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agenda

1. quantum computing 101

2. quantum computing hardware

3. quantum computing software

4. using quantum computers

5. quantum computing ecosystem
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potential quantum computing benefits

Åenergy advantage (NISQ).

Åenergy 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

régalien

condensedmatter
physics

high-energy
particlephysics

transportation

logistics
and retail

telecoms

financialservices

manufacturing

energyutilities

astrophysics

applied research

drugsbatteries

fertilizer production material design

semiconductors climatemodeling
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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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qubits mathematicaloperations
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N qubits handle the 
equivalent of  2N+1 -1 

floating point numbers
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complex
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two-levelquantum object, 
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two floating point numbers
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qubits and brings computing power 
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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 
(entanglement in most cases).

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

mecanism: exploit various techniques to yield a 
value of interest in a series of classical bits.

classical computing: used to prepare the circuit, 
encode 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 differences

uncopiabledata,
but transferable

needto (re-)learn linear algebra
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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

quantum algorithms 
interdependency
clusters

QAOA

Grover

https://arxiv.org/abs/2407.05178
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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
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software challenges

algorithms 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)

gate-code (before transpiling)

Χ

Χ

application specificenvironments

Python + apps frameworks
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bit

byte

arrays
strings

objects

objects

objects

qubit

qubit

qubit

qubit

qubit

pulse

data structures

user data

verification

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 
amplification

phase 
shift and 
kickback

function 
table

state preparationtechniques unitary transformations

measurement

Χ

Χ

arithmetic
+ - / x
log cos
sin tan

Χ

non-oracle 
based
algorithms

QPE, 
HHL, 
{ƘƻǊΧ

other 
patterns

QFT, 
v{±¢Χ

angle 
encoding
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0

N bits

N or 2N reals

2N+1-1 reals

qRAM with
classical

data access

Quantum 
Associative 
Memory

classical
data

block-
encoding

unitaryU 
basedon A

classical
data
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multiple shots 
sampling and classical

post-processing

Pauli strings for 
variational algorithms

quantum 
memories

modular
exponen-

tiation

variational
quantum 

algorithms

ansatz 
encoding

classical
data

catecycle speed

qubits number
and fidelities

energetics

low-level
algorithms

performance

higher-level
algorithms

performance

randomizedand  cross-
entropy benchmarking

QV

CLOPS

BACQ

crosstalk, 
entanglement

error per layeredgates(EPLG)

algorithm

compilation

loading

launching

QEM

qubits 

topology

control

classical
electronics& 
computing

cryogeny

considersmetrics

Benchpress SDK speed, 
efficiency, memory

SDK, compilers, 
optimizers

nombrede qubits

calcul
classique

calcul
quantique

accélération
exponentielle

temps de calcul

accélération
polynomiale

Teet Tp

sont-ils compatibles 
avec les besoins 

utilisateurs?

Te

Tp

άprefacteursέ
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EU AI+QT white paper

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

interactions laser pulses,
and/or microwaves

interferometers, polarizing 
beam splitters, ...

physical aspect

anharmonic oscillator 
current phase and energy

microwavepulses, 
and/or DC current

 π

 ρ
e-

readout laser illumination and 
fluorescence detection

single/multiple
photon detectors

reflectometry of microwave pulses 
on an oscillator

variousformsof light-matter interactions
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quantum & classical computing paradigms

gate-based
quantum 
annealing 
computers

quantum 
emulators
running quantum 

computers code on 
classical computers, 

for training, 
debugging and testing

general purpose quantum computing,
adds search and integer factoring

optimization problems
and quantum physics simulation

quantum algorithms 
debug and testing

analog 
quantum 

simulators

analogquantum computers

NISQ(Noisy Intermediate
ScaleQuantum) 

no error correction 
with a few noisyqubits

digital quantum computers

FTQC (Fault-Tolerant 
Quantum Computers) 
error correction and 

fault tolerance

classical computers

quantum 
inspired

classical algorithms 
running on classical 
computer, inspired  

by quantum 
algorithms.

classical algorithms 
improvements
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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 

1

2
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4

5

6

7

8

9

10
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12

13

14

15

16
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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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HDAWGArbitrary Waveform Generator
2.4 GSa/s 16 bits

