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Outline
ØMachine Learning (ML) + examples

ØQuantum Machine Learning + examples

ØChallenges of Quantum Machine Learning
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Machine Learning
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What does ML do?
ØTask: Learn from given data to predict new data

§ Learn = find a model

ØModel found by optimizing a loss function

ØExamples: classification and regression
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Label 2
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Example: Support Vector Machine
ØTask:

§ classifying data with a hyperplane.
§ penalty for misclassified data.

ØOptimization:
§ Primal problem:

§ Dual problem: 

Ø If data not linearly separable: kernel trick
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Example: Neural Networks (NN)
Ø In NN, output is a function of input.

ØWeights to be optimised optimised

ØMin of loss is found with gradient descent method

ØGood scaling of derivative calculation (with 
backpropagation method)

Input
Output

Photo: https://www.kdnuggets.com/2020/05/5-concepts-gradient-descent-cost-function.html
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Examples: Autoencoders
ØNeural network with a bottle-neck in the middle

ØRequire output to be as similar as possible to input

ØUsed for dimensionality reduction

ØAlso used for anomaly detection 
§ e.g. in HEP: model-independent searches
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Quantum Machine Learning
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Quantum vs classical

Measurement
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Quantum circuit example
ØMaking Greenberger–Horne–Zeilinger (GHZ) state
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Quantum properties

Two important quantum properties 

Superposition Entanglement
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A quantum bit (qubit)
ØQuantum bit:

§ Instead of 0 or 1, |𝜓⟩ = 𝛼# 0⟩ + 𝛼! 1⟩
§ Equal to the points on a sphere

ØQuantum gates: changing 𝛼!
§ E.g. 𝜓 = !

$
0 + %

$
1 ----------applying gate------> 𝜓 = &

'
0 + "

'
1

§ As if rotating the vector in the sphere 

ØMeasurement: 
§ We need 0 or 1 to work with
§ All/Some of qubits are measured at the end
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More qubits
ØTwo qubits:

§ Notation: e.g. 01 means the first qubit is 0 and second qubit is 1.
§ |𝜓⟩ = 𝛼# 00⟩ + 𝛼! 01⟩ + 𝛼& 10⟩ + 𝛼( 11⟩ → 4 basis states

ØThree qubits: |𝜓⟩ = 𝛼" 000⟩ + 𝛼# 001⟩ + ⋯+ 𝛼$|111⟩ → 8 basis states

ØN qubits: 𝜓 = 𝛼" 0…0⟩ + ⋯+ 𝛼%! 1…1⟩ → 2& basis states

ØQuantum gates: changing 𝛼!

ØMeasurement
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Quantum “advantage”
ØApplying gates on a 𝜓 = 𝛼" 0…0⟩ + ⋯+ 𝛼%! 1…1⟩:

§ Classical computers: Simulating quantum circuits → keeping track of 𝟐𝑵 coefficients → Could get intractable. 
§ Quantum computers: Performed naturally.
§ Quantum advantage!

Ø Is 𝛼" 0…0⟩ + ⋯+ 𝛼%! 1…1⟩ always interactable in classical (conventional) computers?
§ Answer: No!
§ When is it intractable?

ØProduct vs entangled state

e.g. of product: 𝜓 = ½ 00⟩ + 10 + 01 + 11 ) = #
%
(|0⟩ + |1⟩) (|0⟩ + |1⟩)

e. g. of entangled: #
%
( 00⟩ + 11⟩)

ØEntanglement is (almost) always essential for potential quantum advantage
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Example: Quantum SVM
ØCompute kernels in quantum computers

ØFeatures are mapped into the Hilbert space of qubits
§ Feature vector 𝒙 is mapped to 𝒙 → 𝜌 𝒙 = |𝜓 𝒙 ⟩⟨𝜓 𝒙 |, where 𝜓 𝒙 = 𝒰 𝒙 0 *.
§ Kernel is defined as k 𝐳, 𝒙 ≔ tr 𝜌 𝒛 𝜌 𝒙 = 𝜓 𝒛 𝜓 𝒙 " = 0 𝒰+ 𝒛 𝒰 𝒙 0 ".

ØThere are infinite possible feature maps. Interesting ones:
§ are hard to simulate classically 
§ are computable in near-term devices
§ provide good classification performance

ØExample of U → rotating in Bloch sphere
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Example: Quantum SVM
ØThe kernel is then estimated by measuring 𝒰' 𝒛 𝒰 𝒙 0 ( for O(1000) times.

ØKernel  = # ""…""
+,, -.+/.

|0⟩
|0⟩
|0⟩

𝒰+ 𝒛𝒰 𝒙
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Example: Quantum SVM

Example:
Galaxy classification

(Also tested a small sample 
on a real device)

Example: B meson decay
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Quantum Neural Network
ØSome similarities with (conventional) neural network

ØParameter(s) 𝜃 updated until optimum found
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Quantum Autoencoder
ØSimilar to classical autoencoder

Example: Bkg: Z ->nu nu
Sig: H-> two dark matter
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Challenges
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Challenges
ØNoise

ØBarren plateau

ØBackpropagation scaling

ØExponential concentration
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Summary
ØQuantum computing algorithms can be used for machine learning tasks

ØData are mapped to Hilbert space and the optimized model is found by minimizing a loss function

ØSuch tasks could in principle be intractable in classical computers

ØHowever, there are challenges ahead!
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Thank you!
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Backup
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IBM Plan
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Superconducting qubit


