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potential quantum computing benefits

Åenergetic advantage (NISQ).

Åenergetic acceptability (FTQC).

Åcomputing faster than 
classical systems.

Åsolving problems inaccessible 
to classical computers.

Åimproving results quality: 
chemical accuracy, better 
heuristics, etc.

Åreducing required training 
data, particularly for 
machine learning tasks.

Åusefulness: which depends on the 
stakeholder (fundamental research, 
governments, industry).

or

or
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typical difficult problems
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to simulate quantum systems

combinatorial optimizations

machine learning
and deep learning

solving partial differential equations

breaking asymmetric 
cryptography keys
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from science to industry applications
fundamental research business operations

condensedmatter
physics

high-energy
particlephysics

transportation

logistics
and retailtelecoms

financialservices

manufacturing

energyutilities

astrophysics

applied research

drugsbatteries

fertilizer production material design

semiconductors climatemodeling
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process engineering applications

chemical process engineering process systems engineering
modelize chemical reactions, and 

complete molecular pathways
modelization, optimization and 
control of complex processes

Åground state simulations.
Åexcited states simulations.
Åvirtual spectrography.
Åchemical pathways simulations.
Åmolecular docking simulations.
Ånew catalyser simulations.
Åcorrosion simulations.
Ånew materials simulations.
Åbattery chemical simulations.
ÅΧ

Åcombinatorial optimizations under 
constraints.

Åsolving decision problems.
Åmachine learning based optimizations.
ÅLLM-based process designs.
Åprocess flow optimizations.
Åjob shop problem solving.
Åcable routing optimization problem 

solving.
ÅΧ
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what is a qubit?

two-level state controllable 
quantum object

basic unit of quantum information

vector in a 2-dimension complex 
numbers Hilbert space
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what is a quantum algorithm?

N
qubits

circuit depth D

two-qubit 
gate

temps

π
π
π
π
π
π
π
π
π
π
π
π
π
π

three-qubit 
gate

single qubit 
gate

initialization readout

quantum algorithm: decomposes a solution to 
solve some mathematical problem into a 
quantum circuit.

quantum circuit: series of operations (gates) 
acting on a quantum memory, on individual 
qubits (superposition) or with connecting them 
together (entanglement).

matrix computing: operating on a memory 
space of dimension 2N+1 real numbers.

mechanism: exploit various techniques like 
interferences to yield a value of interest in a 
series of classical bits.

classical computing: used to prepare the circuit, 
encore data, and extract useful result from 
multiple circuit runs.

https://algassert.com/quirk#circuit={%22cols%22:[[%22X%22,1,1,1,1,%22X%22,%22X%22],[%22Chance5%22,1,1,1,1,%22Chance5%22],[%22X%22,%22X%22,%22X%22,%22X%22,%22%E2%80%A2%22,%22X%22,%22X%22,%22X%22,%22X%22,%22X%22],[1,1,1,1,%22%E2%80%A2%22,%22X%22],[%22Swap%22,1,1,1,%22Swap%22,%22%E2%80%A2%22],[1,1,1,1,%22%E2%80%A2%22,1,%22X%22],[1,%22Swap%22,1,1,%22Swap%22,1,%22%E2%80%A2%22],[1,1,1,1,%22%E2%80%A2%22,1,1,%22X%22],[1,1,%22Swap%22,1,%22Swap%22,1,1,%22%E2%80%A2%22],[1,1,1,1,%22%E2%80%A2%22,1,1,1,%22X%22],[1,1,1,%22Swap%22,%22Swap%22,1,1,1,%22%E2%80%A2%22],[1,1,1,1,%22%E2%80%A2%22,1,1,1,1,%22X%22],[1,1,1,%22Swap%22,%22Swap%22,1,1,1,%22%E2%80%A2%22],[1,1,1,%22%E2%80%A2%22,1,1,1,1,%22X%22],[1,1,%22Swap%22,1,%22Swap%22,1,1,%22%E2%80%A2%22],[1,1,%22%E2%80%A2%22,1,1,1,1,%22X%22],[1,%22Swap%22,1,1,%22Swap%22,1,%22%E2%80%A2%22],[1,%22%E2%80%A2%22,1,1,1,1,%22X%22],[%22Swap%22,1,1,1,%22Swap%22,%22%E2%80%A2%22],[%22%E2%80%A2%22,1,1,1,1,%22X%22],[%22X%22,%22X%22,%22X%22,%22X%22,%22%E2%80%A2%22,%22X%22,%22X%22,%22X%22,%22X%22,%22X%22],[%22Chance5%22,1,1,1,1,%22Chance5%22]]}
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key differencesvs classicalcomputing

