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ambitions du calcul quantique

• réduire potentiellement la 
consommation d’énergie 
(question ouverte).

• résoudre plus vite certains 
problèmes complexes.

• rendre accessibles des calculs 
impossibles classiquement.

• améliorer la qualité des 
résultats (heuristique, 
précision chimique).

• utilité qui dépend de 
l’utilisateur (recherche 
scientifique, industriels, 
gouvernements).
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qu’est-ce être « quantique »?

quantification

propriétés physiques 
discrètes: niveaux d’énergie, 

projection du spin, …

superposition d’état

liée à la dualité et à la 
linéarité de l’équation 

de Schrödinger

dualité onde-particule

électrons, photons, 
atomes, neutrons

intrication

corrélation d’états distants 
lors d’une mesure aléatoire

+ contrôle individuel d’objets quantiques (atomes, électrons, photons

objets quantiques à deux 
niveaux (qubits)

interférences
utilisées dans les 

algorithmes quantiques

espace mémoire interne de 
2N nombres complexes + 

mesure probabiliste

interactions entre qubits, 
contribuent à l’accélération 

quantique

https://www.oezratty.net/wordpress/wp-content/WindowsLiveWriter/Linformatique-quantique_909D/Hydrogen-electron-levels.jpg
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problèmes cibles typiques

iℏ
𝜕𝛹(𝑥,𝑡)

𝜕𝑡
 = −

ℏ2 

2𝑚

𝜕2𝛹(𝑥,𝑡)

𝜕𝑥2
+ 𝑉 𝑥 𝛹(𝑥, 𝑡)

simuler la matière quantique

optimisations combinatoires 
et problèmes de décision

machine learning
et deep learning

résolution d’équations 
aux dérivées partielles

cryptanalyse
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usages, de la recherche aux opérations
recherche fondamentale opérations

régalien

matière condensée

matière corrélée

particules à hautes 
énergies

transports

logistique 
et commerce

télécommunications

services financiers

industrie

énergie

astrophysique

recherche appliquée

biotechbatteries

production d’engrais matériaux

semiconducteurs modélisation
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le « quantum bit » du calcul quantique

objet quantique
à deux états contrôlables

unité de gestion de l’information

équivaut à deux nombres réels
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deux niveaux d’énergie 
d’un atome

spin d’un 
électron

polarisation 
d’un photon
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souvent représenté sous la 
forme d’une amplitude et 
d’une phase d’une onde,
dans la sphère de Bloch
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qu’est-ce qu’un algorithme quantique?

N
qubits

profondeur de calcul P

porte à 
deux qubits

temps

 
 
 
 
 
 
 
 
 
 
 
 
 
 

porte à trois 
qubits

porte à un 
qubit

initialisation mesure

algorithme quantique : décompose un problème 
mathématique en circuit quantique.

circuit quantique : suite d’opérations agissant sur 
une mémoire quantique de qubits, 
individuellement (superposition) ou les reliant 
entre eux (intrication), et se terminant par une 
mesure (probabiliste).

modèle mathématique : calcul matriciel-vectoriel 
opérant sur un espace mémoire de 2N+1 nombres 
réels. algèbre linéaire!

mécanisme : exploite diverses techniques comme 
la génération d’interférences pour faire ressortir 
une valeur d’intérêt sous forme de bits classiques 
lus en sortie.

