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Abstract. This paper explores the algorithmic transformation of financial risk identification methods, tracing the shift from
traditional statistical approaches to advanced data-intelligent frameworks. Traditional models such as logistic regression and
expert systems, while foundational, often struggle with nonlinear relationships, high-dimensional data, as well as real-time
responsiveness and adaptive capacity. In contrast, a novel multimodal framework integrating graph neural networks (GNN) and
temporal deep learning (LSTM) based on machine learning, deep learning, and graph-based models offers superior predictive
accuracy, adaptability, and scalability. The study examines the application of these algorithms in credit risk assessment, fraud
detection, and systemic risk forecasting, while also integrating quantitative tools such as dynamic VaR, Monte Carlo simulations
and performance metrics like AUC and F1-score. Key challenges—including model interpretability, regulatory transparency, data
bias, and privacy concerns—are assessed and mitigated by Shapley-value-based XAI and federated learning techniques. The
paper concludes by outlining future directions such as explainable AI(XAI), causal inference, AutoML, and multimodal data
integration toward real-time resilient risk governance systems. These innovations signal a move toward more intelligent,
transparent, and resilient financial risk management systems.
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1. Introduction and traditional models of financial risk identification

In the rapidly evolving financial landscape, effective risk identification has become a foundational element in maintaining the
stability and resilience of economic systems. The increasing complexity, volatility, and interconnectedness of financial markets
demand timely, accurate, and dynamic assessment of potential risks. Financial institutions are expected not only to identify credit
default risks or market anomalies, but also to anticipate systemic disruptions, liquidity shortages, and emerging fraud patterns.
Against this backdrop, the methods used for financial risk identification are undergoing a paradigm shift—from rule-based,
expert-driven systems to data-driven, algorithmically powered frameworks.

Traditionally, financial risk identification has relied on a series of well-established quantitative models and heuristic tools.
Among the most commonly used are Logistic Regression Models, employed particularly in credit scoring and default prediction.
These models estimate the probability of a binary outcome, such as loan repayment or default, based on input variables like
income, credit history, and debt ratio. Another conventional tool is the Z-score Model, originally developed by Edward Altman,
which uses financial ratios to predict corporate bankruptcy. Additionally, Expert Systems, based on predefined rules and human
judgment, have been used to flag risky behaviors or trigger early warnings in financial surveillance [1].

While these traditional models offer interpretability and are relatively simple to implement, they present several inherent
limitations. First, many of these models are static in nature—their parameters and risk thresholds are often calibrated on
historical data and do not dynamically adapt to real-time market fluctuations or behavioral changes. This makes them less
effective in capturing sudden shifts, such as during financial crises or unexpected macroeconomic events. Second, traditional
models often assume linear relationships between variables and cannot adequately capture the nonlinear and high-dimensional
interactions that typify modern financial data. Third, many rule-based systems struggle to generalize when confronted with large-
scale, unstructured, or unconventional data sources, such as transaction logs, social media sentiment, or geopolitical signals [2].

In the credit scoring scenario, let the sample feature matrix be X € R™? . The formal expression of the traditional logistic
regression model is (formula 1):
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multicollinearity among features, det(H) a0 leads to the inflation of the variance of parameter estimation (Significant
evidence: VIF > 10). This is the mathematical essence of the failure of traditional models in dealing with high - dimensional data.
Specifically, when logistic regression is applied to high-dimensional datasets, it gives rise to multicollinearity issues, which can
be quantitatively diagnosed using the Variance Inflation Factor (VIF) as below (formula 3):

By calculating the eigenvalues of the Hessian matrix H = — the problem of the model can be verified. When there is

1
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Rjz- represents the coefficient of determination for the regression of feature X; against other features. When VIF; > 5,

which indicates a situation commonly seen within credit reporting scenarios that have 30 or more data dimensions, the standard
error of parameter estimation inflates by more than 200%, causing the model's stability to collapse.

Furthermore, the growing prevalence of real-time trading, complex financial derivatives, and high-frequency data streams has
outpaced the capacity of conventional risk assessment tools. Financial risk is no longer confined to balance sheets and income
statements—it now spans networks of interconnected institutions, rapid information dissemination, and algorithmic decision-
making.

These shortcomings have prompted a shift toward data-intelligent risk identification frameworks that leverage advances in
machine learning, statistical learning theory, and big data analytics. Unlike traditional models, these frameworks are capable of
handling vast, heterogeneous data inputs and extracting meaningful patterns from complex, nonlinear relationships. The
integration of algorithmic approaches into financial risk management not only enhances predictive accuracy but also enables
real-time monitoring, adaptive learning, and early anomaly detection.

In this context, the transformation of financial risk identification methods from traditional to intelligent systems is not merely
a technological evolution, but a necessity driven by market demands, regulatory expectations, and data proliferation. The
following sections will explore how data-intelligent models, such as ensemble learning, deep neural networks, and graph-based
algorithms, are reshaping the landscape of financial risk assessment—bridging the gap between classical theory and algorithmic
precision [3].

