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ambitions du calcul quantique

A résoudre plus vite certains S A réduire la quantité de
problemes complexes. i s données nécessaires, par
A rendre accessibles des calculs = ”31 exemple, dans le machine
impossibles classiquement. learning
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applications opérationnelles

usages, de la recherche aux opérations
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le «quantum bit» du calcul quantique
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le modele mathematique des qubits

amplitudes combinaisons
complexes deOetl

porte CNOT
amplitudes Tl Tt 18 T )N
complexes 8
[' ] T 5 |pTI8 TT T 1 [p mmm [0
| [o) 5 | mop o
8 | fmmm o opl| |
I 1 lp@Bpp | 1 mmp o [
$§ s ¢s 1 B ¢$s p
1 qubit N qubits f QOAVGNROF GA2Y NBY
objet quantique a deux états équivalent de D+1 interdépendants et apporte la puissance
superposables, équivalent de 2 nombres réels du calculdans certaines circonstances

nombres réelsdqpres
normalisatior)



visualisation de portes a un qubit
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[1> 1> 1>
|+ = (|O+|1))/v2 [+> = (10+jn/4]1)/v2 [0} = (J0)-jl1y)/v2 |0y - |+ |+ = (|0y+j|1))/v2

FTQC NISQ

source : IBM Quantum instructiaziossary
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N
qubits

porte a porte a un porte a trois
deux qubits qubit qubits
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initialisation temps lecture

profondeur de calcuP
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algorithme quantique: décompose un probleme
mathématique en circuit quantique.

circuitquantigueY & dzA 0SS RQ2 LISNI G/
sur une mémoire quantique de qubits,
individuellement (superposition) ou les reliant

entre eux (intricatiof), et se terminant par une

mesure

modele mathématique calcul matriciebpérant
sur un espace mémoire dé*2nombres réels.

mécanisme exploite diverses techniques

O2YYS I 3ISYSNI pduZKaffe RQA Y
NBEaaz2NIANI dzyS @It SdzNJ RQA
classiques lus en sortie.

calcul classique utilisé pour préparer le circuit,
y encoder les données, et extraire les résultats.


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]]}

guelques différences clés

& ¢ & [I—Fi_]é['T] 1 fi

= [ =[G2 G

copy
qubit 1 qubit 2
oo
entangle

qubit 1 ‘ qubit 2 o4 P
state state z

teleport

données non copiablesmais
transférables ou #ntricables»

itialize counting qubits
# 1in state [+>
for q in range(n_count):
qe.h(q)
# And auxiliary register in state [1>

¥ Tegi
qc.x(3+n_count)

# Do controlled-U operations
for q in range(n_count):
qc.append(c_amodl5(a, 24kq),
[g] + [i+n_count for i in range(4)])

Do inverse-QFT

# Do inw
qe.append(qft_dagger(n_count), range(n_count)

# Measure circuit
qc.measuzre(range(n_count), range(n_count))
qc.draw(fold=-1) # -1 means 'do not fold

résultats probabilistes et calculs répétés
pour générer une moyenne déterministe
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conditionsdef QI O O S quénhiguel A :

condition #1 condition #3

@ ] [nBnR A utiliser la superposition. | A permettre des rotations

ABSOGSdzNI RQNY L —f I NDAUNYANBE RIya
nombres complexes. NS Hilbert.

aw] lowpd A chargement de données. A support de portes T oflioffoli

|pmt8 1 p

condition #2 condition #4

AdzG At AaSNJ f QAY
A portes a deux qubits.
AISYSNI GA2Yy RQA

A algorithme générant un résultat
plusrapidemert que les
calculateurs classiques.

condition #5 condition #6
AFftA2NRAIOGKYS ljdza yQl LI a Roglijalirdui sugpyite la Qifleldddrduitj dzS
aussi performant en intégrant tous les codts. guantique a exécuter.

