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ABSTRACT 

 The rapid proliferation of instant settlement rails, decentralized architectures, and cross-border transaction protocols has 
heightened systemic vulnerabilities across modern financial infrastructures, introducing non-linear operational, liquidity, and 
financial crime risks. Traditional supervisory frameworks, characterized by periodic compliance reporting and static rule-based 
heuristics, exhibit prohibitive latency and fail to capture multi-hop illicit flows or sudden contagion across interconnected nodes. 
This study develops an adaptive Regulatory Technology (RegTech) framework engineered to monitor real-time risk dynamics within 
high-frequency digital payment ecosystems. Integrating dynamic graph topology analysis with unsupervised anomaly detection 
architectures, the proposed model captures latent counterparty interconnectedness, structural transaction velocity shifts, and 
automated money-laundering vectors. Empirical validation using high-dimensional payment settlement data demonstrates that this 
framework reduces systemic anomaly identification latency from hours to sub-second intervals while decreasing false-positive 
compliance noise by 38.6% relative to standard benchmark models. Furthermore, stress-testing under simulated liquidity shocks 
reveals enhanced predictive power regarding inter-institutional settlement bottlenecks. The results provide central monetary 
authorities and supervisory bodies with a scalable, data-driven architecture to transition from reactive ex-post audits toward 
continuous, proactive macro-prudential oversight, thereby preserving financial stability within digitized payment environments. 

KEYWORDS: RegTech; Digital Payment Ecosystems; Systemic Risk Dynamics; Real-Time Transaction Monitoring; Macro-
Prudential Supervision; Network Contagion; Financial Crime Compliance (AML/CFT). 
 

INTRODUCTION 
The structural transformation of global payment infrastructures over the past decade has fundamentally altered the velocity, 

volume, and topology of sovereign capital flows. The widespread deployment of fast payment systems (FPS) exemplified by SEPA 

Instant Credit Transfer in the Eurosystem, Pix in Brazil, the Unified Payments Interface (UPI) in India, and the FedNow Service in 

the United States—alongside the universal adoption of data-rich ISO 20022 messaging standards, has shifted financial settlement 

from discrete, batch-oriented routines to continuous, sub-second execution. While this evolution substantially optimizes 

macroeconomic liquidity allocation and eliminates historical counterparty delays, it simultaneously compresses the critical temporal 

buffers traditionally utilized by clearing institutions and supervisory authorities to detect, intercept, and absorb operational 

anomalies, liquidity imbalances, and illicit capital flight. 

As digital payment ecosystems expand to integrate decentralized protocols, open-banking API aggregators, and non-bank 

payment service providers (PSPs), the underlying risk landscape transitions from isolated balance-sheet exposures to complex, 

interconnected network vulnerabilities. Modern systemic risks manifest primarily through rapid intraday liquidity depletion across 

clearing members during high-frequency volatility spikes, operational contagion arising from shared cloud infrastructures and 

intermediary routing gateways, and sophisticated financial crime vectors. In particular, illicit actors increasingly exploit 

interconnected routing topologies via automated, multi-hop layering techniques—such as peeling chains and distributed smurfing 

algorithms—which dilute forensic transaction lineages across fragmented regulatory jurisdictions and disparate payment channels. 

Despite the emergence of these multi-dimensional threats, conventional supervisory mechanisms remain predominantly 

static, retrospective, and siloed. Traditional Regulatory Technology (RegTech) and Supervisory Technology (SupTech) 

implementations continue to depend on deterministic, threshold-based heuristics and ex-post batch audits executed long after final 

settlement has occurred. These legacy mechanisms exhibit structural deficiencies: they generate prohibitive false-positive rates that 

overburden institutional compliance workflows while remaining blind to coordinated, multi-agent behavioral shifts that execute 

beneath static reporting ceilings. Consequently, a pronounced supervisory asymmetry has emerged between the millisecond 

operational tempo of modern payment ecosystems and the lagging analytical capabilities of regulatory monitoring frameworks. 

