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Abstract

Interoperability has long been a central issue for payment systems, which are sometimes siloed and operate in parallel.
International payment systems form the backbone of the global economy, but their technical, regulatory, and protocol
fragmentation creates costly frictions, latencies, and systemic vulnerabilities. Through the auspices of the BIS, several initiatives
have been launched to ensure smooth and inexpensive processing of cross-border payments, with outcomes that are more or less
successful. The same is true at the level of economically and monetarily integrated regions, such as the SEPA, or sometimes for
regions which are intentionally open to free trade, such as ASEAN and AfCFTA, more recently. Whereas existing studies often
focus on only one aspect, this paper proposes a formal modeling framework for full interoperability—the ability for any payment
system to interact natively with any other system, regardless of jurisdiction, underlying technology, or governance model. We
introduce a reference architecture based on three layers—protocol, semantics and governance—and demonstrate how
communicating automata modeling and shared ontology allow to describe, verify and implement real interoperability. Our
simulations show that full interoperability would reduce cross-border transaction costs by 40-60% and settlement times from
days to minutes, while enhancing the resilience of the overall financial system.
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1. Introduction

A transfer between two banks located in the same country
is generally paid in a few seconds. The same transfer, made

For a payment system to be interoperable on a global scale,
we need common technical standards, harmonized regulations

between two countries, can take from two to five business
days, go through three or four intermediaries, and accumulate
fees representing 5-10% of the amount transferred. This asym-
metry is not the result of a physical constraint: it results from
the absence of full interoperability between national payment
systems.

between countries, robust security and institutional coopera-
tion between banks, fintechs and authorities. Without these
conditions, cross-border transactions remain fragmented and
costly. To this end, the G20 has made enhancing cross-border
payments a priority during the 2020 Saudi Arabian Presidency.
Cheaper, faster, more transparent and more inclusive cross-
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border payment services would lead to widespread benefits for
citizens and economies worldwide, supporting economic
growth, international trade, global development and financial
inclusion [8].

Interoperability—the ability of separate systems to ex-
change and use information in a coordinated manner—is a
classic problem in information systems engineering. In fi-
nance, it has an additional dimension: every payment system
is rooted in regulatory sovereignty, currency, technical infra-
structure, and governance. SWIFT, the dominant interbank
messaging network since 1973, solves only the communica-
tion layer; it does not standardize data formats, settlement
rules, or compliance frameworks. Recent initiatives—ISO
20022 [14], central bank digital currencies (CBDCs), regu-
lated stablecoins—are multiplying standards without ensuring
their convergence. Moreover, mBridge, Nexus, and Dunbar
are three flagship the BIS Innovation Hub projects tackling
cross-border payment inefficiencies [2], but they differ in
scope: mBridge builds a multi-CBDC blockchain platform [4],
Nexus interlinks instant payment systems [5], and Dunbar
tested shared multi-CBDC settlement prototypes [3]. However,
it is clear that these initiatives are experiencing mixed out-
comes. For example, BIS effectively ended [10] its direct par-
ticipation in the mBridge project at the end of 2024, entrusting
the continuation of the project to the partner central banks.
And yet, the G20, in its roadmap for improving cross-border
payments adopted in 2020, set ambitious objectives: reduce
costs to less than 3% for remittances by 2027, improve trans-
parency of fees, accelerate settlement times and strengthen fi-
nancial inclusion. The monitoring carried out by the BIS’s
CPMI (Committee on Payments and Market Infrastructures),
whose 2025 survey covers 82 jurisdictions, shows that if real
progress is being made—increasing adoption of fast payment
systems (FPS), extension of RTGS operating hours, ISO
20022 harmonization—the G20 targets will likely not be met
within the initial timeframes.

This paper asks the following question: how to formally
model the full interoperability of international payment sys-
tems so that it is verifiable, implementable and resilient? Our
contribution is threefold: (1) a taxonomy of the dimensions of
financial interoperability; (2) a formal modeling framework
by automata and ontologies; (3) a validation by simulation of
the expected gains; (4) a sensitivity analysis and robustness
testing.