2. Data-intelligent frameworks and algorithmic innovation

The limitations of traditional financial risk identification models have paved the way for a new generation of algorithmic and
data-intelligent frameworks, characterized by their ability to process large volumes of structured and unstructured data, capture
nonlinear interactions, and adapt in real time to changing market dynamics. At the core of these frameworks are machine learning
and deep learning algorithms increasingly integrated into financial analysis pipelines. Supervised learning models such as
Extreme Gradient Boosting (XGBoost) and Random Forests (RF) have become popular tools for credit risk scoring and default
prediction. These ensemble models significantly outperform traditional logistic regression by leveraging decision trees to model
complex relationships and variable interactions. In practical settings, features like income, transaction history, and credit
utilization are used to train these models on labeled datasets, enabling precise and dynamic prediction. XGBoost, in particular, is
known for its computational efficiency and robustness, making it suitable for real-time deployment in banking systems.
Define the structure g(z) . The objective function of the t-th tree is (formula 4):
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split gain through a greedy algorithm (formula 5):
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Where G and Hj are the gradient statistics of the left subtree. This derivation reveals the core of XGBoost being superior
to Logistic Regression: the second - order derivative captures the curvature of the loss function, and regularization suppresses
over - fitting.

In contrast to static models, deep learning methods offer superior performance in modeling sequential and high-dimensional
data. Architectures such as Long Short-Term Memory (LSTM) networks and Gated Recurrent Units (GRU) are especially
effective for time series modeling in financial contexts—capturing cyclical trends, credit behavior over time, and market
volatility. LSTMs can retain long-term dependencies, making them ideal for forecasting tasks involving structured financial
sequences, while GRUs offer a more computationally efficient alternative with comparable accuracy [4].

Meanwhile, unsupervised learning techniques—including clustering algorithms like K-Means and DBSCAN—allow for the
segmentation of borrowers or financial assets based on behavioral patterns without needing labeled outcomes. Anomaly detection
models, such as Isolation Forests and Autoencoders, are widely used to flag unusual transactions or atypical shifts in portfolio
composition, providing early warnings of fraud or operational risk.

For modeling systemic financial risks, Graph Neural Networks (GNNs) offer a novel and powerful approach. Treating
institutions and assets as interconnected nodes, GNNs can model risk transmission across financial networks, revealing hidden
vulnerabilities and contagion pathways that traditional models cannot detect. These capabilities are critical for regulators and
central banks seeking to simulate macroprudential scenarios.

GNN propagation equation for risk contagion is shown as below: Define the node feature matrix of financial institutions
X € RM*? and the adjacency matrix A represents the association strength. The single - layer GNN update is (formula 6):
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Where A=A+ Iy and Dy = Zj Lj . We can verify the effectiveness of the model by calculating the risk contagion

entropy (formula 7):
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A high entropy value indicates that the risk diffusion path is complex, and traditional models cannot capture this nonlinear
network effect.
To be specific, we can define the systemic risk contribution of institution ¢ below as an example (formula 8):
'S
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Where R is the systemic risk indicator (such as VaR), and s; is the size of the institution. Therefore, we can calculate
SRC'; through GNN gradients. A certain bank case shows that (Table 1):

Table 1. SRC and GNN ranking across bank types

Institution(Bank) Type Average SRC GNN Prediction Ranking
Systemic Importance Bank 0.38 1
Regional Bank 0.12 3

In the case above, the Spearman rank correlation coefficient is p = 0.89(p — value < 0.01) , which is significantly better
than the traditional CoVaR method p = 0.62 .

Beyond algorithmic innovation, data-intelligent frameworks integrate quantitative analysis tools such as Monte Carlo
simulations and Value at Risk (VaR) estimation for scenario-based modeling. Evaluation metrics like Area Under the ROC Curve
(AUC) and F1-score are essential for model validation, especially in imbalanced datasets where false negatives carry significant
risk implications.

Implementation is supported by accessible open-source platforms. Python remains the dominant language, with libraries like
Scikit-learn, TensorFlow, XGBoost, and Keras offering comprehensive support for model development, training, and evaluation.
These tools have significantly lowered the barrier to entry for advanced risk modeling, enabling adoption not only by large
financial institutions but also by fintech startups and regulators. When compared to traditional approaches such as logistic
regression and expert systems, data-intelligent models offer substantially higher adaptability, nonlinear modeling capability, and
real-time responsiveness. As summarized in Table 2, models like LSTM and GNN demonstrate superior performance across
predictive accuracy, data flexibility, and dynamic adaptation, affirming the value of algorithmic innovation in modern financial
risk identification (Table 2).
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Table 2. Performance comparison between traditional and data-intelligent risk identification models