A concurrence des réseaux de tenseurs. AO2ZNNBOUGAZ2Y RQSNNBdzNE Si



problems

algorithms

guantumtoolbox

zooWimplifi&desalgorithmesquantigues

machinelearningproblems
clustering,classification;
regressiondeeplearning ete:

Grover bas

algorithms

solve searc
combinatori
problems

amplitude
amplification &
quantumwalks

T~

QSVT

gubitization

solving
graphs
problems

DeutschJozsa, i.e. for oracles

—

phase
kickback

solvingpartial
differential equations
Navier Stokesquation

Monte Carlo
simulations

finding Hamiltonian solving ct

groundstate pro
determination CSPmaxcut

integer
factoring
& dlog

Shoralgos

reversible
arithmetic

guantum quantum hidden

amplitude phase subgroup
estimation . estimation problem
= —~—

——

quantum

modular .
Fourier

exponentiation

transform

gate-basedquantum computing

VQE
variational
quantum
eigensolver

gatebased
analog
constraints

quantum classicabate-
evolution based
operator components

Ising orother models BQMproblems
on analogquantum on quantum
simulators(Pasqal, QuEra) annealerg D-Wave

analogquantum computing

NISQ

gatebased

analog

quantum

communications
and cryptography

=
(N

o

I3V
_ >
alsousedin T
variousquantum N
algorithmslike Ll
quantumgates o
teleportation =
O
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[3)

O

=

qubit teleportation
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example with the
Grover algorithm

classicapreparation

of a quantum circuit

gRAMaccessing
classicabr quantum
data

Grover

Simon

BernsteinVazirani

creates a

superposition of N=2
computational states

Ol &8

U quantum oracle Grover diffusion operator
function flips the series of gates amplifying x index response
sign/phase of found and attenuating other states readout solution

computational statex

:

l indexx with n bits

4

dl

w0

repeatedd (V0 ) times

oracle sign inversion on one
computational base value, x

oracle

Uy

amplification

‘ ]
.....'.. ssSssues R\

4 34

a0y oy ol =g By =y st
+ Ao t+ #o

repeat E vA times



exempledef QF f 3 AdBravds Y S
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https://algassert.com/quirk

algorithme variationnel

VQE chimie

QAOA optimisations

QML machinéearning

B —Y —;

parameterized entangling number of p layers number of Pauli strings
layer akacost layer aka depth, depending on the 0¢)
) unitary mixer unitary algorithm variant and M=1 for QAOA and 4 for VQE
n qubits T l l ansatz expressivity l
FE—Y — HY - Y = HY = T —H0)
lassical . number of shots
~ cClassica g-m_i‘y — Hy — Y — |-|Y — /7’4:@ per Pauli strings
initialization 0 pjf )x2N
with [+ ) Fo—Y — HY — Y — Y — }—T 19| 5?\:@ 1 million for VQE
haang ) o ) o . . b . . . andchemical
energyA ; 8 8 Y — & AR= g Y — & A év ¢a e € groundstate
= computing

inject new P

classical optimizer .
expectation value

computing postprocessing

used to compute a newd to minimize cost functionE(Té)
containing N parameters, gradient descent for ea¢h

+ s

ansatz preparation cost
exponential with number of qubits
NP hard problem

classical post
processing cost

exitwheneis
stabilized

error mitigation

postprocessing

*

error mitigation cost
exponential with n or p
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algorithme de simulation chimique

on a classical computer, often an HPC, ONE I O

\ Sya I O2y UNBtt SRI| 2LIS NJSS 2ya i
i i adzLISNLIZ&@A e 2yl ¥R LKI &S AO1 A N& g | dzt u dzy

de_velo_pers_ create a quantl'_lm circuit éag \Zr Lddzii | & 2 )fel- ‘y égﬂjI-Nfﬁﬁlé 3 Ij ;ljzo Ad ngzNJ\ SNJ d NI )}//;W;H
with significant preprocessing and ! l ;

postprocessingdreer) I _E .,

e modular exponentiation

m—{o} 5

5

as close as repeated

possible to target E (—) times
ground state

classical computing time scale

00 tol ¢
state vector
encoding

circuit

processing

o
(%))
@)
o
[%2]

=
>
0
(D)
S

n qubits in phaseegister

L >

decreasing exponentially
with molecule size

Cz C/
orbitals

problem Hamiltonian™© example of a
quantum phase

encodingin unitary Y estimate (QPE) to

compute the ground
state of a Hamiltonian
in some chemical
simulation

classicapre-processing
ol

"O= system "= unitary
Hamiltonian encoding it

other classical costs in grey are algorithm independent
22



défis logiciels

temps decalcul calcul

A classique
TetT,
sontils compatibles
avec les besoins polynomiale
utilisateurs? calcul
p quantique
accélération

