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Abstract 
International payment clearing systems operate at the intersection of distributed systems theory, 

financial market infrastructure, and global regulatory compliance, demanding deterministic 

settlement, strict correctness, and continuous availability while processing vast transaction volumes 

across geographically distributed infrastructure. Historically‚ in order to meet the CAP theorem‚ 

technologies used in finance may have sacrificed availability to ensure that the ledger remained 

correct in the presence of a network partition‚ and system wait-time in the presence of a system 

failure․ However‚ systems for international commerce demand support for payment concurrency 

across regions and regulatory and currency boundaries‚ and these sacrifices are unacceptable․ The 

Hybrid Consistency Architecture resolves this trade-off by partitioning the clearing workflow into 

consistency zones with semantics customized to the role of cleared transactions․ In particular‚ the use 

of per-zone consensus groups provides the linearizable consistency guarantees necessary for final 

settlement operations without requiring synchronization across regions‚ and without compromising 

correctness․ Availability-Optimized Zones (AOZ) apply the principles of causal consistency to 

transaction processing․ During network partition‚ they preserve causal order with vector clocks and 

never require global synchronization․ Convergence Zones (CZ) provide deterministic reconciliation 

machinery for merging disparate states of replicated zones into a globally consistent and auditable 

ledger that is guaranteed to converge to a consistent state․ Together‚ these zones enable CAP 

constraints to be reconciled in a manner specific to the demands of global financial clearing‚ with 

regulatory-grade auditability‚ active cross-regional deployment‚ real-time settlement between global 

participants‚ and a step change in distributed financial infrastructure engineering. 
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1. Introduction 
International payment clearing systems constitute one of the most demanding problem domains in 

distributed systems engineering. Clearing functions validate a transaction‚ calculate each participant's 

net obligations‚ reconcile ledger positions‚ transfer funds across institutional borders in a safe 

manner‚ and as such clearing is the backbone of global commerce [1]․ The clearing systems are an 

interconnected set of correspondent banks‚ central counterparties (CCPs)‚ real time gross settlement 

(RTGS) engines‚ digital wallets‚ and securities systems forming a platform upon which commerce is 

built [2]. 
 

Consequently‚ many of the clearing engines in use today were designed to run in an environment with 

batch settlement cycles‚ or limited concurrency‚ and for domestic transaction volumes․ These 

architectures were never intended to support the continuous, globally distributed workloads that 

modern digital finance demands [3]. As cross-border digital payments have grown in volume and 

velocity — driven by e-commerce, remittances, and multinational treasury operations — financial 

institutions have encountered a hard architectural ceiling. 
 

The core of this problem is theoretical as much as it is operational. Distributed systems cannot 

simultaneously guarantee consistency, availability, and partition tolerance — a result formalized by 

Brewer and later proven by Gilbert and Lynch as the CAP theorem [4]. For a globally deployed 

clearing network, partition tolerance is not optional: undersea cable disruptions, regional cloud 

failures, and BGP routing anomalies are not edge cases but engineering assumptions. Given that 

partitions must be tolerated, every clearing system designer is forced to choose, either explicitly or 

implicitly, between consistency and availability during fault conditions. 
 

Traditional clearing systems chose consistency without equivocation, halting operations during 

partitions to prevent ledger divergence. This was a defensible position in an era of batch windows and 
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domestic settlement, but it is untenable in a world where real-time payment networks operate 

continuously across jurisdictions [5]. At the same time, relaxing consistency unconditionally — 

favoring availability at the cost of correctness — is equally unacceptable in a regulatory and fiduciary 

context where even a single double-spend or ledger discrepancy constitutes a critical failure. 
 