To resolve this supervisory gap, this study develops an adaptive RegTech framework engineered for continuous, real-time 

risk surveillance across high-frequency digital payment infrastructures. By modeling streaming transaction data as dynamic directed 

multigraphs and coupling this architecture with unsupervised anomaly detection algorithms, the proposed framework captures 

structural risk concentrations, sudden velocity shifts, and complex money-laundering topologies without relying on static heuristics. 

https://doi.org/10.36713/epra28920
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Through empirical validation on high-dimensional transaction data, this research evaluates trade-offs between computational 

throughput, detection latency, and classification precision, demonstrating that graph-based streaming analytics can substantially 

suppress false-positive compliance noise while accelerating anomaly detection. Furthermore, the paper outlines how central 

monetary authorities can integrate real-time network stress metrics into broader macro-prudential stability regimes. The subsequent 

sections synthesize the theoretical literature on network topology and supervisory technology, establish the mathematical 

formulation of the dynamic graph pipeline, evaluate empirical results and stress-test performance, and conclude with strategic policy 

implications for central banks and financial supervisory authorities. 

 

LITERATURE REVIEW 
The theoretical and empirical scholarship examining risk dynamics within digital payment ecosystems intersects three 

foundational domains: complex network theory in interbank settlement architectures, the macro-prudential modeling of intraday 

liquidity contagion, and the algorithmic evolution of Regulatory Technology (RegTech) and Supervisory Technology (SupTech). 

Historically, research on payment system vulnerability was anchored in the structural mechanics of real-time gross settlement 

(RTGS) and deferred net settlement (DNS) environments. Seminal contributions by Eisenberg and Noe (2001) established the 

standard equilibrium framework for systemic default propagation in interbank clearing, demonstrating how nominal bilateral 

obligations aggregate into non-linear systemic cascades under liquidity distress. Extending this to payment infrastructures, Bech 

and Garratt (2012) and Afonso and Shin (2011) modeled the strategic timing of transaction submissions, identifying that settlement 

friction arises not merely from institutional insolvency, but from strategic intraday liquidity hoarding during market dislocations. 

However, these foundational models operated under the assumption of discrete clearing intervals and predictable, bank-dominated 

routing topologies, an assumption increasingly decoupled from contemporary multi-tiered fast payment systems (FPS) characterized 

by continuous settlement, open-banking APIs, and non-bank payment intermediaries. 

The application of complex network topology to financial monitoring represents a critical paradigm shift in capturing 

structural vulnerability. Early empirical studies by Soramäki et al. (2007) and Boss et al. (2004) characterized interbank payment 

networks as scale-free, disassortative structures dominated by tightly clustered cores and dispersed peripheries. Within such 

topologies, systemic vulnerability is inherently heterogeneous: while core nodes provide transactional efficiency, they 

simultaneously act as high-velocity conduits for operational and liquidity contagion. Subsequent advancements, notably the 

DebtRank framework developed by Battiston et al. (2012) and systemic risk metrics formulated by Upper (2011), underscored that 

traditional micro-prudential balance-sheet assessments fail to account for higher-order, cyclic feedback loops. In modern, high-

throughput digital ecosystems—where cross-border conduits, micro-payment settlement aggregators, and decentralized settlement 

protocols interlace—risk propagation is no longer governed solely by direct counterparty exposures, but by dynamic shifts in edge 

weights, transaction velocity, and temporal centrality metrics that fluctuate at sub-second frequencies. 

Concurrently, the rapid sophistication of illicit transaction mechanisms has exposed the structural limitations of conventional 

regulatory monitoring paradigms. The established literature on anti-money laundering (AML) and counter-terrorist financing (CFT) 

compliance highlights an enduring reliance on deterministic, rule-based heuristics. As articulated by Arner, Barberis, and Buckley 

(2016, 2017), the first generation of RegTech relied primarily on digitized compliance checklists and fixed threshold triggers (e.g., 

statutory cash transaction reporting limits). Subsequent empirical inquiries by Broeders and Prenio (2018) from the Bank for 

International Settlements (BIS) demonstrate that these deterministic systems generate unmanageable operational friction, with false-

positive rates systematically exceeding 90% in tier-one financial institutions. Crucially, as evidenced by scholars investigating 

financial cybercrime and illicit capital flight, sophisticated actors systematically bypass static filters through distributed structural 

maneuvers, including "smurfing" architectures, cyclic layering, and rapid peeling chains designed to execute just beneath regulatory 

detection thresholds across fragmented payment service providers. 

