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Abstract

Smart contracts are increasingly expected to support private, auditable, and low-cost digital agreements in finance, supply
chains, healthcare data exchange, public services, and machine-to-machine coordination. Yet the same properties that
make blockchain execution attractive also create a difficult design tension: fully public on-chain computation offers
auditability but exposes business logic and data, while heavy cryptographic privacy can protect confidentiality at a cost
that limits practical adoption. Inspired by recent formal analyses of layer-2 optimistic rollups and replicated off-chain
computation, this article develops a future-oriented architecture that converges privacy computing, verifiable computation,
and layer-2 blockchain protocols for trustworthy smart contracts. Rather than proposing another single protocol, the study
provides an architectural framework, risk taxonomy, and data-oriented evaluation model for systems that combine off-
chain execution, selective disclosure, dispute resolution, commitment structures, and settlement-layer accountability. The
proposed architecture emphasizes privacy-by-design, verification-by-default, and settlement-by-exception. It also
addresses free-riding, copy behavior, no-action behavior, collusion risk, data leakage through dispute evidence, and the
operational cost of adding privacy after deployment. A small comparative data analysis illustrates how privacy-preserving
verification changes the distribution of gas cost, transaction frequency, and governance burden across accept and challenge
scenarios. The article contributes to the literature by shifting attention from isolated smart contract privacy mechanisms
toward integrated, future-proof protocol architecture. It concludes with a research agenda for reactive contracts, modular
verification, Al-assisted anomaly detection, cross-rollup interoperability, and compliance-aware smart contract governance.

Keywords: privacy computing; verifiable computation; layer-2 blockchain; optimistic rollup; smart contracts; trustworthy
architecture; dispute resolution; protocol governance

Article History:

Received: April 18, 2025

Revised: June 20, 2025

Accepted: August 16, 2025

Available Online: September 30, 2025

I. INTRODUCTION

Blockchains made it possible to execute agreements through programs rather than institutional intermediaries. In their most
visible form, smart contracts are public, deterministic, and verifiable. These properties are valuable because the parties do not
need to trust a single database operator or a private platform owner. However, the same transparency that creates public
auditability can become a barrier to adoption when contract logic, intermediate states, commercial terms, bids, payments, or
identity-linked data should not be exposed to every observer on a public chain. The problem is no longer whether smart contracts
can run; the more important question is whether they can run with privacy, verifiability, scalability, and governance assurance at
the same time (Kou et al.,2025; Fiore et al.,2014).

Layer-2 blockchain protocols emerged as a practical response to the cost and congestion limitations of layer-1 blockchains.
Instead of forcing every node to repeat every instruction, layer-2 systems move most computation off chain and use the base
chain mainly for settlement, dispute resolution, and final accountability. Optimistic rollups, validity rollups, state channels, and
other layer-2 designs differ in their verification logic, but they share an architectural ambition: preserve the security anchoring of
a public blockchain while avoiding the cost of fully on-chain execution. This ambition is especially important for smart contracts
that require complex computation, repeated transactions, or confidential business data (Atzei et al.,2017; Walfish et al.,2015).

The research direction motivating this article concerns formal security and privacy models for layer-2 smart contracts, with
particular attention to optimistic rollups, off-chain managers, dispute resolution, and free-riding risks. Its core implication is that
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a layer-2 design may produce the correct output yet still fail to detect participants who accept results without independently
computing them (Lu,2025; Setty et al.,2012).

This article builds on that research direction while taking a broader architectural path. It does not reproduce a formal protocol
proof or present a narrow platform-specific model. Instead, it develops a future-oriented architecture that converges privacy
computing, verifiable computation, and layer-2 settlement into a practical model for trustworthy smart contracts (Nikolic et
al.,2018; Thaler,2013).

The phrase trustworthy smart contracts is used here in a broad but operational sense. A trustworthy smart contract
architecture should ensure that authorized participants can execute private business logic, that public observers receive only the
information needed for verification or settlement, that dishonest participants are discouraged and detected, that dispute evidence
does not unnecessarily leak computation traces, and that the system remains deployable under realistic cost constraints.
Trustworthiness therefore combines technical assurance with economic incentives and operational governance (Wu et al.,2025;
Parno et al.,2013).

The paper makes three contributions. First, it develops an integrated architecture that places privacy computing, verifiable
computation, and layer-2 settlement into a single design model. Second, it offers a risk taxonomy that links technical attacks with
economic incentives and governance failures. Third, it provides a data-oriented analysis of representative cost and transaction
patterns to show why privacy-by-design may be more practical than retrofitting privacy into an existing verifiable computation
protocol. The article is conceptual and analytical rather than purely theoretical, and its target contribution is a future-oriented
research framework for Crossroads of Future Technologies (Tsankov et al.,2018; Bonawitz et al.,2017).

II. BACKGROUND AND CONCEPTUAL FOUNDATION

A. Privacy Computing for Smart Contracts

Privacy computing refers to a family of techniques that allow computation, verification, or data exchange while limiting
unnecessary exposure of sensitive information. In blockchain environments, privacy computing may include commitments,
secure multiparty computation, homomorphic encryption, zero-knowledge proof systems, trusted execution, data minimization,
selective disclosure, and hybrid approaches that combine cryptographic and institutional safeguards. The key issue is not simply
hiding data; it is enabling useful computation without making the entire computation trace public (Lu et al.,2024; Acar et
al.,2018).

