(r′). A receipt-conditioned payment rule assigns price P(r′) > 0.
Buyer and seller exposures are

ϱb(P; r′) =
P(r′)

vmin(r′)
, ϱs(P; r′) =

vmax(r′)
P(r′)

, (9)

and the worst-case residual exposure of a mechanism M with price rule P is ϱ(M) =

supr′ max{ϱb(P; r′), ϱs(P; r′)}. This multiplicative criterion treats buyer overpayment and
seller underpayment symmetrically and is invariant to the monetary unit.

Theorem 1 (Residual exposure bound). For every residual fiber r′ and receipt-conditioned
price P(r′),

max{ϱb(P; r′), ϱs(P; r′)} ≥ √sr′ . (10)

Equality holds exactly at P⋆(r′) =
√︁

vmin(r′)vmax(r′). Hence π⋆ minimizes exposure
pointwise over all receipt-conditioned payment rules and satisfies

ϱ(M⋆) = sup
r′

√
sr′ ≤

√︂
s(cv). (11)

If false negatives enlarge the effective spread to sϵ(cv), the corresponding bound is
ϱ(M⋆) ≤

√︁
sϵ(cv). Equality holds when some residual fiber attains the applicable spread bound.
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Proof. For each r′,

ϱb(P; r′)ϱs(P; r′) =
P(r′)

vmin(r′)
vmax(r′)

P(r′)
= sr′ . (12)

The maximum of two positive numbers with fixed product sr′ is minimized when they
are equal. Thus max{ϱb, ϱs} ≥

√
sr′ , with equality when P(r′)/vmin(r′) = vmax(r′)/P(r′),

which gives P⋆(r′) =
√︁

vmin(r′)vmax(r′). Taking the supremum preserves this pointwise
optimality over the residual fibers.

Remark 1. The factor
√

s also appears in the hidden-cost impossibility result of Ling et al. [6],
while comprehension gating bounds exposure through robustness audits [24]. Here the fiber contains
unresolved output values; the contribution is the verification-coupled price, not the arithmetic and
geometric mean identity.

Corollary 1 (Verifiable settlement). Setting β(cv) =
√︁

s(cv), or β(cv) =
√︁

sϵ(cv) when false
negatives enlarge residual ambiguity, gives ϱ(M⋆) ≤ β(cv), so M⋆ satisfies VS. In the latter
case, the bound is nonincreasing and converges to 1 when ϵ(cv) is nonincreasing and tends to
zero. Because verification cost enters welfare, budget selection remains a separate tradeoff between
exposure and resource consumption.

5.4. Delivery Incentive Compatibility, Safety, and Sybil Resistance

The remaining guarantees depend on the continuation value of reputation, execution-
time authority checks, and the cost of identity renewal.

Proposition 1 (Delivery incentive compatibility). Let gi denote agent i’s one-period gain from
delivering a shortfall, d(cv) ∈ (0, 1] the probability that the verifier detects it, and ∆i ≥ 0 the
per-period reduction in expected future payoff after the resulting reputation loss. Compliant delivery
is sequentially optimal whenever

d(cv)

(︃
P⋆ + σSi +

δ

1− δ
∆i

)︃
≥ gi. (13)

A detected shortfall returns the escrow to the principal, so the deviating agent forfeits P⋆ in
addition to the slashed stake and continuation loss. If the condition holds for every selected type and
beliefs are consistent, compliant delivery satisfies IC. The proposition governs delivery by selected
service agents; it does not cover offer-stage claims, assistant-side conduct, or coordinated deviations.
With false-negative rate ϵ(cv), d(cv) = 1− ϵ(cv). The condition shows how detection, stake,
patience, and reputation-dependent continuation value jointly deter shortfalls.

Proof. A shortfall produces immediate gain gi. Detection causes forfeiture of P⋆ under
the escrow refund in Algorithm 1, slashing loss σSi, and discounted continuation loss
δ∆i/(1− δ). Expected deviation gain is therefore

gi − d(cv)

(︃
P⋆ + σSi +

δ

1− δ
∆i

)︃
, (14)

which is nonpositive under the stated condition. The one-shot deviation principle estab-
lishes sequential optimality; strict inequality makes compliant delivery the unique modeled
best response.
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Corollary 2 (Deterrence without continuation value). If the continuation term is unavailable,
so ∆i = 0, compliant delivery remains sequentially optimal whenever

d(cv)(P⋆ + σSi) ≥ gi. (15)

For a worst-case gain gmax, deterrence is restored by

S ≥ max
{︃

0,
gmax

σ d(cv)
− P⋆

σ

}︃
. (16)

This result covers thin markets, where limited substitution makes ∆i approach zero,
and terminal periods, where an exiting agent has no continuation value. Deterrence then
rests on the forfeited price and slashed stake; Section 6.6 measures the resulting tradeoff.

