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Abstract:

This study aims to design and develop a multi-objective optimization model to simultaneously minimize total financial supply
chain costs and delivery time under economic uncertainty conditions in Iran. The research adopts an applied, simulation-
based approach, and the model is formulated as a mixed-integer linear programming problem. The supply chain network
consists of 15 suppliers, 10 production units, and 20 end customers within a major domestic logistics corridor. The NSGA-II
algorithm was implemented in MATLAB, and its parameters were tuned using the Taguchi method. Four scenarios were
analyzed: baseline, exchange-rate fluctuation, customs disruption, and sustainability scenario. Model performance was
evaluated using Pareto frontier quality indicators such as Hypervolume, Spread, and Generational Distance, alongside paired
t-tests and one-way ANOVA. Results indicate that in the baseline scenario, total cost and delivery time were significantly
reduced by 28% and 22%, respectively, compared to the traditional approach (p < 0.001). In the sustainability scenario, CO,
emissions decreased by 18-22%. ANOVA results revealed that demand fluctuation had the largest effect size on model
performance. Moreover, NSGA-II significantly outperformed simple GA, ACO, and PSO in terms of Hypervolume value and
convergence speed. The proposed model effectively generates a high-quality Pareto frontier, achieving a robust balance
between cost reduction and delivery time minimization while demonstrating resilience against economic volatility and
operational disruptions. It can therefore serve as a strategic decision-support tool in supply chain management and logistics
policy planning.
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Extended Abstract

Introduction

In the contemporary era of globalization, digital transformation, and persistent environmental uncertainty, supply chain
management has evolved into a strategic discipline that integrates economic efficiency, environmental sustainability, and
resilience against disruptions. Traditional single-objective optimization models, primarily focused on cost minimization, are
no longer adequate for addressing the inherent trade-offs between total financial costs, delivery time, and environmental
impacts. Recent literature emphasizes that sustainable and resilient supply chain design requires the simultaneous
consideration of multiple, often conflicting objectives within a comprehensive decision-making framework (Hasani et al,,
2021; Mehrjerdi & Shafiee, 2020). Moreover, the increasing frequency of disruptions—ranging from pandemics to
geopolitical tensions—has reinforced the need for robust and stochastic modeling approaches capable of maintaining system
performance under uncertainty (Ghahremani-Nahr et al., 2022; Vahidi et al., 2018).

The integration of facility location, inventory planning, and transportation decisions under disruption scenarios has been
shown to significantly enhance network performance and reduce vulnerability (Li et al., 2023). In parallel, research on green
and closed-loop supply chains demonstrates that multi-objective models can simultaneously reduce operational costs and
carbon emissions when environmental considerations are embedded in network design (Abbasi et al., 2022; Yavari & Zaker,
2019). These findings underscore the necessity of designing integrated optimization frameworks capable of balancing
economic and environmental objectives.

The emergence of advanced digital technologies further expands the scope of supply chain optimization. Artificial
intelligence, blockchain, and hybrid decision-support systems have been increasingly applied to enhance transparency,
efficiency, and trust among supply chain actors (Joel et al., 2024; Wang et al., 2024). The concept of digital twins enables real-
time simulation and scenario analysis, facilitating proactive decision-making in dynamic environments (Ramanamuni, 2025).
Additionally, Al-human integration frameworks have demonstrated value in complex and humanitarian supply chain contexts
where uncertainty and ambiguity prevail (Wang, 2024). Applications in healthcare supply chains confirm the transformative
potential of Al and blockchain technologies in improving efficiency and coordination (Iftikhar & Jamil, 2025).

Despite these advances, solving large-scale, nonlinear, and multi-objective supply chain problems remains
computationally challenging. Evolutionary multi-objective algorithms, particularly the Non-Dominated Sorting Genetic
Algorithm Il (NSGA-II), have proven highly effective in generating well-distributed Pareto-optimal solution sets (Deb et al.,
2002). Recent applications demonstrate the algorithm’s strong convergence properties and ability to balance cost and service
objectives in complex supply chain systems (Acerce & Denizhan, 2025; Jihu, 2024). Furthermore, hybrid data-driven robust
optimization approaches enhance decision reliability when historical data and uncertainty sets are incorporated into
evolutionary frameworks (Mansouri Mosalou et al., 2024). Scenario-based risk management and robust planning further
strengthen resilience in international supply chains (Khalamandro, 2025).