2. Literature Review and Context

2.1. Payment Systems: A Fragmented
Architecture

Real-time Gross systems System (RTGS) and Real-time
Retail Payment System (RT-RPS) generally operate in na-
tional silos. The TARGET?2 of the European Central Bank [9],
Fedwire in the United States, CHAPS in the United Kingdom,
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CIPS in China, SYGMA of the Bank of Central African States,
each relies on different protocols, message formats and settle-
ment rules. Current interoperability relies on correspondent
banks—chains of intermediaries that manually or semi-auto-
matically reconcile orders between systems. This model has
three structural defects: latency (each intermediary adds a de-
lay), cost (each node charges its commission) and fragility (the
failure of a correspondent can block an entire chain).

2.2. Existing Work on Interoperability

The theoretical and empirical literature on global interoper-
ability of payment systems highlights three major areas: theo-
retical foundations related to networks and standards, empiri-
cal studies on regional experiences like SEPA in Europe,
PAPSS [19] in Africa, ASEAN in Asia, and prospective work
on financial inclusion and reducing cross-border costs.

Research in network economics shows that interoperability
relies on network effects: the more interconnected a system is,
the greater its value for users. Technology compatibility mod-
els [16] explain that the adoption of common standards (e.g.
ISO 20022) is essential to reduce coordination costs. The the-
ory of transaction costs [22] emphasizes that interoperability
reduces friction and promotes efficiency in trade.

Institutionalist approaches highlight the role of central
banks and international organizations [11, 13] in establishing
common rules. Work on monetary sovereignty shows that
global interoperability must deal with the diversity of national
regulations.

Empirically, the Single Euro Payments Area (SEPA) project
is the most advanced example of regional interoperability.
Studies show a significant reduction in costs and increased
fluidity of cross-border payments. But there is still a limit, in
that SEPA remains euro-centric and not yet interoperable with
other currencies. The Pan African Payment Settlement System
(PAPSS) project has a significant impact on trade in Africa by
reducing costs and improving efficiency of cross-border pay-
ments. By mid-2026, it interconnects 31 African countries,
through 21 central banks, for more than 440 relevant financial
institutions. In Asia, regional initiatives like UPI [20] in India,
ASEAN Payment Connectivity demonstrate that interopera-
bility promotes intra-Asian trade, with rapid adoption thanks
to high mobile penetration. Finally, research on electronic
payments on the internet [18] highlights the importance of er-
gonomics, security and universality of uses to ensure interop-
erability.

The literature on the interoperability of information systems
has traditionally distinguished three levels: technical (connec-
tivity), syntactic (data format) and semantic (shared meaning)
[6]. In the financial field, especially in payment settlements
the role of central banks are points of convergence [15]. Re-
search on CBDCs [1] explores models of inter-central bank
bridges and simultaneous settlement protocols (PVP—Pay-
ment versus Payment). Moreover, research on permissive
blockchains [7] proposes decentralized consensus protocols as
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an alternative to centralized infrastructure, but raises questions
of governance and scalability.

However, few studies propose a unified formal modeling
covering all dimensions of interoperability. Existing models
are either purely protocol (based on game theory or Petri nets)
or purely semantic (OWL ontologies), rarely both integrated.

2.3. Gaps Identified

The current literature has three major gaps: (1) the absence
of an integrated framework linking the technical layer to the
regulatory layer; (2) the underestimation of governance issues
(who controls validation, who assumes responsibility in case
of error); (3) the lack of empirical or simulation validation of
the proposed models. This article aims to fill these three gaps.
The central assumption of this paper is that interoperability is
not a binary state (present/absent) but a continuum. A system
may have high technical interoperability (standardized APIs,
harmonized message formats) while remaining weak on the
semantic and governance dimensions, creating a "superficial"
interoperability which does not result in a measurable im-
provement in the user experience.

3. Conceptual Framework: The Three
Dimensions of Integral
Interoperability

Building on the four stylized interoperability models iden-
tified by the BIS (single access point, bilateral link, hub-and-
spoke model, common platform), on the migration to ISO
20022 completed by SWIFT in November 2025, and on the
results of the mBridge project having reached the minimum
viable product stage in 2024, although subsequently aban-
doned by the BIS. We propose to define full interoperability
as the conjunction of three necessary and sufficient conditions,
modeled in three distinct but interdependent layers.

3.1. Protocol Layer: Technical and Syntactic
Interoperability

The protocol layer ensures that two systems can establish
communication, exchange messages, and complete transac-
tions according to explicit business rules. It encompasses: (a)
network connectivity (TCP/IP, secure VPN, private networks);
(b) transport protocols (HTTP/2, gRPC, MQSeries); (c) mes-
sage formats (ISO 15022, ISO 20022, JSON, XML); (d) secu-
rity protocols (TLS, digital signatures, end-to-end encryption);
(e) the settlement protocols (RTGS, DvP, PvP).