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

opérations 
mathématiquement réversibles

probabiliste et 
irréversible

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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circuit 
breadth
𝐍 qubits

 
 
 
 
 
 
 
 
 
 
 
 
 
 

𝜖𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑠 <
 

𝐍 × 𝐃

circuit depth
𝐃 gate cycles

time

space

corresponds to all qubit operations: 

• single qubit gates errors

• two-qubit gates errors

• idle state errors

• readout errors

besoins en fidélité d’opérations

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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paradigmes du calcul quantique

gate-based
quantum 
annealing 
computers

quantum 
emulators

pour tester du code 
quantique sur des 

ordinateurs classiques

calcul quantique généralisteproblèmes d’optimisation et de 
simulations physiques

apprendre, tester, 
déboguer

analog 
quantum 

simulators

ordinateurs quantiques analogiques

NISQ (Noisy Intermediate
Scale Quantum) 

qubits bruités, pas de 
correction d’erreurs

ordinateurs quantiques digitaux

FTQC (Fault-Tolerant 
Quantum Computers) 
correction d’erreurs et 

tolérance aux fautes

ordinateurs classiques

many categories of quantum 
computers have been created, and 
it’s a summary overview. 

usages are not the same at this
point. 

at the beginning, QC are 
specialized. 

we’ll probably end up with general
purpose gates based QC. History
may repeat itself.

(c
c)
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quantum 
inspired
algorithmes 

classiques inspirés 
par la physique 

quantique

améliorer les 
algorithmes classiques
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défis logiciels

algorithmes génie logiciel

IA, réseaux de tenseurs

chargement des données

benchmarkingniveaux d’abstraction

classical

machine language

assembly

C language

C++

Java, PHP, …

« no-code »

q
u

an
tu

m

Python frameworks

control electronics instructions

gate-code (after transpiling)

gate-code (before transpiling)

…

…

application specific environments

Python + apps frameworks

sa
m

e
ab

st
ra

ti
o

n
le

ve
lw

it
h

q
u

b
it

 g
at

es

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 preparation techniques unitary transformations

measurement

…

…

arithmetic
+ - / x

log cos
sin tan

…

non-oracle 
based
algorithms

QPE, 
HHL, 
Shor…

other 
patterns

QFT, 
QSVT…

angle 
encoding

m
o

re
 e

n
co

d
ed

d
at

a

0

N bits

N or 2N reals

2N+1-1 reals

qRAM with
classical

data access

Quantum 
Associative 

Memory

classical
data

block-
encoding

unitary U 
based on A

classical
data

cl
as

si
ca

l
d

at
a 

an
d

 c
o

d
e

n
o

 d
at

a

multiple shots 
sampling and classical

post-processing

Pauli strings for 
variational algorithms

quantum 
memories

modular
exponen-

tiation

variational
quantum 

algorithms

ansatz 
encoding

classical
data

cate cycle speed

qubits number
and fidelities

energetics

low-level
algorithms

performance

higher-level
algorithms

performance

randomized and  cross-
entropy benchmarking

QV

CLOPS

BACQ

crosstalk, 
entanglement

error per layered gates (EPLG)

algorithm

compilation

loading

launching

QEM

qubits 

topology

control

classical
electronics & 

computing

cryogeny

considersmetrics

Benchpress SDK speed, 
efficiency, memory

SDK, compilers, 
optimizers

nombre de qubits

calcul
classique

calcul
quantique

accélération
exponentielle

temps de calcul

accélération
polynomiale

Te et Tp

sont-ils compatibles 
avec les besoins 

utilisateurs?

Te

Tp

“prefacteurs”
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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

clusters des 
algorithmes 
quantiques

QAOA

Grover

https://arxiv.org/abs/2407.05178
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exemple d’algorithme quantique NISQ

𝑅𝑥(𝜃1,1
1 )

1

0

0

0| ⟩

⋮

| ⟩

| ⟩

| ⟩

𝑅𝑥(𝜃2,1
1 )

𝑅𝑥(𝜃3,1
1 )

𝑅𝑥(𝜃𝑛,1
1 )

𝑈1(𝜃)

𝑅𝑥(𝜃1,2
1 )

𝑅𝑧(𝜃2,2
1 )

𝑅𝑧(𝜃3,2
1 )

𝑅𝑧(𝜃𝑛,2
1 )

𝑊1 ⋯

𝑅𝑥(𝜃1,1
𝐿 )

