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Abstract: This article presents a comprehensive theoretical and conceptual investigation into the integration
of blockchain technology with industrial cyber-physical systems (ICPS), with a specific emphasis on
transactional integrity, concurrency control, and cybersecurity for fintech and core-banking parallels. Drawing
strictly on the provided literature, the study synthesizes foundational principles of permissionless and
permissioned distributed ledgers (Nakamoto, 2008; Antonopoulos, 2014), conceptual and socio-technical
perspectives on blockchain as a new infrastructural paradigm (Swan, 2015; Tapscott & Tapscott, 2016; lansiti
& Lakhani, 2017), software engineering challenges in blockchain-oriented development (Porru et al., 2017),
and the established state-of-the-art in industrial cyber-physical architectures and security (Lee et al., 2018; Wu
et al., 2020; Qi et al., 2021). The paper situates transaction correctness and concurrency control concerns —
traditionally explored in distributed databases and nested-transaction frameworks (Breitbart & Silberschatz,
1988; Du & Elmagarmid, 1989a, 1989b) — within the operational realities and security requirements of
blockchain-enabled ICPS, and relates these to contemporary cybersecurity practices in fintech and core
banking (Singh, 2025). Methodologically, this is a theoretical synthesis and conceptual framework-building
exercise that draws rigorous linkages between the canonical design decisions of blockchain systems and the
formal correctness criteria from distributed databases, identifying tensions, compatibilities, and design
patterns for ensuring transactional integrity in industrial settings. The findings elucidate how consensus
mechanisms, immutability, and smart contract semantics intersect with notions of serializability, quasi-
serializability, and nested transaction value-dependencies, and how these interactions affect fault tolerance,
recoverability, and regulatory compliance in industrial deployments (Nakamoto, 2008; Breitbart &
Silberschatz, 1988; Du & Elmagarmid, 1989a). The discussion highlights practical trade-offs, attack surfaces,
and governance arrangements necessary for secure, auditable, and performant ICPS deployments, and
proposes a structured research agenda bridging blockchain software engineering, ICPS safety requirements,
and database correctness theory. The paper concludes with theoretical prescriptions for architects and
policymakers seeking to reconcile blockchains’ novel trust properties with rigorous transactional correctness
and cybersecurity obligations in industrial contexts (lansiti & Lakhani, 2017; Lee et al., 2018; Singh, 2025).

Keywords: Blockchain; industrial cyber-physical systems; transactional integrity; concurrency control;
cyber-security; smart contracts; distributed ledgers

INTRODUCTION

The convergence of blockchain and industrial cyber-physical systems (ICPS) presents both an opportunity
and a set of complex technical and socio-technical challenges. Blockchain promises immutability,
decentralised consensus, and programmable transactional behaviours through smart contracts (Nakamoto,
2008; Antonopoulos, 2014), and has been advocated as a foundational technology that could transform
economic and industrial coordination (Swan, 2015; Tapscott & Tapscott, 2016). Simultaneously, industrial
cyber-physical systems have evolved into integrated ensembles of sensing, actuation, computation, and
communication whose dependability and security are fundamental to safety-critical operations across
manufacturing, energy, transportation, and other sectors (Lee et al., 2018; Wu et al., 2020; Qi et al., 2021).
The central problem this paper addresses is how to reconcile the architectural and operational properties of
blockchain systems with the formal and practical requirements for transactional correctness, concurrency
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control, recoverability, and cybersecurity in ICPS deployments.

The literature on blockchain has primarily concentrated on cryptographic primitives, consensus protocols,
incentive structures, and nascent applications in finance, supply chains, and governance (Nakamoto, 2008;
Swan, 2015; Tapscott & Tapscott, 2016; lansiti & Lakhani, 2017; Zheng et al., 2018). Blockchain-oriented
software engineering research has begun to highlight development patterns and specific engineering
challenges that arise when building applications on distributed ledgers (Porru et al., 2017). Separately, the
ICPS literature provides a deep technical treatment of architectures, real-time constraints, and security
concerns, situating cyber-physical interactions within industrial control systems (Lee et al., 2018; Wu et al.,
2020; Qi et al., 2021). Yet comparatively little work has systematically synthesized distributed database
correctness criteria, such as serializability and quasi-serializability and the nested-transaction semantics
developed in older database research, with blockchain semantics and the operational realities of ICPS —
particularly with respect to transactional integrity and cybersecurity. Earlier database studies identified
subtle correctness and concurrency control issues in multi-database and nested transaction scenarios
(Breitbart & Silberschatz, 1988; Du & Elmagarmid, 1989a, 1989b). These foundational insights remain
relevant because blockchains are, in effect, distributed transaction processing substrates with unique
consistency and durability properties that differ from classical ACID models (Nakamoto, 2008;
Antonopoulos, 2014).