This article presents a unified architectural framework — the Hybrid Consistency Architecture (HCA) 

— that resolves this tension by applying differentiated consistency guarantees across distinct zones of 

the clearing workflow. Unlike the single consistency domain of the clearing pipeline‚ in HCA, 

multiple Consistency-Critical Zones (CCZs)‚ Availability-Optimized Zones (AOZs)‚ and 

Convergence Zones (CZs) are used․ The consistency semantics of each zone are aligned with its role 

in the pipeline․ The subsequent sections present the foundation‚ architecture‚ and impact of this 

framework. 
 

2. Theoretical Foundations: The CAP Theorem and Distributed Financial Systems 
CAP was conjectured in Brewer's 2000 talk and proved in 2002․ The CAP theorem states that 

distributed data stores can be made to provide only two of three guarantees: consistency (every read 

receives the most recent write)‚ availability (every request receives a response)‚ or partition tolerance 

(the system continues to operate despite arbitrary message loss) [4]. In practice, because network 

partitions are an unavoidable physical reality in geographically distributed systems, partition tolerance 

is a non-negotiable baseline, reducing the real choice to a consistency-availability trade-off during 

fault conditions. 
 

Financial clearing systems are a particularly illuminating domain for examining CAP constraints 

because they impose requirements that exceed those of typical distributed applications. Settlement 

relies on deterministic ordering of transactions‚ since reordering of settlement instructions would 

change net payment obligations‚ resulting in different states of the ledger [6]․ An atomic state 

transition is required‚ where transfer instructions either complete or are reverted‚ while participants 

never observe any intermediate states of the transfer [6]․ And they require regulatory-grade 

auditability, meaning that the system must be able to reconstruct the exact sequence of state 

transitions that produced any given ledger position [2]. 
 

These constraints interact badly with the CAP trade-off. Strong consistency — specifically 

linearizability, in which operations appear to take effect instantaneously at a single point in time — is 

the only consistency model that can guarantee deterministic ordering and atomicity across concurrent 

operations [7]. However‚ linearizability requires replicas to synchronize‚ and in a multi-datacenter 

setup‚ this leads to latencies that are proportional to the round-trip time between datacenters․ In a 

geographically distributed payment system that spans multiple continents‚ this latency can result in 

unacceptable time taken to validate a payment. 
 

The PACELC model, introduced by Abadi, extends the CAP analysis to address this latency 

dimension explicitly [8]. PACELC observes that even when no partition is occurring, distributed 

systems face a trade-off between latency and consistency: achieving strong consistency requires 

coordination, and coordination takes time. This insight is directly relevant to clearing system design. 

A globally consistent ledger update requires consensus across replicas; consensus requires message 

rounds; message rounds take tens to hundreds of milliseconds across intercontinental links. For high-

volume clearing networks processing thousands of transactions per second, this latency imposes a 

throughput ceiling that precludes real-time operation. 
 

The theoretical conclusion is clear: no single consistency model can simultaneously satisfy all the 

requirements of a globally distributed clearing system. Strong consistency is necessary for settlement 

correctness, but it introduces prohibitive latency when applied globally. Given the high availability 

and low latency of eventually consistent systems‚ it seems that they aren't suited for the ordering and 

atomicity requirements of many financial transactions [9]․ Hybrid approaches‚ providing different 

consistency semantics to different parts of the system‚ aren't just a realistic compromise‚ they are also 

the theoretically correct answer for the structure of the problem. 
 

CAP Property Applicability in Clearing 
Enforcement 

Feasibility 
Trade-off Consequence 
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Consistency Mandatory for settlement 
Feasible within a single 

region 

High latency in global 

deployments 

Availability 
Mandatory for real-time 

processing 

Feasible with causal 

models 

Temporary state 

divergence across replicas 

Partition 

Tolerance 

Mandatory across all 

regions 
Always enforced 

Forces consistency–

availability choice 

Table 1: CAP Theorem Property Mapping in Global Financial Clearing Systems [4, 7] 
 

3. Limitations of Legacy Clearing Architectures 
To appreciate the significance of hybrid consistency models, it is necessary to understand precisely 

how legacy clearing architectures fail under modern operational demands. Most production clearing 

engines in use today were built on relational database management systems with two-phase commit 

protocols for distributed transaction coordination [3]. This architecture provides strong consistency 

within a single data center but does not scale gracefully to multi-region deployments. 
 