𝑅𝑥(𝜃2,1
𝐿 )

𝑅𝑥(𝜃3,1
𝐿 )

𝑅𝑥(𝜃𝑛,1
𝐿 )

𝑈𝐿(𝜃)

𝑅𝑥(𝜃1,2
𝐿 )

𝑅𝑧(𝜃2,2
𝐿 )

𝑅𝑧(𝜃3,2
𝐿 )

𝑅𝑧(𝜃𝑛,2
𝐿 )

𝑊𝐿

𝑃1
𝑘

𝑃2
𝑘

𝑃3
𝑘

𝑃𝑛
𝑘

⋮⋮ ⋮ ⋮ ⋮ 𝑃𝑘 |𝜓⟩

classical 
initialization

with 𝝍𝟎  
having 

energy 𝐄𝟎 

classical optimizer used to compute 

a new  𝜽 to minimize cost function 𝐄(𝜽)

in
je

ct
n

e
w
𝜽

𝜽𝟎

exit when 𝝐 is 
stabilized

post-processing
computing expectation value 

error mitigation 
post-processing

(cc) Olivier Ezratty, 2023-2025

number of L layers
depending on the 

algorithm

number of Pauli strings
𝑂(𝑛𝑀)

M=4 for electronic structure
M=1 for Heisenberg model

M=1 for QAOA

number of shots per 
Pauli strings?
𝑂( Τ 𝜖2)

1 million for VQE and 
chemical ground state 

computing

unknown number
of ansatz iterations

n qubits

VQE

QAOA

QML
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exemple d’algorithme quantique FTQC

re
su

lt
s 

p
o

st
-

p
ro

ce
ss

in
g

quantum phase estimation algorithm, inspired by Quantum chemistry, classical heuristics, and quantum advantage by Garnet Kin-Lic Chan, arXiv, July 
2024 & On the feasibility of performing quantum chemistry calculations on quantum computers by Thibaud Louvet, Thomas Ayral, and Xavier Waintal, 

arXiv, June 2023-October 2024. 

state vector 
encoding 

circuit

controlled   opera ons, 
and phase  ic bac  to 

 rst n qubits angle  

creates  a 
superposi on of  n

computa onal states

  

 

                

 
   

     
     

    

  

  

 

 

 
 
 
 
  

inverse quantum 
 ourier transform

problem Hamiltonian encoding

cl
as

si
ca

lp
re

-p
ro

ce
ss

in
g

(H
F,

 F
C

I,
 D

FT
, …

) 
fo

r 
N

o
rb

it
al

s

as close as 
possible to target 

ground state

• Block-encoding.
• Trotter-Suzuki 

decomposition.

• QSVT.
• Chebyshev approximation.
• Linear Combination of Unitaries (LCU).

n
 q

u
b

it
s 

in
 p

h
as

e 
re

gi
st

e
r

n controlled-powers of U

find U
using

||𝑈 − 𝑒−𝑖𝐻𝑡|| < 𝜖
𝐻= system 

Hamiltonian 
𝑈= unitary 
encoding it

classical computing time scale

𝑂(𝑀3) to 𝑂( 𝑀)

classical computing time scale
𝑂(𝑀3) to 𝑂(𝑀5)

1

𝑝0
ln(

1

𝛿
) QPE 

number of circuit 
shots

20+21+ …+2n-1 =2n-1 U encoding circuit (QROM)

QPE quantum circuit metrics

𝑈 = unitary encoding the Hamiltonian 𝐻.

𝑛 = phase register qubits, log2  /𝜖 +
𝑝 ≈  3 𝑡𝑜  5 for 𝜖 ≈ 1.6 10-3 Ha

𝑚 = system register qubits encoding the 
initial state |𝜓⟩ and on which controlled 
powers of unitary 𝑈 are applied.