— . ponentielle

accélération

T

dprefacteursé

A 4

nombrede qubits

algorithmes

data structures

«no-code» user data applicationspecificenvironments
Pythonframeworks | objects qubit i Python + appsrameworks |
W @1 5t [t Bbjedts qubit X '
CH++ objects  qubit X
arrays i ate-code (before transpilin

Clanguage strings qubit 1, g ( piling :
assembly byte qubit gate-code (after transpiling
machinelanguage bit pulse control electronicsinstructions

levelwith qubit gates

sameabstr:

state preparationtechniques

uniform superposition

basis :
encoding :

angle
encoding

more encodeddata
classicatiata and code

amplitude
encoding

block
encoding

unitary U
basedon A

aka HadamardValshTransform

classical
data.

modular

exponen
tiation
classical | ansatz

data | encoding

—e

algorithms

quantum
memories

non-oracle
based
{ K2 Nadgorithms

unitary transformations
function
table

amplitude
amplification
measurement

arithmetic

phase ‘multiple shots.

shift and sampling anctlassical

Kickback postprocessing
Pauli strings for

varatonalaigorhms.
uncompute
trick

other
Xpatterns

chargement des données

Researching & Developing the Computers of Tomorrow Requires Powerful Simulations Today

1000000
100000

vae

10000 a

£
% 1000 [ LAEY
g STATE VECTOR
5

16 32 64

128 256
# of qubits

512 1024 2048 4096 8192 16384 32768

YVAODSI dzE RQI 0 & (iANGt réséain2dg tenseurs

in circuits is

difficult —* patterns review

documentation
review

geénie logiciel

Benchpress

THALES BACQ

3

EW]D_EN gscore
< QEDHC
TU Delft: QPack

CLOPS

error per layeredgates(EPLG)

randomizedand cross
entropy benchmarking

QV

checking output

output verification

metrics
SDK speed,
efficiency, memory
higher-level

algorithms
performance

low-level

algorithms
performance

catecycle speed

crosstalk
entanglement

qubits number
andfidelities

for some.
algorithms

—e code review blackbox testing white-box testing

spotting errors

emulation debugging

projective measurement
on ancilla qubits

et cloud

considers

SDKgompilers
optimizers

algorithm
compilation
loading
launching
QEM

qubits
topology
control

benchmarking

energetics

#QEI

% IEEE

SV Raytheon
 Technologies

classical
electronics&
computing

cryogeny
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principaux types de qubits physiques

boucles . A
: a LJA RQS { SMOneNZR hoton
supraconductrices y S y P
ﬂ e-,* 10y ]L& v
o IEQETOE Mt g‘lt> _1(;2: =
= e J 1y o~
états phase ou énergie orientation YA @S dz RQS Y PdiaHsatidn (ou autre

quantiques delaboucledecourant  Rdz ALAY RQdzy RS dgyO (f NIyl 2 YIRR LINA SU S0 RQdzy

ALO, =
as.p ect Si[siGe g 1y0)
physique s
SiGe
interactions pulsations micreondes et tensions lasers et/ou micreondes polariseurs,

interférometres, etc.
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informatique électronique qubits isolés cryogénie

helium4

compresseur
externe

helium3

pompe a
vide

filtre a
azote
liquide
compresseurs
pompes
filtres

(cc) Olivier Ezratty, 2025

puce quantique

pour des qubits supraconducteurs ou spins dans le silicium -
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porte a porte a un porte a trois
deux qubits qubit qubits
4 | T e chaqgue opération en bleu
1| A génére des erreurs qui
o — v = 4aQl 00dzydz Syd | dz INB Rdz
| IE; ? [ @ ?% calcul et réduisent la ) - A
L o o o NS qualité des résultats. Ul dzE R QS NN dzNA
N | T T": nn
o |T) 1 e
qubits | |m -e o o o +
! )i Ix |
y 1 T
| T[ N e 7o) P N \& " 114
1 m i T TE un qubit inactif dérive E E
: IE; ? & T% dans le temps
émission spontanée
¢ ; 5 ( pontanée)
initialisation temps lecture

profondeur de calcuP
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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]]}

