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NISQ devices dispose of limited resources
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• Limited number of qubits 
• Limited connectivity between qubits
• Quantum noise 

What can we achieve with currently available quantum computers?
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Circuit-based Quantum Computing

Add Gate 𝑅𝑦
𝜋
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Encode the Problem in a Parameterized Quantum Circuit
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Cost Function



NISQ devices dispose of limited resources
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• Limited number of qubits 
• Limited connectivity between qubits
• Quantum noise 

What can we achieve with currently available quantum computers?

Variational Quantum Algorithms



Variational Quantum Algorithms have a wide range of applications

Cerezo, Marco, et al. "Variational quantum algorithms." Nature Reviews Physics 3.9 (2021): 625-644.
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Variational Quantum Algorithms: a hybrid quantum-classical approach
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Classical Optimizer
argmin

𝜃
𝐶(|𝜓(𝜃⟩)
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Quantum Architecture Search

Variational Quantum State: 𝜓(𝜃) = 𝑉(𝜃) 0

Variational Ansatz: 𝑉(𝜃) = ς𝑖=1
𝑙 𝑉𝑖(𝜃𝑖) Hilbert 

Space
Solutions

𝜃 = (𝜃0, 𝜃1, … , 𝜃𝑙) ∈ ℝ𝑙

How do we determine the structure of the circuit to optimize?
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Monte Carlo Tree Search on Parametrized Quantum Circuits 
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Repeated N times

Selection Roll-out Expansion Backpropagation

A selection strategy is
used to traverse the tree

One or more nodes are 
created

One simulation is 
executed The result is propagated back in 

the tree

𝑎∗

𝑅

𝑎∗ = argmax
𝑎∈𝐴

𝑈𝐶𝐵(𝑠, 𝑎)

𝑠

𝑈𝐶𝑇 𝑠, 𝑎 = ത𝑞 + 𝑐
log𝑁𝑠
𝑁𝑠,𝑎



The action space is discrete
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𝑘 Nodes

Franken, Lukas, et al. "Quantum circuit evolution on nisq devices." 2022 IEEE Congress on Evolutionary Computation (CEC). IEEE, 

2022.

𝐺 = {𝐶𝑁𝑂𝑇, 𝑅𝑋 , 𝑅𝑌 , 𝑅𝑍}

Gate set



Group by Actions

12Introduction   |   Theory   |   Challenges   |   Methodology |   Results   |   Discussion   |   Conclusion



The action space is finite
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𝑘𝑠 = ⌈𝛽𝑁𝑠
𝛼⌉

𝛼 ∈ ]0,1[ ,  𝛽 > 0

𝑁𝑠 = 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑣𝑖𝑠𝑖𝑡𝑠 𝑎𝑡 𝑛𝑜𝑑𝑒 𝑠
𝑘𝑠 = 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐ℎ𝑖𝑙𝑑𝑟𝑒𝑛 𝑜𝑓 𝑛𝑜𝑑𝑒 𝑠

Chaslot, G.M.J.-B., Winands, M.H.M., van den Herik, H.J., Uiterwijk, J.W.H.M., Bouzy, B.: Progressive strategies for Monte-Carlo 

Tree Search. New Mathematics and Natural Computation 4(03), 343–357 (2008)

𝛽 = 1



Monte Carlo Tree Search

• Selection strategy: Upper Confidence Bound

• Action space is discretized by 

• Progressive widening to deal with an infinite number of actions
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Domains of Application

Particle Track 
Reconstruction

1. Hydrogen: 𝐻2

2. Lithium 
Hydride: 𝐿𝑖𝐻

3. Water: 𝐻2𝑂

Quantum Random 
Circuits

Max Cut

Ground State Energy 
Estimation

Different sizes:

• Number of qubits

• Number of gates

Systems of Linear 
Equations

Machine Learning
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Is it better than classical
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Nonstabilizerness Estimation 
using 

Graph Neural Networks

What is nonstabilizerness? Why nonstabilizerness?
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Gottesman-Knill Theorem 

Any quantum computer performing only Clifford operations can be 
perfectly simulated in polynomial time on a classical computer.