This article therefore poses the following research questions: How do blockchain consensus and
immutability properties map onto classical database correctness criteria in multi-system industrial contexts?
What are the software engineering and cybersecurity implications of applying blockchain within ICPS? How
can architects design systems that ensure transactional integrity, recoverability, and safety while balancing
performance, privacy, and auditability? To answer these questions, the paper performs an integrative
theoretical analysis, linking canonical blockchain literature with ICPS research and classical distributed
database correctness theory. This allows a new evidentiary synthesis: a framework that explicates the strata
of design decisions and formal properties required to deploy secure, reliable blockchain-enabled ICPS.

The contribution of this work is threefold. First, it provides a conceptual mapping between blockchain
primitives and database correctness models, clarifying where blockchains conform to or diverge from
standard transaction semantics (Nakamoto, 2008; Breitbart & Silberschatz, 1988; Du & Elmagarmid,
1989a). Second, it articulates specific cybersecurity and software engineering challenges for blockchain in
industrial contexts, drawing on both ICPS security literature and blockchain software engineering studies
(Porru etal., 2017; Lee et al., 2018; Qi et al., 2021; Singh, 2025). Third, it proposes a structured research
and engineering agenda to address identified gaps, integrating insights from supply chain blockchain
applications and business models (Zheng et al., 2018; lansiti & Lakhani, 2017) with the constraints of real-
time industrial control systems (Lee et al., 2018).

METHODOLOGY

This research is a theory-building and conceptual synthesis grounded strictly in the provided corpus of
references. Methodologically, the paper adopts a multi-step hermeneutic and comparative approach that is
explicit about source boundaries and interpretive moves. First, canonical properties and mechanisms of
blockchain systems are explicated from the primary blockchain references (Nakamoto, 2008; Antonopoulos,
2014; Swan, 2015), emphasizing data immutability, distributed consensus, transaction ordering, and smart
contract execution semantics. Second, the architecture and operational constraints of industrial cyber-
physical systems are systematically distilled from ICPS literature (Lee et al., 2018; Wu et al., 2020; Qi et al.,
2021), focusing on timing constraints, safety requirements, hierarchical control loops, and the integration of
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information and operational technology. Third, formal concepts from distributed database correctness —
including serializability, quasi-serializability, nested transactions, value-dependency, and global concurrency
control — are reviewed and elaborated from classic database works (Breitbart & Silberschatz, 1988; Du &
Elmagarmid, 1989a, 1989b). Fourth, the study aligns blockchain software engineering challenges (Porru et
al., 2017) and business/societal analyses of blockchain-enabled ecosystems (lansiti & Lakhani, 2017;
Tapscott & Tapscott, 2016; Zheng et al., 2018) with fintech-focused cybersecurity practices (Singh, 2025) to
examine threat models and governance constraints.

The paper then constructs a layered conceptual framework that maps blockchain primitives onto database
correctness criteria and ICPS operational strata. This mapping is not empirical; it is analytic and normative,
intended to provide engineers and researchers with careful reasoning about where guarantees exist, where
they fail, and which compensating controls are necessary. Throughout, every significant assertion is
referenced directly to one or more of the provided works. The methodological choice to remain strictly
within the provided literature is both a constraint and a virtue: it emphasizes deep cross-disciplinary
reasoning that is fully grounded in the user's reference set rather than external materials. The interpretive
synthesis employs close reading, comparative analysis, and thought experiments in which canonical
blockchain behaviours are hypothetically embedded in representative ICPS scenarios described in the
literature (Lee et al., 2018; Wu et al., 2020).

Because the methodology is theoretical, the “results” are presented as descriptive and analytic findings —
detailed accounts of compatibility and conflict, proposed architectural patterns, and derived theoretical
implications for transactional integrity and security. The “evaluation” of these findings is performed through
argumentation grounded in citations rather than through experimental data.