HDAWGArbitrary Waveform Generator
2.4 GSa/s 16 bits

HDAWGArbitrary Waveform Generator
2.4 GSa/s 16 bits

HDAWGArbitrary Waveform Generator
2.4 GSa/s 16 bits

HDAWGArbitrary Waveform Generator
2.4 GSa/s 16 bits

HDAWGArbitrary Waveform Generator
2.4 GSa/s 16 bits

HDAWGArbitrary Waveform Generator
2.4 GSa/s 16 bits

HDAWGArbitrary Waveform Generator
2.4 GSa/s 16 bits

Signal Input Signal Output Trigger Aux output

1 2 1 2 1 2 1 2 3 4

UHFQA

Zurich
Instruments

Quantum Analyzer
600 MHz 1.8GSa/s

Signal Input Signal Output Trigger Aux output

1 2 1 2 1 2 1 2 3 4

UHFQA

Zurich
Instruments

Quantum Analyzer
600 MHz 1.8GSa/s

Signal Input Signal Output Trigger Aux output

1 2 1 2 1 2 1 2 3 4

UHFQA

Zurich
Instruments

Quantum Analyzer
600 MHz 1.8GSa/s

Signal Input Signal Output Trigger Aux output

1 2 1 2 1 2 1 2 3 4

UHFQA

Zurich
Instruments

Quantum Analyzer
600 MHz 1.8GSa/s

Signal Input Signal Output Trigger Aux output

1 2 1 2 1 2 1 2 3 4

UHFQA

Zurich
Instruments

Quantum Analyzer
600 MHz 1.8GSa/s

Signal Input Signal Output Trigger Aux output

1 2 1 2 1 2 1 2 3 4

UHFQA

Zurich
Instruments

Quantum Analyzer
600 MHz 1.8GSa/s

Signal Input Signal Output Trigger Aux output

1 2 1 2 1 2 1 2 3 4

UHFQA

Zurich
Instruments

Quantum Analyzer
600 MHz 1.8GSa/s

HDAWGArbitrary Waveform Generator
2.4 GSa/s 16 bits

HDAWGArbitrary Waveform Generator
2.4 GSa/s 16 bits

HDAWGArbitrary Waveform Generator
2.4 GSa/s 16 bits

PQSCZurich
Instruments

Programmable
Quantum
System
Controller

for superconductingor electronspin qubits

helium4

water
vacuum
pump 4K

compressor

pumps
filters

external
compressor

helium3

liquid 
nitrogen
gas filter
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hardware challenges

qubit quality

error correction interconnection

electronics, cabling, cryogeny

quantum memory
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raw algorithm fidelities requirements

desired error rate 
Ἒ Ἆ

eachoperationin blueaddserrorsthat accumulatesduring
computingand damage resultsquality.

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

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
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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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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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what should we have in FTQC roadmaps?

bare minimum nicer to have

Å# logical qubits.
Åsupported circuit size 

/ logical error rates.
Å# physical qubits.

Åclock speed and QLOPs/s.
Åplanned QEC codes and methods.
Åprocessor size & reliance on QPU interconnect.

Åpeak power consumption in W.
Åcomponents operating temperature.
ÅQPU weight and size.
Åoperational constraints like temperature variability.
Åcomponents MTBF.
Åcapex/opex cost structure.

operational metrics

logicalqubits

gates/ QOPSphysicalqubits

QEC overhead circuit depth

logicalqubits fidelities
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2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035

200

100M
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1B15K5K 10K7.5K
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QPU vs HPC power scaleguesstimates

acceptability threshold hypothesis

largestWW supercomputers

4K logicalqubit QPU estimates

estimate base power for various QPUs and actual for existing largest HPCs WW. 
HPC source: https://www.top500.org/lists/top500/2024/06/.
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(cc) Olivier Ezratty, 2025.

IEEE P3329 Quantum Energy 
Initiative (QEI) Working Group

https://www.youtube.com/watch?v=rUcPLZeZxG0&t=3048s 

https://www.top500.org/lists/top500/2024/06/
https://www.youtube.com/watch?v=rUcPLZeZxG0&t=3048s
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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.
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127, 133
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when will « it » be there?

progress will be 
continuous, 
ǿƻƴΩǘ ƘŀǾŜ ǘƻ 
wait 15 years to 
do something 
useful with QC!
expain NISQ vs 
LSQ.

naivepath
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smallscale
experiments

earlyquantum 
advantage

more genericand large 
scalequantum advantage

Åtechno screening.

Ålegacyinventory.

Ålearning.

Åsmallscale
experiments.

Åemulators.

Åquantum inspired.

Åcloud.

Åfirst usefulcases.

Åfirst smallscale
deployments.

Åanalogquantum 
computing.

Åmore use cases.

Åmore genericquantum advantage.

Åadoption in several industries

Ғнлоф2024



3030

industry vendorsecosystem

le tissu industriel 
quantique français qui se 
densifie. 

rôle clé des technologies 
habilitantes.

faiblesse dans le logiciel.

computing software cybersecurity sensing

cryogeny

photonics

electronics
manufacturing materials
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QUANTUM COMPUTING

https://www.oezratty.net/wordpress/wp-content/Secure-IC.jpg
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Australia vendor: 4
Australia client: 2

China vendor: 11 China client: 11

Japan vendor: 1

Spain client: 4

Germany client: 20

Austria vendor: 3

Austria client: 1

Poland client: 4

Finland vendor: 19

Finland client: 6

France client: 5

Italy client: 5

South Korea client: 2

Taiwan client: 1

USA client: 70

Czechia client: 1

France vendor: 11

Canada client: 26

Saudi Arabia client: 1

Germany vendor: 6

Spain vendor: 2

UAE client: 1

The Netherlands vendor: 3

Israel client: 3

USA vendor: 79

Canada vendor: 30

UK vendor: 14

Japan client: 7

UK client: 9

India client: 1

Qatar client: 1

Singapore client: 1

Switzerland client: 1
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first usersin Europe
financialservices aerospaceand defense transportationenergyand chemistry

IT and cloud services
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