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This research presents a robust optimization model for integrated
production-distribution planning in a three-echelon supply chain
network comprising suppliers, manufacturers, and distributors. By
employing the Bertsimas-Sim robust optimization approach,
uncertainties in demand and transportation costs across four
transportation modes (road, rail, maritime, and air) are managed to
maximize net profit. The proposed Mixed-Integer Nonlinear
Programming (MINLP) model is solved using GAMS/BARON
version 12.6 optimization software for four uncertainty levels (p=0.2,
0.4, 0.6, 0.8) across five randomly generated scenarios. Comparative
analysis of deterministic and robust models indicates that the robust
model reduces standard deviation by 62 to 65 percent, while only
resulting in a 0.75 to 1.79 percent reduction in average profit. Findings
demonstrate that the robust model achieves a superior risk-return ratio
and improves the coefficient of variation by over 60 percent across all
uncertainty levels, making it highly effective for high-uncertainty
business environments.
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Introduction
Background and Motivation

Integrated production-distribution planning in supply chain management represents one of the most
challenging and critical decision-making problems in modern business operations. The coordination of
production activities with distribution strategies is essential for achieving optimal supply chain
performance. However, real-world supply chain systems operate under significant uncertainty,
particularly in demand patterns and transportation costs, which can severely impact operational
efficiency and profitability.

Traditional deterministic optimization approaches assume perfect information about all parameters,
which rarely holds in practice.

Market volatility, seasonal fluctuations, geopolitical factors, and economic conditions create substantial
uncertainty in demand forecasting.

Similarly, transportation costs vary dynamically due to fuel price fluctuations, capacity availability,
and external disruptions. These uncertainties can lead to infeasible solutions, substantial profit losses,
and operational disruptions when deterministic models are employed.

While extensive research exists on supply chain optimization, several critical gaps remain. Most
existing models consider single or dual transportation modes, neglecting the complexity of multi-modal
logistics systems. Many robust optimization studies focus on demand uncertainty alone, overlooking the
critical role of transportation cost variability. Furthermore, few studies systematically evaluate the price
of robustness across multiple uncertainty levels or address the simultaneous optimization of production
and distribution decisions under joint uncertainty. This research addresses these gaps by developing a
robust MINLP model for integrated production-distribution planning in a three-echelon supply chain.
The model incorporates four transportation modes and explicitly considers uncertainty in both demand
and transportation costs using the Bertsimas-Sim approach. The study systematically evaluates
robustness performance across multiple uncertainty levels to provide practical insights for decision-
makers operating in volatile business environments.

Primary Objective

Develop a robust optimization model for integrated production-distribution planning in a three-echelon
supply chain under demand and multi-modal transportation cost uncertainty

Secondary Objectives

Compare robust and deterministic model performance across varying uncertainty levels
Quantify the price of robustness and risk-return trade-offs
Provide managerial insights for decision-making under uncertainty

Research Questions
Main Research Question

How can a robust optimization framework be developed for integrated production-distribution planning
in multi-echelon supply chains under demand and transportation cost uncertainty?
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Sub-Questions

1.Which model (deterministic vs. robust) performs better in high-uncertainty business environments?
2.How can optimal balance between profitability and stability be achieved?
3.What is the quantitative trade-off between risk reduction and profit maximization?

Contributions

This research makes several significant contributions:

1.Methodological Innovation: Develops a robust MINLP model incorporating Bertsimas-Sim approach
for multi-modal transportation systems

2.Practical Insights: Provides quantitative analysis of price of robustness (PoR < 2%) for real-world
implementation

3.Comprehensive Evaluation: Systematically compares deterministic and robust models across four
uncertainty levels.

4.Decision Support: Offers actionable guidelines for supply chain managers operating under
uncertainty.

1.6 Paper Structure

The remainder of this paper is organized as follows: Section 2 reviews relevant literature, Section 3
presents the mathematical formulation, Section 4 describes the solution methodology, Section 5
discusses computational results, and Section 6 concludes with managerial implications and future
research directions.

Methodology
Research Design

This research follows a quantitative, mathematical modeling approach and is classified as applied-
developmental research aimed at improving existing models and providing practical operational
solutions. The methodology comprises four main phases: problem formulation, model development,
computational implementation, and comparative analysis.

Problem Description
Supply Chain Structure

The study considers a three-echelon supply chain network with the following characteristics:
Producers (i € I): Two manufacturing facilities with limited production capacity
Distributors (,j € J): Two distribution centers with storage capacity constraints
Consumers (k € K): Two end-customer zones with uncertain demand

Products (p € P): Two different product types

Planning Horizon (t € T ): Three-month period (quarterly planning)

Transportation Modes (m € M): Four options (road, rail, maritime, air)
Key Assumptions

1.Uncertainty: Demand and transportation costs are uncertain; probability distributions are unknown
2.No Shortage: Backorders and delivery delays are not permitted
3.Fixed Workforce: Labor levels remain constant; production occurs during regular hours only
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4.Negligible Lead Time: Transportation time is considered insignificant
5.Mode Selection: Exactly one transportation mode must be selected per route per period
6.No Long-term Storage: Distributors hold inventory only for the current period.

Experimental Design

The computational experiment follows this protocol:

1-Scenario Generation: Generate 5 random scenarios for each uncertainty level
2-Deterministic Solve: Solve deterministic model for each scenario

3-Robust Solve: Solve robust model once per uncertainty level

4-Performance Calculation: Compute metrics across all scenarios

5-Comparative Analysis: Evaluate trade-offs between models.
Validation and Verification

Model validity is ensured through:

Mathematical Verification: Constraint satisfaction and optimality conditions
Sensitivity Analysis: Parameter variation testing

Benchmark Comparison: Results comparison with literature

Managerial Review: Practical feasibility assessment
Medium-term Developments

Two-Stage Stochastic-Robust Models: Combine stochastic programming with robust optimization for
better uncertainty representation

Dynamic Robust Optimization: Extend to multi-period planning with recourse decisions and learning
mechanisms

Network Design Integration: Simultaneously optimize facility location and production-distribution
planning

Concluding Remarks

This research demonstrated that robust optimization provides a powerful and practical framework for
integrated production-distribution planning under uncertainty. The Bertsimas-Sim approach successfully
balances conservatism and optimality, achieving substantial risk reduction (62-65%) with minimal profit
sacrifice (<2%).

The key insight is that robustness is not expensive — organizations can significantly enhance
operational stability without compromising profitability. In an era of increasing supply chain disruptions,
market volatility, and global uncertainty, robust optimization represents a critical tool for resilient supply
chain management.

The proposed model and methodology are implementation-ready and can be directly applied by
practitioners using standard optimization software. As uncertainty continues to characterize modern
business environments, the adoption of robust optimization approaches will become increasingly
essential for competitive advantage and long-term sustainability.
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