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Tokomak of ITER for Generating Fusion Energy
ITER ("The Way" in Latin) is one of the most ambitious energy projects in the world today

Image source: https://www.iter.org/proj/inafewlines

https://www.iter.org/proj/inafewlines
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Quantum Computer
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A Major Leap in Quantum Computing
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The Most Powerful Quantum Computer Currently
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Major Concepts of Quantum Computing

• Qubits

• Superposition

• Entanglement 

• Quantum circuits
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Classical Bit vs. Quantum Bit (Qubit) #1
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Image source: https://cheapsslsecurity.com/blog/quantum-computing-vs-encryption-a-battle-to-watch-out-for/

https://cheapsslsecurity.com/blog/quantum-computing-vs-encryption-a-battle-to-watch-out-for/
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Classical Bit vs. Quantum Bit (Qubit) #2
Superposition on the Bloch Sphere
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Vectors show the state |ѱ> of a quantum system
Superposition = weighted sum of two states, i.e. a linear combination of 0 and 1 

(quantum randomness)

Quantum state 0

Quantum state 1
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Entanglement #1
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State 1:
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Entanglement #2
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State 1:

State 2: ?
rotation
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Entanglement #3
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State 1:

State 2:
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A Quantum Circuit Consists of Quantum Gates

• Pauli-Gates: Rotation gates

• Hadamard-Gate: Creates superposition

• Controlled-Gates: Create entanglement
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Quantum Programming with Qiskit

• Qiskit = Quantum Information Science Kit

• Released by IBM in 2017
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Working with Single Qubit Gates

• Pauli Gates:
• X-Gate: NOT-gate, rotation around x-axis 
• Y-Gate: rotation around y-axis
• Z-Gate: rotation around z-axis (phase flip, + becomes -)

# Let's do an X-gate on a |0> qubit
qc = QuantumCircuit(1)
qc.x(0)
qc.draw()
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Showing the Result on the Bloch Sphere #1

Initial state
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Showing the Result on the Bloch Sphere #2

Initial state State after applying X-gate

apply X-gate
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Applying Y-Gate on Qubit 0 #1

qc = QuantumCircuit(1)
qc.y(0)
qc.draw()

How does the state on the Bloch sphere look like?

Initial state
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Applying Y-Gate on Qubit 0 #2

qc = QuantumCircuit(1)
qc.y(0)
qc.draw()

How does the state on the Bloch sphere look like?

Same result as applying X-gateInitial state

apply Y-gate
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Applying Z-Gate on Qubit 0 #1

qc = QuantumCircuit(1)
qc.z(0)
qc.draw()

How does the state on the Bloch sphere look like?

Initial state
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Applying Z-Gate on Qubit 0 #2

qc = QuantumCircuit(1)
qc.z(0)
qc.draw()

How does the state on the Bloch sphere look like?

No changeInitial state

apply Z-gate
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Create Superpositions with Hadamard-Gate #1

qc = QuantumCircuit(1)
qc.h(0)
qc.draw()

How does the state on the Bloch sphere look like?
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Create Superpositions with Hadamard-Gate #2

qc = QuantumCircuit(1)
qc.h(0)
qc.draw()

How does the state on the Bloch sphere look like?

State is in a superposition 

between |0> and |1>

(similar to a coin flip the probability

of 0 and 1 is 50/50)
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Combination of H-Gate and Z-Gate #1

qc = QuantumCircuit(1)
qc.h(0)
qc.z(0)
qc.draw()

How does the state on the Bloch sphere look like?
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Combination of H-Gate and Z-Gate #2

qc = QuantumCircuit(1)
qc.h(0)
qc.z(0) # phase rotation by pi
qc.draw()

How does the state on the Bloch sphere look like?
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Multi-Qubit Gates Create Entanglement

• CNOT-gate: 
• Conditional gate
• Performs X-gate (NOT) on second qubit (target), 

if state of first qubit (control) is 1

qc = QuantumCircuit(2)

# Apply CNOT
qc.cx(0,1)

# See the circuit:
qc.draw()

First qubit (least significant)
Second qubit

Assumption: qubits not in superposition

Amplitudes of 01 and 11 are swapped (|+>)
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Quantum Machine Learning

• It is not clear how to best implement neural networks on a quantum 
computer: open research question

• The field is still in its infancy

• Most approaches are theoretical based on quantum simulators or 
experimental quantum hardware

• However, there are promising approaches for small problems
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Approach 1: 
Hybrid Classical-Quantum Neural Network #1
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x … input
w … weights
h … hidden layers
y … output

psi … quantum state

Classical neural network
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Approach 1: 
Hybrid Classical-Quantum Neural Network #2
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x … input
w … weights
h … hidden layers
y … output

𝜓… quantum state

Classical neural network
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Approach 2:
Quantum Neural Network with Unitary Layers

• The whole network is implemented as a parameterized quantum circuit
• QNN with i layers:

• U ... unitary transformation
• set of parameters for the QNN 

Readout qubit: After applying i unitary transformations, the state of qn+1 should correspond to the real label
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Evaluation of Quantum Machine Learning -
Datasets
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Software and Hardware

• Qiskit: 
• Python library for quantum computing by IBM

• Quantum simulator:
• By IBM
• Can be installed locally or run on in cloud

• Quantum computer:
• By IBM
• Publicly available via cloud

https://qiskit.org/

https://qiskit.org/
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Evaluation of Different Quantum Neural Networks

Circuit 1

Circuit 2

Circuit 5
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Experimental Results #1

Quantum neural network (QNN) outperforms classical neural network (NN) 
on specific datasets

Metric = accuracy (between 0 and 1): higher is better

R. D. M. Simões, P. Huber, N. Meier, N. Smailov, R. M. Füchslin and K. Stockinger,  "Experimental Evaluation of Quantum Machine Learning 
Algorithms,” in IEEE Access, vol. 11, pp. 6197-6208, 2023, doi: 10.1109/ACCESS.2023.3236409.
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Experimental Results #2
Details on the Rain Dataset
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We can observe a high fluctuation of the results.
score = accuracy (higher is better)

Comparison of 5 different quantum circuits on 
quantum simulator (left) and quantum computer (right)



38

Conclusions

• Quantum machine learning is still in its infancy

• Currently we can only solve small problems

• Quantum hardware needs to mature and become
more fault-tolerant

• There is a steep learning curve to get into the topic

• First results are very promising

• Early movers have an advantage
https://ieeexplore.ieee.org/document/10015720

https://ieeexplore.ieee.org/document/10015720