Proposition 2 (Budget and authority safety). Under M⋆, every mechanism-mediated payment
and action lies within the delegated envelope Ba on every realizable history; hence M⋆ satisfies BA.
Coverage follows the enforcement path, not the settlement venue: an action is covered whenever
it transits the constrained wallet and authority gate, whether settlement is on-chain or off-chain.
External effects that bypass this gate are outside the guarantee, and restricting an agent to the
covered path remains a deployment requirement.

Proof. Rule π⋆ reserves and releases funds only after the constrained wallet verifies the
payment ceiling, while the authority gate rejects actions outside the principal’s encoded
mandate. Because these checks precede execution, no mechanism-mediated path ex-
ceeds Ba.

Proposition 3 (Sybil resistance). Let V0 denote the incremental gross value of an additional fresh
identity and qslash its equilibrium probability of verified misconduct before reputation accumulation.
Creating that identity is nonprofitable whenever

γ + σS qslash ≥ V0. (17)

Under this condition, M⋆ satisfies SR. The inequality concerns the incremental value of
identity multiplication, including duplicate access and whitewashing, not the value of an agent’s
original identity.

Proof. A fresh identity begins at Ri = 0 and has incremental net value

V0 − γ− σS qslash. (18)

The stated condition makes this value nonpositive. If qslash = 0, identity cost γ

alone must dominate V0; refundable stake deters only identities exposed to detectable
misconduct.

Although V0 is not directly observable, registry data provide the conservative bound
V0 ≤ ū m̄/(1− δ), where ū is mean settled profit per match and m̄ is mean matches per
period. Admission parameters can be calibrated against this upper bound.

A delayed Sybil behaves compliantly while building reputation and defects on exit.
The build phase delivers the contracted service and increases ∆i, but the continuation term
vanishes at exit. Corollary 2 then applies, and the continuously posted stake must satisfy
Equation (15); the binding deterrent shifts from reputation to stake.
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The framework does not assume one credential per actor. Each additional legitimate
credential incurs γ and locks at least S, so multiplication carries both an identity cost and
a capital requirement. Issuers must preserve a positive γ through a scarce identity root,
hardware attestation, or rate-limited issuance. If credentials are unlimited and γ→ 0, SR
rests only on expected slashing exposure; this is an issuer-side deployment condition.

Proposition 4 (False positives, deterrence, and participation). Let φ(cv) ∈ [0, 1) denote the
probability that a compliant delivery is wrongly rejected, with the same escrow refund, slashing, and
reputation loss as a correctly detected shortfall. Define Di = P⋆ + σSi +

δ
1−δ ∆i as the total loss

from rejection. Compliant delivery is sequentially optimal whenever(︁
d(cv)− φ(cv)

)︁
Di ≥ gi, (19)

and, relative to an outside option normalized to zero, a compliant agent participates only while

φ(cv) ≤ φmax =
P⋆ − Ci(q̄)

Di
, (20)

where Ci(q̄) is the cost of promised-quality delivery.

Proof. A compliant delivery is rejected with probability φ, while a shortfall is detected
with probability d; either rejection imposes Di. Expected payoffs are P⋆ − Ci(q̄) − φDi

for compliance and P⋆ − Ci(q̄) + gi − dDi for a shortfall. Their difference is gi − (d −
φ)Di, which gives Equation (19). Requiring compliant payoff to be non-negative gives
Equation (20).

Deterrence depends on d − φ, whereas participation depends separately on φ;
Proposition 1 is the case φ = 0. Raising stake enlarges Di, which strengthens deterrence
but lowers φmax. Section 6.5 quantifies this tradeoff.

