
Based on my comprehensive research, I can provide you with a detailed analysis of quantum

graphs and several novel quantum gate-based approaches that could be applied to quantum

web crawlers, distinct from quantum walks.

A quantum graph is a mathematical structure consisting of a network of vertices connected by

edges, where each edge is assigned a length and governed by a differential equation (typically

Schrödinger's equation). The graph topology influences the system's spectral properties

through boundary conditions at vertices.

Originating from Linus Pauling's 1930s studies of free electrons in organic molecules, quantum

graphs now serve as models in:

Quantum chaos and wave propagation studies

Mesoscopic physics and nanotechnology

Metamaterial design for acoustic and electromagnetic applications

Quantum information theory via their connection to quantum channels

The mathematical foundation involves two key representations:

1. Laplacian-based: Hamiltonian proportional to the discrete Laplacian (adjacency matrix

minus degree matrix)

2. Adjacency-based: Hamiltonian directly proportional to the adjacency matrix

What is quantum graph? How can we apply the
thesis and research done in this field to a quantum
web crawler? I don't want to use quantum walk, as
it is already explored. I would like to use quantum
gates in a novel manner. Research current studies
from various prestigious universities.

What Are Quantum Graphs?
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Current University Research on Quantum Graphs and Related Methods



Andrey Boris Khesin's PhD thesis under Peter Shor introduces a graph representation of

stabilizer codes in bijection with tableaus. The key insight is that graphs take a semi-bipartite

form where input-output edges represent information propagation, while output-output edges

represent entanglement structure. This representation unifies distance approximation, weight

reduction, and decoding as instances of a single optimization game on a graph.

Relevance to web crawling: This framework could encode web link structures as quantum

stabilizer codes, where page connections become entanglement patterns that can be queried

efficiently.

Oxford researchers developed QuantGraph, a two-stage quantum-enhanced framework that

casts graph-optimization problems as quantum searches over discrete trajectory spaces. The

solver operates by first finding locally optimal transitions (without considering full trajectories),

using accumulated costs as thresholds that prune the search space by up to 60%.

Oxford's Quantum Information Group is also actively researching quantum algorithms for linear

differential equations and phase estimation via Lindbladians, with seminars covering topics like

"Sparsity-dependent Complexity Lower Bound of Quantum Linear System Solvers".

Giuseppe Paparo and Miguel Martín-Delgado developed a quantum PageRank algorithm that

quantizes Google's ranking approach. Their 2013 work demonstrated that the quantum

algorithm:

Univocally reveals underlying network topology

Identifies secondary hub structures that classical algorithms miss

Shows more stable rankings with respect to the damping parameter α

Exhibits power-law scaling behavior more favorable than classical PageRank

Research shows the quantum SearchRank algorithm is a promising tool for future quantum

search engines based on PageRank quantization, demonstrating improved performance at

ranking websites compared to classical PageRank.

Since you want to avoid quantum walks, here are several promising quantum gate-based

approaches from current research:

MIT: Quantum Computing from Graphs (2025)
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Oxford University: QuantGraph Framework (2025-2026)
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Complutense University Madrid: Quantum PageRank (2011-2024)
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Recent Advances: Quantum SearchRank (2024)
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Novel Quantum Gate Approaches for Web Crawling (Beyond Quantum Walks)



Core Concept: Encode the web graph's adjacency structure into quantum oracles, then use

amplitude amplification to identify important nodes.

The standard oracle definition transforms states as:

where  can encode link relationships.

Implementation for Web Crawling:

Construct oracles where  if page  links to a target page or matches a relevance

criterion

Apply Grover-style amplitude amplification achieving  queries to find  relevant

pages among  total

Use fixed-point amplitude amplification to avoid the "soufflé problem" where over-

iteration reduces success probability

Novel Extension: Implement a weighted oracle where link quality (anchor text relevance,

source authority) modulates the phase kickback, creating a relevance-weighted search that

naturally prioritizes high-quality links.

Core Concept: Use quantum phase estimation (QPE) to extract eigenvalues of the web graph's

adjacency matrix, directly computing node centrality measures.

QPE determines eigenvalues of unitary operators by preparing states satisfying:

The phase  encodes spectral information about graph structure.

Implementation for Web Crawling:

1. Encode the adjacency matrix  of the web graph as a Hamiltonian

2. Implement  using Hamiltonian simulation circuits

3. Apply QPE to extract the dominant eigenvalues, which correspond to the most

central/important nodes

4. The eigenvectors associated with the largest eigenvalues identify hub pages

This approach connects to the M-function formalism used in recent quantum graph research,

where scattering properties relate to spectral properties through the Weyl-Titchmarsh M-

function.

1. Quantum Amplitude Estimation with Oracle-Based Link Encoding
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2. Quantum Phase Estimation for Spectral Centrality Analysis
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Core Concept: Use parameterized quantum circuits to learn optimal traversal strategies, with

classical optimization guiding the quantum search.

Research from institutions like TU Wien shows that VQCs with relativistic spacetime properties

can be designed where qubit interactions depend on the underlying graph structure.