RESULTS

The analytic synthesis yields several major findings. Each is presented below with detailed explication,
linkage to source material, and interpretation.

1. Blockchain semantics partially satisfy, but do not fully replace, classical transactional
correctness models.

Blockchain systems provide strong durability and tamper-evidence through chain-structured immutable
ledgers and cryptographic linking of blocks, and they implement an append-only model where transactions
are ordered by consensus (Nakamoto, 2008; Antonopoulos, 2014). This immutability and global ordering
can emulate certain aspects of database serializability: the ledger defines a global total order of committed
transactions which, if strictly enforced and universally accepted, implies a serial ordering of state transitions
(Nakamoto, 2008). However, blockchains typically embrace eventual finality under probabilistic or
deterministic consensus assumptions rather than instantaneous global agreement; many permissionless
systems rely on probabilistic confirmation (Nakamoto, 2008), while permissioned ledgers may employ
deterministic consensus algorithms with explicit finality (lansiti & Lakhani, 2017). The distinction matters:
classical serializability implies that each committed transaction appears to execute instantaneously at some
point between its invocation and response, providing strong consistency guarantees required by many ICPS
control loops (Breitbart & Silberschatz, 1988). In contrast, blockchain finality properties may delay
irrevocable ordering (Nakamoto, 2008), and reorganization events or forks can cause temporary violations of
perceived serial order, conflicting with tight real-time consistency demands in industrial settings (Lee et al.,
2018). Therefore, while blockchains supply a durable, auditable transaction history, they do not wholesale
satisfy ACID semantics in the way many industrial transaction processors require (Breitbart & Silberschatz,
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1988; Du & Elmagarmid, 1989a).

2.Quasi-serializability and nested transaction models provide interpretive lenses for blockchain—ICPS
interactions.

Database research on quasi-serializability and nested transactions highlights correctness criteria appropriate
when strict serializability is either unattainable or economically impractical (Du & Elmagarmid, 1989a,
1989b). Quasi-serializability relaxes constraints by focusing on observable serial equivalence for externally
visible operations while permitting some internal concurrency variations (Du & Elmagarmid, 1989a). Nested
transactions introduce hierarchical composition of operations and explicit handling of value-dependencies
across subtransactions (Du & Elmagarmid, 1989b). When mapping these concepts to blockchain-enabled
ICPS, nested transactions mirror the layered control hierarchies in industrial systems — for example, local
control loops, supervisory controllers, and enterprise-level orchestration — where lower-level operations
may need to commit locally and later be integrated into global ledgers (Lee et al., 2018; Wu et al., 2020).
Blockchain’s immutable global ledger can serve as the external serialization point for supervisory-level
state, while local quasi-serializable behaviours may be tolerated within tight control loops that require low-
latency responses. Consequently, employing nested-transaction semantics in system architecture — where
local subtransactions commit with local guarantees and global commitments are recorded on the ledger —
offers a conceptual reconciliation between blockchain finality and ICPS timing needs (Du & Elmagarmid,
1989Db; Lee et al., 2018).

2. Smart contract semantics introduce new challenges for concurrency control and value-
dependency management.

Smart contracts allow programmable logic to be executed automatically upon transaction confirmation
(Antonopoulos, 2014). However, their execution semantics often assume deterministic execution and a
canonical transaction ordering; concurrency emerges primarily via transaction ordering and state transitions
on the ledger (Porru et al., 2017). In ICPS contexts, however, smart contracts may need to reference rapidly
changing sensor-derived values, actuator states, or nested transactional results across multiple control
domains. Value-dependency — where the outcome of a transaction depends on the concrete output of
another concurrently executing or recently executed transaction — is a known source of correctness
challenges in nested transaction systems (Du & Elmagarmid, 1989b). Smart contracts that do not explicitly
handle such dependencies risk producing non-serializable effects or causing control-loop instability when
used as decision anchors in industrial automation (Porru et al., 2017; Lee et al., 2018). Hence, careful design
patterns are required: explicit versioning of inputs, use of oracle services with verifiable freshness
guarantees, and separation of real-time control flows from ledger-based settlement flows can mitigate value-
dependency hazards (Porru et al., 2017; Qi et al., 2021).