Corollary 3 (Feasibility and exposure optimality). Under Assumptions 1 and 2, suppose
that Corollary 1 and Propositions 2 and 3 apply. If Proposition 1 holds when φ(cv) = 0, or the
deterrence and participation conditions of Proposition 4 hold when φ(cv) > 0, then M⋆ satis-
fies IC, VS, BA, and SR. It is therefore feasible for Problem 1 and exposure-optimal within the
class of receipt-conditioned payment rules. The result does not establish global welfare optimal-
ity, and feasibility remains conditional on the stated deterrence, participation, identity-cost, and
enforcement conditions.

6. Numerical Analysis
The numerical study assesses the behavior of M⋆ and the tradeoff between welfare

and verification under the repeated-game model. It compares M⋆ with Receipt-Only and
Verification-Only variants, evaluates Theorem 1 as an exact pricing-identity check, and tests
whether the analytical incentive predictions persist under learning agents. The evaluation
combines model simulations, learning-agent experiments, alternative verification laws, and
an implementation-based sampling-audit verifier. These analyses assess the mechanism’s
internal consistency and robustness under the stated experimental conditions; they do
not constitute field validation of a deployed agent economy. The public reproducibility
package is identified in the Data Availability Statement.
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6.1. Experimental Setup

The analytical best-response simulations use n = 50 agents, T = 4000 periods, and
100 seeds; the learning experiments use T = 8000 and 50 seeds, and the convergence
analysis uses 200 seeds. Each private shirking gain gi follows a heavy-tailed truncated
normal distribution, so deterrence changes the honest fraction gradually rather than at a
common threshold. Honest delivery has value 1.0 and cost 0.4, whereas a shortfall has value
0.25 and cost 0.1, giving s0 = 4. The baseline specifies s(cv) = 1 + (s0 − 1)e−cv , verification
cost αcvcv with αcv = 0.05 for budget cv, and geometric-mean settlement. Outcomes include
welfare, honest delivery, disputes, exposure, and theory-linked diagnostics. All stochastic
results use fixed seeds; confidence bands represent variation across seeds, and convergence
results report medians and interquartile ranges.

The sweeps vary verifier quality, stake, patience, identity renewal, and learning. Six
variants isolate the mechanism components: M⋆; open and centralized Verification-Only;
Receipt-Only; verification with reputation but no staking; and verification with staking
but no reputation. The two Verification-Only variants differ only in routing efficiency and
produce identical conduct, so their conduct curves are merged after equality checks.

6.2. Welfare and the Verification Tradeoff

Figure 5a shows that M⋆ reaches an interior welfare maximum of 0.56 at cv = 0.75,
with honest delivery of 0.99; beyond this point, verification cost dominates. This optimum
illustrates Corollary 1 under the baseline calibration rather than identifying a universal
budget. At cv = 0.5, honesty under M⋆ rises from 0.78 to 1.00 as δ increases from 0.80 to
0.99, while the variant without reputation remains at 0.74 (Figure 5b). Receipt-Only reaches
welfare of 0.15. At cv = 1.50, M⋆ attains welfare of 0.53 and honesty of 1.00, compared
with 0.37 and 0.66 under open Verification-Only. Open Verification-Only attains its own
maximum later and lower, at welfare 0.38 and honesty 0.77 at cv = 2.25. The differences
isolate the contributions of stake and reputation from the routing factor and show that
patience affects conduct only through continuation value.
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Figure 5. Welfare and continuation value. (a) M⋆ reaches its maximum welfare at cv = 0.75. (b) At
cv = 0.5, honest delivery under M⋆ increases with the discount factor and tracks the analytical
benchmark, whereas the variant without reputation remains nearly constant.

6.3. Residual Exposure

Figure 6 evaluates Theorem 1 exactly rather than through Monte Carlo estimation.
Geometric-mean pricing attains exposure

√
s, whereas arithmetic-mean pricing gives

(1 + s)/2: the respective values are 2.00 and 2.50 at s = 4, and 2.83 and 4.50 at s = 8
(Figure 6a). At fixed cv = 1, false negatives widen the effective residual fiber. Geometric-
mean pricing continues to attain

√︁
sϵ(cv), while the excess under arithmetic-mean pricing
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increases with the unresolved spread (Figure 6b). Disputes initially increase as partial
verification detects shortfalls and disappear once deterrence makes compliant delivery
optimal. Verification-Only produces more intermediate-budget disputes because it lacks
reputation-based continuation consequences.
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Figure 6. Residual exposure. (a) Geometric-mean pricing attains the analytical bound, whereas
arithmetic-mean pricing increasingly exceeds it. (b) At cv = 1, false negatives widen the effective
fiber, but geometric-mean pricing attains the degraded bound

√︁
sϵ(cv).

