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Abstract

This paper presents a quantum-enhanced framework for optimizing complex supply chain networks (SCNs) under stochastic
demand, addressing the computational limitations of classical optimization methods. We propose a hybrid quantum—classical
approach that integrates the Quantum Approximate Optimization Algorithm (QAOA) with hierarchical graph decomposition,

enabling scalable optimization of networks with more than 100 nodes on NISQ-era hardware.

The framework introduces three major contributions:

= A quantum-native method for modeling stochastic demand using amplitude estimation, providing quadratic speedup over

Monte Carlo simulation;

= A decomposition strategy that coordinates quantum subproblems through an augmented Lagrangian formulation; and

=  An error-adapted QAOA scheme with zero-noise extrapolation to improve quantum resource utilization.

Experimental results show that the proposed method achieves a 42% reduction in computation time compared with classical solvers
while maintaining solution quality within 4.7% of optimality. The approach demonstrates near-linear scalability and superior

performance in volatile-demand, high-connectivity scenarios.

Overall, this work highlights the potential of quantum computing as a practical tool for real-time SCN optimization and sets the
foundation for future extensions involving multi-objective models and quantum machine learning integration.
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1. Introduction

Supply chain networks (SCNs) have grown increasingly
complex due to globalization, volatile demand patterns, and the
interdependence of modern logistics systems (Smith, 2020).
Classical optimization techniques often struggle with the
combinatorial explosion associated with large-scale SCNs,
resulting in inefficiencies such as delayed deliveries, elevated
operational costs, and suboptimal resource allocation (Johnson
& Lee, 2019).

Quantum computation offers a promising alternative. By
exploiting the principles of superposition and entanglement,
quantum algorithms can address certain NP-hard problems
more efficiently than classical counterparts (Zhang et al.,
2021). To investigate this potential, we formulate the SCN
optimization problem mathematically as:

min Z = E Cij L5 E PLY:
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Where c;; denotes transportation costs, px represents penalty
costs for unmet demand, S; is supply capacity, and D; is demand
at each node. Building on this formulation, we demonstrate
algorithms—particularly the Quantum
Approximate Optimization Algorithm (QAOA)—can be
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applied to solve these models and overcome scalability
bottlenecks in classical systems (Brown, 2022).

2. Literature review

2.1 Classical optimization challenges in supply chains
Traditional SCN optimization remains constrained by
computational complexity, particularly as network size,
constraints, and uncertainty increase. The general objective
minimizes total cost Z across supply, demand, and
transportation links:

Z=Y cyzi;+ Y oy
Iy k

As the number of nodes grows, classical solvers experience
exponential increases in computation time, limiting their
applicability for real-time decision-making in dynamic
environments.

2.2 Quantum computing: theoretical foundations

Quantum algorithms leverage key phenomena—superposition
and entanglement—to explore solution spaces more efficiently.
QAOA is among the most promising methods for
combinatorial optimization, encoding the cost function into a
parameterized quantum state:
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where Hc is the cost Hamiltonian representing the objective Z,
Hg is the mixer Hamiltonian, and p denotes the circuit depth
(Zhang et al., 2021).

2.3 Research gap

A review of current literature reveals three major limitations:

=  Hardware constraints: Current quantum devices support
fewer than 100 reliable qubits, with significant noise and
decoherence (Garcia & Patel, 2023).

= Modeling limitations: No existing Hamiltonian
formulation captures stochastic demand or multi-period
dynamics in SCNs (Roberts & Kim, 2024).

®  Validation deficits: Most quantum studies benchmark
performance only on small “toy” problems, lacking
comparisons with classical solvers like CPLEX or Gurobi
for realistic network sizes (Zhang et al., 2023).

This study addresses these gaps by developing a quantum-

optimized SCN framework that:

= Scales to networks with n>100n \geq 100n>100 nodes
using hierarchical decomposition.

= Incorporates
amplitude estimation.

= Validates performance on real-world datasets against
industry-standard solvers.

stochastic demand through quantum

3. Methodology

3.1 Extended mathematical model for stochastic demand
To incorporate demand uncertainty, we extend the classical
SCN optimization model by minimizing expected total cost

E[Z]:
E[Z] =) cyzij+AY_ Els)]
i,j J

3.2 Quantum hamiltonian construction

We map the stochastic SCN problem into a quantum
Hamiltonian HCH _CHC compatible with the QAOA
framework. The cost Hamiltonian is defined as:

He = Z CijTij )\Z 8j
i,j J

where x"ij, y*k and s"j are quantum operators representing
decision variables and shortage quantities.

Discussion

Our results demonstrate that quantum optimization can
meaningfully address the computational challenges inherent in
large-scale supply chain networks (SCNs), particularly when
demand uncertainty is present. Achieving a 42% reduction in
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computation time compared to classical CPLEX solvers
validates theoretical expectations of quantum advantage in
combinatorial optimization, while maintaining solution quality
within 5% of the optimal confirms practical feasibility. These
gains are especially notable in highly connected networks with
volatile demand, where classical heuristics—such as genetic
algorithms exhibit substantial performance degradation.

Theoretical contributions

This work advances quantum-enabled logistics by introducing
the first quantum-native stochastic demand model based on
amplitude estimation, offering a quadratic speedup over Monte
Carlo simulation. The formulation of a stochastic Hamiltonian
for normally distributed demand and an error-adapted QAOA
extends prior theoretical studies to realistic NISQ hardware.
These contributions bridge the gap between quantum
optimization theory and implementable, industry-relevant
architectures.

Practical significance

The proposed hierarchical decomposition algorithm scales
effectively to 200-node networks (efficiency = 0.92),
surpassing previously established thresholds for practical
quantum advantage. Its ability to support multi-period
optimization makes it valuable for industries with high demand
variability, including pharmaceuticals, perishable goods, and
electronics. Furthermore, an 85% quantum volume utilization
indicates that even current-generation hardware can deliver
measurable benefits when paired with suitable error mitigation
and decomposition strategies.

Limitations

Several limitations remain. Coordination overhead increases
beyond 200 nodes, reflecting current qubit and coherence
constraints. The stochastic demand model assumes normality,
which may not adequately represent extreme disruptions.
Additionally, while error-adapted QAOA improves fidelity,
coherence limitations still restrict circuit depth and subproblem
complexity.

Comparison to existing literature

Our study significantly extends prior hybrid approaches, which
demonstrated advantage only in small networks (<15 nodes).
By incorporating stochastic modeling and scalable
decomposition, our method supports industrial-scale SCNs
while delivering superior solution quality and computational
performance relative to classical heuristics.

Conclusion

This research shows that quantum-enhanced optimization
offers a viable pathway for achieving real-time, uncertainty-
aware SCN optimization. The combination of stochastic
quantum modeling, scalable decomposition, and noise-aware
QAOA establishes a robust foundation for future
advancements. Organizations with highly interconnected and
volatile supply chains should begin preparing for hybrid
quantum integration to gain early strategic advantages.
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Future work should expand beyond normal distributions,
explore decomposition strategies for networks >500 nodes, and
integrate quantum machine learning for improved demand
forecasting. As hardware capabilities grow, quantum
optimization is poised to become a transformative tool for
building resilient, adaptive global supply chains.
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