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KEYWORDS ABSTRACT
Data-driven production The increasing complexity of biopharmaceutical production systems and the growing emphasis
planning; on sustainability necessitate the development of intelligent, data-driven decision-making
Biopharmaceutical demand frameworks capable of handling multiple conflicting objectives under uncertainty. This study
forecasting; proposes a data-driven multi-objective optimization model for sustainable biopharmaceutical
Artificial Neural Networks production planning by integrating Artificial Neural Networks (ANN), Genetic Algorithm (GA),
(ANN); Particle Swarm Optimization (PSO), the e-Constraint method, and Monte Carlo Simulation. In the
Multi-objective optimization; first phase, an ANN-based model was employed to forecast product demand using real industrial
Metaheuristic algorithms data, achieving a promising accuracy with RMSE ~ 869. The forecasted demand was then
e-Constraint method; embedded into a multi-objective mathematical model designed to maximize economic profit while
Monte Carlo Simulation. minimizing environmental impacts. The model was solved using GA and PSO, and the Pareto-

efficient solutions were generated through the e-Constraint technique to visualize trade-offs
between objectives. Results indicated that PSO outperformed GA in both convergence speed and
solution quality, particularly for large-scale and nonlinear decision spaces. Furthermore, Monte
Carlo simulation was utilized to perform uncertainty and sensitivity analysis, confirming the
robustness of the proposed model against fluctuations in demand and environmental parameters.
The Pareto frontier revealed a dynamic and controllable trade-off between profitability and
ecological sustainability. Overall, the integration of machine learning, metaheuristic optimization
and probabilistic analysis provides a comprehensive intelligent framework for data-driven,
sustainable and resilient production planning in the biopharmaceutical industry.
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Extended Abstract

1. Introduction

stringent regulatory requirements, and significant environmental footprints. Traditional production planning models

often fall short in addressing the dual challenges of economic efficiency and ecological sustainability, particularly under
conditions of demand uncertainty, multi-product portfolios, and dynamic market constraints. The need for intelligent, data-
driven decision-support systems that can harmonize conflicting objectives—maximizing profit while minimizing
environmental impact—has become paramount. This study addresses this critical gap by proposing an integrated, intelligent
framework that synergistically combines advanced machine learning for demand forecasting, multi-objective metaheuristic
optimization, and stochastic uncertainty analysis. The framework is designed to enhance decision-making resilience and
sustainability in biopharmaceutical manufacturing,offering a novel contribution at the intersection of operations research, data
science, and green production management.

I I \he biopharmaceutical industry is a rapidly growing, high-value sector characterized by complex production processes,

2. Methodology

The proposed framework is implemented in a structured three-phase methodology:

Phase 1: Data-Driven Demand Forecasting: A Multilayer Perceptron Artificial Neural Network(MLP-ANN) model was
developed to forecast monthly demand for nine key biopharmaceutical products (e.g., Bevacizumab, COVID-19 Vaccine,
Insulin). The model utilized 12 input variables, including historical demand, product type, operational parameters (capacity,
inventory), and environmental indicators (energy use, waste). Data was normalized and split into training (70%) and testing
(30%) sets. The ANN architecture consisted of two hidden layers with 10 neurons each, using ReLU activation and trained in
MATLAB.

Phase 2: Multi-Objective Optimization Model Formulation and Solution:The forecasted demand was embedded into
a multi-objective mathematical programming model.The two primary objectives were:

1. Economic Objective (f1): Maximize total expected profit, incorporating revenue, production costs, inventory
holding costs, and shortage penalties.

2. 2. Environmental Objective (f2): Minimize total environmental impact, quantified as the sum of CO, emissions
and production waste. he model incorporated constraints related to production capacity, raw material availability,
energy consumption, and environmental regulatory limits. To solve this complex, non-linear model, two
metaheuristic algorithms were employed and compared:

3. Genetic Algorithm (GA): Implemented with a population size of 100, crossover rate of 0.8, and mutation rate of
0.05 over 100 generations.

4. Particle Swarm Optimization (PSO): Implemented with 50 particles, adaptive inertia weight, and acceleration
coefficients of 1.5.

5. The e-Constraint method: was subsequently used to generate the Pareto-optimal frontier, visualizing the trade-offs
between profit and environmental impact.

Phase 3: Robustness and Uncertainty Analysis:A comprehensive Monte Carlo Simulation(MCS) was performed to
evaluate the model's robustness under uncertainty. Key stochastic parameters—demand, selling price, and pollution rate—were
modeled using normal and uniform distributions. For each of the three demand scenarios (Low, Medium, High), 1000
simulation runs were executed to analyze the statistical distribution of outcomes (profit, pollution, combined objective).

3. Results and Discussion

Forecasting Performance: The ANN model achieved a Root Mean Square Error (RMSE) of approximately 869 and a
Mean Absolute Error (MAE) of 435.2, demonstrating satisfactory accuracy in capturing underlying demandpatterns, though it
showed limitations in predicting extreme fluctuations.

Optimization Algorithm Comparison: PSO consistently outperformed GA in both solution quality and convergence
speed. PSO reached a final combined objective value of -10.1 million, compared to -7.1 million for GA, indicating a 42% better
convergence toward the optimal region. PSO also exhibited greater stability and lower variance in results, especially for large-
scale, non-linear decision spaces involving 972 variables.

Pareto Frontier and Trade-off Analysis: The e-Constraint method successfully generated a clear Pareto frontier. Analysis
revealed a fundamental and controllable trade-off: a ~15% reduction in environmental impact typically corresponded to a ~8-
12% decrease in profit, and vice-versa. This frontier provides decision-makers with a spectrum of non-dominated solutions,
from profit-maximizing (high-emission) to green-focused (low-emission) production plans. Monte Carlo Simulation Findings:
The MCS confirmed the model's robustness. Key results included:

Scenario Analysis: The High Demand scenario yielded the highest mean profit but with the greatest variance and highest
environmental cost. The Low Demand scenario offered the most stable and environmentally sustainable outcomes but with
reduced profitability. The Medium Demand scenario presented the most balanced trade-off.-

Product-Level Insights: Drugs like the COVID-19 Vaccine and Bevacizumab showed the highest profit potential but also
the greatest sensitivity to input fluctuations. In contrast, Hepatitis B Vaccine and Erythropoietin were identified as candidates
for more conservative, stability-focused planning.

System Behavior: A strong positive correlation was observed between profit and pollution across all simulations,
empirically validating the inherent trade-off modeled by the Pareto frontier.
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4. Conclusion

This study developed and validated a comprehensive, intelligent framework for sustainable biopharmaceutical production
planning. The integration of ANN-based forecasting, multi-objective optimization (using superior-performing PSO), and
Monte Carlo uncertainty analysis provides a powerful, data-driven tool for decision-makers. The main contributions are
threefold:

1. It offers a practical, integrated methodology that closes the gap between predictive analytics and prescriptive optimization
in a complex industrial setting.

2. It delivers actionable insights through the Pareto frontier, enabling transparent, trade-off-aware strategic planning that
aligns with both economic goals and corporate environmental responsibility (ESG) targets.

3. It quantifies and mitigates risk through probabilistic analysis, enhancing the supply chain's resilience to demand volatility
and operational uncertainties.

The framework is scalable and adaptable, providing a foundation for future research, such as incorporating real-time IoT
data, employing deep learning models (LSTM) for time-series forecasting, or developing robust optimization models to handle
extreme market disruptions. For industry practitioners, adopting this framework can lead to more agile, sustainable, and
profitable biopharmaceutical manufacturing operations.
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