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CHSH game
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Referee: Charlie 

on the Earth

Player 1: Alice on 

the Mars

Player 2: Bob on 

the Moon

X in {0,1} y in {0,1}

a in {0,1} b in {0,1}

Players win If  

𝑥 ⋅ y = 𝑎 𝑥𝑜𝑟 𝑏; 𝑥, 𝑦, 𝑎, 𝑏 ∈ {0,1}



CHSH game: classical world
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Referee: Charlie 

on the Earth

Player 1: Alice on 

the Mars

Player 2: Bob on 

the Moon

x y

a b

Players winning probability in 

classical world: 75 percent



CHSH game: quantum world
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Referee: Charlie 

on the Earth

Player 1: Alice on 

the Mars

Player 2: Bob on 

the Moon

x y

a b

They share a so-called entangled 

quantum bits (particles).



CHSH game: quantum world

> Lecture > Author  •  Document > DateDLR.de  •  Chart 6

Referee: Charlie 

on the Earth

Player 1: Alice on 

the Mars

Player 2: Bob

x y

a b

Players winning probability in 

quantum world: 85 percent

Entangled: non-local 

interaction (no classical 

channel)



Quantum Machine Learning
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States entangled in a quantum computer yield 

higher correlation values (saw in CHSH game) 

than states in a classical computer. Classical

Machine Learning involves the concepts of 

probability and correlation. Thus, this validates 

to study Machine Learning and deploy it on a 

quantum computer: Quantum Machine Learning 

(QML)



Classical & Quantum computer
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0001110000001111111

|0001110000001111111> = 

c1|110000110001111100>+

c2|010100100101100100>+ 

… 

cn|010100110001110111>

CC: bits QC: quantum bits (or qubits) 

which can exist in superposition and

are entangled. 



Classical & Quantum computer
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CC: bits QC: quantum bits (or qubits)

Transistor error: Qubit error:

P. Shivakumar, M. Kistler, S. W. Keckler, D. Burger and L. Alvisi, "Modeling the effect of technology trends on the 
soft error rate of combinational logic," Proceedings International Conference on Dependable Systems and 
Networks, 2002, pp. 389-398, doi: 10.1109/DSN.2002.1028924.



Classical & Quantum computer
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QC: quantum bits (or qubits)

Qubit error:
An error-corrected quantum computer, say 𝑝~10−27, is 

called a fault-tolerant quantum computer, and a 

noisy-intermediate scale quantum computer 

(NISQ), say 𝑝~10−13,  otherwise. 

John Preskill, Fault-tolerant quantum computer, arXiv: quant-ph/9712048
John Preskill, Quantum Computing in the NISQ era and beyond, arXiv: 1801.00862 



Computational Complexity
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Classical Computer
Fault-Tolerant Quantum 

Computer

Scott Aaronson , How Much Structure Is Needed for Huge 
Quantum Speedups?, arXiv:2209.06930



Quantum Algorithm Evolution
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1996 20202009 2018

Quantum Factoring
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1996 20202009 2018

Fast quantum (HHL) algorithm for a system of equations
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1996 20202009 2015

Quantum Variational Algorithm (QVA)
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1996 20202009 2015

Power of quantum variational algorithmsQuantum Variational AlgorithmFast HHL algorithmQuantum Factoring
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1996 20202009 2015

Power of QVAQuantum Variational Algorithm (QVA)Fast HHL algorithmQuantum Factoring

Fault-tolerant quantum computers Noisy-intermediate scale quantum computers
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20202015

Power of QVAQVA

Noisy-intermediate scale quantum (NISQ) computers

CPU: Optimization

NISQ nQPUs: QVA

GPU: Multiplication and 

Addition

Heterogeneous Computing: HPC+nQC
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CPU: Optimization

NISQ nQPUs: QVA

GPU: Multiplication and 

Addition

Heterogeneous Computing : HPC+nQC

Imperfect Quantum 

Computer

Classical Computer

nQC (or nQPUs): 

superconducting, 

neural atomic, 

photonic quantum 

computers, or 

quantum annealer



Lets forget about quantum advantage. BUT What is exactly a quantum 

computer and How to make it work for machine learning tasks or for 

processing big datasets in Earth Observation?
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Quantum Variational Algorithm for Earth Observation: Case I
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12288 elements

S. Otgonbaatar and M. Datcu, "Classification of Remote Sensing Images With Parameterized 
Quantum Gates," in IEEE Geoscience and Remote Sensing Letters, vol. 19, pp. 1-5, 2022, Art 
no. 8020105, doi: 10.1109/LGRS.2021.3108014.

(around 20 qubits)



Quantum Variational Algorithm for Earth Observation: Case I

> Lecture > Author  •  Document > DateDLR.de  •  Chart 21

Test QVA on a real-world RGB 

image of Berlin, Germany 

(trained QVA on Eurosat)



Quantum Variational Algorithm for Earth Observation: Case II
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out-of-distribution? → physics to rescue

Data sets: different distribution 



Quantum Variational Algorithm for Earth Observation: Case II
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out-of-distribution? → quantum physics to rescue

Data sets: different distribution 



Quantum Variational Algorithm for Earth Observation: Case II

PolSAR: San Francisco PolSAR: DLR Oberpfaffenhofen



Quantum Variational Algorithm for Earth Observation: Case II

Say one 0-10 cm, other 

20-30 cm wavelength



Quantum Variational Algorithm for Earth Observation: Case II
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Quantum Variational Algorithm for Earth Observation: Case II

Trained Tested



Quantum Annealer for Earth Observation: Case III
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S. Otgonbaatar and M. Datcu, "A Quantum Annealer for Subset Feature Selection and the Classification of Hyperspectral 
Images," in IEEE Journal of Selected Topics in Applied Earth Observations and Remote Sensing, vol. 14, pp. 7057-7065, 
2021, doi: 10.1109/JSTARS.2021.3095377.
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Quantum Annealer for Earth Observation: Case III



The Last Slide of This Talk
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Next Question: Can we really demonstrate quantum advantage by 

leveraging a HPC+nQC system over a conventional heterogeneous 

system, since we now know what is a quantum computer and how 

to make it work for large data sets?
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Next Question: quantum advantage on HPC+nQC system

Soronzonbold Otgonbaatar et al IGARSS 2022
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