The first structural limitation is throughput. Two-phase commit protocols require that all participating 

nodes agree before a transaction commits, serializing operations through a coordinator and creating a 

contention bottleneck as transaction volume increases [10]. For domestic, batch-oriented clearing, this 

bottleneck is manageable. For real-time global networks processing continuous transaction flows, it 

becomes a fundamental constraint on system capacity. 
 

The second limitation is latency. In a geographically distributed deployment, the coordination 

messages required by two-phase commit must traverse the wide-area network. Round-trip latencies 

between geographically distant data centers are typically measured in tens of milliseconds — a figure 

that, multiplied across the coordination rounds required for each transaction, produces end-to-end 

settlement latencies that are incompatible with real-time payment expectations [6]. 
 

The third limitation is operational fragility. Two-phase commit protocols are vulnerable to coordinator 

failure: if the coordinator crashes after sending prepare messages but before sending commit 

messages, participating nodes are left in an uncertain state that must be resolved by manual 

intervention or a recovery protocol [10]. In a 24/7 clearing environment, this fragility represents an 

unacceptable operational risk. 
 

The fourth limitation is geographic inflexibility. Because legacy architectures were not designed to 

support multi-region active-active deployments‚ simply extending them to a global footprint incurs 

meaningful challenges from replication between a set of primary sites‚ including asymmetric write 

latencies‚ performance bottlenecks‚ and single points of failure [5]․ The failure modes of these 

arrangements — split-brain conditions, replication lag, and failover ambiguity — are particularly 

dangerous in a financial context where any inconsistency in ledger state can have immediate 

settlement consequences. 
 

These limitations are not incidental implementation deficiencies; they reflect deeper architectural 

assumptions about the operational environment that no longer hold for global clearing networks. 

Addressing them requires not incremental optimization of existing designs, but a fundamentally 

different approach to consistency management. 
 

Architectural Deficiency Root Cause Operational Impact 

Throughput bottleneck Two-phase commit serialization Capacity ceiling under high concurrency 

Excessive settlement 

latency 

Cross-region coordination round-

trips 

Incompatibility with real-time payment 

SLAs 

Operational fragility 
Coordinator single point of 

failure 

Manual recovery requirements during 

faults 

Geographic inflexibility Primary-site replication model 
Asymmetric write latency and failover 

ambiguity 

Table 2: Structural Deficiencies of Legacy Clearing Architectures [5, 10] 
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4. The Hybrid Consistency Architecture 
The Hybrid Consistency Architecture (HCA) provides a domain-specific consistency framework for 

global financial clearing. The key understanding of this paper is that the clearing workflow is not a 

single consistency domain: different operations in the clearing workflow have different consistency 

requirements‚ and applying the same consistency model to all of them is unnecessary (many 

operations do not need strong consistency) and harmful (which is especially relevant when strong 

consistency induces high latency penalties for operations on other inconsistencies). 
 

HCA solves this problem in part by functionally splitting the clearing workflow into three zones‚ each 

with its own consistency model. 
 

Consistency-Critical Zones (CCZs) govern operations where strict correctness is non-negotiable: final 

ledger updates, settlement instruction generation, netting calculations, and regulatory reporting 

outputs. These operations must be executed with linearizable consistency to ensure deterministic 

ordering and atomicity [7]. To avoid reaching global consensus latency‚ the consensus in CCZ is 

isolated within a region․ Each region has a set of replicas that run a system-level leader-based 

replication protocol (e․g․‚ Raft‚ Multi-Paxos [11]) that implements linearizable ordering for 

settlement operations inside the region without coordinating with the remote replicas in the other 

regions․ This approach eliminates the principal source of latency in globally consistent systems while 

preserving the correctness guarantees that financial operations require. 
 