For smart contracts, privacy has at least three layers. Transactional privacy protects senders, receivers, amounts, and inputs.
State privacy protects the values that determine the contract state. Transition privacy protects the logic and intermediate
execution steps through which a state changes. Many public blockchain designs are strong in integrity but weak in privacy
because state transitions are deliberately visible. Layer-2 protocols offer a different design space: they can keep most
computation off chain while allowing public verification only when required (Tikhomirov et al.,2018; Gentry,2009).

The architectural challenge is that privacy mechanisms often introduce computational overhead. Zero-knowledge proof
systems may provide strong privacy and succinct verification, but proof generation can be complex, and application developers
may require specialized expertise. Fully homomorphic encryption and generic obfuscation are powerful in principle but remain
costly for broad smart contract workloads. A future-oriented architecture therefore needs a modular privacy layer that selects
mechanisms according to the sensitivity, frequency, value, and dispute probability of each contract workflow (Xu et al.,2024;
Dwork,2006).

B. Verifiable Computation and Replicated Execution

Verifiable computation allows a client or public verifier to gain assurance that a computation was performed correctly
without repeating all of it. In blockchain systems, this assurance can be achieved through proof systems, replicated off-chain
computation, challenge-response games, fraud proofs, or combinations of these mechanisms. Replicated execution is especially
relevant for optimistic protocols because several managers or validators may execute the same task off chain, compare results,
and rely on a public referee contract only when disagreement occurs (Durieux et al.,2020; Kairouz et al.,2021).

The main advantage of replicated off-chain computation is practical simplicity. Managers can execute ordinary programs, and
the settlement layer is used mainly to check commitments, resolve disputes, and penalize misconduct. The main weakness is
behavioral: if a manager can receive a reward without doing the work, the system may become correct only because someone
else acted honestly. Over time, such free riding can weaken security, reduce incentives for diligent verification, and invite
collusion. This is precisely why result confirmation, unpredictable challenge selection, and accountable acceptance become
central design elements (Chen et al.,2024).

Trustworthy architecture should not assume that every participant has a stable utility function or that rational incentives
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explain all misconduct. A validator may delay publication, copy a result, remain silent, collude with another participant, or leak
private computation details even when immediate economic payoff is unclear. Formal models are useful because they define
what a protocol promises under explicit assumptions. Architectural models are also needed because deployment environments
introduce software, governance, and interoperability constraints that are not fully captured by proof (Kalra et al.,2018).

| Application contract layer Private business logic, policy constraints, user instructions |

Privacy computing layer Encryption, commitments, selective disclosure, data mmimil1lmn

Verifiable computation layer  Replicated execution, proofs, challenge-respanse verification

| Layer-2 protocol layer Off-chain managers, rollup state, dispute resolution, sequenciiuy

l Layer-1 settlement layer Referee contract, finaliry, dhpni&'ﬂuhing-pulﬁémdimiﬂ|

Design principle: privacy-by-design, verification-by-default, and settlement-by-exception
Fig 1. Layered architecture for converged privacy computing, verifiable computation, and layer-2 smart contract protocols.

Fig 1 summarizes the proposed architecture without presenting it as a linear pipeline. The layers are stacked because
trustworthy smart contract execution depends on co-design rather than one-way processing. The application contract layer
defines business logic and policy constraints. The privacy computing layer decides what should be hidden, committed, encrypted,
or selectively disclosed. The verifiable computation layer supplies evidence that off-chain execution was correct. The layer-2
protocol layer coordinates managers, sequencing, dispute windows, and off-chain state. The layer-1 settlement layer provides
public finality, deposits, slashing, and auditability. The central design principle is that the public chain should settle and verify
exceptions, not expose every routine computational step (Lu et al.,2023).

This architecture differs from conventional smart contract engineering in two ways. First, it treats privacy as a first-order
requirement rather than a secondary feature. Second, it treats verification as an operational process with multiple evidence levels
rather than a single yes-or-no proof. Some contracts may need only commitments and optimistic challenge windows. Others may
require zero-knowledge proofs, threshold signatures, or multiparty audit trails. The architecture is therefore not a replacement for
existing rollup protocols; it is a design map for selecting and integrating mechanisms (Rodler et al.,2019).