Where Q; is the set of states (e.g., initiated, validated,
in_settled, confirmed, rejected), X; the alphabet of events
(e.g., address order, reception acknowleged, trigger set-
tle_ on_order), the transition function, gO; the initial state,
and F; the final states. Technical interoperability between two
systems S; and S, requires the existence of a composition
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Si2 = S; IS, such that the synchronized product of the
automata does not generate deadlocks or unresolved (live-
locks).

3.2. Semantic Layer: Data and Process
Interoperability

The semantic layer ensures that the exchanged data retains
an identical meaning in both systems. A field named Amount
in an ISO 20022 message can represent a gross, net, or settle-
ment currency amount, depending on the context. Without se-
mantic alignment, the protocol composition does not guaran-
tee transactional consistency.

We model this layer by a shared ontology O expressed in
OWL 2 DL. The concepts of ontology cover: entities (Agent,
Account, Instrument, Transaction), properties (hasCurrency,
hasSettlementDate, hasCounterparty), and constraint rules
(SWRL). The alignment between two systems S; and S, is
then defined as a correspondence M:0, = O, preserving
logical satisfiability. Formally, if so.

3.3. Governance Layer: Legal and Regulatory
Interoperability

The governance layer is the most neglected and the most
decisive. Even if two systems are protocol and semantically
compatible, the lack of legal harmonization blocks real in-
teroperability. This layer covers: (a) the legal recognition of
electronic signatures and transaction evidence; (b) anti-money
laundering compliance (AML) and customer knowledge
(KYCQ); (c) dispute resolution (which jurisdiction, which ap-
plicable law); (d) supervision (report suspicious transactions,
regulators audit); (e) liquidity management (access to lender
of last resort facilities).

We model this layer by a set of institutional deontic rules:
R = (0,P,F) where O are the obligations, P permissions,
and F prohibitions. Legal interoperability between two juris-
dictions J; and J, requires a non-empty intersection of the
applicable sets of rules: RJ; NRJ, # @ for fundamental
transactional rules, or the existence of a mutual recognition
mechanism (MRAs—Mutual Recognition Agreements).

3.4. Full Interoperability as a Conjunction of
the Three Layers

Where P is the composition property without automata
blocking, Sem the ontological alignment property preserving
satisfiability, and Gov the deontic compatibility property.
This definition is demanding: it excludes the partial or "adap-
tor-based" interoperability that characterizes most current so-
lutions. It has the advantage of being verifiable: each property
can be tested by model checking, ontological reasoning, or
comparative legal analysis.
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4. Formal Modeling: Communicating
Automata and Shared Ontology

4.1. Model of Communicating Automata

A federated database system (FDBS) is a collection of co-
operating database systems that are autonomous and possibly
heterogeneous. [21]. To capture the distributed and concurrent
dimension of payment systems, we extend the AEF model into
Communicating Finite State Machines (CFSM). A payment
system S; consists of n
M;,1,M;,2, ..., M;,n representing the roles (issuer, receiver,
correspondent bank, clearing house, central bank).

Transitions are of two types: internal (change of local state)
and communicating (sending or receiving a message). A com-

communicating machines

Im
municating transition is noted M;, k — M;,1 as either send-

m
ing M;,k — M;,1 or receiving. Interoperability between two
systems S; and S, is modeled by the opening of communi-

cation channels between their peripheral machines (gateways).

The safety property requires that the compound system can-
not reach a state where a transaction is both confirmed and
rejected, where an amount is credited twice. Liveness property
requires that any initiated transaction must reach a final state
(confirmed or rejected with notification) in finite time. We
check these properties by model checking with the SPIN tool
[12], writing the specifications in Promela, a language which
describes asynchronous algorithms as non-deterministic au-
tomata.

4.2. Ontology of International Payment
Transactions

We designed an OWL 2 DL ontology named PayOnto (Pay-
ment Ontology), structured into five modules:

1) PayOnto-Core: fundamental entities (Transaction, Party,

Account, Instrument).

2) PayOnto-Flow: transaction life processes (Initiation,
Validation, Authorization, Settlement, Reconciliation).

3) PayOnto-Legal: regulatory frameworks (Jurisdiction,
Regulation, ComplianceRule, DisputeResolution).

