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Abstract:

Dynamic Order Allocation Optimization in Multi-Supplier Supply Chains under Cost Uncertainty: A Comparative Study
of Dynamic Programming and Reinforcement Learning

1. Introduction and Research Objective

Order management in multi-source supply chains under stochastic cost fluctuations poses significant structural challenges.
In recent years, the complexity of supply chains has increased considerably, and uncertainty has become a structural
feature of operational environments. Fluctuations in ordering costs, raw material prices, and supply conditions create
serious challenges for decision-making. This issue is particularly critical in industries with high dependence on raw
materials, such as polymers. In such conditions, determining the order quantity and its allocation among multiple suppliers
becomes a dynamic, stochastic, and multi-level problem.

The key innovation of this research lies in the different definition of the problem. Unlike most existing models that assume
the decision-maker has access to the probability distribution of future costs or can accurately estimate it from historical
data, this study defines the problem with a different understanding. Although historical cost data are available, due to the
inherent volatility of fluctuating markets (such as polymers), the distribution extracted from past data cannot reliably
represent the future. Sudden changes in exchange rates, tariff policies, and supply shocks make the predictability of cost
distribution in future periods highly uncertain. Therefore, the decision-maker does not have access to a stable and
deterministic distribution of future costs at the time of choice.

The main objective of this research is to provide an advanced decision-making framework for multi-period ordering
problems in multi-supplier supply chains under cost uncertainty. By focusing on a real and complex multi-supplier
problem, this research aims to bridge the gap between model-based methods and data-driven approaches.

2. Research Methodology

The problem studied in this research is defined as a multi-period optimization model with a finite horizon within the
framework of a Markov Decision Process. In this problem, the decision-maker, aiming to minimize the total ordering and
inventory holding costs, determines the total order quantity and its allocation among suppliers in each period by observing
the system state (including inventory level and supplier cost levels).

Data: The research data includes 188 weekly observations from March 2022 to October 2025, with main data including
demand, ordering costs from two suppliers, and inventory holding costs. These data were extracted from a real industrial
unit in the polymer industry and formed the basis of the empirical analysis.

Data Preprocessing: Due to significant inflationary fluctuations, all costs were converted to constant prices using the
Consumer Price Index. To enable Markovian modeling, continuous costs were mapped to three levels: low, medium, and
high. The median absolute deviation from the median was used to determine the thresholds for cost level differentiation.
Markov Decision Process Framework: The state space includes the combination of cost levels of two suppliers, initial
inventory, and period number. The action space includes the total order volume and the share allocated to each supplier.
The reward function is defined as the negative of the total cost.Solution Methods: Two complementary approaches were
used to solve the problem:- Dynamic Programming: As a model-based method that assumes access to the system's
probabilistic structure (transition matrices extracted from historical data), it derives the optimal policy by solving Bellman
equations.- Q-learning Reinforcement Learning: As a model-free method that learns the decision policy incrementally
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through interaction with the environment without explicit modeling of cost distribution. Learning parameters include a
learning rate of 0.1, a discount factor of 1, and 20,000 episodes.

3. Research Findings

To evaluate the performance of the proposed framework, the model was validated using real data from an industrial unit
active in the production of polymer disposable containers. Three policies were compared: the company's current policy
(reference policy), the dynamic programming-based policy, and the reinforcement learning-based policy.

Total Cost Comparison: The results show that in all 47 planning horizons, the costs from dynamic programming and
reinforcement learning were lower than the reference policy. The average savings for dynamic programming was 0.23%
and for reinforcement learning was 0.21%. Considering the enormous scale of supply chain costs, this improvement leads
to very significant absolute savings (average of approximately 73,000 monetary units per horizon). In some horizons,
absolute savings exceeded 124 million Rials. In scenarios with significant cost differences between suppliers, these
savings increased to over 40%.Notably, the performance of reinforcement learning was very close to that of dynamic
programming. In many horizons, the total costs of these two methods were exactly equal (difference less than 0.01%).
This finding confirms that the proposed data-driven approach, despite not requiring modeling of future cost distribution,
performs very close to the optimal model-based method.Order Allocation Analysis: The analysis of order allocation to
suppliers shows that the reference policy follows a relatively stable and predetermined approach. In contrast, dynamic
programming performs allocation in a state-dependent manner, proportional to the cost conditions of each period. The
reinforcement learning policy also reproduced patterns similar to dynamic programming in many horizons. In conditions
where one supplier has a clear cost advantage, both data-driven policies focus orders toward that supplier, while the
current policy shows less tendency toward such concentration.Convergence and Stability of Reinforcement Learning:
Examination of the learning process confirms numerical stability and convergence of the extracted policy. The average
Q-values decreased sharply in the early stages of training and converged to a stable level after approximately 10,000
episodes. The management of the exploration-exploitation balance through exponential decay of the € parameter from 1
to 0 indicates the algorithm's successful transition from extensive exploration to exploitation. The simultaneous
convergence of average cost, reduction in standard deviation, and decrease in variance indicate that the final policy is not
only optimized in terms of efficiency but has also reached an acceptable and stable level in terms of risk and dispersion.
4. Conclusion and Recommendations

This research was conducted to develop an advanced decision-making framework for multi-period ordering problems in
multi-supplier supply chains under cost uncertainty. Unlike previous studies that often assume the probability distribution
of costs is known or estimable from historical data, this research, by accepting the fact that in volatile markets the cost
distribution is inherently unstable, presented a novel framework based on Markov Decision Processes.

Empirical findings showed that both dynamic programming and reinforcement learning approaches outperform the
reference policy. The main strength of the framework was revealed in sensitivity analyses, where the savings potential
increased significantly up to 40% as the cost difference between suppliers widened. The Q-learning algorithm, despite
not requiring modeling of future cost distribution, performed very close to dynamic programming and demonstrated high
flexibility in facing cost fluctuations.

The proposed framework can serve as the core of decision support systems in volatile industries such as petrochemicals,
steel, and polymers. It is recommended that organizations strengthen their data infrastructure for accurate and real-time
recording of supply costs. For future studies, extending the model to dependent products, combining with deep learning,
simultaneous consideration of demand uncertainty, and adding operational constraints such as supplier capacity and lead
time are suggested.
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