To overcome the latency and blindness of static thresholding, recent literature has pivoted toward applied machine learning 

and data-driven anomaly detection in financial time-series. Initial implementations evaluated supervised classification models, 

including gradient boosting algorithms and deep neural networks, to flag fraudulent settlement patterns. However, as demonstrated 

by Weber et al. (2019) in their benchmark analysis of graph neural networks (GNNs) for anti-money laundering, strictly tabular and 

supervised approaches suffer from extreme class imbalance, severe label scarcity, and an inability to encode the relational topology 

inherent to financial transaction streams. The emergence of dynamic Graph Convolutional Networks (GCNs), Temporal Graph 

Networks (TGNs), and unsupervised topological anomaly detection (Wang et al., 2021) has offered substantial theoretical 

advantages by treating accounts as dynamic nodes and transactions as attributed, directed temporal edges. These graph-based 

architectures demonstrate superior capacity in identifying localized dense subgraphs, anomalous cycle structures, and rapid 

structural path changes indicative of automated layering schemes. 

Despite these methodological advancements, a significant gap persists in the existing literature. While current research 

broadly bifurcates into either macro-prudential models of interbank liquidity stress or micro-level algorithmic fraud detection, it 

largely ignores the intersection where micro-level transaction velocities directly induce macro-prudential settlement bottlenecks in 

real-time retail and interbank settlement systems. Furthermore, existing temporal graph architectures are frequently modeled as 

offline, static snapshots, rendering them computationally prohibitive for deployment within continuous, sub-second transaction 

streaming environments where memory constraints and computational latency are paramount. Consequently, there remains a critical 

need for an integrated RegTech framework that combines dynamic graph topology with low-latency unsupervised anomaly 
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detection, enabling simultaneous surveillance of systemic liquidity contagion and complex financial crime vectors within modern 

digital payment infrastructures. 

 

RESEARCH METHODOLOGY 
To evaluate and monitor the multi-dimensional, time-varying risk dynamics inherent to modern digital payment 

infrastructures, this study develops an integrated algorithmic Regulatory Technology (RegTech) framework grounded in 

continuous-time dynamic graph theory, deep representation learning, and spectral network analysis. The foundational architecture 

models the evolving payment ecosystem as a continuous-time directed temporal multigraph 𝒢𝑡 = (𝒱𝑡, ℰ𝑡 ,𝒲𝑡), where 𝒱𝑡 =
{𝑣1, 𝑣2, … , 𝑣𝑁} denotes the set of active transacting entities—spanning retail accounts, commercial banking entities, non-bank 

payment service providers, and central clearing hubs—observed up to timestamp 𝑡. The dynamic edge set ℰ𝑡 comprises discrete 

payment events 𝑒𝑖𝑗
𝑘 = (𝑣𝑖, 𝑣𝑗, 𝑡𝑘 , x𝑖𝑗

𝑘 ), representing financial transactions dispatched from source node 𝑣𝑖 to target node 𝑣𝑗 at 

timestamp 𝑡𝑘 ≤ 𝑡, enriched by an attributed feature vector x𝑖𝑗
𝑘 ∈ ℝ𝑑 that encapsulates transaction quantum, currency classification, 

execution protocol, settlement latency, and ISO 20022 message metadata. To ensure that historical transactional relationships do 

not exert a static, disproportionate influence over the current topological state while preserving crucial short-to-medium-term 

behavioral inertia, directed edge weights between counterparties are continuously updated via a continuous exponential temporal 

decay kernel: 

𝑤𝑖𝑗(𝑡) = ∑ 𝑣𝑖𝑗
𝑘

𝑘:𝑡𝑘≤𝑡

⋅ exp(−𝜆(𝑡 − 𝑡𝑘)) 

where 𝑣𝑖𝑗
𝑘  represents the normalized transaction volume of the 𝑘-th transfer, and 𝜆 > 0 serves as the decay parameter 

governing the velocity half-life across network interactions. 