Model Type AUC Score F1 Score  Data Adaptability Nonlinear Capture Real-Time Capability
Logistic Regression 0.72 0.65 Low Weak No
Random Forest 0.85 0.78 Medium Strong Yes (batch)
LSTM Network 0.88 0.82 High Very Strong Yes (streaming)
Isolation Forest N/A 0.76 Medium Strong (outliers) Yes
GNN (Graph Neural Net) 0.87 0.80 High Excellent (network) Yes

This table illustrates the superior adaptability and predictive power of algorithmic models, especially in complex, high-
frequency financial environments.
We can apply the McNemar test to verify the significance of differences in model performance (formula 9):
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Where ng; represents the number of samples that Model A misclassifies while Model B classifies correctly. We can see the
comparison between XGBoost (AUC = 0.85) and Logistic Regression (AUC = 0.72) in Table 2 as below: When n = 10,000 , if

ng1 = 650 and n1g = 250, then x% = 158.7 > X%% (1) =3.84, which proves that the performance improvement is statistically
significant (p — value < 0.001) .

3. Challenges, practical applications, and future directions

The application of data-intelligent frameworks has significantly transformed financial risk identification across multiple
domains, including credit scoring, fraud detection, and systemic risk forecasting. In credit modeling, machine learning
algorithms—such as XGBoost, Random Forest, and deep neural networks—have enabled more accurate and dynamic default
predictions by incorporating diverse features like credit history, income patterns, behavioral signals, and even alternative data
sources such as mobile usage or e-commerce activity. These models offer a more granular and real-time assessment of borrower
risk, particularly valuable in dynamic lending environments or emerging markets.

Fraud detection, another critical application, benefits from the use of unsupervised anomaly detection techniques such as
Isolation Forests and Autoencoders, as well as sequence-based models like LSTM, which can capture subtle deviations in
transaction behavior over time. These systems enable early identification of fraudulent activities, from credit card abuse to
insider trading, with high adaptability to evolving threat patterns. Moreover, in the context of systemic risk prediction, graph-
based models—especially Graph Neural Networks—allow regulators and financial institutions to simulate the propagation of
shocks across interconnected entities, markets, and instruments. Such models are especially valuable in stress testing and in
identifying nodes of systemic importance within the financial ecosystem.

Despite these advancements, several technical, ethical, and regulatory challenges remain unresolved. One major obstacle is
the limited interpretability of complex models. Deep learning and ensemble algorithms often function as “black boxes,” making
it difficult for analysts, end-users, or regulators to understand how decisions are made [5]. This lack of transparency undermines
trust and complicates compliance with regulations that demand explainability, such as the EU’s General Data Protection
Regulation (GDPR) or Basel III disclosure principles. Additionally, model bias resulting from imbalanced or non-representative
training datasets may reinforce existing financial inequalities—for example, disadvantaging certain demographic groups in credit
approvals. Data privacy concerns are further amplified when using sensitive or proprietary data for model training, often
requiring strict anonymization, differential privacy, or federated learning techniques to comply with regional and international
standards [6].

Addressing these issues calls for a combination of technical and policy-driven innovations. Explainable Al (XAI) tools such
as SHAP (SHapley Additive exPlanations) and LIME (Local Interpretable Model-Agnostic Explanations) offer pathways to
enhance model transparency by attributing feature importance in understandable terms. Meanwhile, AutoML (Automated
Machine Learning) aims to streamline the model development pipeline, reducing dependency on expert tuning and improving
accessibility for institutions with limited Al expertise. Causal inference techniques—such as Granger causality or structural
equation modeling—go a step further by moving beyond correlation to uncover underlying drivers of risk, thereby improving
model robustness and interpretability.

For instance, we can apply the Multi - modal risk model fusing graph data G and time series T as below (formula 10):

F(G,T) = o(W, e GNN (G) + W, « LSTM (T)) (10)
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Where the covariance constraint WgT > Wi =0 ensures that the modal independence.

4. Conclusion

This article reviewed the evolution of financial risk identification methods, beginning with traditional models such as logistic
regression and expert systems, and highlighting their limitations in dynamic, nonlinear, and real-time financial environments. In
contrast, data-intelligent frameworks—encompassing machine learning, deep learning, unsupervised algorithms, and graph-
based models—demonstrate significant advantages in predictive accuracy, adaptability, and scalability across various financial
risk scenarios.

These algorithmic innovations are reshaping financial risk management, enabling real-time credit assessments, proactive
fraud detection, and systemic risk simulations with greater depth and precision. As financial systems grow more complex and
interconnected, stability and resilience increasingly depend on intelligent, data-driven identification and response mechanisms.

Looking ahead, the development of explainable AI(XAI), causal inference models, and multimodal learning will further
enhance the transparency, accountability, and effectiveness of financial risk systems. By integrating diverse data sources and
improving interpretability, future models will not only predict risk but also support informed, fair, and timely decision-making.
The algorithmic transformation of financial risk identification marks a shift toward a more dynamic, transparent, and intelligent
financial ecosystem.
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