4. Performance and latency trade-offs force hybrid architecture patterns combining on-chain and
off-chain components.

Industrial control systems frequently require sub-second latencies and deterministic response behaviours
(Lee et al., 2018). Blockchain systems, particularly public permissionless ledgers, typically incur non-trivial
latency for transaction confirmation and finality (Nakamoto, 2008; lansiti & Lakhani, 2017). Therefore,
designs that place real-time control logic entirely on-chain are impractical in many ICPS deployments. The
literature suggests hybrid architectures in which latency-sensitive control remains local (or off-chain), while
the blockchain is used for audit, cross-enterprise coordination, settlement, and immutable recording of
critical events (lansiti & Lakhani, 2017; Zheng et al., 2018). This hybrid pattern is consistent with nested
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transaction thinking: local transactions commit with local guarantees and their summary or hash is later
recorded on-chain for global visibility and dispute resolution (Du & Elmagarmid, 1989b; Zheng et al.,
2018).

5. Security demands in fintech core-banking contexts and ICPS overlap and inform integrated threat
models.

Fintech and core banking cybersecurity practices emphasise strong transaction integrity, anti-fraud controls,
and regulatory compliance (Singh, 2025). ICPS security focuses on resilience against cyber-physical attacks,
ensuring safety and availability (Lee et al., 2018; Qi et al., 2021). Blockchains introduce both protective and
novel attack vectors: cryptographic immutability can protect audit trails from tampering, but consensus-layer
attacks, oracle compromises, and smart contract bugs can undermine system integrity (Antonopoulos, 2014;
Porru et al., 2017; Singh, 2025). By synthesizing fintech best practices with ICPS security literature, the
analysis reveals that ensuring transactional integrity in blockchain-enabled ICPS requires layered defense-in-
depth: robust identity and access controls, secure oracle architectures, formal verification of smart contracts
where possible, network segmentation, and real-time monitoring for anomalous control-state transitions
(Singh, 2025; Qi et al., 2021; Porru et al., 2017).

6. Governance, interoperability, and supply-chain logistics frame socio-technical constraints on
blockchain adoption in industry.

Business and management analyses emphasise that blockchain’s promise depends on multi-stakeholder
governance arrangements, standards, and incentives (Tapscott & Tapscott, 2016; lansiti & Lakhani, 2017
Zheng et al., 2018). In industrial supply chains where ICPS devices produce provenance-relevant data,
adopting blockchain requires coordination between equipment vendors, operators, regulators, and service
providers. Interoperability with legacy systems and multi-database environments raises classical consistency
issues that have been studied in database research (Breitbart & Silberschatz, 1988). Therefore, a purely
technical solution is insufficient: governance frameworks must articulate responsibility for data correctness,
dispute resolution processes, and economic incentives to ensure accurate on-chain representation of off-
chain physical states (Tapscott & Tapscott, 2016; Zheng et al., 2018).

7. The literature suggests a layered engineering pattern that reconciles blockchain properties with
ICPS demands.

Synthesizing the above, the study proposes a layered pattern: at the lowest level, deterministic, low-latency
local controllers implement control-loop logic and local transaction management with strong availability; at
an intermediate level, orchestrators and gateways mediate between local controllers and ledgers, handling
batching, versioning, and proof generation; at the top level, permissioned or consortium blockchains provide
global ordering, settlement, and auditable records for cross-organisational processes (Lee et al., 2018; lansiti
& Lakhani, 2017; Zheng et al., 2018). This pattern leverages nested transaction ideas: local subtransactions
produce verifiable artifacts (hashes, signatures, attestations) that can be composed into global transactions
recorded on-chain, ensuring that local performance constraints are preserved while global integrity is
auditable (Du & Elmagarmid, 1989b; Zheng et al., 2018).

DISCUSSION

The preceding results prompt a deeper interrogation of theoretical, practical, and governance implications.
This section explicates nuanced trade-offs, counter-arguments, limitations, and directions for future research
and engineering practice.
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Reconciling Blockchain Finality with Real-Time Control Needs