TABLE 1. DESIGN REQUIREMENTS FOR FUTURE-ORIENTED TRUSTWORTHY SMART CONTRACTS

Requirement Architectural Meaning Representative Design Response
. . Limit leakage to entities outside the Commitments, encrypted state, minimal on-
Outsider privacy . . . .
authorized execution group chain assertions
Lo . Ensure off-chain computation matches the Replicated computation, fraud proofs,
Execution integrity . A .
agreed contract logic validity proofs, trace commitments
. . Prevent parties from accepting rewards Result confirmation, unpredictable spot
Free-rider resistance . . L
without doing the work checks, proof of participation
. - Resolve di t without ling th Merkl itments, selecti i
Dispute confidentiality esolve dlsagreemen without revealing the erkle commitments, selective opening,
full computation trace private challenge design
. Avoid making layer-1 validators repeat Settlement-by-exception and batched
Cost scalability Vol glay v P ement-by-excep
routine work finalization
- Make roles, incentives, and failure Deposits, slashing, policy logs, compliance
Governance accountability » INCENUVES, u p ’ & pOlicy 10gs, P
procedures auditable metadata

ITII. RESEARCH GAP AND PROBLEM DEFINITION

Table I shows that future trustworthy smart contracts cannot be evaluated by security proofs alone. Security proofs answer
whether a protocol satisfies a formal definition under specified assumptions. Deployment decisions require additional questions:
Who chooses the managers? What evidence is published when a dispute occurs? How are deposits calculated? What happens
when the computation is reactive rather than fixed at the start? How is privacy maintained when the chain itself becomes an
archive of dispute evidence? These questions are not peripheral; they determine whether a privacy-preserving layer-2 protocol
can become usable infrastructure (Ye et al.,2022).

The first research gap concerns the separation between privacy computing and verifiable computation. Many privacy systems
are designed around confidentiality, while many verification systems are designed around correctness. In smart contracts, the two
cannot be separated. A dispute mechanism that proves correctness by revealing too many intermediate states may technically
resolve a challenge while undermining the contract’s privacy purpose. Conversely, a privacy mechanism that hides too much
may prevent the referee from detecting misconduct. Future architecture must balance these requirements at the level of protocol
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evidence (Hildenbrandt et al.,2018).

The second research gap concerns incentive-compatible verification. Optimistic protocols frequently depend on at least one
honest or economically motivated participant to challenge false claims. However, if verification work is costly and acceptance
can be passive, rational participants may wait for others to do the work. This behavior is subtle because the system may still
produce correct outputs in many runs. The danger is not necessarily immediate incorrectness but the erosion of the replicated
computation assumption that makes the protocol trustworthy (Lu,2022).

The third research gap concerns the cost of retrofitting privacy. A protocol originally designed for correctness may use public
intermediate responses, public challenges, or referee-generated queries that are efficient for verification but damaging for privacy.
Adding privacy later can require extra commitments, additional transactions, encrypted evidence, or redesigned dispute logic.
This creates a broader principle for future smart contract engineering: privacy should be considered at the time the verification
pathway is designed, not after the protocol becomes operational (Grishchenko et al.,2018).

The fourth gap concerns evaluation. Smart contract research often compares gas cost, throughput, proof size, or finality time.
These are important, but they do not fully measure trustworthy architecture. A better evaluation framework should also measure
leakage surface, misconduct detectability, dispute confidentiality, role complexity, manager storage burden, upgradeability, and
compliance readiness. The article therefore defines a multidimensional evaluation model rather than relying on a single
performance indicator (Zheng et al.,2022).

IV. PROPOSED ARCHITECTURE

A. Architectural Logic

The proposed architecture is built on three operating principles: privacy-by-design, verification-by-default, and settlement-
by-exception. Privacy-by-design means that the protocol identifies sensitive objects before execution begins, including inputs,
outputs, intermediate states, contract logic, role identities, and dispute evidence. Verification-by-default means that every
acceptance decision should be accountable, even when no dispute occurs. Settlement-by-exception means that the layer-1 chain
is used when a public commitment, finality event, or dispute check is necessary, not as a general-purpose computation engine
(Torres et al.,2018).

At the start of a contract session, the client defines the contract package, participant set, privacy policy, reward rule, deposit
condition, and verification mode. The contract package is not necessarily posted on chain. Instead, a commitment to the package
and initial state is posted, while authorized managers receive the executable logic through a protected channel. The managers
compute off chain and publish only the minimal assertion required by the protocol: normally a state commitment, output
commitment, execution length, and metadata needed for the dispute window (Xu et al.,2021).

Acceptance is treated as an accountable act. A manager that accepts an assertion may need to provide lightweight
confirmation that it has independently derived a checkpoint, selected state hash, or trace commitment. The purpose is not to
reveal the computation but to discourage passive acceptance. When a dispute occurs, the architecture uses selective opening:
only the disputed segment, proof path, or single-step evidence necessary for resolution should be disclosed. The referee contract
validates the evidence and applies penalties according to the recommitted rules (Schneidewind et al.,2020).

This design differs from naive replicated computation. In naive replicated computation, the system may rely on matching
results and disputes after disagreement. In the proposed architecture, the acceptance path itself is instrumented to provide
evidence of work, while the challenge path is instrumented to prevent unnecessary privacy loss. This double instrumentation is
essential for the convergence of privacy and verification (Zhang et al.,2021).

B. Core Components

The privacy policy engine classifies contract data into public, private-to-managers, private-to-subsets, and never-disclosed
categories. Public data may include the existence of a contract session, deposits, and final commitments. Private-to-managers
data may include computation logic and inputs. Private-to-subsets data may include role-specific information, such as bids or
supplier terms. Never-disclosed data may include secrets that should remain hidden even during disputes, requiring proof-based
or encrypted verification (Mavridou et al.,2019).

