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▶ Quantum machine learning for analyzing multi- and hyperspectral satellite images

▶ QA4EO: Quantum Advantage for Earth Observation

▶ GBS4EO: Gaussian Boson Sampling for Earth Observation



Quantum Machine Learning

▶ Earth observation data

▶ Multispectral

▶ Hyperspectral

▶ Synthetic Aperture Radar

▶ Lidar

▶ Algorithms
▶ Classical ML — baseline
▶ Fully quantum — not in the near future
▶ Hybrid
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Most researched approaches

Quantum Annealing Quantum Neural
Networks

Quantum Kernel
Methods

U(x) U (y)-1
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Adiabatic quantum computing

Adiabatic theorem

A physical system remains in its instanta-
neous eigenstate if a given perturbation is
acting on it slowly enough and if there is a
gap between the eigenvalue and the rest of
the Hamiltonian’s spectrum.
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Easy implementation for Quadratic uncon-
strained binary optimization (QUBO) prob-
lems.
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Data Kernel SVM
training

Classifier



Support Vector Machines

▶ Classification supervised learning algorithm

▶ Maximization of margins

min
w,b

1

2
|w |2,

such that : y (i)(w · w (i) + b) ≥ 1, i = 1, . . . ,m

▶ Kernel trick: exchange inner product for some ‘arbitrary‘ similarity
measure

⟨x(i), x(j)⟩ 7→ Kij = ⟨ϕ
(
x(i)
)
, ϕ
(
x(j)
)
⟩

▶ The transformation ϕ:
▶ leads to higher dimensional space - improved separability
▶ allows for nonlinear class boundaries
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Data Kernel SVM
training

Classifier



Data Kernel SVM
training

Classifier
Classifier

Classifier

...

Quantum
Annealing



GT OVO OVA CS QMSVM

Delilbasic, Amer, et al. A single-step multiclass SVM based on quantum annealing for remote sensing data classification. IEEE JSTARS (2023)





Quantum neural networks

Gate model of computation

▶ Capable of universal computation

QC
Simulation←−−→ CC

▶ Quantum circuits consist of:
▶ qubit registers
▶ quantum gates

▶ Gates can be parameterized with
continuous parameters
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Parameterized Quantum Circuits

▶ Some gates can be parameterized with
parameters
▶ Datum as a parameter
▶ Tunable parameter

▶ Gates gathered into repeating layers

▶ Tunable parameter landscape - training
of QNN

LMSE = (ŷ − y)2, ŷ = ⟨ψ(Θ)|Ô|ψ(Θ)⟩

▶ Unitarity?



Sebastianelli, Alessandro, et al. On circuit-based hybrid quantum neural networks for remote sensing imagery classification. IEEE JSTARS (2021)





Data Kernel SVM
training
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Quantum
kernels



Quantum kernel methods

Quantum Kernel Estimation

▶ Parameterized Quantum Circuits 7→ encode
data

▶ Measure specific properties of the encoded state

▶ Infer similarity between quantum states

U(x) U (y)-1

Classical data

Quantum data

Data embedding
Computation Measurement

Classical
post-processing

Classical
routine

Quantum Kernel Estimation

Fidelity

Projected

Kernel family

Tomography

Loschmidt echo

Local

Global

Non-linear

Proportion
SWAP test

Classical
routine
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Miroszewski, Artur, et al. Detecting clouds in multispectral satellite images using quantum-kernel support vector machines. IEEE JSTARS (2023)



Miroszewski, Artur, et al. Detecting clouds... IEEE JSTARS (2023);
Wijata, Agata M., et al. Detection of bare soil... IEEE IGARSS (2024)





Raw Earth Observation Data Preprocessing

Quantum encoding QUBO Mapping

QKE PQC Quantum Annealing

Solution 
extraction

Kernel 
method

Gradient 
computation
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Problems: Quantum Computation speed
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Problems: Curse of dimensionality
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Problems: Curse of dimensionality
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Measurement in the QKE

QKE inextricably linked with the proportion
estimation in the Bernoulli process

N = 50
N = 500
N = 5000

Exponential value concentration

The kernel values statistically concentrate
around the constant value

measurement uncertainty + exponential value concentration ⇒ exponential number of measurements
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Miroszewski, Artur, et al. In search of quantum advantage:... arXiv:2407.15776 (2024).



Problems: Noise
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Problems: Large data
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Future directions
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