A central tension identified is the mismatch between blockchain transaction finality modalities and real-time
industrial control requirements. Public blockchains often provide probabilistic finality dependent on
economic-supermajority assumptions and are vulnerable to reorganization until a threshold of confirmations
is reached (Nakamoto, 2008). Permissioned blockchains can achieve deterministic finality but often at the
cost of centralized or committee-based trust assumptions that alter the decentralization properties of the
ledger (lansiti & Lakhani, 2017). From a control-theoretic perspective, transient inconsistencies or delayed
global agreement cannot be permitted within tight feedback loops due to potential instability or safety
hazards (Lee et al., 2018). The recommended reconciling approach is architectural: keep closed-loop control
local and embed mechanisms to reconcile local state with on-chain state asynchronously. This still raises the
possibility of disputes when on-chain records diverge from local logs due to sensor faults, software bugs, or
adversarial manipulation — an area where database concepts of quasi-serializability and nested transaction
compensation semantics become critical (Du & Elmagarmid, 1989a, 1989b). The literature suggests explicit
compensation protocols, verifiable state attestations, and layered redundancy as mitigation mechanisms
(Porru etal., 2017; Qi et al., 2021).

Value-Dependency and Oracle Integrity

Smart contracts’ reliance on external data (oracles) is a recognized vulnerability: the correctness of on-chain
actions depends on the freshness and authenticity of off-chain data (Porru et al., 2017). In industrial

contexts, oracles may forward sensor readings, equipment certifications, or emissions reports — data that are
susceptible to spoofing, sensor drift, or coordination failures. Classical database research on value-
dependency warns of correctness breakdowns when a transaction’s outcome depends on concurrently
changing values (Du & Elmagarmid, 1989b). To manage this, the paper advances the need for rigorous
oracle architectures: multi-source attestation, cryptographic proofs of device identity and measurement
provenance, and time-stamping approaches to bound data staleness. These measures align with fintech
controls for data integrity and anti-fraud (Singh, 2025). There remains a research imperative to formalize
oracle freshness guarantees and quantify their impact on end-to-end transactional correctness in ICPS.

Smart Contract Formal Verification and Software Engineering Challenges

Blockchain-oriented software engineering research identifies that smart contracts are susceptible to bugs,
reentrancy vulnerabilities, and unforeseen state interactions, and that typical software engineering practices
must be adapted for immutable deployed logic (Porru et al., 2017). Formal verification techniques have
gained traction in finance-oriented contracts where the economic stakes are high; similarly, industrial smart
contracts that trigger physical processes require elevated assurance levels. However, formal methods are
costly and may not scale across the diversity of device-driven industrial flows. The pragmatic compromise
suggested by the literature is layered assurance: critical, safety-sensitive contracts should be subjected to
formal proofs, while less-critical contracts are covered by automated testing, code review, and runtime
monitoring. Additionally, modular contract design that isolates risky operations can limit blast radius. These
measures must be accompanied by continuous monitoring and rapid patching strategies in off-chain
gateways to handle discovered vulnerabilities (Porru et al., 2017; Singh, 2025).

Interoperability, Legacy Systems, and Multi-Database Consistency

Industrial operations are rarely greenfield; legacy databases, ERP systems, and proprietary control platforms
populate the landscape. The classic multi-database update problem and global concurrency control issues
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described in database literature are directly relevant: ensuring consistent updates across heterogeneous
systems remains technically challenging (Breitbart & Silberschatz, 1988). When a ledger is added as a
coordination substrate, it does not magically resolve underlying heterogeneity. Instead, it necessitates
adapters, canonical data models, and clearly defined reconciliation semantics. The paper recommends the
adoption of canonical representation layers and mediation gateways that implement transformation, conflict
resolution, and eventual reconciliation protocols, borrowing from nested transaction and compensating
transaction ideas where necessary (Breitbart & Silberschatz, 1988; Du & Elmagarmid, 1989b).

Governance and Economic Incentives

Beyond the purely technical, blockchain adoption in industry requires governance frameworks that allocate
responsibility for data correctness, dispute resolution procedures, and economic incentives for accurate
reporting (Tapscott & Tapscott, 2016; lansiti & Lakhani, 2017; Zheng et al., 2018). Permissioned
consortium blockchains may offer more attractive governance structures for industry collaborations but also
require careful design to avoid centralisation that undermines trust assumptions (lansiti & Lakhani, 2017).
The literature suggests that governance is not merely a matter of soft policy but must be encoded into
protocols and processes — e.g., slashing penalties for misbehavior, cryptographic attestations for device
provenance, and arbitration mechanisms that consider both on-chain and off-chain evidence (Tapscott &
Tapscott, 2016). Developing such hybrid governance-tech stacks remains an open challenge and a fertile
avenue for further research.