The trace commitment service records a compact representation of execution without storing the full trace on chain. Merkle
trees, vector commitments, or polynomial commitments may be used depending on the workload. In a simple optimistic design,
managers store the trace off chain and publish roots or checkpoints. During a dispute, only selected evidence is opened. This
supports the architectural goal of dispute confidentiality (Lu et al.,2020).

The verification coordinator manages acceptance, challenge, and penalty procedures. In manager-based systems, it should
prevent non-action behavior by requiring explicit acceptance or accountable silence rules. If a party remains silent, the protocol
must distinguish network failure, strategic non-response, and legitimate abstention. Such distinctions are difficult but ignoring
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them creates incentives for no-action attacks. The coordinator therefore needs deadlines, deposits, recoverable failure procedures,
and audit logs (Chen et al.,2020).

The governance and compliance layer records policy-relevant metadata. This does not mean that private data is disclosed.
Instead, metadata may document which privacy mode was used, which parties were authorized, which evidence type resolved a
dispute, and whether penalties were applied. For regulated environments, this layer can support auditability without forcing full
transparency of business data (Lu et al.,2019).

TABLE II. COMPONENTS OF THE PROPOSED ARCHITECTURE

Component Main Function Risk Controlled Operational Output
. . . Classify data and disclosure . Privacy mode and disclosure
Privacy policy engine Unnecessary public leakage
rules map
. . Committee to execution states Evidence manipulation and full-  State roots, checkpoints, proof
Trace commitment service -
off chain trace exposure paths
Verification coordinator Manages accept'fmce and Free-riding, no-action, strategic Acceptange proofs, challenge
challenge behavior delay logs, slashing events
Anchors commitments and final ~ Unenforceable off-chain Finality, deposits, penalties,
Settlement contract - . . .
decisions promises public audit record
Records role and compliance . . Audit Metadata and governance
Governance layer Ambiguous accountability
metadata reports
e Connects rollups, wallets, and Fragmented execution and Standard APIs and cross-rollup
Interoperability interface . :
external systems vendor lock-in evidence format

V. RISK TAXONOMY FOR CONVERGED LAYER-2 PRIVACY SYSTEMS

Future-oriented architecture needs a risk taxonomy because layer-2 smart contract failures are not all of the same kind. Some
failures are cryptographic, such as invalid commitments or broken proof assumptions. Some are economic, such as reward rules
that make lazy behavior attractive. Some are operational, such as manager downtime, software incompatibility, or dispute
window misconfiguration. Others are governance failures, such as unclear responsibility for selecting managers or updating
contracts. Treating all risks as technical attacks leads to incomplete architecture (Bartoletti et al.,2018).

The first risk of family is computation integrity risk. It includes false assertions, incorrect state transitions, incomplete
execution, malicious challenge generation, and invalid proof submission. In optimistic designs, integrity risk is controlled
through disagreement detection, challenge-response procedures, and penalties. In proof-based designs, it is controlled through
proof verification. In hybrid designs, a low-cost optimistic path may be used for routine execution, while stronger proofs are
reserved for high-value or high-risk transactions (Lu,2019).

The second risk family is participation integrity risk. It includes free-riding, copy attacks, no-action behavior, and silent
acceptance without computation. These behaviors can be difficult to detect because the final output may still be correct if another
manager performed the work. The architecture therefore requires proof of participation or random checkpoint confirmation. This
is a key distinction between producing a correct result once and maintaining a trustworthy verification ecosystem over time
(Destefanis et al.,2018).

The third risk family is privacy leakage risk. It includes public exposure of inputs, outputs, intermediate states, computation
logic, manager identities, and dispute evidence. A poorly designed dispute mechanism may leak more information during one
challenge than the routine protocol leaks across many successful executions. Leakage should therefore be evaluated not only in
normal operation but also in adversarial and exceptional operation (Lu,2018).

The fourth risk family is governance and compliance risk. Even when a protocol is technically sound, real users need to
understand who is responsible for manager selection, contract upgrades, key management, emergency pauses, and data retention.
Institutional users may require evidence of compliance with data protection, anti-fraud, auditing, and financial reporting rules.
Layer-2 smart contract architecture must therefore include governance hooks rather than leaving these questions to application
developers (Yli-Huumo et al.,2016).
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Fig 2. Comparative design trade-offs among three smart contract execution models.

Fig 2 compares three broad execution models across six design dimensions. Fully on-chain execution performs well in
auditability and deploy ability but poorly in privacy and cost. Zero-knowledge-heavy rollups perform strongly in privacy and
verifiability but face challenges in developer complexity and operational cost. Optimistic layer-2 systems with privacy
computing occupy a middle position: they may not maximize every dimension, but they can provide a balanced architecture for
applications where cost, privacy, and verifiability must all remain acceptable (Lu,2017).

The figure should not be interpreted as a universal ranking. The best design depends on the application. A confidential
auction may require stronger privacy than a loyalty points program. A high-value derivatives contract may justify expensive
proof generation, while a supply chain quality claim may prefer optimistic verification with selective dispute evidence. The point
is that future architecture should support design choice rather than force every smart contract into a single verification model
(Casino et al.,2019).