[Gottesman, D. (1998). The Heisenberg representation of quantum computers. arXiv preprint quant-ph/9807006]

What are Clifford operations?
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Clifford gates Non-Clifford gates

𝐶𝑁𝑂𝑇,𝐻, 𝑆 𝑇

𝐶𝑁𝑂𝑇 and
𝑅𝑋 𝜃 , 𝑅𝑌 𝜃 , 𝑅𝑍(𝜃)

for specific 𝜃

𝑅𝑋 𝜃 , 𝑅𝑌 𝜃 , 𝑅𝑍(𝜃)
For all the remaining 𝜃

What are Clifford operations?

Stabilizer states
Nonstabilizer states

(or Magic states)

Stab Magic
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Gottesman-Knill Theorem 

“Any quantum computer performing only Clifford operations can be 
perfectly simulated in polynomial time on a classical computer.”

[Gottesman, D. (1998). The Heisenberg representation of quantum computers. arXiv preprint quant-ph/9807006]

Can we create a universal gate set using exclusively Clifford gates?

No! 𝐺 = {𝐶𝑁𝑂𝑇,𝐻, 𝑆, 𝑇}

The amount of non–Clifford resources necessary to create a 
quantum state is called nonstabilizerness (or magic)!
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The Quest for Quantum Advantage

Entanglement is not the only resource for quantum advantage

H and CNOT are Clifford gates
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How do we measure the nonstabilizerness of quantum states?

The nonstabilizerness, or “magic”, is a fundamental resource for 
quantum advantage

Magic
𝑀 > 0

Stab
𝑀 = 0

𝑀 is a 
stabilizer monotone
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Stabilizer Rényi Entropy (SRE)

Where and 𝒫𝑛 is the set of 𝟒𝒏 Pauli strings

Favourable computational 
properties

Suitable for experiments on 
real quantum hardware

[Leone, L., Oliviero, S. F., & Hamma, A. (2022). Stabilizer rényi entropy. Physical Review Letters, 128(5), 050402]

[Oliviero, S. F., Leone, L., Hamma, A., & Lloyd, S. (2022). Measuring magic on a quantum processor. npj Quantum Information, 8(1), 148]
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A Graph Neural Network Approach to Nonstabilizerness Estimation 
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Quantum Circuit Representation on Classical Computers

[Liao, H., Wang, D. S., Sitdikov, I., Salcedo, C., Seif, A., & Minev, Z. K. (2024). Machine learning for practical quantum error mitigation. Nature Machine Intelligence, 6(12)]

TABULAR REPRESENTATION BASED ON GATE COUNT

CX H …… …

𝑅𝑋 𝑅𝑌 𝑅𝑍
Unparameterized

Gates

152   Features2 +  50 +  50 +  50  =



28

Quantum Circuit Representation on Classical Computers

GRAPH-BASED REPRESENTATION



Testing GNN on circuits with a higher 
number of qubits
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Extrapolation Capabilities in 
SRE Estimation
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Extrapolation on number of qubits



Testing GNN on circuits with a higher 
gate count
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Extrapolation Capabilities in 
SRE Estimation
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Extrapolation on gate count
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Magic-Informed 
Quantum 

Architecture 
Search



Magic-based bias in the Selection Strategy
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Repeated N times

Selection Roll-out Expansion Backpropagation

A selection strategy is
used to traverse the tree

One or more nodes are 
created

One simulation is 
executed The result is propagated back in 

the tree

𝑎∗

𝑅𝑎∗ = argmax
𝑎∈𝐴

𝑈𝐶𝐵(𝑠, 𝑎)

𝑠

𝑈𝐶𝑇 𝑠, 𝑎 = ത𝑞 + 𝑐
log𝑁𝑠

𝑁𝑠,𝑎
𝑃𝑈𝐶𝑇 𝑠, 𝑎 = ത𝑞 + 𝑝𝑀𝐴𝐺𝐼𝐶 ⋅ 𝑐

log𝑁𝑠

𝑁𝑠,𝑎
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GNN performance for PWMCTS
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𝐿𝑖𝐻

𝐻2𝑂𝐻2
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Average magic in the tree
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Average magic on the final circuits
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