uncopiabledata,
but transferable

needto (re-)learn linear algebra

ἂ ȿ ἃ ‌ȟ‍  Ȅ
‌
‍ ‌‌ ‍‍

Ὢ‗ὼ ‗Ὢὼ Ὢέὶ ὥὰὰ ‗ȟὼᶰᴙ

Ὢὼ ώ Ὢὼ Ὢώ Ὢέὶ ὥὰὰ ὼȟώᶰᴙ

probabilisticresults, and repeatedcomputingto 
generatea deterministicoutcome

visualor Python scripted« circuits» programming

‪
ρ

ὔ
π Ὡ

В
ρ

y

x 

z

ʻ
ȿɰἃ

ȿρἃ

ȿπἃ

y

x 

z

ʻ
ȿɰἃ

ȿρἃ

ȿπἃ

y

x 

z

ʻ
ȿɰἃ

ȿρἃ

ȿπἃ

y

x 

z

ʻ
ȿɰἃ

ȿρἃ

ȿπἃ

y

x 

z

ʻ
ȿɰἃ

ȿρἃ

ȿπἃ

|0ἃ

qubit 1 
state

qubit 2 
state

qubit 1 
state

qubit 2 
state

entangle

copy

qubit 1 
state

qubit 2 
state

teleport



1111

from Hamiltonians to values of interest

Åground state energy.
Åexcited states energies.
Åother Hamiltonian eigenvalues.
Åspectrography data.
Åindex value.
ÅΧ

Åproblem decomposition.
Åunitary approximation.
Åcircuit synthesis.

Åproblem embedding in a 
graph.

ÅQPU will search for an 
energy minimum.

analog QPU

gate based QPUproblem Hamiltonians

άǎƳŀƭƭ Řŀǘŀέ
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software challenges

algorithmsand speedups software engineering

tensor networks competition

data loading

benchmarkingabstraction level
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l

machine language

assembly

C language

C++

WŀǾŀΣ tItΣ Χ

« no-code»
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Python frameworks

control electronicsinstructions

gate-code (after transpiling)
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Χ

Χ

application specificenvironments

Python + apps frameworks
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qubit

qubit
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code review white-box testing

validation

black-box testing

patterns review

documentation 
review

spotting errors 
in circuits is 

difficult checking output

output verification

tractable
not 

tractable

emulation debugging

projective measurement 
on ancilla qubits

for some 
algorithms

refactoring

inspiration: Data 
Encoding Patterns for 
Quantum Computing by 
Manuela Weigold et al, 
2020 and Towards a 
Pattern Language for 
Quantum Algorithms by 
Frank Leymann, 2019

uniform superposition 
aka Hadamard-Walsh Transform

basis 
encoding

amplitude 
encoding

oracle 
based 
algorithms

uncompute 
trick

amplitude 
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crosstalk, 
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error per layeredgates(EPLG)

algorithm

compilation

loading

launching

QEM

qubits 

topology

control

classical
electronics& 
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cryogeny

considersmetrics

Benchpress SDK speed, 
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SDK, compilers, 
optimizers

nombrede qubits
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classique
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accélération
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quantum speedup origin

space 
advantage

comes from N 
qubits handling the 
equivalent of  2N+1 

floating point 
numbers

time advantage
when the number of gates 

cycles scales slower than with 
equivalent classical algorithms

1. quantum computing is a form of in-memory processing.

2. exploiting engineered interference of amplitudes.

3. using arbitrary analog evolutions in the Hilbert space.

space/time 
trade-offs 

one can be improved 
at the expense of the 
other, like in classical 

computing 1. Ҧ ŎƻŘŜ ŎƻƳǇƛƭŀǘƛƻƴ ƛǎ ŀ ǾŀǊƛŀōƭŜ Ŏƻǎǘ Ǿǎ ƛƴǇǳǘ ŘŀǘŀΦ
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A typology of quantum algorithms by Pablo Arnault, 
Pablo Arrighi, Steven Herbert, Evi Kasnetsi, and Tianyi 

Li, Inria, Quantinuum, arXiv, July 2024 (60 pages).

