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Production planning; This paper presents a multi-period, multi-product mixed-integer linear programming (MILP)
Mathematical modeling; model for production planning in a multi-factory environment with limited capacities, where
Multi-period multi-product; customer demands must be satisfied over the planning horizon. In the proposed model, outsourcing
Uncertainty; strategies are also incorporated as an alternative means of meeting demand.

Profit optimization. Another important aspect considered in the model is the presence of various types of potential

failures in the production line. Some defective items can be repaired and sold as new products,
some imperfect products are sellable at a reduced price, while others are classified as scrap.
Moreover, machine processing times and setup times are assumed to be uncertain. By employing
a stochastic optimization approach, a linear model is developed that provides feasible and robust
solutions against data fluctuations within a specified uncertainty set.

The objective function aims to maximize the total profit of the manufacturing system, defined as
the difference between total revenue from product sales and the overall system costs, including
production, setup, inventory holding, shortage, scrap, and inter-factory transportation costs, while
satisfying production capacity constraints, inventory balance, and material flow constraints across
multiple factories.

To evaluate the performance of the proposed model, a numerical example is first designed, and
the results are compared with those obtained from deterministic and stochastic approaches.
Subsequently, a sensitivity analysis with respect to key parameters is conducted, demonstrating
that the proposed model exhibits stable behavior under parameter variations. Finally, Monte Carlo
simulation is employed for validation purposes, confirming the superior performance of the
stochastic model compared to deterministic and conventional stochastic models, particularly under
conditions of severe parameter uncertainty.

Extended Abstract

1. Introduction

cycles, and strict delivery requirements have created significant challenges for manufacturing firms in production planning
and control. Traditional planning approaches, which are typically based on deterministic assumptions, are often unable to
cope with these complexities. As a result, such approaches may lead to increased operational costs, lower service levels, and
inefficient utilization of production resources. Consequently, the development of advanced decision-making models that can

In recent decades, increasing competition in global markets, resource limitations, demand volatility, shorter product life
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explicitly consider uncertainty in key parameters such as processing times, setup times, production capacities, and defect rates
has become a major research focus in production management and operations research.

Another important trend in modern manufacturing systems is the increasing adoption of outsourcing strategies. Many firms
outsource part of their production or logistics activities to external suppliers in order to reduce costs, increase flexibility, shorten
lead times, and focus on core competencies. However, outsourcing decisions are typically associated with considerable
uncertainty in terms of delivery time, product quality, supplier reliability, and price fluctuations. Integrating outsourcing
decisions with internal production planning decisions—such as production allocation, inventory planning, and inter-factory
transportation—within a unified framework has therefore received growing attention in recent research. Such integrated models
can improve resource utilization, reduce the risk of shortages, and enhance overall supply chain performance.

In addition, multi-factory production systems have become increasingly common in modern supply chains. In these
systems, multiple manufacturing facilities collaboratively produce a set of products while sharing resources and capacities.
Although this structure increases operational flexibility and improves responsiveness to demand fluctuations, it also
significantly increases decision-making complexity. Decisions regarding production allocation among factories, production
quantities in each period, inventory management, and inter-factory transfers must be coordinated simultaneously. Addressing
these challenges requires advanced optimization models capable of capturing the structural complexity and uncertainty inherent
in such systems.

2. Problem Statement

Despite the extensive literature on production planning, many classical studies focus on single-factory environments and
assume deterministic parameters. In these models, production times, setup times, and production yields are typically considered
fixed values, which does not adequately reflect the variability present in real manufacturing environments. As a result, the
generated production plans may become inefficient or even infeasible when actual operating conditions deviate from assumed
parameter values. To overcome this limitation, several studies have incorporated uncertainty into production planning models
using stochastic or fuzzy approaches. However, these methods often require detailed statistical information about parameter
distributions, which may not always be available in practice.

Recently, uncertainty-based optimization approaches have emerged as an effective framework for addressing parameter
variability in production planning problems. Instead of relying on precise probability distributions, these approaches define
uncertainty sets that represent possible variations in uncertain parameters. The objective is to determine solutions that remain
feasible and perform satisfactorily across different realizations within these uncertainty sets. This framework provides robust
and reliable decision-making tools without requiring extensive statistical data. Nevertheless, most existing studies applying
such approaches have focused on relatively simple systems and have paid limited attention to complex multi-factory production
environments.