6.4. Delivery Incentive Compatibility and Sybil Resistance

At cv = 0.5, honesty rises from 0.50 without stake to 0.80 at stake 0.40, and the
analytical curve crosses 0.95 near stake 1.0 (Figure 7a). Its agreement with the simulation
checks the implementation of Proposition 1. The variant without reputation requires more
stake, isolating continuation value, while Receipt-Only remains at zero honesty because
it cannot penalize shortfalls. As whitewashing rises to 0.8, M⋆ maintains welfare of 0.55,
whereas welfare without staking falls from 0.48 to 0.36 and Verification-Only remains at
0.33 (Figure 7b). The stability of M⋆ remains conditional on the identity-cost inequality in
Proposition 3; it does not imply that any positive stake deters every additional identity.
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Figure 7. Delivery incentive compatibility and Sybil resistance. (a) Honest delivery rises with
the admission stake and closely follows the analytical benchmark over 100 seeds. (b) Staking
preserves welfare as the whitewashing fraction rises, whereas removing staking makes identity
renewal profitable; Verification-Only provides the no-reputation reference level.

6.5. Verification Technology

The baseline functions satisfy s(cv) = 1+ (s0− 1)(1− d(cv)), so residual spread tracks
undetected mass. Alternative technologies replace d and derive s through this coupling.
All five detection laws produce an interior optimum (Figure 8 and Table 5); its location
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shifts from 0.75 to 1.50 under slow linear detection and coincides with the 0.75 switch point
under threshold detection. Thus, the interior optimum reflects the tradeoff between cost
and deterrence rather than the exponential specification, although its location remains
technology dependent.
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Figure 8. Welfare under five detection laws. Stars mark the interior welfare maxima.

Table 5. Peak welfare and honesty under alternative detection laws and the measured sampling-
audit verifier.

Verification Technology Welfare Peak At cv Honesty at Peak

Exponential baseline 0.557 0.75 0.99
Linear 0.515 1.50 0.98
Logarithmic 0.540 1.00 0.98
Power 0.540 1.00 0.98
Threshold at cv = 0.75 0.562 0.75 1.00
Measured sampling audit 0.563 0.50 0.97

The final row instantiates a sampling-audit verifier. Compliant and graded-shortfall
implementations of a ranking specification are executed against an independent test bank,
with budget purchasing k tests without replacement. A Wilson interval on the audited
pass rate defines residual spread, and calibration on compliant implementations targets a
false-positive rate of 0.05. The verifier neither accesses the model’s vmin/vmax oracle nor
fits a curve to the results.

The measured spread falls from 4.00 at zero budget to 1.37 at cv = 3, compared with
the assumed 1.15 (Figure 9a). Detection exceeds the assumed value at cv = 0.5 (0.51 versus
0.39) but falls below it at cv = 3 (0.77 versus 0.95), because sampling can miss rare violations.
Substituting these measurements preserves the interior optimum but shifts it from 0.75
to 0.50. The existence of the optimum is therefore robust in this experiment, whereas its
location is verifier dependent.

At cv = 1 and stake 0.60, welfare and honesty remain stable below the participa-
tion bound φmax = 0.072 but decline sharply when compliant agents withdraw above it
(Figure 9b). Increasing stake from zero to 1.00 lowers false-positive tolerance from 0.127 to
0.056; stake therefore strengthens deterrence while potentially weakening participation. The
sharp transition reflects the common outside option assumed in the model. Heterogeneous
outside options would instead produce gradual exit beginning at the bound.
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Figure 9. Measured verification technology. (a) Sampling-audit spread and detection compared with
Assumption 2. (b) Welfare, honest delivery, and compliant payoff against φ at cv = 1 and stake 0.60;
the dotted line marks φmax = 0.072.

Because the allowed-failure threshold in Table 6 is integer valued, the acceptance
rule changes discretely. Detection can therefore decrease when the allowance increases, as
between k = 6 and k = 8; this decrease follows from calibration to a fixed false-positive
target rather than from Monte Carlo noise.