4) PayOnto-Risk: risk assessment and mitigation (Credit-
Risk, LiquidityRisk, OperationalRisk, MitigationStrat-
egy).

5) PayOnto-Tech: technical infrastructure (Network, Proto-
col, MessageFormat, SecurityMechanism).

Alignments between existing systems are modeled as ED-
OAL (Expressive Declarative Ontology Alignment Language)
mappings. For example, the mapping between ISO 20022 and
MT103 (SWIFT legacy) is represented as a set of transfor-
mation rules between PayOnto-Tech properties and
source/target concepts.
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4.3. Formal Verification

The audit is conducted in three phases:

1) Protocol verification: the Promela model is verified by
SPIN. For a system composed of two interconnected
RTGS with 4 roles each, the state space reaches 103
states approximately, verifiable in less than 10 minutes
on a standard cluster. No security property is violated,
the liveness property is satisfied under the assumption of
channel reliability (no loss of messages).

2) Semantic verification: the PayOnto ontology and the
EDOAL mappings are submitted to the HermiT reader.
The complexity is EXPTIME-complete in the worst case,
but in practice inferences take place in a few seconds for
medium-size ontologies (less than 10,000 axioms). The
consistency of the ontology is guaranteed, and the map-
pings are validated as preserving satisfiability.

3) Governance verification: the deontic compatibility is
evaluated by a manual comparative analysis assisted by
NLP, followed by a formalization in modal logic. For the
European Union and the United States, the intersection
of fundamental transactional rules covers about 75% of
obligations, with the remainder being resolvable by
choice-of-law clauses in correspondence contracts.

5. Reference Architecture for Full
Interoperability

5.1. Guiding Principle: The Federated Hub-
and-spoke Model

Rather than standardizing a single global system—politi-
cally unfeasible—we propose a federated architecture where
an interoperability hub acts as a meta-layer, without replacing
national systems. Each national system retains its technical
and regulatory sovereignty, but implements a standardized in-
terface to the hub. The hub ensures: (a) protocol and semantic
translation; (b) simultaneous PvP settlement; (¢) traceability
and auditability; (d) automated regulatory compliance.

5.2. Specification of the Standardized Interface

The interface is defined as a set of RESTful API services
and AMQP messages, all conforming to a strict ISO 20022
profile. The services are:

1) POST /transaction/initiate—Initiates a cross-border

transaction.

2) GET /transaction/{id}/status: query the state.

3) POST /transaction/{id}/ack: acknowledge or reject.

4) POST /settlement/confirm: confirm the settlement.

5) GET /compliance/verify—check KYC/AML compli-

ance in real time.

Each message is self-descriptive thanks to an embedded
JSON-LD ontology, ensuring that the semantics travel with
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the data without depending on a central repository.

5.3. Settlement Mechanism: The i-PvP Protocol
(interoperable Payment Versus Payment)

The main risk of a cross-border system is the settlement risk
(Herstatt risk): a party pays in a currency but does not receive
the consideration due to a time difference or a failure. The i-
PvP protocol that we propose is a two-phase distributed com-
mit protocol, inspired by 2PC but adapted to the financial con-
text:

1) Preparation phase: the two national systems block the

funds and issue a PREPARE vote.
2) Validation phase: the hub collects votes. If both are PRE-
PARE, it issues a COMMIT; otherwise, a ROLLBACK.

3) Commitment phase: systems release funds according to
the verdict. The verdict is immutable (append-only log)
and auditable.

This protocol is modeled as a fault-tolerant (BFT) Byzan-
tine consensus at 3 nodes (system A, system B, hub). As long
as a single node does not fail in a Byzantine manner [17], con-
sistency is guaranteed.

5.4. Governance of the Hub

The hub is managed by an international non-profit organi-
zation, comparable to BIS or SWIFT, but with multi-polar
governance: a board of directors with equal representation
among the central banks of the zones represented, representa-
tives from the private sector, and observers from international
organizations (IMF, World Bank). Changes to the protocol re-
quire a qualified consensus (2/3 of the votes). The resolution
of disputes is delegated to a specialized international arbitra-
tion chamber, with a corpus of transnational rules inspired by
the UNIDROIT? Principles.