To capture behavioral transitions in real time without incurring the computationally prohibitive cost of full-graph topological 

recomputation at each event, the architecture implements a continuous-time recurrent message-passing mechanism. Upon the arrival 

of a payment event 𝑒𝑖𝑗
𝑘  at timestamp 𝑡, directional interaction messages m𝑖(𝑡) and m𝑗(𝑡) are generated for the respective source and 

target nodes via a parameterized mapping 𝜙: 

m𝑖(𝑡) = 𝜙(h𝑖(𝑡
−), h𝑗(𝑡

−), x𝑖𝑗
𝑡 , Δ𝑡𝑖) 

m𝑗(𝑡) = 𝜙(h𝑗(𝑡
−), h𝑖(𝑡

−), x𝑖𝑗
𝑡 , Δ𝑡𝑗) 

where h𝑖(𝑡
−) signifies the latent structural state of node 𝑣𝑖 immediately preceding timestamp 𝑡, and Δ𝑡𝑖 = 𝑡 − 𝑡last(𝑖) defines 

the temporal delta since the node’s most recent transaction event. The internal memory state of each participant is then updated 

sequentially through a Gated Recurrent Unit (GRU) cell according to h𝑖(𝑡) = GRU(m𝑖(𝑡), h𝑖(𝑡
−)), achieving an 𝑂(1) 

computational complexity per streaming transaction event that satisfies the strict sub-second throughput imperatives of live clearing 

environments. 

Building upon these dynamic node embeddings, the supervisory engine quantifies complex, non-linear financial crime 

vectors—such as automated peeling chains, cyclic layering structures, and distributed fan-in/fan-out smurfing topologies—by 

constructing a composite topological anomaly metric 𝒮AML(𝑣𝑖, 𝑡): 
𝒮AML(𝑣𝑖, 𝑡) = 𝛼 ⋅ 𝒞loop(𝑣𝑖, 𝑡) + 𝛽 ⋅ Ψvel(𝑣𝑖, 𝑡) + 𝛾 ⋅ 𝜅𝑖(𝑡) 

In this formulation, 𝒞loop(𝑣𝑖, 𝑡) = ∑ ∏ 𝑤𝑢𝑣(𝑢,𝑣)∈𝑝𝑝∈𝒫𝑖
𝜏 (𝑡) quantifies the density of directed, closed temporal paths originating 

and terminating at node 𝑣𝑖 within a bounded temporal window 𝜏, isolating circular capital routing engineered to disguise beneficial 

ownership. Concurrently, Ψvel(𝑣𝑖, 𝑡) measures the flow-through velocity asymmetry by computing the absolute normalized 

divergence between incoming and outgoing liquidity volumes over immediate horizons, thereby identifying rapid-transit 

intermediary nodes that retain negligible capital balances. The structural metric 𝜅𝑖(𝑡) captures deviations in the local directed 

clustering coefficient relative to historical baseline distributions, while 𝛼, 𝛽, and 𝛾 denote constrained weighting coefficients 

satisfying 𝛼 + 𝛽 + 𝛾 = 1. 

Simultaneously, the framework continuously models macro-prudential liquidity stress by tracking intraday reserve balances 

and systemic contagion pathways across clearing participants. For any clearing node 𝑣𝑖 operating with an intraday central bank 

reserve position 𝐿𝑖(𝑡), the inter-temporal balance progression across observation interval Δ𝑡 is formalized as: 

𝐿𝑖(𝑡 + Δ𝑡) = 𝐿𝑖(𝑡) + ∑ Φ𝑗𝑖

𝑗∈𝒩in(𝑖)

(𝑡) − ∑ Φ𝑖𝑘

𝑘∈𝒩out(𝑖)

(𝑡) − Ω𝑖(𝑡) 

where Φ𝑗𝑖(𝑡) and Φ𝑖𝑘(𝑡) denote gross settled incoming and outgoing payment streams, and Ω𝑖(𝑡) represents exogenous 

intraday net outflow drains. A negative state 𝐿𝑖(𝑡 + Δ𝑡) < 0 forces the institution into an intraday deficit, causing settlement queue 

delays that propagate counterparty payment freezes throughout the system. To quantify aggregate systemic vulnerability in real 

time, the framework monitors the spectral properties of the dynamic inter-institutional obligation matrix W𝑡, defining the systemic 

fragility index Λsys(𝑡) through its spectral radius: 

Λsys(𝑡) = 𝜌(W𝑡) = max{|𝜇1|, |𝜇2|, … , |𝜇𝑛|} 
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where 𝜇𝑖 represent the eigenvalues of W𝑡. As the spectral radius approaches the critical threshold Λsys(𝑡) → 1, the network 

reaches a systemic tipping point where minor localized liquidity defaults trigger cascading settlement gridlocks across the payment 

ecosystem. 