TABLE III. RISK TAXONOMY AND CONTROL MECHANISMS
Risk Type Typical Manifestation Control Mechanism Architecture Implication
False assertion or invalid state Trace commitments, fraud Verification layer must be
transition proof, proof verification modular
Checkpoint confirmation,

Computation integrity

Copy attack, no-action behavior, Acceptance cannot be treated as

Participation integrity g deposits, accountable .
passive acceptance costless silence
acceptance
. Intermediat X lecti ning, en Di th must ri -
Privacy leakage e eq ate states exposed Se. ective opening, e grypted spute path must be privacy
during disputes evidence, minimum disclosure aware
. Multiple managers coordinate Any-trust design, randomized Manager selection and incentive
Collusion . =
around false behavior checks, role diversity rules matter
. . Timeouts, network delays, Grace periods, recovery rules, Governance must handle non-
Operational failure ; o . .. .
software incompatibility redundant interfaces malicious failure
. . Insufficient audit metadata or Policy logs, role records, Technical protocols need
Compliance failure o . . . L )
unclear responsibility disclosure classification institutional interfaces

VI. DATA ANALYSIS AND EVALUATION MODEL

To make the architectural argument more concrete, this section develops a compact data analysis based on representative
protocol evaluation dimensions. The purpose is not to benchmark a production rollup. Rather, it is to illustrate how trustworthy
architecture should be evaluated across cost, transaction count, verification depth, and privacy exposure. The motivating PDF
manuscript provides a useful reference point because it compares accept and challenge scenarios for Arbitrum0, Arbitron, and a
privacy-preserving SC-RDoC design, including gas cost and transaction count for a matrix multiplication benchmark (Saberi et
al.,2019).

The main lesson from such a comparison is that privacy-aware verification changes where cost appears. Privacy-by-design
architecture may add a small amount of routine cost to the acceptance path because accepting managers must provide evidence
that they perform relevant work. However, it may reduce challenge-path cost or avoid the much larger cost of retrofitting privacy
into a protocol that originally allowed the referee contract to see intermediate computation results. The difference is architectural,
not merely numerical (Kshetri,2018).

In evaluation terms, four metrics are especially useful. The first is normal-path cost: gas and transactions when all managers
agree. The second is dispute-path cost: gas, transactions, rounds, and revealed evidence when there is disagreement. The third is
leakage index: the amount and sensitivity of information disclosed in normal and dispute paths. The fourth is participation
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assurance: the probability or confidence that accepting parties performed the required computation. A system with low gas cost
but low participation assurance may look efficient while becoming fragile over repeated use (Li et al.,2020).

800000 1 E=Z Accept case

EEEE Challenge case
700000
600000
500000
400000

300000

200000

Referee contract execution cost (gas)

100000 1

V.

vL2 architecture Arbitrum-like baseline Privacy-added RDoC

Fig 3. [llustrative on-chain verification cost patterns in accept and challenge cases.

Fig 3 uses representative gas values from a matrix multiplication evaluation to show why architectural placement of privacy
matters. The privacy-added RDoC design has substantially higher accept and challenge costs because privacy protection is
layered onto a verification design that was not originally optimized for confidential dispute handling. The vL2 architecture, by
contrast, adds work in the acceptance case but can remain much lower than the privacy-added alternative in the challenge case.
This supports the broader design principle that privacy should be embedded into the verification pathway early (Queiroz et
al.,2020).

The acceptance case deserves special attention. Some baseline systems appear inexpensive because only one party submits a
result, and no comparison is required on chain. But if acceptance is entirely passive, the protocol may be unable to tell whether
another party computed the result or simply waited. A small acceptance cost can be justified if it materially improves
participation assurance. Future evaluations should therefore report both gas cost and work-confirmation strength (Azzi et
al.,2019).

The challenge case is equally important because disputes are rare in optimistic operation but critical for security credibility.
The cost of a dispute includes not only gas and transactions but also privacy loss, delay, user experience, and governance burden.
A dispute mechanism that is cheap but reveals sensitive computation may be unsuitable for private enterprise use. Conversely, a
highly private challenge mechanism that is too expensive may discourage legitimate challenges and weaken integrity (Mendling
et al.,2018).

TABLE IV. EVALUATION DIMENSIONS FOR TRUSTWORTHY LAYER-2 SMART CONTRACTS

Dimension Metric Example ‘Why It Matters
Normal-path efficiency Gas, transaction count, confirmation delay Detem 1nes routine usability and cost
predictability
Dispute-path robustness Rounds, gas, evidence size, finality delay ]O)Ce;fi?snmes credibility when disagreement

Determines whether confidentiality survives

Privacy exposure Public fields, opened states, leaked metadata . .
execution and dispute
Evidence of independent computation or

Participation assurance Controls free-riding and passive acceptance

checkpoint knowledge
Governance clarity Role logs, upgrade procedures, emergency Supports 1p§t1tut10nal adoption and
rules accountability
Interoperability Compatibility of evidence and state formats Supports future cross-rollup and multi-chain
deployment

VII. SCALABILITY, DEPLOYMENT, AND FUTURE APPLICATION SCENARIOS

The scalability promise of layer-2 architecture comes from moving routine computation off chain while retaining layer-1
settlement for finality and dispute resolution. However, scalability should not be reduced to transaction throughput. A privacy-
preserving layer-2 system also has to scale manager storage, trace commitment generation, proof handling, dispute windows,
monitoring, and governance operations. If managers must store long execution traces, storage requirements may become a
hidden cost. If dispute procedures require many rounds, finality may become uncertain for complex contracts (Christidis et
al.,2016).