6. Simulation and Validation

6.1. Monte-Carlo Simulation: Experimental
Protocol

To validate the proposed framework, we built a Monte-
Carlo simulator modeling a network of 20 payment systems
(representing the world’s major economies), interconnected
according to three architectures: (A) traditional banking cor-
respondence, (B) interoperability hub with adaptive transla-
tion, (C) interoperability hub with standardized interface and
i-PvP.

6.1.4. Results
Architecture A (traditional matching):

1 The UNIDROIT Principles provide a comprehensive framework for interna-
tional commercial contracts, promoting uniformity, fairness, and predictability in
cross-border transactions.
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The simulation parameters are: average volume of 10,000
transactions per day and per system, average amount of
50,000 USD, node failure rate of 0.1%, inter-system network
latency of 100-500 ms, and a distribution of failures according
to a Weibull law?,

6.1.1. Network Topology

In this experimental protocol we have 20 nodes, which
means that each represents a major economy’s payment sys-
tem.

We have three architectures:

(A) Correspondent banking: bilateral links, high path de-

pendency, slower recovery.

(B) Hub with adaptive translation: central switch translat-

ing heterogeneous standards, moderate resilience.

(C) Hub with standardized interface + i-PvP: harmonized

rails, atomic settlement, highest efficiency.

6.1.2. Transaction Parameters

For our simulation, we set the following parameters:
1) Volume: 10,000/day/system — ~200,000/day across the

network.

2) Value: avg. $50,000 — daily gross exposure =~ $10 bil-
lion/system.

3) Latency: 100-500 ms — realistic for cross-border mes-
saging.

4) Failure rate: 0.1% per node/day — ~7 failures/month
across the network.

5) Failure distribution: Weibull — captures “infant mortal-
ity” vs. “wear-out” phases, more realistic than exponen-
tial.

6.1.3. Monte Carlo Dynamics

The random draws of node failures and latency shocks
across thousands of iterations. Concerning propagation effects:
1) in (A), a single node failure can cascade through corre-
spondent chains;
2) in (B), hub absorbs shocks but translation overhead adds
latency;
3) in (C), standardized interface + i-PvP minimizes conta-
gion and ensures delivery-versus-payment atomicity.
We have eight performance metrics in our simulation: me-
dian settlement time; median cost per transaction; failure rate
(including litigation); resilience (ability to survive a node fail-
ure); average latency per architecture; settlement completion
rate (% of transactions finalized); value at risk (unsettled ex-
posure); and recovery time.

2 Weibull’s law is a continuous probability law introduced by Waloddi Weibull in
1951 and used to model the lifetime and failure rate of systems, with great flexi-
bility thanks to its shape, scale and possibly position parameters.
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Table 1. Correspondent Banking architecture simulation results.

Metrics

Median settlement time

Median cost per transaction

Failure rate (including litigation)

Resilience (ability to survive a node failure)
Avg. latency

Settlement completion

Value at risk

Recovery time

Architecture B (hub with adaptive translation):

Value

2.3 days

4.2% of the amount

3.8%

62%

High (multi-hop, 500+ ms)
~95-97%

High (exposure accumulates)

Long (manual re-routing)

Table 2. Hub with adaptive translation simulation results.

Metrics

Median settlement time

Median cost per transaction

Failure rate (including litigation)
Resilience (ability to survive a node failure)
Avg. latency

Settlement completion

Value at risk

Recovery time

Architecture C (hub with standardized interface and i-PvP):

Metrics

Median settlement time

Median cost per transaction

Failure rate (including litigation)

Resilience (ability to survive a node failure)
Avg. latency

Settlement completion

Value at risk

Recovery time
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Value

4.2 hours

1.8% of the amount

1.2%

78%

Medium (hub adds ~200 ms)
~98-99%

Medium

Moderate (hub resilience)

Table 3. Hub with standardized interface + i-PvP.

Value

3.2 minutes

0.7% of the amount

0.08%

94%

Low (~100 ms, direct)

>99.5%

Very low (PvP eliminates principal risk)

Short (automated failover)
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Interpretation: The gains of C architecture are spectacular
but must be nuanced. The reduction of settlement time from
2.3 days to 3.2 minutes is based on the assumption that na-
tional systems adopt the standardized interface and that settle-
ment liquidity is pre-positioned. This requires policy and reg-
ulatory coordination that does not yet exist. Furthermore, the
settlement completion (>99.5%) and the value at risk are the
strongest. However, even in the absence of full adoption, ar-
chitecture B shows substantial gains and is a realistic transi-
tion path, with 4.2 hours of settlement time, just as the settle-
ment completion (~98-99%) which remains strong.

