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Abstract:

This study aims to develop and validate an intelligent hybrid model for credit risk prediction with early warning capability to
support proactive decision-making in banking systems. This data-driven, ex-post facto study was conducted on corporate
clients of Bank Sepah. The population included 2,847 firms (2018-2022), from which 340 were selected using proportional
stratified sampling. Data were collected from audited financial statements, credit records, and behavioral indicators, and
preprocessed through normalization, outlier treatment, and class balancing. Analytical approaches included classical models
(logistic regression and Cox survival analysis) and machine learning models (SVM and neural networks). A genetic algorithm
was employed for hyperparameter optimization and model aggregation. Model performance was evaluated using accuracy,
sensitivity, specificity, F1-score, and AUC . Results indicated that liquidity, profitability, cash flow, and relationship duration
significantly reduce default probability and hazard, whereas leverage increases risk. Nonlinear models outperformed linear
approaches. The hybrid metaheuristic model achieved the highest AUC and lowest Type |l error, demonstrating superior
predictive performance and robustness. The survival model also showed strong capability in predicting time-to-default. The
proposed framework enhances credit risk prediction accuracy and enables dynamic monitoring and early warning, facilitating
more effective and proactive risk management in banking.

Keywords: Credit risk, early warning system, metaheuristic algorithms, machine learning, survival analysis, banking risk
management

Citation: Rostami, M., Pour Karim, Y., Badavarnahandi, Y., Baradaran Hasanzadeh, R., & Zeinali, M. (2027). An Early Warning Credit Risk Prediction Model Based on Metaheuristic
Algorithms (Case Study: Bank Sepah), Finance and Computational Intelligence, 5(2), 1-24.

Copyright: © 2027 by the authors. Published under the terms and conditions of Creative Commons Attribution-NonCommercial 4.0 International (CC BY-NC 4.0) License.


http://creativecommons.org/licenses/by-nc/4.0
http://creativecommons.org/licenses/by-nc/4.0
https://orcid.org/0000-0002-2161-0321
https://orcid.org/0000-0003-1094-0074

ACCOUNTING, FINANCE AND COMPUTATIONAL INTELLIGENCE

Extended Abstract

Introduction

In recent years, the rapid evolution of financial systems, increasing complexity of credit markets, and the growing exposure
of banking institutions to systemic and idiosyncratic risks have intensified the need for robust, accurate, and interpretable
credit risk assessment models. Credit risk, defined as the probability of a borrower’s failure to meet contractual debt
obligations, remains one of the most critical determinants of financial stability and institutional sustainability. Traditional
statistical approaches, such as logistic regression and discriminant analysis, have long been employed for credit scoring;
however, these models often struggle to capture nonlinear relationships, dynamic interactions, and high-dimensional
dependencies inherent in modern financial datasets (Arora & Kaur, 2026; Machado et al.,, 2025). Consequently, the
integration of machine learning techniques into credit risk modeling has emerged as a transformative paradigm, enabling
more flexible, data-driven, and adaptive predictive systems.

Recent literature highlights the superiority of machine learning algorithms—including support vector machines, random
forests, and deep neural networks—in capturing complex patterns within financial data and improving predictive accuracy
(Chang et al., 2024; Kurniawan, 2024). Ensemble learning strategies and hybrid models have further enhanced performance
by combining multiple algorithms to exploit their complementary strengths (Aruleba & Sun, 2024; Zhu et al., 2022).
Additionally, the incorporation of metaheuristic optimization techniques has enabled the fine-tuning of model parameters,
thereby improving classification performance and reducing prediction errors (Deng et al., 2025; Paz et al., 2025). Parallel to
these advancements, emerging research has emphasized the importance of interpretability and transparency in credit risk
models, particularly in regulatory contexts where explainability is essential for accountability and trust (Golec & Alabduljalil,
2026).

Moreover, recent studies have expanded the scope of credit risk analysis by integrating macroeconomic variables,
environmental factors, and network-based approaches, reflecting the multifaceted nature of financial risk (Mahadevan et al.,
2026; Shao et al., 2026). Graph-based learning models, Bayesian networks, and label propagation techniques have
demonstrated potential in modeling dependencies across financial entities and improving predictions in data-scarce
environments (Akhmetshin et al.,, 2026; Gramifar et al., 2026; Peng et al., 2025). Furthermore, temporal modeling
approaches, such as survival analysis and Hawkes processes, have underscored the importance of incorporating time
dynamics into credit risk evaluation, enabling more accurate estimation of default timing and early warning signals (Lin et al.,
2025). These developments collectively suggest that the future of credit risk assessment lies in hybrid, multi-layered models
that integrate statistical rigor, computational intelligence, and domain knowledge.