FTQC
QPE & QFT based

analog
QUBO

NISQ
VQE

QPE
HHL

QFT

QAE

main known 
quantum 
algorithms

QAOA

Grover

https://arxiv.org/abs/2407.05178


superpolynomial

potential quantum speedups

polynomial exponentialweaklysuperpolynomial

NISQ or limited quantum advantage requires FTQC QPUs

quadratic

unknown
(heuristics)

simulations VQE amplitude estimation Hamiltonian simulations, QPE (under specific conditions)

searches and 
combinatorial 
optimizations

QUBO
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quantum walks Groversearch
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Simon, Bernstein-Vazirani

machine 
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variational
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https://www.oezratty.net/wordpress/2024/understanding-quantum-technologies-2024/
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theoretical vs practical speedups
total computing time, linear scale

problem size (N)

classical 
computing

quantum 
computing

exponential or polynomial
theoretical speedup

the typical and naive way to illustrate 
quantum computing theoretical speedups. inspired by Opening the Black Box inside Grover's Algorithm

by E. Miles Stoudenmire and Xavier Waintal, PRX, November 2024.
(*) for a fair comparison, the classical computer can be as expensive and/or energy hungry as the QPU.

number of qubits

classical 
computing (*)

quantum 
computing

exponential
speedup

total computing time, log scale

polynomial
speedup

are Teand Tp

compatible with the 
use case constraints?

Te

Tp

άǇǊŜŦŀŎǘƻǊǎέ

intractable 
(exponential) problem

Tq

Tc

https://journals.aps.org/prx/abstract/10.1103/PhysRevX.14.041029


NISQ variationalquantum algorithms
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algorithm variant and 
ansatz expressivity

number of Pauli strings
ὕὲ )

M=1 for QAOA and 4 for VQE

number of shots per 
Pauli strings
ὕ ϳρ‭) × 2N

1 million for VQE and 
chemicalgroundstate 

computing

error mitigation cost
exponential with n or p

classical post-
processing cost

ansatz preparation cost
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NP hard problem
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entangling 
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variational 
algorithms 
barren 
plateaus

source: Zoë Holmes, EPFL, 
presentation to the FTQC group from 
the French Academy of Technology, 
October 14th, 2025. 
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AI & quantum computing

https://arxiv.org/abs/2505.23860

https://arxiv.org/abs/2505.23860
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main qubit types

quantum states atom 
energy level

electron spin 
orientation

photon polarization,
or other property

atomsand ions electron spins photonssuperconducting

physical aspect

anharmonic oscillator 
current phase and energy

 π

 ρ
e-
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how qubits are controlled?

superconducting topologicalvacanciessilicontrapped ions photonscold atoms

electronscontrolledspin and microwavecavitiesatoms photons

initialization

readout

optical or electromagnetic 
tweezers

single photon 
sources and 
polarizers

laser and CCD 
detected fluorescence

single photon 
detectors

quantum gates
laser pulses 
microwaves 
RF signals

interferometers, 
polarizing beam 

splitters, ...

microwave pulses

microwave reflectometry 
and quadrature analysis

microwave pulses 
and/or DC current

optical

laser and CCD 
detectedfluorescence

optical and/or 
microwaves

DC current

microwave 
reflectometry 

and quadrature 
analysis

optical photons microwavephotons other signals
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>80 QPUsindustry vendors!

superconducting topologicalvacanciesannealing silicontrapped ions photonscold atoms

electronscontrolledspin and microwavecavitiesatoms photons

CRYSTAL
QUANTUM COMPUTING

CRYSTAL
QUANTUM COMPUTING

Z-Axis Quantum 
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16



24photo credit: IBM
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inside a typical quantum computer
qubits control electronics

microwave generators, readout 
systems and various electronics

computing
servers, network,

software, data

cryogenic installation
helium 3 & 4

gas pumps and compressor

quantum chipset

« chandelier» in cryostat
where quantum stuff happens!