Table 6. Measured sampling-audit primitives. The budget purchases k tests; s is the mean residual
spread derived from the Wilson interval; and d and φ are the realized detection and false-positive
rates under an acceptance rule targeting φ = 0.05.

cv k Tests Allowed Failures s Measured d Measured φ Measured

0.00 0 — 4.000 0.000 0.000
0.25 2 1 2.366 0.211 0.003
0.50 4 1 2.002 0.505 0.015
0.75 6 1 1.809 0.613 0.028
1.00 8 2 1.695 0.560 0.007
1.50 12 2 1.552 0.655 0.024
2.00 16 3 1.469 0.630 0.013
2.50 20 3 1.413 0.701 0.028
3.00 24 3 1.372 0.767 0.045

6.6. Market Thickness and Thin Markets

Thickness κ is the fraction of future profit lost after a reputation downgrade; κ = 0
represents monopoly. At cv = 0.5 and stake 0.60, honesty decreases from 0.89 at κ = 0.15 to
0.74 under monopoly, while stake 1.00 raises monopoly honesty to 0.93 (Figure 10a). The
curves track Corollary 2: forfeited payment and stake substitute for continuation value as
the market thins.

Maintaining honesty of 0.95 requires the stake to rise from 0.53 in the thickest evaluated
market to 1.10 under monopoly (Figure 10b). Thin markets therefore roughly double the
evaluated cost of deterrence rather than making deterrence infeasible. A market opening
with few participants must rely more heavily on stake-backed deterrence, with the stake
floor set by Corollary 2, until the market thickens. Which other instruments can substitute
for continuation value during that phase remains an open question. Because analytical
agents respond to mechanism deterrence rather than to one another, n and T govern
sampling, not competition; κ is the model’s incentive-relevant market-structure parameter.
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Figure 10. Market thickness and deterrence at cv = 0.5. (a) Honest delivery across κ and four
admission stakes; dashed curves show Corollary 2. (b) Stake required to maintain honesty of 0.95.

6.7. Robustness to Learning Agents

Epsilon-greedy Q-learning tests adaptive behavior without revealing Proposition 1 to
the agents. At cv = 1, honesty under M⋆ rises from approximately 0.85 at period 250 to
0.99 at period 8000; Verification-Only rises from 0.76 to 0.99, whereas Receipt-Only falls
from 0.43 to 0.04 (Figure 11a). The identical Verification-Only trajectories are merged after
an equality check.
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Figure 11. Learning-agent robustness. (a) Mean 250-period honesty trajectories with 95% confidence
bands at cv = 1. (b) Welfare preserves the mechanism ordering and an interior optimum.

Convergence is the first period after which 250-period moving honesty remains within
±0.05 of final-quartile honesty for 500 periods. At cv = 1, all 200 runs of M⋆ converge hon-
estly after a median of 2777 periods (IQR 2498–3093), compared with 3469 (IQR 3023–3990)
for Verification-Only. Receipt-Only converges dishonestly in 183 runs after a median of
3969 periods (IQR 3309–4640). Figure 11b preserves the welfare ordering: M⋆ peaks at
0.57 and cv = 0.50, while Receipt-Only remains near 0.18. This lower optimum reflects
homogeneous learners whose deterrence saturates earlier than in the heavy-tailed ana-
lytical population; the experiment tests adaptive behavior rather than reproducing the
baseline calibration.

Three diagnostics connect the results to the model’s economic foundations: the moral-
hazard residual, MHR = Pr[shirk ∧ ¬detected]; residual coordination overhead,
RCO = (αcvcv + Pr[dispute] · 0.05)/P⋆; and illustrative dispute-resolution time,
DRT = ⌈ln((s0 − 1)/0.1)/(Kdet max(cv, 0.1))⌉ with Kdet = 1. Under M⋆, MHR falls from
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1.00 at cv = 0 to 0.00 at cv = 3 (Figure 12a). At cv = 1.50, its overhead is 0.15 and arises en-
tirely from verification; Verification-Only retains a dispute overhead of approximately 0.028
at cv = 0.50 (Figure 12b). Receipt-Only has zero measured overhead despite poor conduct
and is omitted from the bars. By construction, DRT is identical across verifying mechanisms
and falls from 14 rounds at cv = 0.25 to 2 at cv = 3; it is undefined for Receipt-Only.
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Figure 12. Theory-linked diagnostics. (a) Moral-hazard residual; Verification-Only curves are merged
after equality checks. (b) Verification and dispute components of coordination overhead.