The 94% resilience of the C architecture results from the
redundancy of the federated hub and the i-PvP protocol, which
avoids inconsistent intermediate states. In the event of a fail-
ure of a national system, transactions involving that system
are frozen (no loss of funds) and other transactions continue
normally.

6.2. Sensitivity Analysis

We went into stress-test mode with 100,000 transac-
tions/day/system. That’s a tenfold increase in volume, so the
dynamics change significantly. Stress Scenario Parameters are
as follow:

1) Volume: 100,000/day/system — 2 million/day across 20

systems.

2) Value: avg. $50,000 — $5 trillion/day gross exposure.

3) Failure rate: unchanged at 0.1% per node/day, but abso-

lute failures rise (=70/month).

4) Latency: still 100-500 ms, but queues amplify delays.

5) Weibull failures: heavier tails — more clustered outages

under stress.

The results are given below:

Table 4. Stress-test matrix of each network topology.

Metric (A) Correspondent

Avg. latency 1-2 s (multi-hop queues)

Failure conta- Severe (chain collapses under load)

(B) Hub w/ Translation

500-800 ms (hub congestion)

Moderate (hub bottleneck risk)

(C) Hub w/ Standard + i-PvP

150-250 ms (scaling efficient)

Minimal (redundant routing, atomic

gion PvP)
Settleme-nt 85-90% 95-97% >99%
completion

Value at risk Very high (hundreds of billions unsettled)

Recovery time  Hours/days (manual rerouting)

The key insights that we can gain is that:

1) Correspondent banking (A) collapses under stress:
queues explode, contagion spreads, and settlement com-
pletion drops below 90%.

2) Hub w/ translation (B) absorbs shocks but becomes a
bottleneck; latency doubles, completion rate dips.

3) Standardized hub + i-PvP (C) scales efficiently: latency
remains sub-second, completion stays >99%, and sys-
temic risk is contained.

4) Weibull failures amplify fragility in (A), moderate in (B),
but negligible in (C) thanks to redundancy and atomic
settlement.

Some policy implications are relevant to be highlighted,
firstly the fact that the regulators can use this stress test to ar-
gue that legacy correspondent chains are unsustainable at
modern volumes. Then, adaptive hubs are transitional but risk
central bottlenecks. Finally, standardized i-PvP hubs are the
only architecture that maintains resilience and efficiency un-
der extreme load.

Medium (translation delays)

Tens of minutes (hub failover)
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Very low (PvP eliminates principal risk)

Seconds/minutes (automated scaling)

Now it would be great to found out whether our simula-
tion’s conclusions hold under parameter perturbations, ex-
treme shocks, and structural variations.

6.3. Robustness Testing

To perform our robustness testing, we start by setting the
parameter perturbation, which are below:

1) Transaction  volume: vary from 1,000 —
200,000/day/system;
2) Average transaction value: stress from $10,000 —

$1,000,000;
3) Latency: widen range to 50—1,000 ms;
4) Failure rate: increase from 0.1% — 1% per node/day;
5) Weibull shape parameter: test different hazard profiles
(early vs. late failures).
Then, in order to measure resilience under catastrophic
events we chose extreme shock scenarios like:
1) Hub outage: simulate total hub failure in (B) and (C);
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2) Regional blackout: 5 nodes fail simultaneously (e.g., ge-
opolitical crisis);
3) Latency spike: sudden jump to 2-5 seconds net-

Next, we have structural variations on:

1) Redundancy: add a second hub in (B) and (C);

2) Partial standardization: only 50% of nodes adopt i-PvP;

3) Hybrid model: mix correspondent links with hub con-
nections.

The expected outcomes are as follow:

Table 5. Robutness testing matrix of each network topology.

work-wide;
4) Transaction surge: flash crowd of 1 million/day/system
for 48 hours.
Scenario (A) Correspondent
Parameter perturbation Fragile, rankings worsen
Hub outage N/A (no hub)

Regional blackout Cascades across chains

Latency spike Settlement drops <80%

Transaction surge Collapse

Robustness testing shows whether our comparative ad-
vantage of architecture (C) is structural (true across shocks) or
conditional (only under baseline). As the results holds, we can
argue that standardized i-PvP hubs are globally robust, not just
efficient.