The proposed architecture therefore recommends adaptive granularity. Some computations can be committed at the opcode or
instruction level, which supports precise disputes but increases trace length. Others can be committed at block, function, or
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semantic checkpoint level, which reduces trace size but may make dispute resolution less precise. The appropriate granularity
should depend on contract value, privacy sensitivity, expected dispute probability, and computational complexity. This is a
design decision that belongs to architecture, not a low-level implementation detail (Novo,2018).

Deployment complexity is another major issue. A real layer-2 smart contract system includes on-chain contracts, off-chain
managers, virtual machine components, wallets, sequencers, monitoring services, and governance tools. Modifying the dispute
mechanism may require changes across several components. Therefore, future architectures should define stable interfaces
between the privacy layer, verification layer, and settlement layer. Without stable interfaces, each privacy or verification upgrade
becomes a full system redesign (Ouaddah et al.,2017).

Application scenarios are broad. In decentralized finance, private trading strategies, collateral conditions, and liquidation
logic could be verified without full public disclosure. In supply chains, smart contracts could verify supplier performance, quality
claims, or carbon data while protecting commercially sensitive process information. In healthcare data exchange, patient data
access agreements could be enforced with auditable commitments and privacy-preserving computation. In public procurement,
bids and evaluation procedures could be committed, verified, and selectively disclosed after award decisions. These scenarios
differ, but they share the need for privacy, correctness, and accountable settlement (Zyskind et al.,2015).

The most demanding future scenario is reactive smart contracts. Non-reactive computation begins with inputs that are
available at the start, making trace commitments and replicated execution more straightforward. Reactive contracts receive
events over time, interact with external systems, and may change behavior based on asynchronous inputs. For such contracts, the
architecture must verify not only computation but also event ordering, input consistency, oracle reliability, and state continuity.
This is a major research frontier for converged privacy and verification (Dorri et al.,2017).

1754 —®— Privacy proof/commitment work
—8— Verification trace work
—#— On-chain settlement interaction

Normalized processing index
a z 3 B 8
3 2 B &

~
&

—— A

— &

p = > 0 o
Off-chain computation steps

Fig 4. Simulated scaling pattern of privacy, verification, and settlement workload components.

Fig 4 presents a normalized simulation to illustrate how workload components may scale as off-chain computation steps
increase. Privacy proof and commitment work may grow faster than settlement interaction because commitments and local
evidence are generated off chain, while the settlement layer is used only for summarized state and exceptions. Verification trace
work grows with computation complexity but can be moderated by checkpoint granularity. The most important implication is
that layer-1 cost alone can understate the total operational cost of privacy-preserving verification (Reyna et al.,2018).

The simulation also suggests why architectural modularity matters. If privacy computation becomes the dominant workload,
the system may need specialized proof services or hardware acceleration. If verification trace work dominates, the system may
need better checkpointing and storage compression. If settlement interaction dominates, batching and dispute window design
become more important. Future-proof architecture should be able to adjust these modules without rewriting the entire smart
contract stack (Makhdoom et al.,2019).

VIII. DISCUSSION: TOWARD TRUSTWORTHY SMART CONTRACT INFRASTRUCTURE

The convergence of privacy computing, verifiable computation, and layer-2 protocols points toward a broader transformation
in blockchain infrastructure. Early smart contract systems were designed around radical transparency. Later systems introduced
scalability through off-chain execution. The next phase will require selective transparency: enough public evidence to make
execution accountable, but not so much exposure that private contracts become commercially or legally unusable. Selective
transparency is an architectural property, not a single cryptographic primitive (Sharma et al.,2019).

This perspective also changes how protocol success should be understood. A protocol that produces correct output in a single
experiment may still be weak if it cannot identify non-performing participants. A protocol that preserves privacy in normal
operation may still be weak if dispute resolution exposes sensitive traces. A protocol that has low gas cost may still be weak if
governance responsibilities are unclear. Trustworthy smart contracts require a portfolio of assurances: correctness, privacy,
incentive alignment, operational resilience, and institutional accountability (Dinh et al.,2018).
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The article’s architecture has implications for developers. Smart contract developers should describe data sensitivity and
verification requirements before choosing a deployment model. They should ask whether acceptance requires evidence of
independent work, whether disputes reveal sensitive states, and whether the contract can tolerate delayed finality. They should
also consider whether the application requires reactive behavior, cross-chain settlement, or compliance reporting. These choices
should be made at design time, not after deployment (Androulaki et al.,2018).