To address these gaps, this study develops a multi-period, multi-product mixed-integer linear programming (MILP) model
for a capacitated multi-factory production planning problem under uncertainty. The proposed model simultaneously considers
uncertainty in processing times, setup times, and defect rates. In addition to determining optimal production quantities for each
product, factory, and period, the model incorporates decisions related to outsourcing, management of defective products, and
the utilization of available production capacities. The uncertainty is modeled using an uncertainty-based optimization
framework, allowing the model to generate stable and reliable production plans while controlling excessive conservatism in
the solutions.

3. Methodology and its results

The proposed study employs a chance-constrained programming (CCP) approach to address uncertainty in key operational
parameters such as processing times and setup times within a multi-factory production planning framework. The model
transforms the uncertain constraints into their CCP equivalents, enabling the decision-maker to explicitly control the confidence
level associated with constraint satisfaction. This reformulation prevents the optimistic bias that often arises in deterministic
models and improves the reliability of the resulting production plans. In this context, constraint (3) is rewritten using the CCP
structure to incorporate probabilistic guarantees for feasibility.

To evaluate the robustness of the proposed CCP-based model, a Monte Carlo simulation with 50 independent scenarios
was conducted. Random realizations of uncertain parameters were generated based on normal distributions for processing and
setup times. For each scenario, both the deterministic and CCP models were solved, and their objective values were compared.
As expected, the deterministic model produced higher objective values due to the absence of uncertainty; however, its solutions
were revealed to be less stable and more prone to infeasibility in fluctuating environments. In contrast, the CCP model delivered
lower but more realistic objective values by spreading the effects of uncertainty across production and setup decisions.
Additional experiments showed that adjusting the confidence parameter o significantly affects the objective value, with up to
a 13% increase when the confidence level decreases below 0.5, and about a 2% reduction when it exceeds 0.5.

A detailed computational analysis was performed by solving 2,744 problem instances to examine the complexity of the
model under different sizes of parameter sets. For each run, the number of variables, constraints, and solution times were
recorded. A strong linear relationship between the number of variables and constraints was observed, indicating that both grow
proportionally as the problem size increases. Compared to the deterministic model, the CCP model exhibited heavier-tailed
solve-time distributions and higher variability, reflecting the additional computational burden of handling uncertain parameters.
Cluster analysis further showed that scenarios in the CCP model overlap more, suggesting greater structural diversity induced
by uncertainty.
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4. Key Findings

The Monte Carlo simulation results demonstrate that the deterministic model performs well only under idealized conditions
and rapidly loses effectiveness as uncertainty increases. Its objective value sharply decreases in the presence of parameter
deviations, indicating high vulnerability to operational fluctuations. In contrast, the CCP model exhibits smoother degradation
in performance across scenarios and maintains higher stability due to its built-in probabilistic protection against uncertainty.
This behavior is especially valuable in real industrial environments, where unpredictable disturbances are common and data
may be incomplete.

From an optimization perspective, the CCP model achieves a favorable balance between economic performance and
operational resilience. Although its objective value is slightly lower than that of the deterministic model, it provides solutions
that remain feasible across a wide range of uncertain realizations. The dual-protection structure in the CCP formulation allows
independent control of conservatism for processing time and setup time uncertainties, offering decision-makers enhanced
flexibility when fine-tuning system robustness. The computational experiments also show that the multi-factory structure—
particularly the number of factories—has the greatest impact on computational complexity, significantly increasing the number
of variables, constraints, and solve times.

Overall, the results confirm that the proposed CCP-based MILP model outperforms both deterministic and classical
stochastic approaches in environments characterized by uncertainty. Its robustness, flexibility, and capacity to produce feasible
production plans under fluctuating conditions make it a strong candidate for practical implementation in real manufacturing
systems. The insights obtained from the numerical experiments and simulation results also offer a solid foundation for
managerial decision-making, particularly in the design of resilient production and outsourcing policies for multi-factory supply
chains.
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