Given that verified empirical labels for sophisticated financial crime and sudden settlement freezes are fundamentally sparse 

and delayed in real-world supervisory contexts, the architecture optimizes detection using an unsupervised multi-objective anomaly 

function. For any incoming transaction event 𝑒𝑖𝑗
𝑡 , the composite anomaly score 𝒜(𝑒𝑖𝑗

𝑡 ) ∈ [0,1] is computed as: 

𝒜(𝑒𝑖𝑗
𝑡 ) = 1 − exp (−[

‖h𝑖(𝑡) − ĥ𝑖(𝑡)‖2
2

𝜎ℎ
2 +

𝒮AML(𝑣𝑖, 𝑡)

𝜎𝑆
2 +

Λsys(𝑡)

𝜎Λ
2 ]) 

where ĥ𝑖(𝑡) denotes the reconstructed embedding produced via an inductive graph autoencoder, ‖h𝑖(𝑡) − ĥ𝑖(𝑡)‖2
2 measures 

topological reconstruction error reflecting deviations from established behavioral norms, and 𝜎ℎ
2, 𝜎𝑆

2, 𝜎Λ
2 represent robust variance 

normalizers estimated through rolling median absolute deviations. 

The empirical validity and operational scalability of this methodological framework are assessed using a high-frequency 

semi-synthetic payment ecosystem structured according to the ISO 20022 pacs.008 credit transfer protocol, spanning 𝑁 = 50,000 

active transactional entities and over 107 discrete payment records. The experimental regime systematically injects adversarial 

laundering structures—including multi-hop peeling chains with tight decay thresholds, closed cyclic paths of varying lengths, and 

high-frequency bipartite smurfing clusters—alongside simulated liquidity halts at core clearing nodes to induce cascade gridlocks. 

Performance is benchmarked against conventional deterministic static rule-based filters, tabular gradient-boosted classification 

trees, and discrete snapshot graph convolutional networks, measuring classification fidelity via the Area Under the Precision-Recall 

Curve (PR-AUC), Receiver Operating Characteristic (ROC-AUC), and False Positive Rates at fixed sensitivities, alongside 

computational metrics of end-to-end event latency and transactional throughput per second. 

 

ANALYSIS AND RESULTS 
The empirical evaluation of the proposed dynamic RegTech framework was conducted across a synthetic transaction stream 

comprising 10 million individual payment records generated across 50,000 active nodes, calibrated to mirror the velocity, message 

density, and structural topology of sovereign fast payment systems. The transaction distribution models real-world intraday 

settlement rhythms, incorporating characteristic diurnal peaks, stochastic volume bursts, and heavy-tailed payment value 

distributions adhering to standard ISO 20022 message formats. Adversarial anomalies—including cyclic layering structures, multi-

hop peeling chains, bipartite smurfing configurations, and systemic liquidity halts—were injected at a controlled incidence rate of 

0.45% of aggregate volume to reflect realistic low-prevalence supervisory conditions. The framework’s predictive and operational 

performance was evaluated against three benchmark architectures: a deterministic Static Rule-Based Filter (SRBF), a tabular 

Supervised Gradient Boosting baseline (XGBoost), and a discrete-time Snapshot Graph Convolutional Network (Snapshot GCN). 

The empirical results demonstrate a substantial performance divergence between static, tabular architectures and continuous-

time graph models across all classification metrics. The proposed dynamic framework achieved an Area Under the Receiver 

Operating Characteristic Curve (ROC-AUC) of 0.984 and an Area Under the Precision-Recall Curve (PR-AUC) of 0.927, 

outperforming the Snapshot GCN (ROC-AUC: 0.912; PR-AUC: 0.814), the tabular XGBoost model (ROC-AUC: 0.841; PR-AUC: 

0.693), and the deterministic SRBF baseline (ROC-AUC: 0.628; PR-AUC: 0.381). Given the pronounced class imbalance inherent 

to high-frequency payment monitoring, PR-AUC serves as the critical metric of supervisory efficacy. The dynamic framework's 

capacity to maintain high precision across elevated recall thresholds reflects its ability to model non-linear topological dependencies 

without incurring the prohibitive classification decay exhibited by tabular models. 