𝑧 = additional ancilla logical qubits 
required to encode U which depends on 
its parallelization.

controlled   opera ons, 
and phase  ic bac  to 

 rst n qubits angle  

creates  a 
superposi on of  n

computa onal states

  

 

                

 
   

     
     

    

  

  

 

 

 
 
 
 
  

inverse quantum 
 ourier transform

𝑧

problem metrics

𝐻 = problem Hamiltonian.

𝑀 = number of spin-orbitals, conditioning 𝑚.

𝜖 = desired chemical accuracy ≈ 1.6 10-3 Ha

𝛿 = acceptable failure probability.

𝑝0 = initial state overlap, decreasing 
exponentially with molecule size.

https://arxiv.org/abs/2407.11235
https://arxiv.org/abs/2306.02620
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et les problèmes non linéaires ?

répartition des rôles

https://arxiv.org/abs/1907.09032

calcul à variables continues

https://arxiv.org/abs/2011.06571

mid-circuit measurement and feed-forward

https://arxiv.org/abs/2410.03838

https://arxiv.org/abs/2607.12269

❶

❷

❸

https://arxiv.org/abs/1907.09032
https://arxiv.org/abs/2011.06571
https://arxiv.org/abs/2410.03838
https://arxiv.org/abs/2607.12269
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2-EXPTIME 

EXPSPACE

EXPTIME

PSPACE

P

NP hard

NP complete

NP-hard: problems at least as difficult to solve as NP problems,
finding optimal path in a graph, map coloring, theorems demonstrations.

NP-Complete : all NP problems can be polynomially reduced to a NP problem,
finding a sub-set of an ensemble of integers with a zero sum, proteins folding, 
MaxCut problem, SAT problem.

NP : “Nondeterministic Polynomial”, complex decision problems solved in 
polynomial time on a non-deterministic Turing machine and/or verifiable in 
polynomial time on a deterministic Turing machine,
has one subset of 3 numbers with a sum = 0, integer primality test, linear 
equations.

P: “Polynomial”, problem solvable in polynomial time on a deterministic 
Turing machine,
has a matrix a proper value of 1.2? matrix addition, multiplication, 
inversion, lists sorting, finding a path in a labyrinth.

NP

QMA hard

QMA complete

BQP

QMA

BQP: polynomial 
problems for 

quantum 
computers,

integer factoring

?

hard to solve 
for quantum  

computers

classes de complexité…

#P 
complete

(c
c)
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how QC will theoretially 
expand what we can compute 
vs classical computing.

explain P vs NP.

forget it 
with any 

computer!

QMA: a 
solution can be 

verified in 
polynomial 
time with a 

quantum 
computer

BPP BPP: “Bounded-Error Probabilistic Polynomial time”, decision problems that 
can be solved by a probabilistic Turing machine in polynomial time.
primality testing, randomized algorithms for problems in graph theory.

pour des problèmes de décision

et des problèmes reformulés en 
problèmes de décision 
(factorisation, ground state)
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N qubits register
2N superposed states 
complex amplitudes

(c
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…

« computational basis state vector »

of all combinations 
of 0 and 1

complex 
amplitudes

y
x 

z

| ⟩ 

| ⟩ 

T

non-Clifford qubits gates
T, Toffoli and Rphase enabling

arbitrary angles rotations 
and an infinite # of gates

maximally entangled states
a large number of qubits

are entangled

Clifford qubits gates
H, S, X, Y, Z,  CNOT, SWAP

single qubit gates with half/quarter turns 
in Bloch sphere, discrete # of gates

y
x 

z

| ⟩ 

| ⟩ 

H

polynomial speedup superpolynomial speedup

| ⟩

| ⟩

𝐻 𝑛

𝐻

𝐻 𝑛𝑥

 

𝑥 + 𝑝

   (𝑥)

