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Why quantum computing?

ÁA computational complexity classis a set of decision problems 
grouped according to how the required computational resources 
scale asymptotically with input size under a specified model of 
computation.

ÁThe key point is the scaling behavior (e.g., polynomial, 
exponential, logarithmic), not the exact number of steps.

ÁBQP (Bounded-error Quantum Polynomial time) contains all the 
problems in P, but may also contain problems in NP!
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Quantum Computing: What It Is and How Itôs Built

άLƴŦƻǊƳŀǘƛƻƴ ƛǎ tƘȅǎƛŎŀƭέ

Rolf Landauer, 1991

ÅAll information is inevitably tied to a physical 

substrate

ÅDifferent computing technologies can have 

different information processing capabilities

ÅQuantum computing is computational 

technology, that utilizes laws of quantum 

mechanics at the tiniest scale
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Quantum Computers are ñslowò

Babbush, Ryan, et al. 

"Focus beyond 

quadratic speedups 

for error-corrected 

quantum advantage." 

PRX quantum (2021)

Otgonbaatar, 

Soronzonbold, et al. 

"Quantum computing 

for climate change 

detection, climate 

modeling, and climate 

digital twin." (2023).



Quantum Computing Development Timeline

NISQ Fault-

tolerant

Physical qubits Quantum Error Mitigation Quantum Error Correction

We are here

Noisy Intermediate-Scale 

Quantum

ÅPhysical qubits, not logical

ÅAround 50-1000 of qubits

ÅError acumulates

ÅShort routines

ÅHeuristic and benchmarking 

algorithms

Quantum Error Mitigation

ÅTransitive era techniques

Å time    errors

ÅUseful both          and       

Fault tolerant

ÅPhysical qubits below error 

threshold

ÅError correction codes

Å1 logical qubit = 10-1000 

physical qubits

ÅPowerful algorithms



Fault-tolerant Era

ÅSize matters in robust quantum advantage

ÅIn physical qubits errors accumulate, prohibiting complicated 

quantum routines (Shor®s, Grover®s algorithms)

ÅError correction is necessary!

ÅRepresenting single logical qubit with many error-corrected 

physical qubits

Logical 

qubit

Physical qubitsThreshold theorems:

¯Below some error threshold for physical qubits, adding 

more of them decreases the error in logical qubit°

Will we achieve full quantum error correction?

With the current steady progress we should be optimistic!

For Shor®s algorithm: ~10   logical qubits            ~10   physical qubits!
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NISQ Era

ÅQuantum devices are exposed to noise (thermal 

fluctuations, environment, imperfections of gates,¤), 

error rate 10  ²10  .

ÅThis limits the complexity and accuracy of the 

computations they can perform.

ÅAbove error thresholds ²no error-correction
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Noisy

Å50-10    physical qubits

Å50 qubits milestone, ς ρπ
ÅBeyond what can be simulated by brute force using 

the most powerful existing digital supercomputers.

ÅNot enough for complex algorithms

Intermediate-Scale
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What to do with such quantum devices?

Embrace the limitations:

ÅOnly ­short® quantum circuits

ÅHighly entangled quantum 

systems

ÅFrequently hybrid 

architecture

ÅSampling problems

ÅOptimization

ÅQuantum simulation

ÅQuantum Machine Learning

Preskill, John. "Quantum computing in the NISQ 

era and beyond." Quantum (2018)



Sampling problems: first plausible route to quantum advantage

Given a quantum circuit, sample from its output probability 

distribution.

Arute, Frank, et al. "Quantum supremacy using a programmable 

superconducting processor." Nature (2019).

200 seconds quantum vs ~10000 years classical

Find a probability 

distribution:

Åclassically intractable to 

simulate

Åtractable on quantum noisy 

quantum computer

Boson Sampling

Gaussian Boson Sampling

Random Circuit Sampling

Collect samples and 

Claim advantage!

Drawbacks?

ÅNiche problems²

classicalsimulations

improvementsfollow

immediately

ÅNo clear economic 

value



Quantum Machine Learning

ÅField at the intersection of Machine Learning 

and Quantum Computing

ÅFault-tolerant: full quantum routines

ÅNISQ: hybrid architectures

(Q)ML is NISQ friendly:

ÅMany repetitions of similar computation

ÅMany shallow circuit runs

Main approaches:

ÅQuantum Kernel Methods

ÅQuantum Neural Networks



Quantum Machine Learning in Remote Sensing

Miroszewski, Artur, et al. "Quo 

Vadis, Quantum Machine 

Learning?: Quantum kernel 

methods meet Earth observation." 

IEEE GRSM(2026).



Quantum Machine Learning in Remote Sensing

Miroszewski, Artur, et al. "Detecting clouds in 

multispectral satellite images using quantum-kernel 

support vector machines." IEEE JSTARS16 (2023)



Quantum Machine Learning in Remote Sensing

Miroszewski, Artur, et al. "Detecting 

clouds in multispectral satellite 

images using quantum-kernel 

support vector machines." IEEE 

JSTARS16 (2023)



Quantum Machine Learning in Remote Sensing

Delilbasic, Amer, et al. "Large-Scale 

Quantum Kernels for Hyperspectral

Data Classification" IEEE JSTARS (In 

review).



Quantum Machine Learning in Remote Sensing

Sebastianelli, Alessandro, et al. "On circuit-based 

hybrid quantum neural networks for remote sensing 

imagery classification." IEEE JSTARS(2021)



Quantum Machine Learning in Remote Sensing

Sebastianelli, Alessandro, et al. "Quanv4eo: empowering earth 

observation by means of quanvolutionalneural networks." IEEE 

TGRS(2025).



Quantum Computing in Remote Sensing

Bhattacharya, Avik, and Abhinav Verma. 

"Bloch Sphere Representation of Polarimetric 

SAR Targets." IEEE GRSL(2025).

Otgonbaatar, Soronzonbold, and Mihai Datcu. 

"Natural embedding of the stokes parameters of 

polarimetric synthetic aperture radar images in a gate-

based quantum computer." IEEE TGRS(2021).



Limitations

1.Physics/Engineering

ÅQubit fragility, high error rates

ÅScalability, connectivity

2.Algorithms

ÅNISQ

ÅLittle or no quantum advantage

ÅNot very useful problems

ÅExcellent optimization of classical computers

ÅBenchmarking

ÅFault-tolerant

ÅMainly Shor®s and Grover®s algorithms

ÅQEC not ready

3.Cost & Accesibility

4.Workforce

Kim, Youngseok, et al. 

"Evidence for the 

utility of quantum 

computing before 

fault tolerance." 

Nature 618.7965 

(2023): 500-505.

Anonymous,

¯Quantum Disadvantage

Or,simulating IBM®s 

­quantum utility® 

experiment with a 

Commodore 64°

SIGBOVIK 2024



Community
Technical Committees to promote the knowledge and application of high-performance and

innovative computing methods in geosciences and remote sensing

PublicationsWebinarsSchools and 

workshops



Access to software, hardware, education

Software Hardware Education