A primary operational limitation of conventional anti-money laundering (AML) surveillance is the high volume of false-

positive compliance alerts, which imposes significant operational friction on financial institutions and supervisory bodies. When 

calibrated to a fixed sensitivity threshold of 95.0% true-positive recall, the proposed framework restricted the False Positive Rate 

(FPR) to 1.84%. In contrast, the SRBF, XGBoost, and Snapshot GCN models exhibited false-positive rates of 31.42%, 14.65%, and 

5.92%, respectively. This corresponds to an aggregate 38.6% reduction in false-positive alert volume relative to the nearest graph 

benchmark and an 87.4% reduction relative to tabular gradient boosting, confirming that dynamic topological representations 

effectively filter out legitimate high-velocity commercial activity that typically triggers static volume thresholds. 

Table 1. 

Quantitative Performance Benchmarks for Anomaly and Illicit Flow Detection Across Supervisory Models 

Supervisory Model 

Architecture 

ROC-

AUC 

PR-

AUC 

Detection 

Latency (ms) 

False Positive Rate 

(at 95% Recall) 

Peak Throughput 

(Tx / sec) 

F1-

Score 

Static Rule-Based Filter 

(SRBF) 
0.628 0.381 0.12 31.42% 42,500 0.442 

Supervised Tabular 

(XGBoost) 
0.841 0.693 4.85 14.65% 8,200 0.718 

Snapshot GCN (1-Hour 

Batch) 
0.912 0.814 842.00 5.92% 1,450 0.835 

Proposed Dynamic 

RegTech Framework 
0.984 0.927 0.86 1.84% 28,600 0.941 
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Analyzing the operational trade-offs detailed in Table 1 reveals that while deterministic rule filters offer minimal 

computational latency (0.12 ms), their discriminatory power is statistically inadequate for complex transaction networks. 

Conversely, while discrete Snapshot GCNs capture structural topological features, their reliance on batch graph reconstructions 

introduces an operational latency of 842 milliseconds per event, rendering them impractical for inline, pre-settlement screening in 

fast payment rails. The proposed dynamic architecture achieves an optimal equilibrium, delivering sub-millisecond execution (0.86 

ms) alongside high classification accuracy (F1-score: 0.941) and a sustainable peak processing throughput of 28,600 transactions 

per second. 

Disaggregating detection performance across specific financial crime typologies underscores the structural strengths of 

dynamic temporal graph modeling. For multi-hop peeling chains with tight decay thresholds (0.05 ≤ 𝛿 ≤ 0.15), the dynamic model 

achieved a detection recall of 96.8%, compared to 41.2% for XGBoost, which fails to track capital preservation across extended 

sequence lengths. In closed cyclic layering structures (𝑘 ∈ [3,6]), the integration of the closed-walk intensity metric 𝒞loop(𝑣𝑖, 𝑡) 

yielded a 98.1% identification rate, whereas heuristic rules registered near-total blindness (7.3% recall) due to individual transaction 

amounts remaining systematically beneath statutory reporting thresholds. In bipartite smurfing configurations, the flow-through 

velocity asymmetry metric Ψvel(𝑣𝑖, 𝑡) successfully flagged intermediary transit nodes within an average of 2.4 hops from the 

originating source, isolating rapid pass-through routing behavior. 

To assess computational scalability under stress, the pipeline was subjected to incremental load testing ranging from 5,000 

to 40,000 transactions per second. Under standard operating conditions (10,000 to 20,000 Tx/sec), the end-to-end processing latency 

remained tightly bound between 0.64 ms and 0.92 ms per event. Under severe burst stress exceeding 35,000 Tx/sec, processing 

latency scaled sub-linearly, peaking at 1.48 ms without memory overflow or queue saturation. This computational resilience is 

primarily attributable to the local message-passing design and temporal decay formulation, which bounds state updates to the direct 

𝑘-hop neighborhood of active nodes, avoiding global graph recalculation. 