The architecture has implications for researchers as well. Formal security models remain essential, but future research should
connect them to empirical cost analysis and governance design. Game-theoretic models should be extended beyond two-party
settings, but researchers should recognize that real adversaries may not behave as clean utility maximizers. Privacy models
should include dispute-path leakage, metadata leakage, and long-term archival exposure. Evaluation studies should publish not
only gas tables but also evidence formats, trace sizes, role assumptions, and implementation constraints (Gencer et al.,2018).

Finally, architecture has implications for regulators and institutional adopters. Public blockchains do not eliminate
governance; they relocate it into code, incentives, and protocol roles. A privacy-preserving layer-2 contract may support
auditability without exposing confidential data, but only if disclosure rules, evidence retention, and accountability mechanisms
are explicit. Institutions adopting such systems should demand audit-ready metadata, role documentation, and clear upgrading
procedures. Trustworthy infrastructure is not created by cryptography alone (Bonneau et al.,2015).

IX. GOVERNANCE BLUEPRINT AND IMPLEMENTATION PATHWAY

The proposed architecture becomes practical only when translated into an implementation pathway. A future-oriented smart
contract project should begin with a privacy and verification assessment before code is deployed. This assessment should
identify contract objects, private attributes, public commitments, authorized execution roles, and exceptional evidence that may
be opened during disputes. In many blockchain projects, these decisions are made informally by developers after the protocol is
already selected. That practice is risky because it pushes privacy and governance into late-stage patches. A more mature
approach treats privacy classification, verification mode, and dispute procedure as part of the original system specification (Eyal
et al.,2016).

The first implementation step is workload classification. Contracts should be grouped according to whether they are non-
reactive, periodically reactive, or fully event driven. Non-reactive contracts are the easiest to support because inputs are known at
the start and trace commitments can be built around a fixed computation. Periodically reactive contracts, such as supply chain
milestone payments or recurring settlement agreements, require controlled event windows and repeated checkpointing. Fully
event-driven contracts, such as automated market strategies or loT-triggered insurance claims, require stronger event authenticity
and ordering guarantees. Each category should receive a different privacy and verification profile (Kiayias et al.,2017).

The second implementation step is role design. The architecture assumes that users, managers, sequencers, challengers,
auditors, and settlement contracts may have different visibility rights. A manager may see private computation logic but not user
identity. An auditor may see compliance metadata but not underlying commercial terms. A public observer may see only
commitments and final events. These distinctions are important because many real-world failures occur when all participants are
implicitly treated as either fully trusted or fully public. Role-specific visibility makes trust assumptions explicit and supports
safer system integration (Pass et al.,2017).

The third implementation step is incentive calibration. Deposits and rewards should be linked to the cost of computation, the
value of the contract, the probability of dispute, and the damage caused by privacy leakage. A small deposit may be enough for
low-value routine transactions but inadequate for high-value confidential settlements. Excessive deposits, however, can exclude
smaller participants and reduce decentralization. The architecture therefore recommends adaptive deposits, where protocol
parameters can be adjusted by contract class rather than fixed globally (Herlihy,2018).

The fourth implementation step is evidence of lifecycle management. Evidence should have a defined lifecycle: generated
during execution, stored by authorized parties, committed on chain, selectively opened during disputes, and retained or deleted
according to policy. If evidence is stored indefinitely without governance rules, privacy risk accumulates. If evidence is deleted
too early, dispute resolution becomes impossible. A future trustworthy system needs retention rules that are auditable, technically
enforceable, and aligned with legal requirements (Decker et al.,2013).

The fifth implementation step is independent monitoring. Even when a protocol has formal guarantees, operational
monitoring remains necessary. Dashboards can report dispute frequency, average challenge duration, acceptance proof failure,
manager silence, gas volatility, and unusual response timing. These indicators do not prove misconduct by themselves, but they
provide early warnings that the incentive environment or implementation may be drifting away from the assumptions used in the
protocol model (Daian et al.,2020).

TABLE VI. IMPLEMENTATION PATHWAY FOR TRUSTWORTHY SMART CONTRACT ARCHITECTURE
Step Main Task Expected Deliverable
Workload classification Separate non-reactive, periodic, and event- Contract execution profile
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driven contracts

Define visibility and action rights for each
participant

Set deposits, rewards, and penalties by
contract class

Specify generation, storage, opening,
retention, and deletion rules

Track disputes, silence, response timing,
and gas volatility

Role design Role-permission matrix

Incentive calibration Economic parameter sheet

Evidence lifecycle Evidence governance policy

Monitoring deployment Operational assurance dashboard

X. FUTURE RESEARCH AGENDA

Four research directions deserve priority. The first is reactive privacy-preserving verification. As smart contracts become
event-driven and connected to Al agents, IoT devices, and external oracles, protocols must verify the correctness of state
transitions over time without leaking sensitive event streams. This will require new models for input consistency, event ordering,
and adaptive dispute evidence (Qin et al.,2021).