nombre de qubits physiques

Cold atoms route vers la tolérance

@ Donor spin PPt LY
@ Photons ot aux fautes (FTQC)
@® Silicon
@ Superconducting
433 ® Trapped ions ®
calculbruité (NISQ)
256 llll--ll‘-‘- avec de Ia m't'gatlon
156 o | ool R QS NNFS dzNA _
127 e O, ©
84 . : o & Q _ zone NISQ viable sans o
® e ° o ® %, A YAGATIGAZ2Y RQSNN %zNh
56 oo ® =
40 =
) o o ., =
27 » ome . 5
20 o0 o oop ® -
® P o o 1, _ . _
15 .o L *, QuantinuumHelios 2
°® ° 98 qubits, Novembre 3
10 ® s o d o
e o L 2025 >
7 ] L
[ [ J
5  J o
4 oo
2 @
1

100.00% 10.00% 1.00% 0.10% 0.01%
taux d'erreur des portes a deux qubits
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ordinateurs quantiques «analogiques»

D:\Wauvulk

The Quantum Computing Company™

=,
4% Pasqal

ordinateurs quantiques bruités NISQ»
(noisyintermediatescalequantum)

ordinateurs quantiques tolérants aux fautes
« FTQG> (fault tolerant quantum computers)

objectifs

A plus grande capacité de calcul.
A «avantage quantique vs le calcul classique.

moyens
AYSOlFyArayYSa

A plus grand nombre de qubits physiques.

RS O2NNBOiGA2Yy RQSN.




défis matériels

nombre de qubits physiques
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The l-coupler allows joining
multiple logical memories to 3

:

create large-scale svstems.

O2NNBOGA2Z2Y RQHDEBraxich quantique

the quantum energy initiative

codt et énergie

AFC quantum memory
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Time:

mémoires quantiques
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gubits logigues et tolérance aux fautes

gubits logiques

il dzE ROQ&NNBEzME F wmn tolérance aux fautes

gubit physiques
01 dzE RQSNNS dzN

codes de Mt
correction

Leakage
removal

mémoirequantiquecorrigée

dizainesamilliersde qubits physiques
par qubitslogiquesen function de
nombreuxparametres

(FTQC)

A support de portes logiques.

AONBI (A 2 ymagiy@®ESi I { 2
(porte T).

A corriger les erreurs plus vite
j dzQSt £ S&a yQl LILJ |

ASOAGSNI £ LINR LI :
et leur amplification.

A corriger les erreurs corrélées,
RQSTFTFIF OSYSyiaz S

FTQCfault tolerant quantumcomputing
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Stage 1 Stage 2 Stage 3
NISQ earlystage FTQC utility-scaleFTQC

f———=—===—====- \ '\' ---------------------------------------------------------------------------------------------------------------
catalysts for Shor on
VOE, VQE, QAOA, QML, nitrogen fixation RSA2048 materials
| QAOA, QUBO > * °
i QML, with potential pricing
' experiment  quantum advantage derivatives amyloid beta incompressible
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error ! » ———
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ventes et
deploiements :
RQ2 NRAVY I {
guantiqgues

includes

A QPU sales tonpremcustomers.
A industry vendor selhosted QPUs.
A includes retired systems for IBM.

comments

A quantum systems of diverse sizes.

A most endusers are in the public sector.
A EU vendors not selling much in the USA.,

Austral idal vendor

China .VleZ*dor

Japan vZksmdor
Austri a3 wendor

N\
Finland?2 ndor 8

France:ikﬁ"wdor S ~\:
~

Ger many :8fndor
Spai n Mendor

The Nether |:83Wds—vendor

Ilrelandlvendor

UK ve:ricﬂlﬂ

Canada N3elndor

USA ve@dor

as of February 2026, compilation: OE.

-

sAustral:2a «

Ger many:2dl i

China:kliert
=Pakistah cl
Ispain:Elier
=Austri:d cli
IPol and:dcl i ¢
IFinland cli

IFr ance:lcO i ¢

lltaly6eclier

ISouth Kor2:
=Taiwan:1cl i e

USA c:l7i2ent

=Czechialcli
Canada:26i ¢

=Saudi Arabi
Jiapan:8ilier

=UAE cli ent
il srael3 clice

IUK cl9 ent

i ndia:3clier
=0atar "Telier
=Sinaanor?2 ¢
=Qwi t zer ldnct
=Denmar k:lcl i



supraconducteurs

atomes froids

ions piégés

photons

ALICE & BOB

Nerd

Quantique
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quobly

o~
% Pasqal

‘QuEra-

Fuitig Gommbumin Work

Infleqtion

Y PsiQuantum
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96

64

50

2025
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~100
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100
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2027