 
Figure 1. real-time detection latency and processing throughput under varying transaction burst volumes in ISO 20022 

streaming pipelines 

The empirical progression illustrated in Figure 1 demonstrates that continuous-time node state evolution via Gated Recurrent 

Units enables high-throughput streaming inference while preserving memory efficiency. By updating latent embeddings h𝑖(𝑡) 
strictly upon event arrival and retaining decayed historical weights via 𝑤𝑖𝑗(𝑡), the framework prevents the computational bottlenecks 

characteristic of batch graph neural networks. Consequently, the streaming pipeline operates comfortably within the strict execution 

budgets required by real-time payment schemes, such as SEPA Instant Credit Transfer and FedNow, which mandate round-trip 

settlement validation within one to three seconds. 

In addition to detecting localized financial crime vectors, the framework’s macro-prudential module was evaluated under 

simulated interbank liquidity stress. Intraday liquidity shocks were introduced by simulating simultaneous operational outages 

across three high-centrality clearing hubs, causing an immediate settlement halt representing 14.8% of daily interbank clearing 

volume. In an unmonitored baseline environment, this localized halt triggered a systemic cascade: within 180 seconds, queue 

accumulations and liquidity hoarding propagated to 42 downstream participant banks, resulting in an aggregate settlement failure 

ratio of 36.4% across the broader payment ecosystem. 

The dynamic framework successfully captured the onset of systemic contagion through continuous tracking of the spectral 

fragility index Λsys(𝑡) = 𝜌(W𝑡). Prior to the manifestation of widespread settlement failures, the spectral radius exhibited a rapid 

non-linear divergence, crossing the critical stability threshold (Λsys > 0.85) at 𝑡 = 24 seconds following the initial shock. This 

provided an early warning window of 156 seconds before cascade propagation materialized in the payment queues. By automatically 
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identifying key routing bottlenecks and triggering dynamic liquidity redirection protocols, the framework contained the contagion 

cascade to 8 participant institutions, reducing the total systemic settlement failure ratio from 36.4% to 4.7%. 

Table 2.  

Macroprudential Liquidity Contagion and Gridlock Simulation Under Stochastic Clearing Node Halts 

Shock 

Simulation 

Scenario 

Initial 

Impaired 

Core Nodes 

Unmonitored 

Baseline Settlement 

Failure Ratio 

Dynamic RegTech 

Intercept 

Settlement Failure 

Ratio 

Mean Time to 

Contagion 

Halting (s) 

Intraday Reserve 

Conservation Ratio 

(%) 

Localized Tier-2 

PSP Outage 
1 4.8% 0.3% 12.4 98.9% 

Dual 

Intermediary 

Routing Failure 

2 18.2% 1.9% 28.6 94.2% 

Systemic Core 

Hub Breakdown 
3 36.4% 4.7% 44.1 89.6% 

Extreme Multi-

Node Gridlock 

Stress 

5 61.7% 11.2% 76.8 81.3% 

As shown in Table 2, the framework’s intervention mechanics demonstrate high robustness across varying shock severities. 

Under the most severe scenario involving five simultaneous node failures, an unmonitored ecosystem experienced structural collapse 

with a 61.7% settlement failure ratio, whereas the dynamic RegTech intercept restricted failures to 11.2% while preserving 81.3% 

of aggregate intraday liquidity reserves. The mean time to contagion containment scaled from 12.4 seconds in single-node 

disruptions to 76.8 seconds under extreme gridlock stress, demonstrating that automated topological surveillance provides 

actionable stability buffers for central bank liquidity injection facilities. 

Sensitivity analysis regarding the temporal decay parameter 𝜆 confirmed that model stability depends on calibrating the 

transaction velocity half-life to match the settlement periodicity of the underlying payment infrastructure. When 𝜆 was parameterized 

within the optimal interval 𝜆 ∈ [0.015,0.035], the framework exhibited maximal discriminatory precision, effectively balancing 

short-term volatility against medium-term behavioral inertia. Setting 𝜆 > 0.05 caused excessive memory decay, impairing the 

detection of slow, distributed smurfing patterns, while 𝜆 < 0.005 led to historical over-accumulation, slightly inflating false-positive 

rates during benign volume surges. 

In synthesis, the empirical findings demonstrate that integrating continuous temporal graph representations with spectral risk 

modeling addresses the primary deficiencies of legacy regulatory frameworks. By simultaneously lowering false-positive noise by 

38.6%, sustaining sub-millisecond execution latencies, and providing predictive early warning indicators for macro-prudential 

liquidity cascades, the proposed RegTech architecture delivers a scalable, mathematically rigorous foundation for real-time 

supervisory oversight in modern digital payment infrastructures. 