Although prior studies have addressed various aspects of sustainable, resilient, and digitally enabled supply chains, a gap
persists in developing a comprehensive multi-objective optimization model that simultaneously minimizes total financial
costs and delivery time under uncertainty while remaining adaptable to digital integration. Therefore, this study aims to

design and evaluate a multi-objective optimization model based on NSGA-II to achieve simultaneous cost and delivery time

minimization within a resilient supply chain framework.
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Methods and Materials

This research adopts an applied, simulation-based approach. The proposed supply chain network consists of multiple
suppliers, production facilities, distribution centers, and end customers organized within a major logistics corridor. The
mathematical formulation is developed as a mixed-integer linear programming (MILP) model with two primary objective
functions: minimization of total financial cost—including production, transportation, inventory holding, warehousing, and
delay penalties—and minimization of total delivery time from origin to final destination.

Operational constraints include production capacity, storage capacity, vehicle capacity, flow balance, service level
requirements, and uncertainty considerations. To address the multi-objective nature of the problem, the NSGA-II algorithm
is implemented in MATLAB. Population size, crossover rate, mutation rate, and generation number are calibrated using the
Taguchi experimental design method.

Four scenarios are evaluated: (1) baseline operational conditions; (2) exchange-rate fluctuation scenario; (3) customs
disruption scenario; and (4) sustainability-focused scenario incorporating carbon emission minimization. Model performance
is assessed using Pareto frontier quality indicators including Hypervolume, Spread, Generational Distance (GD), and Inverted
Generational Distance (IGD). Statistical analyses include paired t-tests and one-way ANOVA to examine the significance of
differences among scenarios and algorithmic comparisons. Monte Carlo simulation with 1,000 iterations is conducted to
evaluate robustness and variance under uncertainty.

Findings

Results indicate that under the baseline scenario, the proposed model achieved an average 28% reduction in total financial
costs and a 22% reduction in delivery time compared to traditional economic order quantity approaches, with statistical
significance confirmed at p < 0.001. The average total cost decreased substantially while maintaining stable service levels
across the network.

In the sustainability scenario, carbon dioxide emissions were reduced by approximately 18—22% per shipment without
severe compromise in cost efficiency. The Pareto frontier generated by NSGA-Il contained between 42 and 48 non-dominated
solutions, demonstrating high diversity and distribution quality. The average Hypervolume value reached 0.73 with low
standard deviation, indicating strong convergence and coverage of the objective space.

Sensitivity analysis using one-way ANOVA revealed that demand fluctuation had the highest effect size, followed by
exchange-rate volatility and customs delay. Monte Carlo simulation confirmed cost variance below 5% and risk reduction
between 20% and 25% under disruption scenarios. Comparative analysis showed that NSGA-Il outperformed classical Genetic
Algorithm (GA), Ant Colony Optimization (ACO), and Particle Swarm Optimization (PSO) in Hypervolume performance and
convergence speed.

The knee point of the Pareto frontier represented an optimal balance between cost and delivery time, offering a practical
decision alternative for managers seeking equilibrium between economic and service objectives.

Discussion and Conclusion

The findings demonstrate that integrating multi-objective evolutionary optimization with robust scenario analysis provides
a powerful framework for managing complex supply chains under uncertainty. The substantial reductions in cost and delivery

time confirm the effectiveness of balancing conflicting objectives rather than prioritizing a single metric. The sustainability
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scenario further illustrates that environmental considerations can be incorporated without sacrificing overall network
efficiency, reinforcing the feasibility of sustainable operations.

The superiority of NSGA-II over alternative algorithms underscores the importance of elitist sorting mechanisms and
diversity preservation in achieving high-quality Pareto frontiers. The algorithm’s ability to maintain solution diversity ensures
that decision-makers are provided with a comprehensive set of trade-off alternatives rather than a single deterministic
solution.

The robustness confirmed by Monte Carlo simulation indicates that the proposed model can maintain stable performance
under fluctuating economic conditions and operational disruptions. This resilience is particularly valuable in volatile
environments where exchange-rate changes, customs delays, and demand variability are prevalent.

Furthermore, the model’s architecture provides a foundation for future integration with digital technologies such as Al-
driven forecasting, blockchain-based financial coordination, and digital twin simulation platforms. Such integration would
enable real-time monitoring and adaptive decision-making, enhancing both strategic and operational agility.

In conclusion, this study contributes to supply chain optimization literature by developing a comprehensive, multi-
objective, and resilient framework capable of simultaneously minimizing financial costs and delivery time. The results validate
the practical applicability of evolutionary multi-objective optimization in complex logistics environments and provide

decision-makers with a robust decision-support tool adaptable to sustainable and digitally enabled supply chain systems.
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