𝑛

 

algorithms
compilers

45°

internal memory space
advantage, but not for 

input/output

necessary (but not 
sufficient) condition for 

obtaining a superpolynomial 
speedup, but not sufficient

entangled states must be 
larger than what can be 

simulated classically

can be efficiently simulated per the 
Gottesman-Knill theorem

space advantage

sources d’avantage quantique
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accélération asymptotique vs pratique

total computing time, linear scale

problem size (N)

classical 
computer

quantum 
computer

exponential or polynomial
theoretical speedup

the typical way to illustrate quantum computing theoretical speedups.
Opening the Black Box inside Grover's Algorithm, E. Miles 
Stoudenmire and Xavier Waintal, PRX, November 2024.

number of qubits

classical 
computer

quantum 
computer
exponential

speedup

total computing time, log scale

polynomial
speedup

are Te and Tp

compatible with the 
use case constraints?

Te

Tp

“prefactors”

intractable 
(exponential) problem

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

types d’accélération quantique

polynomial exponential
weakly

superpolynomial

NISQ or limited quantum advantage for FTQC QPUs

quadratic

unknown
(heuristics)

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

searches and 
combinatorial 
optimizations

QUBO

QAOA
quantum walks Grover search

Deutsch-Jozsa (vs 
exact solutions)

Simon

machine 
learning

variational
QML variants

reinforcement learning

recommendation

supervised clustering

ensemble methods

Bayesian networks

other QSVD
Quantum Monte Carlo

primality proofs
linear regressions QSLA

Shor factoring and 
discrete log

Gauss sums
Jones polynomials

DQI

speedups
classical 

reference
n = problem 

size

𝑂( (𝑛))

𝑂  𝑛 𝑘

 < 𝑘 <  𝑂  𝑛 0.5

𝑂  𝑛 log log(𝑛)

𝑂 log( 𝑛 )

𝑂  𝑛 log 𝑛 𝑘

𝑘 ≥  

U
n

d
er

st
an

d
in

g
Q

u
an

tu
m

 T
ec

h
n

o
lo

gi
es

b
y 

O
liv

ie
r 

Ez
ra

tt
y,

 a
s 

o
f 

Se
p
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HHL based linear solvers, PDE, PCA, SVM, QFT, QSVT, QSP
(speedup depending on multiple conditions)

2D Fermi-Hubbard 
dynamics

https://www.oezratty.net/wordpress/2024/understanding-quantum-technologies-2024/
https://www.oezratty.net/wordpress/2024/understanding-quantum-technologies-2024/
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shots 
sampling

classical software

user problem

quantum algorithm

quantum 
circuit

• data ingestion and 
preparation

• circuit generation
• feed forward

job run

• post-processing

middleware

• compilation.
• optimization.
• circuit partitioning.
• QEC / FTQC circuit generation.
• circuit libraries and framework.
• resource estimators.

• error mitigation / detection.
• error syndrome detection.

• QPU job scheduling.
• HPC scheduling.

le calcul quantique fait appel à 
beaucoup de calcul classique

problem data

result

compiled 
circuit

• verification and certification.
• security.

problem input/output

generic software

problem specific software

other classical 
computing tasks

software pipeline

quantum stuff

• gate/readout signal generation.
• calibration.
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IBM Nighthawk 120 qubit 
Janvier 2026
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composantes d’un ordinateur quantique

puce quantique

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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PQSCZurich
Instruments

Programmable
Quantum
System
Controller

pour des qubits supraconducteurs ou spins dans le silicium

helium 4

water
pompe à 

vide 4K

compresseurs
pompes
filtres

compresseur 
externe

helium 3

filtre à 
azote 

liquide

électroniqueinformatique cryogéniequbits isolés
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où on est …

ordinateurs quantiques « analogiques »

ordinateurs quantiques bruités « NISQ » 
(noisy intermediate scale quantum)

ordinateurs quantiques tolérants aux fautes 
« FTQC » (fault tolerant quantum computers)

objectifs

• plus grande capacité de calcul.