6.8. Component and Matching Ablations

Table 7 compares component removals at cv = 1. Without verification, honesty is
zero and welfare is 0.150. At this calibration, staking contributes 0.070 to welfare and
15.8 honesty points, whereas reputation contributes 0.008 and 1.9 points at stake 0.60. This
smaller marginal effect does not make reputation dispensable: forfeited payment and stake
already provide most deterrence, while the matching ablation isolates the continuation
value created by reputation. The differences are calibration specific rather than a general
ranking of components.

Table 7. Component ablation at cv = 1, averaged over 100 seeds. Each ablated row disables one
enforcement component of M⋆.

Variant Verify Stake Rep. Welfare Honesty

Full mechanism M⋆ yes yes yes 0.549 0.999
Verification + reputation, no staking yes no yes 0.479 0.841
Verification + staking, no reputation yes yes no 0.541 0.980
Verification-Only, open matching yes no no 0.333 0.517
Verification-Only, centralized routing yes no no 0.282 0.517
Receipt-Only no — — 0.150 0.000

Because analytical runs select agents uniformly, a separate experiment measures
continuation value under each matching rule (Table 8). A reputation slash reduces the
focal agent’s selection share from 0.024 to 0.003 under score matching and to zero under
reputation-only matching. Price-only and random matching leave selection unchanged,
giving ∆i = 0. Reputation-sensitive rules add 5.0 honesty points without stake but only 0.6
at stake 0.60, where stake substitutes for continuation value. Price-only matching pays 0.40,
compared with 0.50 under score matching; score matching therefore trades higher payment
for better conduct rather than dominating both dimensions.
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Table 8. Matching-rule ablation at cv = 1. Selection shares are measured before and after one
reputation slash; ∆i is the resulting per-period continuation loss.

Matching Rule Share, Intact Share, Slashed ∆i Honesty, S = 0 Honesty, S = 0.6

Score, Ri − λpi 0.0241 0.0029 0.0021 0.582 0.982
Reputation only 0.0252 0.0000 0.0025 0.592 0.983
Price only 0.0241 0.0241 0.0000 0.532 0.976
Random 0.0250 0.0250 0.0000 0.532 0.976

Per-period centralized welfare is ωv(o)− C(o)− αcvcv, with stipulated routing effi-
ciency ω = 0.92 and ω = 1 otherwise. The discount represents centralized dispatch; M⋆

instead bears verification cost αcvcv. The main comparison assigns ω = 1 to both M⋆

and open Verification-Only. Removing the centralized discount raises its peak welfare
from 0.318 to 0.382, still below the peak of 0.557 for M⋆; the ordering is unchanged across
ω ∈ {0.88, 0.92, 0.96, 1.00}.

6.9. Sensitivity Analysis

Sensitivity sweeps vary n, T, s0, slashing, stake, patience, verification cost, and dispute
overhead. Across these sweeps, M⋆ retains the highest welfare, the verification optimum
remains interior, geometric-mean pricing attains the exposure bound, and staking prevents
whitewashing loss. Table 9 reports one-at-a-time results for M⋆. Changing n or T affects
only Monte Carlo precision because analytical agents respond independently to deterrence;
this invariance is not evidence of competition robustness. Market structure instead enters
through κ and the matching rule. Larger s0 increases the optimal budget, while greater
patience, higher stake, or smaller spread reduces the required verification. The verification-
cost coefficient changes peak welfare but not its grid location.

Table 9. One-at-a-time sensitivity analysis for M⋆: peak welfare and honesty.

Parameter Values Welfare Peak (Value at cv) Honesty at Peak

n 20, 50, 100 0.56 at 0.75; 0.56 at 0.75; 0.56 at 0.75 0.99; 0.99; 0.99
T 4000, 20,000 0.56 at 0.75; 0.56 at 0.75 0.99; 0.99
s0 2, 4, 8 0.57 at 0.50; 0.56 at 0.75; 0.50 at 1.50 1.00; 0.99; 0.96
σ 0.5, 1.0 0.54 at 1.00; 0.56 at 0.75 0.98; 0.99
stake 0.3, 0.6, 1.0 0.54 at 1.00; 0.56 at 0.75; 0.57 at 0.50 0.98; 0.99; 0.98
δ 0.90, 0.95, 0.99 0.55 at 1.00; 0.56 at 0.75; 0.57 at 0.50 0.99; 0.99; 1.00
αcv 0.025, 0.05, 0.1 0.58 at 0.75; 0.56 at 0.75; 0.52 at 0.75 0.99; 0.99; 0.99
dispute overhead 0.025, 0.05, 0.1 0.56 at 0.75; 0.56 at 0.75; 0.56 at 0.75 0.99; 0.99; 0.99