QC in a cryostat but a 
lot of other components 
are outside, and always 
a classical computer 
driving the QC.15mK
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hardware challenges

qubit quality

error correction interconnection

electronics, cabling, cryogeny

quantum memory
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ǎŎŀƭƛƴƎŎǊȅƻƎŜƴƛŎǎΚ

ŎƻƴǘǊƻƭ ǎƛƎƴŀƭǎƳǳƭǝǇƭŜȄƛƴƎΚ

Ғ πмрπнл Ř.

Ғ πнл Ř.

Ғ πмлπмс Ř.

ǎŎŀƭƛƴƎŎƛǊŎǳƭŀǘƻǊǎΚ

ǇŀǊŀƳǇ
Wt!κ¢²t!
Ҍмр Ř.

ǎŎŀƭƛƴƎǇŀǊŀƳǇǎΚ

CtD! ƻǊ !{L/

5!/

!²D

ƻǇǝƳƛȊŜw¢ ŜƭŜŎǘǊƻƴƛŎǎŜƴŜǊƎŜǝŎǎ

ŎƭŀǎǎƛŎŀƭŘŀǘŀ 
ǇǊƻŎŎŜǎǎƛƴƎΚ

ǎŎŀƭƛƴƎI9a¢Κ

costand power/energy
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algorithm fidelities requirements

desired error rate 
Ἒ Ἆ

eachoperationin blueaddserrorsthat accumulatesduringcomputing
and damage resultsquality, but idle operationsalsoadderrors.

N
qubits

computingdepth D

two-qubit 
gate

time

π
π
π
π
π
π
π
π
π
π
π
π
π
π

three-qubit 
gate

single-qubit 
gate

initialization readout

e.g.
10 qubits × 100 gate cycles = 1000 => 99.9% fidelity
100 qubits × 100 gate cycles = 10K => 99.99% fidelity

https://algassert.com/quirk#circuit={%22cols%22:[[%22X%22,1,1,1,1,%22X%22,%22X%22],[%22Chance5%22,1,1,1,1,%22Chance5%22],[%22X%22,%22X%22,%22X%22,%22X%22,%22%E2%80%A2%22,%22X%22,%22X%22,%22X%22,%22X%22,%22X%22],[1,1,1,1,%22%E2%80%A2%22,%22X%22],[%22Swap%22,1,1,1,%22Swap%22,%22%E2%80%A2%22],[1,1,1,1,%22%E2%80%A2%22,1,%22X%22],[1,%22Swap%22,1,1,%22Swap%22,1,%22%E2%80%A2%22],[1,1,1,1,%22%E2%80%A2%22,1,1,%22X%22],[1,1,%22Swap%22,1,%22Swap%22,1,1,%22%E2%80%A2%22],[1,1,1,1,%22%E2%80%A2%22,1,1,1,%22X%22],[1,1,1,%22Swap%22,%22Swap%22,1,1,1,%22%E2%80%A2%22],[1,1,1,1,%22%E2%80%A2%22,1,1,1,1,%22X%22],[1,1,1,%22Swap%22,%22Swap%22,1,1,1,%22%E2%80%A2%22],[1,1,1,%22%E2%80%A2%22,1,1,1,1,%22X%22],[1,1,%22Swap%22,1,%22Swap%22,1,1,%22%E2%80%A2%22],[1,1,%22%E2%80%A2%22,1,1,1,1,%22X%22],[1,%22Swap%22,1,1,%22Swap%22,1,%22%E2%80%A2%22],[1,%22%E2%80%A2%22,1,1,1,1,%22X%22],[%22Swap%22,1,1,1,%22Swap%22,%22%E2%80%A2%22],[%22%E2%80%A2%22,1,1,1,1,%22X%22],[%22X%22,%22X%22,%22X%22,%22X%22,%22%E2%80%A2%22,%22X%22,%22X%22,%22X%22,%22X%22,%22X%22],[%22Chance5%22,1,1,1,1,%22Chance5%22]]}
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the qubit fidelities challenge

viable NISQ zone in a 
quantum advantage
regimewithout QEM
(hard to obtain)

quantum error 
mitigation NISQ 
utility window

goodbad

route to FTQC, 
requiringa large 
numberof quality
qubits

what can be done here?