• « avantage quantique » vs le calcul classique.

moyens

• mécanismes de correction d’erreurs.

• plus grand nombre de qubits physiques.

et où on veut aller
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superconducting topologicalvacanciesannealing silicontrapped ions photonscold atoms

electrons controlled spin and microwave cavitiesatoms photons
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>90 constructeurs dans le calcul quantique
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défis matériels

lutte contre le bruit

correction d’erreurs interconnexion quantique

électronique, câblage, cryogénie

mémoires quantiques

   Q
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detect microwave 
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qubit circuit 
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 T or cryogenics electronics?

cryo    S or S Q?
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scaling cryogenics?

control signals mul plexing?

         d 
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scaling circulators?
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scaling paramps?

 P   or  S  

   

   

op mi e  T electronics energe cs

classical data 
proccessing?

scaling H  T?

coût et énergie
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la fin du monde (Internet) approche-t-elle?

https://arxiv.org/abs/2602.11457

https://arxiv.org/abs/2603.28627v1

https://arxiv.org/abs/2604.06319

https://arxiv.org/abs/2603.28846

key messages

• QC industry vendors or specialized companies 

also update resource estimates, mostly to 

break RSA-2048 or ECC keys.

• Resources are decreasing significantly thanks to 

progress in error correction and fault-tolerance.

• But it creates some pressure on the quantum 

physics operations with constraints on qubit 

fidelities and connectivity.

https://arxiv.org/abs/2602.11457
https://arxiv.org/abs/2603.28627v1
https://arxiv.org/abs/2604.06319
https://arxiv.org/abs/2603.28846
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trop lent

trop de qubits

vraiment 
trop lent
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physical error rate 
assumptions by quantum 
error correction resource 
estimates
• 99.9% single qubit gate 

fidelity
• 99.9% two qubit gate 

fidelity
• 99.9% idle state fidelity
• 99.9% reset fidelity
• 99.9% readout fidelity

=>

• quantum physics.
• materials.
• high-quality manufacturing.
• high-quality qubit control.
• unknown noise sources.
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calcul quantique dans le cloud

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.

 ma on and  icrosoft don’t 
have (yet) their own QC.
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84 qubits

36 qubits 25-32 qubits

120, 127, 133
& 156 qubits

40 qubits
40 qubits30 qubits34-50 qubits

11 qubits

84 qubits

100 qubits (analog) 100 qubits (analog)

20 qubits

256 qubits (analog)

Qiskit on 
your own
hardware

20 qubits

100 qubits (analog)

12 qubits 12 qubits

54 qubits
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https://www.newscientist.com/article/2509492-some-quantum-computers-might-need-more-power-than-supercomputers/

un défi énergétique ?

https://physicstoday.aip.org/news/how-much-electricity-does-a-quantum-computer-need

https://www.newscientist.com/article/2509492-some-quantum-computers-might-need-more-power-than-supercomputers/
https://www.newscientist.com/article/2509492-some-quantum-computers-might-need-more-power-than-supercomputers/
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qubits

sources de consommation d’énergie

contrôle des qubits
électronique et photonique

calcul classique

cryogénie
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sources de consommation d’énergie
superconducting & spin qubitsions and neutral atomsphotons

dilution cryostat – 15mK to 1 K

4 K compressor cooling (water/air)

room temperature electronics and controls, including QPU interconnect
FPGA, ASICs, AWG, mux/demux, DAC/ADCs, tone pulses generation, direct RF synthesis

photonic circuits controls

4 K compressor for dilution, vacuum chambers, photon sources, photon detectors

low-temperature passive dissipative electronics
cables, attenuators, filters

low-temperature active electronics
JPA, TWPA, HEMT, cryo-CMOS, SFQ/RQL, mux/demux

ultra-vacuum pumps vacuum pumps

lasers

SLMs, AODs
CCD/CMOS 

sensors

cooling (water/air)

gate calibration, tuning control electronics and photonics

quantum level 
costs

classical part of quantum algorithms (qubit type independent)

pre-processing
• quantum circuit generation (data 

encoding, block encoding, ansatz).
• code compiling and optimizing or 

minor embedding in analog 
modes.