7. Discussion and Future Research
The results support a bounded interpretation of verifiable agent exchange. Geometric-

mean settlement is exposure-optimal within the class of receipt-conditioned payment rules,
while joint satisfaction of the four coordination constraints remains conditional on the
stated assumptions and parameter inequalities (Corollary 3). The mechanism therefore
does not eliminate trust. It reallocates trust from individual counterparties to credential
issuers, verification processes, authority gates, and settlement rules. This reallocation makes
dependencies explicit, but it also makes verifier quality and enforcement-path coverage
central points of failure.

7.1. Implications

For human principals, Proposition 2 limits mechanism-mediated spending and actions
to an encoded authority envelope. Theorem 1 complements this control by bounding
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multiplicative mispricing within an unresolved value fiber by
√︁

s(cv). Neither result
establishes that an authorized action is prudent or that the exchanged asset has high intrinsic
value. Rather, they bound what the agent may do and how severely residual uncertainty
can distort settlement. Verification budget is consequently a design variable rather than an
objective to maximize: additional verification narrows exposure but consumes resources,
which explains the interior welfare optimum observed in the numerical analysis.

For digital artifacts, settlement-visible evidence and the delivered object can coincide.
Stronger provenance for data, models, compute, and agent-generated outputs can therefore
narrow the range of values consistent with the available evidence. Its economic benefit
lies in reducing pricing uncertainty, not in creating value or guaranteeing quality. This
distinction also marks the boundary of the formal results. Once an agent acts in the physical
world, evidence no longer consists of the delivered artifact itself but of records describing
an external event. Section 7.3 develops this limitation.

Reallocating trust from counterparties to infrastructure carries its own exposure.
Proposition 4 treats a verifier that is honest but noisy, so its errors are random and bounded
by measurable rates. Capture of, or collusion with, a credential issuer or verifier is a
different failure, because the evidence itself becomes adversarial rather than imprecise.
Failure of an authority gate or settlement contract is different again, because it invalidates
the enforcement path that Proposition 2 assumes. No rate parameter in the present model
represents either case. Governing these dependencies requires the separation of duties,
independent attestation, contract assurance, and accountable infrastructure governance
rather than stronger conditions on the mechanism [47].

Deployment on a blockchain adds transaction overhead that the welfare model does
not price. Let ∆G denote the expected incremental on-chain cost per transaction relative to
Receipt-Only, excluding the verification cost already carried by cv. It covers the amortized
gas of credential, escrow, and stake operations together with the probability-weighted gas
of audit and arbitration calls. Table 7 gives a welfare advantage of 0.549− 0.150 = 0.399 per
unit of high-quality delivery value, which the calibration normalizes to one. Under propor-
tional scaling, the net modeled advantage remains positive whenever that value exceeds
∆G/0.399 ≈ 2.51∆G. Because geometric-mean settlement pays P⋆ =

√
1.00× 0.25 = 0.50

in the same units, the equivalent condition on the settlement amount is P⋆ > 1.25∆G. Both
ratios are specific to the Receipt-Only comparator and to this calibration, and a stronger
alternative narrows the margin. Settlement latency remains outside the welfare model.

7.2. Research Roadmap

Figure 13 organizes seven research areas that follow from limitations of the analyzed
mechanism. They identify extensions of the framework rather than the results established
in this study.

Agency theory: Classical agency theory models hidden effort but generally treats the
agent’s objective as given. For language-model agents, the operational objective may
also be opaque, and specification gaming may satisfy a literal contract while defeating its
intended purpose. Future work should identify incentive structures and process evidence
that reveal compliance with the principal’s objective rather than only with an observable
output specification.

Transaction-cost economics: Agents can reduce search and bargaining costs without
proportionately reducing the cost of verifying delivery [50,51]. If verification becomes
the dominant transaction cost, organizational boundaries may increasingly follow the
obligations that are difficult to verify rather than those that are difficult to negotiate. Testing
this proposition requires transaction-level cost evidence from deployed agent markets.
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Figure 13. Research roadmap linking the framework’s four requirements to open questions in agency
theory, transaction-cost economics, institutional economics, labor theory, market stability, innovation,
and distributed learning.