Cybersecurity: Integrated Threat Models and Mitigations

The integration of blockchain into ICPS introduces new attack surfaces while also providing novel defensive
affordances. On the one hand, immutable ledgers and decentralized validation processes enhance auditability
and non-repudiation for transactional evidence (Nakamoto, 2008; Antonopoulos, 2014). On the other hand,
blockchain-specific vulnerabilities — consensus-layer manipulations, private key compromise, smart
contract exploits, and oracle tampering — pose significant systemic risks (Porru et al., 2017; Singh, 2025).
Fintech literature underscores the necessity of end-to-end transactional integrity controls, including
cryptographic authentication, transaction limit checks, anomaly detection, and regulatory compliance
workflows (Singh, 2025). For ICPS, these must be augmented with safety monitors, physical redundancy,
and domain-specific intrusion detection capable of distinguishing cyber anomalies from benign physical
disturbances (Lee et al., 2018; Qi et al., 2021). Layered defenses that combine strong cryptography, identity
management, secure boot attestation for devices, and run-time integrity monitors are essential. The literature
encourages collaboration between security practitioners in fintech and industrial control to create integrated
defense postures (Singh, 2025; Qi et al., 2021).

Limitations of the Theoretical Synthesis

This work is intentionally bounded by its strict reliance on the provided references, and it does not include
empirical data or experiments. While this constraint ensures fidelity to the user's corpus, it also limits the
capacity to validate the proposed framework against real-world performance metrics or to test attacks
empirically. Additionally, several relevant contemporary developments — such as specific consensus
algorithm improvements, hardware-based trusted execution environments, or newly emerged standards for
industrial blockchain interoperability — are outside the chosen reference set and therefore not evaluated
here. Nevertheless, the theoretical synthesis draws robustly from foundational works and recent ICPS and
fintech literature included in the provided list, providing actionable conceptual guidance.
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Future Research Directions and Practical Roadmap

The literature points to several high-value research directions. First, formal models that quantify the impact
of blockchain finality latency on closed-loop control stability would help engineers understand safe bounds
for on-chain interactions (Nakamoto, 2008; Lee et al., 2018). Second, engineering and economic studies of
governance mechanisms in consortium blockchains for industrial supply chains would illuminate incentive
designs and dispute resolution effectiveness (Tapscott & Tapscott, 2016; Zheng et al., 2018). Third,
interdisciplinary research that adapts database correctness models like quasi-serializability and nested
transaction compensation to hybrid on/off-chain architectures would provide formal tools for developers
(Breitbart & Silberschatz, 1988; Du & Elmagarmid, 1989a, 1989b). Fourth, security research that
systematically maps fintech threat mitigations onto cyber-physical contingencies would help create robust
integrated defenses (Singh, 2025; Qi et al., 2021). Practically, pilot projects in controlled industrial
environments — using permissioned ledgers, oracle attestations, and nested transaction patterns — can serve
as living laboratories to refine protocols and governance arrangements (lansiti & Lakhani, 2017; Porru et al.,
2017).

CONCLUSION

This article has provided a rigorous, literature-grounded theoretical synthesis of blockchain and industrial
cyber-physical systems, with a focus on transactional integrity, concurrency control, and cybersecurity. The
core insight is that blockchains offer potent auditability and immutability properties, but their consensus and
finality characteristics do not automatically deliver the full gamut of classical database transactional
guarantees required by many industrial control scenarios. By drawing on nested transaction models and
quasi-serializability concepts from distributed database research, and integrating blockchain software
engineering considerations and fintech cybersecurity practices, the paper presents a layered architectural
pattern and governance considerations that reconcile low-latency local control with high-integrity global
recording and settlement. Practical deployments should emphasise hybrid on/off-chain designs, robust oracle
and attestation mechanisms, formal assurance for safety-critical smart contracts, and governance frameworks
that encode responsibility and dispute resolution into multi-stakeholder processes. Future work should
operationalize these conceptual recommendations through formal modeling, empirical evaluation, and
interdisciplinary pilot implementations that bring together industrial engineers, database theorists,
blockchain developers, and cybersecurity experts. In sum, blockchain-enabled ICPS hold transformative
potential, but realizing it safely and reliably requires careful reconciliation of ledger semantics with classical
transaction correctness, industrial timing constraints, and rigorous cybersecurity practice.
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