during processing
• qubit drive and readout.
• circuit shots drive.
• conditional circuit execution.
• error syndromes decoding (FTQC).
• classical optimizer (VQA).

post-processing
• collecting and processing circuit 

sampling results.
• quantum error mitigation & 

suppression (NISQ).
• any additional classical processing.

coherent gate 
operations
reversible

readout and reset
irreversible, increases 

entropy

engineered 
dissipation
controlled

uncontrolled losses
noise sources
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https://www.oezratty.net/wordpress/understanding-quantum-technologies/
https://www.oezratty.net/wordpress/understanding-quantum-technologies/
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estimations de puissances consommées
key messages

• Existing NISQ systems do not consume a lot of 

power (yellow).

• But FTQC systems where vendors are directly or 

indirectly disclosing power requirements may 

be spread across multiple orders of magnitude.

• in some cases, FTQC power may exceed (in red) 

the power of the largest HPCs in the world (in 

grey).

• So power consumption may become a real 

concern, and also an economic criteria for the 

selection of these systems.

• We as QEI will make this criteria visible.

• Marco : there is a broad range. Not depending 

on the modality. Numbers are not based from 

our own extrapolations. Communicated by 

vendors.

• Maybe remove the Chicago site. 

• Remove comparison on the top.

• Remove some HPCs.

estimate base power for 
various FTQCs and actual 
for existing largest HPCs 
WW and NISQ QCs. HPC 

source: TOP 500 and 
Nvidia. FTQC sources: 
vendor data or data 

reconciliation.
PQ: physical qubits
LQ: logical qubits.

MQ: megaquop (logical 
operations).

TQ: teraquop.
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what

why

• build a new science and engineering field.

• create full-stack methodologies and standards to 

evaluate, optimize, and benchmark quantum 

technologies energy consumption.

• favor integrative full-stack approaches.

• ICT energy consumption is growing fast.

• most quantum technologies will add an incremental 

energetic cost to existing ICT.

• it is time to work on this as quantum technologies 

and applications are designed.

• responsible innovation imperative.

how

• QEI scientific board (10).

• QEI community (545 participants from 67 countries) *.

• QEI workshops (2023 in Singapore, 2025 in Grenoble, 

2026 in Barcelona, 2027 in Lisbon).

• QEI IEEE standards Workgroup.

• ≈30 industry partners including IBM, Quandela, etc.

quantum-energy-initiative.org/ 

QEI 2025 (Grenoble) and 2026 (Barcelona)
* : as of September 28th, 2026

https://quantum-energy-initiative.org/
https://quantum-energy-initiative.org/
https://quantum-energy-initiative.org/
https://quantum-energy-initiative.org/
https://quantum-energy-initiative.org/
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l’appel initial

prxquantum 3.020101

prxquantum 2.040335 arxiv 2112.04022

première méthodologie

standardisation

https://sagroups.ieee.org/qei/

publications

un nouveau champ scientifique

https://journals.aps.org/prxquantum/abstract/10.1103/PRXQuantum.3.020101
https://journals.aps.org/prxquantum/abstract/10.1103/PRXQuantum.3.020101
https://journals.aps.org/prxquantum/pdf/10.1103/PRXQuantum.2.040335
https://journals.aps.org/prxquantum/pdf/10.1103/PRXQuantum.2.040335
https://arxiv.org/abs/2112.04022
https://arxiv.org/abs/2112.04022
https://sagroups.ieee.org/qei/
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nouvelle édition
1822 pages

publiée 28 septembre 2026

version courte
38 pages

téléchargement libre
sans fournir d’information
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discussion

support de présentation
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