Institutional economics and legal personhood: Technically bounded authority does not
confer legal standing, and a slashed stake is a private enforcement instrument rather than
a legal remedy. Liability, jurisdiction, and the assets against which an autonomous agent
can be held accountable therefore remain unresolved [53]. Future research must determine
whether responsibility remains with the principal, shifts to service providers, or requires a
distinct legal status for autonomous agents.

Labor and human capital: Autonomous agents combine labor-like production with
capital-like reproducibility. This dual character complicates the allocation of ownership
returns, bargaining power, and factor shares. Empirical analysis will require explicit
records of agent ownership, contribution, and reputation before those distributions can
be measured.

Market efficiency and stability: The present model analyzes individual deviations and
does not characterize aggregate dynamics. Agents trained on shared data or using similar
pricing rules may produce correlated behavior, with implications for price informativeness
and shock propagation [56,57]. Future models should address tacit collusion, correlated
cascades, circuit breakers, decentralized-finance failures [58], and network diffusion [59].

Innovation: Low-cost algorithmic experimentation may accelerate the creation of prod-
ucts, prices, and contract forms, while making attribution more difficult. Provenance
evidence could record how agents combine purchased inputs, but it cannot by itself deter-
mine ownership or allocate the resulting returns. The open problem is how such evidence
should interact with contractual and institutional rules for machine-generated innovation.

Distributed and federated learning: Agent economies may require policy improvement
across organizations that cannot pool proprietary data. Credentials, staking, and reputation
can govern participation, but they do not ensure secure aggregation, valid model updates,
or privacy. Future work should connect these properties to the four coordination constraints,
potentially through proofs of prescribed update procedures under explicit computational
and verifier assumptions.
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7.3. Embodied Agents and the Physical Evidence Chain

Embodied agents expose the clearest boundary between what the framework can
express and what its results establish. Consider a delivery robot contracted to move a
temperature-controlled package under the obligation “delivered to address A before time
t̄, with container temperature never above 8 °C”. The framework’s components can be
mapped to this transaction: an operator-bound credential establishes identity; an authority
envelope restricts route, time, and expenditure; escrow conditions payment on a verification
receipt; and the verified outcome updates reputation. Encoding such an envelope requires a
representation of agent behavior in space and time, for which space–time-aware behavioral
models offer one starting point [60]. Unlike a digital artifact, however, the delivery must be
represented by signed position and time traces, a sealed-container temperature log, and
a recipient acknowledgment produced by attested sensing modules. If these records are
trustworthy, cv can represent sampling and audit depth, [vmin, vmax] can represent the range
consistent with the sampled trace, and sensor drift can enter Proposition 4 as a false-positive
rate. This mapping demonstrates expressibility, not a formally proven extension.

The unresolved problem is the authenticity of the physical evidence. In the digital
setting, the delivered artifact can itself supply the settlement evidence. In the physical
setting, the evidence is a claim about the world produced by devices that the acting agent
may own or influence. Additional readings from a compromised thermometer do not
close this gap. The extension therefore requires an assumption absent from Assumption 2:
sensing must be rooted in hardware or institutions that the acting agent cannot manipulate.
Trusted execution environments, tamper-evident logs, and independent sensing are possible
foundations, but each introduces cost and an additional trust dependency. Future research
must determine when such an evidence chain is economically justified and which physical
obligations should remain outside autonomous settlement when it cannot be established.

8. Conclusions
Autonomous transactions require explicit rules for evidence, authority, identity, and

settlement rather than assumed trust, and those rules have to be designed into the economic
infrastructure rather than supplied after a failure. This paper turned that requirement into
a formal object: a definition with testable criteria, a layered reference model, a coordination
problem with four constraints, and a mechanism whose guarantees are each stated at the
strength it earns. The exposure bound is unconditional within its rule class, while delivery
incentive compatibility and Sybil resistance hold under stated deterrence and identity-cost
conditions. Keeping the two apart is the framework’s practical content. It tells a designer
which properties follow from the mechanism itself, and which have to be bought with
stake, patience, or verification budget in a particular market. The next step is to instantiate
the mechanism on deployed identity, wallet, verification, and settlement primitives and test
it with real agents and tasks, which is the evidence needed to establish where the model’s
assumptions hold, where implementation cost dominates, and where the formal account
must be revised.
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