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Motivation
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Background

Quantum approximate optimization algorithm 

(QAOA) holds promise for combinatorial 

optimization but is constrained by limited qubits

Divide-and-conquer frameworks like QAOA-in-

QAOA (QAOA2) address scalability by 

partitioning graphs into subgraphs

Farhi et al. A quantum approximate optimization algorithm. arXiv preprint arXiv:1411.4028, 2014.
image sources:
Zhou et al. Quantum approximate optimization algorithm: Performance, mechanism, and implementation on near-term devices. Physical Review X, 2020.
Zhou et al. QAOA-in-QAOA: solving large-scale MaxCut problems on small quantum machines. Physical Review Applied, 2023.
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Limitations in Existing Methods

However, QAOA2 suffers from two limitations:

l Misalignment between heuristic partitioning metrics and quantum optimization goal

l Topology-blind parameter initialization that leads to optimization cold starts

We propose Neural QAOA2 to address them
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Neural QAOA2
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Neural QAOA2

A unified divide-and-conquer framework that reimagines the paradigm by integrating a 

generative evaluative network (GEN)

GEN replaces heuristic partitioning and random parameter initialization with a single neural 

backbone that jointly generates graph partitions and QAOA initial parameters

This end-to-end design aligns partitioning with quantum optimization objectives and enables 

topology-aware warm starts
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Overview of GEN

Training Phase: Distribution-level Learning

Stage 1: min
�

�(�,�,�,�)∼�offline  ℒMSE(��(�, �, �), �) 

Stage 2: max
�

��∼�graph  ��(�, ��(�)) 

Neural QAOA2: Differentiable Joint Graph Partitioning and Parameter Initialization for Quantum Combinatorial Optimization

Inference Phase: Instance-level Optimization

�∗ =argmax
�

��(�new, ��(�new))

(�∗, �∗) = ��∗(�new)
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Quantum Evaluator ��(�, �, �)

a differentiable surrogate to circumvent expensive physical simulations of QAOA2 and 

provide gradient guidance for the upstream generator

encode heterogeneous inputs (discrete topologies/binary partitions/continuous parameters)

Global Topology View

�topology = Encodertopology(�, �) ∈ ℝ�×ℎ

Partition-Induced Subgraph View

�sub = � ⊙ (��⊤) �partition = Encoderpartition(�, �sub) ∈ ℝ�×ℎ

Quantum Parameter View

�param = ��⊤ ∈ [0,2�)�×2� �param = concat[sin ( �param),cos ( �param)] ∈ [−1,1]�×4�

�param = Encoderparam(�param, �sub) ∈ ℝ�×ℎ
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Joint Generator ��(�)

generate discrete partition matrix � constrained by qubit capacity + variational parameters �

partition-first, parameter-second

Soft Partition via OCH

�topology = Encodertopology(�, �) ∈ ℝ�×ℎ     

� = softmax(�topology�⊤) ∈ [0,1]�×� s.t. �� = � and ��⊤ = � where � = GMP(�topology) ∈ ℝℎ

Differentiable Discretization

Forward: � = GCD(�) ∈ {0,1}�×�, �sub = � ⊙ (��⊤) Backward: ��� ≈ ��� (Bengio, 2013)

Parameter Generation

�partition = Encoderpartition(�, sg(�sub)) �sub = GMP(�partition) ∈ ℝℎ×�

(�, �) = ℱ����(MLP(�sub)),   �. �. �, � ∈ ℝ2�×� � = arctan2(�, �) (mod 2�) ∈ [0,2�)2�×�
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Experiments
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Experimental Setup

Datasets a public benchmark library1, includes QUBO (datasets B, BE, GKA), Ising spin glass 

(datasets L, BMZ), and MaxCut (datasets W, HR) instances; all exceed maximum qubit limit 10 

Training Details 80% of instances from datasets B, BE, and W (problem sizes range from 51 

to 501), which consist of QUBO and MaxCut instances only, to form the training graph set 

�graph. Ising spin glass instances are excluded from training

Baselines QAOA2 framework equipped with four partitioning heuristics: Random, Modularity 

(Clauset et al., 2004), Boundary (Guerreschi, 2021), KL (Kernighan & Lin, 1970)   

Metrics average performance ratio � = Cut(�)−Neg(�)
OPT(�)−Neg(�)

, average rank in 10 independent quantum 

simulation runs

Code Availability https://github.com/0SliverBullet/Neural-QAOA-Squared 

Neural QAOA2: Differentiable Joint Graph Partitioning and Parameter Initialization for Quantum Combinatorial Optimization
1http://bqp.cs.uni-bonn.de/library/html/instances.html
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Main Results

l 1.74 Best Overall Average Rank

l 28/50 Win Rate 

l Stability
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Generalization Analysis

Distribution Generalization
l 1.46 Overall Out-of-Distribution Rank

l 60/93 Win Rate

Neural QAOA2: Differentiable Joint Graph Partitioning and Parameter Initialization for Quantum Combinatorial Optimization

Problem Size Generalization
l Size Interpolation

l Size Extrapolation
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Ablation Studies
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Cost-Performance Trade-off Component Contribution Analysis
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A Deeper Look Into Why It Works

Resolving Metric Misalignment

Neural QAOA2: Differentiable Joint Graph Partitioning and Parameter Initialization for Quantum Combinatorial Optimization

Mitigating Cold Start