In parallel, optimization techniques inspired by natural and evolutionary processes have been increasingly applied to
enhance predictive models. Algorithms such as genetic algorithms, particle swarm optimization, and hybrid metaheuristics
have proven effective in optimizing model architectures, feature selection, and decision thresholds (Bao et al., 2024; Purnama
etal., 2025). These approaches are particularly valuable in high-dimensional financial contexts, where traditional optimization
methods may be insufficient. Additionally, the rise of automated machine learning (AutoML) has facilitated the development
of scalable and efficient credit risk systems capable of continuous learning and adaptation (Rajkumar et al., 2025). Taken

together, these advancements indicate a shift toward intelligent, adaptive, and integrated frameworks for financial risk

management.
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Despite these developments, several challenges remain. First, achieving a balance between predictive accuracy and
interpretability continues to be a major concern, especially in regulatory environments. Second, many models are evaluated
solely on classification accuracy, without considering calibration, economic cost, or decision thresholds. Third, the integration
of heterogeneous data sources—including financial, behavioral, and macroeconomic variables—remains methodologically
complex. Addressing these gaps requires the development of comprehensive frameworks that not only improve prediction
accuracy but also enhance interpretability, robustness, and practical applicability. Therefore, the present study aims to
develop and evaluate a hybrid metaheuristic-based model for credit risk prediction, integrating multiple machine learning
and statistical approaches to improve accuracy, interpretability, and early warning capabilities.

Methods and Materials

The present study adopted a quantitative, applied research design aimed at developing a hybrid predictive model for credit
risk assessment. The dataset consisted of financial, behavioral, and macroeconomic variables collected from corporate clients
of a banking institution over a multi-year period. Key variables included liquidity ratios, profitability indicators, leverage ratios,
cash flow measures, customer-bank interaction history, and selected macroeconomic indicators such as inflation rate. Data
preprocessing involved handling missing values, normalization, and feature scaling to ensure compatibility across models.

Several modeling approaches were employed, including logistic regression, survival analysis, support vector machines
(SVM), and group method of data handling (GMDH) neural networks. The SVM model was optimized using a genetic algorithm
to determine optimal hyperparameters. The hybrid model was constructed by combining the outputs of individual models
using an ensemble framework with optimized weighting. Model performance was evaluated using multiple metrics, including
accuracy, area under the ROC curve (AUC), sensitivity, specificity, F1-score, and Brier score for calibration. Additionally, SHAP
(Shapley Additive Explanations) analysis was used to assess feature importance and enhance model interpretability. The
dataset was divided into training and testing subsets to validate model generalizability.

Findings

The results indicated that all selected financial variables significantly contributed to the prediction of credit risk.
Descriptive statistics revealed that firms classified as high-risk exhibited lower liquidity ratios, reduced profitability, weaker
cash flow positions, and higher leverage levels compared to low-risk firms. Logistic regression results showed that liquidity,
return on assets, and cash flow had negative and statistically significant effects on default probability, whereas leverage had
a positive effect. The model achieved an overall accuracy of 76.50% with an AUC of 0.79.

Survival analysis demonstrated that leverage increased the hazard rate of default, while profitability and cash flow reduced
the likelihood of early default. The concordance index (C-index) of 0.82 indicated strong predictive ability in ranking default
risk over time. The SVM model, optimized via genetic algorithm, significantly outperformed traditional models, achieving an
accuracy of 86.30% and an AUC of 0.90. The GMDH neural network further improved performance, with an R? value of 0.882
and test accuracy of 88.60%.

The hybrid metaheuristic model demonstrated the highest performance across all metrics, achieving an accuracy of
93.70%, AUC of 0.95, sensitivity of 91.40%, specificity of 95.20%, and F1-score of 0.93. The model reduced type | and type Il
errors significantly compared to individual models. SHAP analysis identified liquidity ratio, return on assets, leverage,
customer interaction history, inflation rate, and cash flow as the most influential variables. The Brier score of 0.048 indicated

excellent calibration, confirming that predicted probabilities closely matched actual outcomes.
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Discussion and Conclusion

The findings of this study demonstrate that hybrid metaheuristic-based models can significantly enhance the accuracy and
reliability of credit risk prediction compared to traditional statistical and standalone machine learning approaches. By
integrating multiple modeling techniques, the proposed framework effectively captures both linear and nonlinear
relationships, as well as temporal dynamics, thereby providing a more comprehensive representation of credit risk. The
superior performance of the hybrid model highlights the importance of combining diverse analytical methods to leverage
their complementary strengths.

The inclusion of survival analysis adds a critical temporal dimension to risk assessment, enabling financial institutions not
only to identify high-risk clients but also to anticipate the timing of potential default events. This capability is particularly
valuable for proactive risk management and early intervention strategies. Furthermore, the application of SHAP analysis
enhances model transparency by quantifying the contribution of each variable to the final prediction, thereby addressing
concerns related to the interpretability of complex machine learning models.

The results also underscore the significance of integrating macroeconomic variables into credit risk models. Factors such
as inflation can influence borrowers’ repayment capacity and should be considered in risk assessment frameworks. The strong
performance of the hybrid model in both classification and calibration metrics suggests that it can be effectively deployed in
real-world banking environments to support decision-making processes, optimize credit allocation, and reduce financial
losses.

In conclusion, this study provides empirical evidence supporting the adoption of hybrid, data-driven, and metaheuristically
optimized models for credit risk assessment. Such models not only improve predictive accuracy but also enhance
interpretability, robustness, and practical applicability. The proposed framework represents a significant step toward the
development of intelligent credit risk management systems capable of adapting to the complexities of modern financial

environments.
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