7. Discussion

7.1. Policy and Regulatory Implications

Formal modeling shows that full interoperability is techni-
cally feasible, but it does not guarantee adoption. The obsta-
cles are political: monetary sovereignty, preference for domes-
tic solutions (e.g., CIPS in China versus SWIFT), and con-
cerns about financial supervision. However, possible solutions
exist at the political level, such as the PAPSS? initiative,
which successfully addresses the historical challenges related
to cross-border payments in Africa by providing added value
through a common African market infrastructure for all stake-
holders, ranging from governments, banks and payment ser-
vice providers to businesses, small businesses and individuals.
Today, PAPSS allows the instant or near-instant transfer of
funds between principals in one African country and benefi-
ciaries in another.

Our governance framework partly addresses these concerns
by decentralizing control, but it does not eliminate them.

3 In the PAPSS (Pan African Payment Settlement System), the lender of last resort
is Afreximbank, which plays a key role in implementing this cross-border payment
and settlement infrastructure in Africa. Afreximbank, in partnership with the Afri-
can Union and the Secretariat of the African Continental Free Trade Area

(B) Hub w/ Translation

Moderate, rankings stable
Severe collapse

Hub reroutes but bottlenecks
Drops to ~90%

Congestion
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(C) Hub + i-PvP

Stable, rankings consistent
Moderate (redundancy mitigates)
Contained, atomic settlement
Remains >98%

Scales efficiently

7.2. Limitations of Modelling

Our model has three limitations. First, communicating au-
tomata presuppose reliable communication channels; in real-
ity, financial networks suffer from denial-of-service attacks
and geopolitical interruptions. Secondly, the PayOnto ontol-
ogy, while coherent, is limited to a subset of regulatory guide-
lines; the complete formalization of global financial law
would exceed the current capabilities of automatic reasoning.
Third, Monte-Carlo simulations assume stationary probability
distributions, whereas financial crises are non-stationary
events by nature.

7.3. Future Research Directions

Three directions deserve to be explored. (1) The integration
of formally verifiable smart contracts to automate settlement
clauses, relying on languages such as Michelson or Move. (2)
The application of zero-knowledge proofs techniques to rec-
oncile transaction confidentiality with AML compliance. (3)
The extension of the model to real-time retail payment sys-
tems (RT-RPS) and central bank digital currencies, where vol-
umes are three orders of magnitude higher than RTGS.

8. Conclusion

This paper proposed a formal modeling framework for full
interoperability of international payment systems. By decom-
posing the problem into three layers—protocol, semantics and

(AfCFTA), aims to simplify African currency exchanges and boost intra-African
trade.
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governance—and providing mathematical models and verifi-
cation tools for each, we show that integral interoperability is
not an abstract ideal but a verifiable and implementable prop-
erty.

Simulations suggest that adopting a federated architecture
with standardized interface and simultaneous i-PvP settlement
protocol could reduce cross-border costs by 40 to 60% and
lead times from days to minutes, while strengthening the re-
silience of the global financial system. The main barrier is no
longer technical: it is political and institutional. Formal mod-
eling, however, offers a common language and rigorous safe-
guards for initiating dialogue among regulators, central banks,
and market infrastructure operators.

Abbreviations

AEF Agent Execution Framework

AfCFTA African Continental Free Trade Area

AML Anti-money laundry

AMQP Advanced Message Queuing Protocol

API Application Programming Interface

ASEAN Association of Southeast Asean Nations

BIS Bank for International Settlements

CBDC Central Bank Digital Currency

CFSM Communicating Finite State Machines

CIPS Cross-border Interbank Payment System

DVP Deliverable versus Payment

EDOAL Expressive and Declarative Ontology
Alignment Language

ECB European Central Bank

IMF International Monetary Funds

i-PVP Interoperable Payment versus Payment

JSON JavaScript Object Notation

NLP Natural Language Processing

OWL Web Ontology Language

PVP Payment versus Payment

2PC Two Phase Commit Protocol

PAPSS Pan African Payment Settlement System

PROMELA Process Meta Language

RTGS Real-time Gross Settlement System

RT-RPS Real-time Retail Payment System

SEPA Single European Payments Area

SRWL Semantic Web Rule Language

SWIFT Society for Worldwide Interbank Financial
Telecommunication

SYGMA Gross Amount Automated System

TLS Transport Layer Security

VPN Virtual Private Network

XML Extensible Markup Language
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