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Abstract: Combinatorial optimization problems — vehicle routing, portfolio optimization,
network  design  —  are  ubiquitous  in  industry  yet  NP-hard  in  general.  Quantum
approximate optimization algorithms (QAOA) promise quantum advantage but are limited
to small problem sizes on current noisy intermediate-scale quantum (NISQ) devices. We
present HybridQOpt, a divide-and-conquer framework that decomposes large problems
(up  to  10,000  variables)  into  quantum-solvable  subproblems  (50-100  qubits)  while
maintaining  solution  quality  through  a  classical  message-passing  coordination  layer.
Benchmarked on MaxCut, Traveling Salesman, and portfolio optimization, HybridQOpt
achieves  approximation  ratios  within  2-5%  of  the  best  classical  solvers  while
demonstrating  3.2× speedup  on  a  127-qubit  IBM Eagle  processor  for  the  quantum
subroutine.

1. Introduction

Combinatorial  optimization  underlies  some  of  the  most  economically  significant
computational  problems:  logistics  companies  solve vehicle  routing problems daily  to
minimize fuel  costs,  financial  institutions optimize portfolios across thousands of assets,
and telecom operators design network topologies to maximize coverage while minimizing
infrastructure. While classical heuristics (simulated annealing, genetic algorithms, Gurobi
MIP  solver)  provide  good  practical  solutions,  the  exponential  worst-case  complexity
motivates the search for quantum speedups.

2. HybridQOpt Framework

HybridQOpt  operates  in  three  phases:  (1)  graph  partitioning  via  spectral  clustering
decomposes  the  original  problem  into  subproblems  with  minimized  inter-partition
coupling, (2) each subproblem is solved using QAOA with p = 5 layers on a quantum
processor, and (3) a classical belief propagation algorithm coordinates solutions across
partitions.  The  key  insight  is  that  many  real-world  optimization  problems  exhibit
community structure that makes them naturally decomposable.

3. Experimental Results
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We benchmark HybridQOpt on three problem families of varying size. For problems up to
100 variables, we compare directly against full QAOA on the quantum processor. For
larger  instances  (1,000-10,000  variables),  we  compare  against  Gurobi,  simulated
annealing, and a neural combinatorial solver.
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Figure 1. Approximation ratio vs. problem size for MaxCut instances on random 3-regular graphs

4. Conclusions

HybridQOpt bridges the gap between small-scale QAOA demonstrations and industry-
relevant  problem  sizes,  achieving  competitive  solution  quality  with  demonstrated
quantum speedup in the subroutine. As quantum hardware scales beyond 1,000 qubits
with  improved  error  rates,  the  framework  can  naturally  absorb  larger  subproblems,
suggesting a practical path to quantum advantage in combinatorial optimization.
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