Å understanding and optimizing qubit operations and readout.
Å many qubit-type specific optimizations.
Å improving manufacturing processes for quantum chips.
Å faster chips design-to-test cycles.
Å autonomous error corrections (e.g. cat-qubits).
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physicalqubit

logicalqubits

errorǊŀǘŜǎ ҒлΦм҈

errorǊŀǘŜ Ғмл-4ǘƻ Ғмл-18

logicalqubits and FTQC

fault tolerance(FTQC)
Åimplement logical gate 

correction.
Åavoid error propagation and 

amplification.
Åimplement a universal gate set.
Åfault-tolerant results readout.
Åcorrect correlated errors.

tens to thousands physical 
qubits per logical qubits

error correction code
threshold, physical qubits 
overhead, connectivity 

requirements, syndrome 
decoding and scale
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QEC/FTQC key components

logical memory 
qubit

single-qubit 
logical  gate

two-qubit 
logical  gate (*)

magic-state 
preparation (T) 

and teleportation

qubit connectivity

real-time error syndrome detection

leakage error 
correction

correlated 
errors 

correction

qubit physical gate fidelities >99.9% at scale

scaling QPU with interconnect and gate teleportation + circuits partitionning

blue QEC basic component.
green FTQC component.
grey QEC hardware enablers.

qubit fast measurement

code switching

calibration

(*): not using post-selection 
ǿƘƛŎƘ ŘƻŜǎƴΩǘ ǎŎŀƭŜ ǘƻ ŘŜŜǇ 

circuits.
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NISQ FTQC

100-128 4,728

logicalqubitsphysicalqubits

10-200

error
rate in 
(power 
of 10)

-1 -2 -3 -4 -6 -7 -8 -9 -10 -11 -12 -13 -14 -15 -16 -17 -18 -19 -20 -21 -22

# 
qubits

928 7,925 

catalysts for 
nitrogen fixation

corrosion-resistant 
materials

8,763

725K

incompressible 
CFD

άмлллǎ ǘƻ мллYǎέ

-23 -24

vendors
roadmaps 

2028 - 2033

10 100 1,000 10,000 100,000 1M

Shor on 
RSA-2048

pricing 
derivatives

11K

amyloid beta 
binding

15K4K

VQE, QAOA, QML, 
QUBO

with potential 
quantum advantage

VQE, 
QAOA, 
QML, 

experiment

100

Stage 1
NISQ

Stage 2
earlystage FTQC

Stage 3
utility-scaleFTQC
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2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035
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quantum computingcloud offerings

no need to own a QC.

you can use those who are in 
the cloud.

on-prem is not required for 
experiments.

not a lot of data sent to QC.

!ƳŀȊƻƴ ŀƴŘ aƛŎǊƻǎƻŦǘ ŘƻƴΩǘ 
have (yet) their own QC.

(c
c
) 

O
liv

ie
r 

E
z
ra

tt
y,

 2
0

2
5

56 qubits

hybrid
computing

centers

e
m

u
la

ti
o

n
q

u
a

n
tu

m
 c
o

m
p

u
ti
n

g

84 qubits

36 qubits 25-32 qubits

127, 133
& 156 qubits

40 qubits
40 qubits30 qubits34-50 qubits

11 qubits

84 qubits

100 qubits (analog)

Χ

100 qubits (analog)

1 cat-qubit

20 qubits

256 qubits (analog)

Qiskit on 
yourown
hardware

20 qubits
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who

where

what

why

Åbuild new science and engineering.
Åcreate full-stack methodologies to 

evaluate, optimize, and benchmark 
QT energy consumption.

Å ICT energy consumption is growing 
in an uncontrolled way.

Åenergetics are usually an 
afterthought, like with LLMs.

ÅƛǘΩǎ ǘƛƳŜ ǘƻ ǿƻǊƪ ƻƴ ǘƘƛǎ ŀǎ ǉǳŀƴǘǳƳ 
technologies are being designed.

Å4 cofounders.
Å14 scientific board members.

Åacademic and industry QEI 
workshops: Singapore (2023), 
Grenoble (2025), Barcelona (2026).

ÅAPS 2025, ICQE 2025, France 
Singapore Symposium (Paris, 2025), 
Q2B Paris and Santa Clara (2025).

Åonline seminars, website.

Å500+ community in >90 countries.
Å>30 industry and academic partners.

https://www.oezratty.net/wordpress/wp-content/Qnami-logo.jpg