Implementation for Web Crawling:

1. Graph State Encoding: Prepare quantum states representing web graph structure using:

where  are controlled-Z gates applied for each link

2. Parameterized Ansatz: Apply layers of parameterized rotation gates:

3. Cost Function: Minimize a cost function encoding crawling objectives (coverage, relevance,

efficiency)

4. Classical Loop: Use gradient-based optimization to update parameters, iteratively

improving the crawling strategy

Core Concept: Integrate quantum circuits into attention mechanisms for processing web graph

structures.

Recent research from KAIST demonstrates that strongly entangling quantum circuits with

amplitude-encoded node features enable expressive nonlinear interactions. Unlike classical

multi-head attention, QGAT uses a single quantum circuit to simultaneously generate multiple

attention coefficients.

Implementation for Web Crawling:

1. Encode page features (content vectors, metadata) as quantum amplitudes

2. Use parameterized entangling gates to compute attention weights between linked pages

3. The quantum circuit naturally captures complex dependency patterns that classical

crawlers miss

4. Measure to obtain relevance scores for prioritizing crawl order

Core Concept: Directly encode the web graph as a Hamiltonian and use controlled unitary

evolution for state preparation and information extraction.

3. Variational Quantum Circuit (VQC) for Graph Traversal
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4. Quantum Graph Attention Networks (QGAT)

[26]

5. Hamiltonian-Based Graph Encoding with Controlled Unitaries



Recent work from Physical Review A introduces Hamiltonian-based graph-state ansätze that

combine graph-based diagonalization circuits with arbitrary single-qubit rotations, achieving an

order-of-magnitude reduction in gate count.

Implementation for Web Crawling:

1. Represent the web graph adjacency matrix  as Hamiltonian 

2. Simulate time evolution  using Trotter decomposition:

3. The matching decomposition algorithm (2025) can generate efficient circuits for this

without Pauli decomposition, reducing CX gate counts for sparse graphs

4. Measure transition amplitudes between page states to identify strongly connected clusters

Core Concept: Use quantum algorithms to assess node importance in maintaining connectivity,

particularly relevant for identifying critical web pages.

Research from Télécom SudParis describes quantum approaches combining:

Quantum subroutines for st-connectivity

Quantum algorithms for approximating Shapley values

Quantum maximum-finding for identifying high-importance nodes

Implementation for Web Crawling:

Identify which pages are most critical for maintaining information flow

Prioritize crawling of pages that serve as important connectors

Use game-theoretic centrality to assess redundancy and identify single points of failure

Based on the research synthesis, here is a novel framework combining multiple quantum gate

approaches:

Component Quantum Technique Purpose

Link Oracle Custom controlled-phase gates Encode link structure with quality weights

Spectral Analyzer QPE on adjacency Hamiltonian Compute centrality eigenvalues

Relevance Amplifier Adaptive amplitude amplification Boost probability of finding relevant pages

Traversal Optimizer VQC with graph-state ansatz Learn optimal crawling paths
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6. Quantum Node Importance via Shapley Value Approximation
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Proposed Novel Framework: Quantum Spectral-Oracle Web Crawler (QSOWC)

Architecture



Component Quantum Technique Purpose

Importance Estimator Quantum Shapley approximation Identify critical hub pages

1. Hybrid Oracle Construction: Rather than simple binary oracles, construct phase oracles

where the phase rotation is proportional to link quality metrics:

where  encodes PageRank-like scores

2. Hierarchical Quantum Search: Use the two-stage approach from QuantGraph, first finding

local optima to prune the search space, then performing global search with reduced

complexity

3. Graph Compression: Apply the novel graph compression algorithm from matching

decomposition research to reduce qubit requirements by merging multiple edges in reduced

qubit space

4. Noise-Robust Encoding: Leverage research on decoherence properties showing that

graph topology (betweenness centrality, spectral entropy) significantly affects coherence

times, optimizing circuit layout accordingly

Operation Classical Quantum (Proposed)

Finding k relevant pages in N

Computing dominant eigenvalue  per iteration  via QPE

Graph traversal to depth d  branching factor b  with amplitude amplification

Importance estimation  exact Shapley Polynomial quantum approximation

The research indicates several practical considerations:

1. Circuit Depth: Use shallow circuits compatible with NISQ devices, following VQE-style

iterative optimization

2. Noise Mitigation: Implement error suppression modules like Q-CTRL, which enabled 32-

qubit demonstrations

3. Graph Encoding Efficiency: For sparse web graphs, amplitude encoding achieves

 qubits for N pages

4. Classical Preprocessing: Partition the web graph into tractable subgraphs, similar to the

distributed VQE approach for large-scale problems

Key Innovations
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Theoretical Complexity Advantages

Implementation Considerations
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This framework represents a genuine departure from quantum walk approaches by leveraging

gate-based spectral analysis, variational optimization, and amplitude amplification techniques

that are actively being developed at leading research institutions worldwide.

⁂
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