Availability-Optimized Zones (AOZs) govern operations where high availability and low latency take 

precedence over strict consistency: liquidity checks, fraud scoring, routing decisions, and foreign 

exchange rate lookups. These operations can tolerate temporary divergence in state across regions, 

provided that they respect causal ordering — ensuring that if one operation is known to have occurred 

before another, the later operation can observe the effects of the earlier one [9]. Causal consistency is 

a weaker form of consistency than linearizability‚ but stronger than eventual consistency․ It enables 

transactions to be implemented with a partial ordering for coherence‚ and high availability in case of 

failure. 
 

AOZs achieve causal consistency by using vector clocks to track the dependencies of operations 

among replicas [12]․ When a regional AOZ replica receives an operation, it checks the operation's 

causal dependencies against its local state and, if the dependencies are satisfied, applies the operation 

immediately without blocking for global coordination. This allows AOZs to continue processing 

transactions during network partitions, accepting that some state information — such as a liquidity 

position or a fraud score — may be temporarily stale, and resuming full consistency when the 

partition heals. 
 

Convergence Zones (CZs) provide the mechanism by which the distributed state is reconciled after 

fault conditions. When a network partition heals, replicas that diverged during the partition must 

merge their states into a single consistent global ledger. CZs implement this reconciliation through 

deterministic replay protocols: each operation is logged with sufficient metadata to allow the system 

to reconstruct the exact sequence of state transitions that occurred in each partition, identify any 

conflicts between divergent operations, and resolve those conflicts according to domain-specific rules 

[13]. 
 

The conflict resolution semantics of CZs are carefully designed to preserve financial integrity. For 

operations that can be commutatively applied — such as accumulating balances — conflict-free 

replicated data types (CRDTs) provide a mathematically principled basis for convergent state merging 

[13]. For operations where ordering matters — such as sequential settlement instructions — CZs use 

timestamp-based ordering with deterministic tie-breaking to establish a canonical sequence. In all 

cases, the convergence process produces a complete audit trail that satisfies regulatory requirements 

for transaction traceability [2]. 
 

The combination of CCZs, AOZs, and CZs resolves the CAP dilemma not by violating the theorem, 

but by recognizing that the theorem applies per-operation rather than per-system. The system as a 

whole provides both strong consistency and high availability because it applies each property to the 

operations that require it. 
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Zone Consistency Model Governed Operations Key Mechanism 

Consistency-Critical 

Zone 
Linearizability 

Final ledger updates, settlement 

instructions, and netting 

Localized regional 

consensus groups 

Availability-

Optimized Zone 
Causal consistency 

Liquidity checks, fraud scoring, 

FX lookups, routing 

Vector clock 

dependency tracking 

Convergence Zone 
Eventually, with 

deterministic merge 

Post-partition state 

reconciliation, audit trail 

CRDT-based 

conflict-free merging 

Table 3: Hybrid Consistency Architecture Zone Characteristics [9, 12, 13] 
 

5. Regulatory Compliance and Auditability in Hybrid Consistency Systems 
The regulatory environment governing international payment clearing imposes requirements that go 

beyond correctness and availability. Settlement systems must maintain complete, tamper-evident 

records of all operations, provide regulators with the ability to reconstruct transaction sequences at 

arbitrary granularity, and demonstrate compliance with capital adequacy and liquidity requirements in 

real time [2]. These requirements interact directly with consistency model design. 
 

A strongly consistent system is also auditable‚ since every operation takes place in a single total order 

(linearized history)‚ and any point in that history can be viewed as a consistent snapshot of the global 

state of the system [7]․ The situation is more complicated in hybrid systems‚ as during the AOZs there 

are operation partitions in effect‚ and globally the operation history is not a total order‚ but several 

several partially ordered logs of operations kept on the replicas‚ which may diverge․ The CZ 

reconciliation machinery described above is necessary to reconstruct a valid global operation history 

from the divergent logs‚ and to capture the reconciliation operations in the audit trail. 
 