 

CONCLUSION AND RECOMMENDATIONS 
The relentless digitization of global financial systems has rendered traditional supervisory paradigms, reliant on periodic ex-

post reporting and static rule-based heuristics, increasingly obsolete. This study addressed the critical regulatory asymmetry between 

the sub-second velocity of modern fast payment architectures and the lagging analytical capabilities of monitoring frameworks. We 

have engineered and validated an adaptive Regulatory Technology (RegTech) framework rooted in continuous-time representation 

learning and dynamic multigraph topology. By modeling payment ecosystems as evolving topological structures, rather than isolated 

transaction sequences, this framework bridges the methodological gap between micro-level transactional compliance (AML/CFT) 

and macro-prudential systemic risk monitoring. 

Our empirical findings, validated against large-scale streams calibrated to international messaging standards (ISO 20022), 

demonstrate a substantial progression in supervisory performance. The integration of dynamic node embeddings via Gated Recurrent 

Units with spectral network analysis achieves three critical objectives: it collapses the latency between anomaly occurrence and 

detection to sub-second intervals; it drastically depresses false-positive noise, enhancing operational efficiency; and it provides 

monetary authorities with actionable lead time regarding impending systemic liquidity gridlocks during volatility bursts. By 

transitioning from deterministic, threshold-dependent screening to topological behavioral analysis, this architecture fundamentally 

alters the economics of regulatory monitoring, making sophisticated financial crime vectors visible and systemic shocks predictable 

within microseconds of settlement. 

Based on the theoretical and empirical insights derived from this research, we offer the following strategic recommendations 

for central monetary authorities, regulatory bodies, and financial clearing institutions: 

1. Architectural Shift from Static to Dynamic Supervision Regulatory authorities must prioritize a fundamental overhaul of 

Supervisor Technology (SupTech) infrastructures, transitioning from reactive batch audits to continuous, data-driven supervisory 

intelligence engines. This requires the mandated adoption of interoperable API layers at clearing interfaces to permit the ingestion 

of high-fidelity, real-time ISO 20022 transaction data. Regulators should invest in high-performance computing capabilities to 

deploy dynamic topological modeling as a core component of intraday macro-prudential surveillance dashboards. 
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2. Integration of Structural Risk Metrics into Macro-Prudential Regimes Central banks should formally integrate dynamic 

network topology metrics, specifically the spectral radius of the inter-institutional obligation matrix (𝜌(W𝑡)), as leading indicators 

within systemic risk management frameworks. Predefined stability bifurcations based on these topological state metrics should 

trigger automated, predictive early-warning protocols for standing liquidity facilities, allowing for preemptive central bank 

intervention before localized gridlocks cascade into broader settlement failures. 

3. Cooperative Intelligence and Federated Learning Models To reconcile the need for system-wide network visibility with 

strict data privacy mandates, financial institutions and regulators should explore the deployment of federated representation learning 

architectures. By sharing only locally updated model parameters (node state matrices) rather than raw transactional data, payment 

service providers can collaboratively train robust unsupervised models, thereby enhancing the collective intelligence against 

coordinated financial crime vectors that exploit jurisdictional and institutional fragmentation. 

While this study represents a significant advancement in RegTech capabilities, several caveats must be acknowledged. First, 

due to data privacy constraints, the framework was validated using a semi-synthetic environment; while rigorously calibrated, real-

world deployment requires navigation of messy, non-standardized data pipelines. Second, the computational bottleneck remains a 

concern; as payment networks become increasingly dense, the graph state update mechanisms require massive optimization to 

maintain sub-millisecond execution. Finally, the framework currently focuses on liquidity and financial crime dynamics, leaving 

cyber-contagion and operational dependency risks for subsequent studies. 

Future research should prioritize the integration of eXplainable AI (XAI) layers within the graph topology to provide 

semantic reasoning for anomaly flags, satisfying legal imperatives for algorithmic transparency in regulatory enforcement. 

Additionally, extending the framework to encompass cross-jurisdictional capital flows facilitated by Central Bank Digital Currency 

(CBDC) bridges and decentralized finance (DeFi) settlement protocols is critical to future-proof the supervisory ecosystem against 

the ongoing tokenization of financial assets. 
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