The second direction is Al-assisted protocol monitoring. Machine learning models can analyze transaction timing, acceptance
patterns, challenge behavior, deposit movement, and manager response histories to identify possible free-riding, collusion, or
strategic delay. Such models should not replace formal verification, but they can complement protocol rules by detecting
behavioral anomalies across many contract sessions (Schar,2021).

The third direction is cross-rollup interoperability. As layer-2 ecosystems multiply, smart contracts may need to move
commitments, proofs, or dispute evidence across rollups. Standardized evidence formats and privacy-preserving bridges will
become important. Without interoperability, each rollup becomes a silo, and trustworthy smart contract architecture remains
fragmented (Chen et al.,2020b).

The fourth direction is compliance-aware privacy. Future systems should allow auditors or regulators to verify policy
compliance without gaining unrestricted access to private data. This may involve selective disclosure credentials, zero-
knowledge compliance proofs, privacy-preserving audit logs, and governance metadata that separates accountability from
surveillance. The challenge is to design these mechanisms without undermining decentralization or creating new trusted
monopolies (Victor et al.,2021).

TABLE V. FUTURE RESEARCH AGENDA

Research Direction Key Question Expected Contribution
. . . How can event-driven contracts be verified Models for privacy-preserving state
Reactive verification ) . .
without leaking event streams? continuity

How can behavioral data reveal free-riding

Al-assisted monitoring or collusion?

Anomaly detection for protocol governance

. How can proofs and commitments move Interoperable trustworthy smart contract
Cross-rollup evidence .
across layer-2 systems? infrastructure
. . How can auditors verify rules without Selective disclosure and privacy-preserving
Compliance-aware privacy . . o et
seeing private data? auditability

How should trace checkpoints be chosen for

Adaptive granularity cach workload? Cost-sensitive dispute resolution
How should users understand roles, risks, Usable accountability for institutional
Human-centered governance . .
and remedies? adoption

XI. LIMITATIONS AND ETHICAL CONSIDERATIONS

The architecture proposed in this article has limitations. It is intentionally general and therefore does not replace protocol-
specific formal analysis. A concrete implementation must still define adversary models, network assumptions, cryptographic
primitives, timeout rules, and upgrade procedures in precise terms. The architecture should be understood as a bridge between
formal protocol research and deployable smart contract infrastructure, not as a proof that any specific system is secure
(Goldreich et al.,1991).

A second limitation is that the data analysis is illustrative. The gas values used to discuss accept and challenge behavior are
useful for understanding trade-offs, but production systems may differ in virtual machine design, compiler optimization,
transaction batching, proof format, storage pricing, and network congestion. Future empirical studies should evaluate multiple
workloads, including financial settlement, supply chain claims, digital identity verification, and loT-triggered contracts. They
should also report off-chain computation and storage costs, not only on-chain gas (Micali,1994).

Ethically, privacy-preserving smart contracts creates a dual-use challenge. The same mechanisms that protect legitimate
business confidentiality and personal data can also hide abusive, fraudulent, or illegal activity. The appropriate response is not to
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abandon privacy but to design accountable privacy. Selective disclosure, auditable governance metadata, role-based visibility,
and legally controlled evidence opening can preserve confidentiality while still supporting investigation and remedy when
serious misconduct occurs (Groth,2016).

There is also a fairness issue. If privacy-preserving verification requires expensive hardware, specialized cryptographic
expertise, or large deposits, smaller firms and individual users may be excluded from trustworthy smart contract ecosystems.
Future architecture should therefore include lightweight modes, open standards, and transparent parameter choices. Trustworthy
infrastructure should not become a privilege available only to large institutions with dedicated protocol teams (Kate et al.,2010).

XII. CONCLUSION

This article has proposed a future-oriented architecture for trustworthy smart contracts by converging privacy computing,
verifiable computation, and layer-2 blockchain protocols. The starting point is a central tension in public blockchain systems: the
need for public verification conflicts with the need for private computation. Layer-2 systems reduce costs by moving
computation off chain, but privacy and verification remain difficult to reconcile when dispute resolution, reward rules, and
evidence disclosure are not designed together (Bootle et al.,2016).

The proposed architecture responds to this challenge through privacy-by-design, verification-by-default, and settlement-by-
exception. It emphasizes accountable acceptance, selective dispute evidence, trace commitments, modular privacy mechanisms,
and governance metadata. The risk taxonomy shows that trustworthy smart contracts must address computation integrity,
participation integrity, privacy leakage, collusion, operational failure, and compliance risk simultaneously. The data-oriented
analysis further illustrates that privacy-by-design can be more efficient than adding privacy to a protocol after its verification
logic has already been fixed (Bunz et al.,2018).

The broader implication is that the future of smart contracts will not be defined by a single best protocol. It will be defined by
architectures that allow different privacy and verification mechanisms to be combined according to application needs. Finance,
supply chains, healthcare, public procurement, and machine-to-machine systems will require different trade-offs, but all will
require credible assurance that private off-chain execution remains correct, accountable, and governable. Crossroads of Future
Technologies is an appropriate venue for this discussion because the problem sits exactly at the intersection of cryptography,
blockchain engineering, data governance, and future digital infrastructure (Ben-Sasson et al.,2019).
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