5K

II
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II
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100K
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24007200
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2032

nombre de qubits logique

codt de la profondeur du
O2NNBOGA2Y RAGINNS dzNJ

4

nombre de nombre de
qubits portes
physiques qguantiques

S ——

fidélité des qubits logique

b e e e 1

>1M

2033 2034 2035

(cc) Olivier Ezratty, Octobre 2025.
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ordinateursquantiquesNISQ

Quandela Belenos, Pasgal Orion Gamma, >140 Quantinuum Helios, 98 qubits, 34 kW, uses
12 qubits, 2 kW qubits inanalogmode, 3 kW liquid helium cooling

I

AQT MARMOT, 20 D-Wave Advantage 2, 4,400 IBM System Two < 150 kW,
qubits, <2 kW gubits inanalogmode, 12.5 kW hosting three 15&jubit Heron processors



ordinateursquantiquesFTQC aenir

GRAPHENE 2030 A
L/ kw
\ 40 m*

Cat Quoits 2000
Logical Qubits 100
Clack Speed (ys) 1
Logical Error Rate  10°

ALICE & BOB @ e o :
‘ M AR .o ® XANADU
' several 10s of MW for a couple hundred logical qubits,
ChristianWeedbrook(CEO) in February 2026

Alice&Bob @ Supercomputing December
2025, Graphene (100 LQ) = 160 kW

P PsiQuantum

:QuUEra

Putting Quantum to Work

)

they expect to require <1 MW to IBM @ Osaka, January 2026, Starling (200 PsiQuantum power estimates at about 100 MW, 80
support 4K logical qubits LQ) = 1.5 MWBIlueJay2K LQ) = 6.5MW cabinets requiring 30WLOOW cooling power at 4K




comparaison energeétigue

FTQC
FTQC
FTQC
HPC
HPC
HPC
HPC
HPC
HPC
HPC
HPC
HPC
HPC
HPC
HPC
FTQC
FTQC
HPC
FTQC
FTQC
NISQ
FTQC
NISQ
NISQ
NISQ

N

,\/‘{-

PsiQuantum Brisbane (100 LQ)
Xanadu (500 LQ)
Aurora (USA)
Fugaku (Japan)

El Capitan (USA)
Frontier (USA)
JUPITER Booster (Germany)
Sunway TaihuLight (China)
LLNL/NNSA CTS-1 Jade (USA)
HPC6 (Italy)

Leonardo (Italy)

Sierra (USA)

Alps (Switzerland)

LUMI (Finland)

IBM Bluejay (2K LQ, 1TQ)
IBM Starling (200 LQ, 100MQ)
EDF Selena (France)
Trapped ions (>1K LQ)
A&B (100 LQ, 1MQ)
IBM System Two (3x156 PQ)
Cold atoms (>1K LQ)
Quantinuum (98 PQ)
QuEra (256 PQ)

PsiQuantum Chicago (>1000 LQ)

<— typical onpremisé Corp HPC

FTQC potential market in units per power range using HPC comparables

AQT (20 PQ) g = 300 units =~ 100 units =~ 10 units E < 5 units
& & & S N & S &
v O & ~ v ] N RN \90 ,LQQ

peak power consumption (log scale)

#QEI

the quantum energy initiative

estimate base power for various
FTQCs and actual for existing
largest HPCs WW. HPC source:
https://www.top500.org/lists/top
500/2025/11/. FTQC sources:
vendor data. Source: Olivier
Ezratty, April 2026.

A NISQ ordinateursquantiques
actuelslimités.

A FTQCordinateursquantiques
futursamémeR QI LILi& NI S NJ
avantageQuantique aux
entreprises

A HPCsupercalculateursctuels
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https://www.top500.org/lists/top500/2024/06/
https://www.top500.org/lists/top500/2024/06/
https://www.youtube.com/watch?v=rUcPLZeZxG0&t=3048s

Q-Day?

assumptlons

A bounded manyto-many qubit connectivity.
A 99.9% fidelities at scale.

A accounts for compiler optimizations.

A no problem with correlated errors.