HCA solves this using an audit log structure․ Each operation in any zone — CCZ, AOZ, or CZ — is 

logged with a unique operation identifier, a causal dependency vector, a regional timestamp, and a 

cryptographic hash linking it to its predecessor in the regional log [14]. The auditors can 

independently check the correctness of any regional log‚ as well as use regional logs to reconstruct the 

global operation history by composing regional logs in a causal order. 
 

Perhaps most importantly‚ the audit log architecture provides the regulatory community with a record 

of normal operations and operations performed when the system is in a fault state․ When a partition 

occurs and two AOZs diverge‚ the audit log records the fact that a divergence occurred‚ what 

operations were applied and how the systems converged․ This transparency is critical to ensure proper 

regulation of a system where undetected failures can have consequences in multiple institutions [2]. 

Further complicating the consistency model is the fact that to meet regulatory requirements for real-

time monitoring of liquidity as stipulated in the Basel III intraday liquidity standards‚ liquidity 

positions must be visible to settlement participants with sufficient precision and timeliness to support 

collateral management․ To address this‚ HCA ensures that CCZ ledger updates (representing final 

settled positions) are immediately consistent within a region and only experience bounded latency to 

other regions․ AOZ liquidity estimates, which may be temporarily stale during partitions, are clearly 

distinguished from CCZ-confirmed positions in the system's reporting layer, preventing participants 

from acting on unconfirmed data. 
 

Regulatory Requirement Governing Standard HCA Compliance Mechanism 

Tamper-evident operation 

records 
PFMI Principle 24  Cryptographic hash-linked audit log per region 

Transaction sequence 

reconstruction 
PFMI Principle 22 

Causal dependency vector per logged 

operation 

Intraday liquidity position 

reporting 

Basel III intraday 

standards  

CCZ-confirmed positions distinguished from 

AOZ estimates 

Partition behavior 

transparency 
PFMI Principle 17 

Explicit divergence and reconciliation records 

in the CZ audit trail 

Table 4: Regulatory Auditability Requirements and HCA Compliance Mechanisms [7, 14] 
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Conclusion 
International payment clearing operates at the convergence of distributed systems theory, financial 

market infrastructure engineering, and global regulatory compliance, exposing a fundamental tension 

that no single architectural decision can entirely resolve. The CAP theorem reveals a basic division 

that must be made in partitioned geo-distributed systems: strict consistency cannot be achieved along 

with high availability across all operations [4]․ In contrast‚ previous clearing architectures accepted 

the trade-off of sacrificing availability and allowing halts in the presence of network faults․ This was 

a reasonable trade-off in the era of batch settlement windows‚ but structurally incompatible with the 

continuous transaction flows and global scale of the current digital finance ecosystem [3]‚ [6]․ The 

Hybrid Consistency Architecture presented here offers a principled resolution grounded in the 

recognition that the clearing workflow is not a uniform consistency domain and therefore should not 

be governed by a single uniform consistency model. Consistency-Critical Zones apply linearizable 

guarantees to settlement operations where correctness is absolute and non-negotiable [7]. Availability-

Optimized Zones apply causal consistency to processing functions where continuity and low latency 

take precedence [9]. Convergence Zones supply the reconciliation infrastructure by which divergent 

replica states are merged into a consistent, auditable global ledger following fault recovery [13]. 

Together, these zones allow the system to maintain strong settlement correctness while sustaining 

high availability across a distributed global infrastructure. The architectural principles embodied in 

this framework carry relevance beyond bilateral clearing arrangements, extending naturally to central 

bank digital currency platforms, multilateral netting systems, and distributed ledger settlement 

infrastructure — all of which face structurally identical CAP trade-offs. Calibrating consistency 

guarantees to operational requirements, rather than imposing uniform models system-wide, constitutes 

the foundational design principle for resilient, globally capable financial clearing infrastructure. 
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