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DISCLAIMER !
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POURQUOI ?

• La loi de Moore atteindra 
bientôt une limite physique :

• Finesse de gravure du 
silicium.

• Changer de paradigme ? De 
technologie ?
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POURQUOI ?
• Tout le monde s’y met :

• Google.

• IBM.

• Microsoft.

• Echéances proches !

• The next big thing ?
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COMMENT ?

• Exploiter les 
caractéristiques quantiques 
des particules.

• Un nouveau type de 
parallélisme.

• Objectif : la suprématie 
quantique.
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PLAN
• Quelques concepts de physique quantique.

• Fondements mathématiques.

• Les algorithmes classiques.

• Outils matériels et logiciels

• Perspectives
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PHYSIQUE QUANTIQUE
• Objectif : description d’un micro-état.

• 3 concepts clés :

• Dualité onde-corpuscule.

• Superposition d’états.

• Intrication.
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ORIGINE

• La nature de la lumière :

• Corpuscule ?

• Onde ?
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ONDE OU CORPUSCULE ?
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SUPERPOSITION D’ÉTATS

• Un système quantique peut 
être dans plusieurs états 
« en même temps » tant 
qu’on ne « mesure pas ».

• Mesure = dégénérescence 
aléatoire dans un état.

• Suit la PDF définie par 
une fonction d’onde.
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INTRICATION

• Etat corrélé d’un système 
multiple :

• L’état de l’un dépend de 
l’autre, et 
réciproquement.
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VERS L’INFORMATIQUE 
QUANTIQUE
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VERS L’INFORMATIQUE 
QUANTIQUE

• 1982 : idée de R. Feynman :

• Les systèmes quantiques 
sont complexes à simuler.

• Peut-on les utiliser pour 
faire des calculs 
complexes ?
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VERS L’INFORMATIQUE 
QUANTIQUE

• 1985 : formalisation de D. 
Deutsch :

• Concevoir un device capable 
de simuler n’importe-quel 
système physique ?

• => Un équivalent 
quantique de la machine de 
Turing.

• Fondement théorique des 
machines quantiques actuelles.
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PLAN
• Quelques concepts de physique quantique.

• Fondements mathématiques

• Les algorithmes classiques.

• Les principaux acteurs industriels.

• Perspectives
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FONDEMENTS
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FONDEMENTS
• Etat d’un système quantique décrit par une fonction d’onde complexe ψ(r, t)

• Satisfait l’équation de Schrödinger. 

• Probabilité infinitésimale de réalisation de r : |ψ(r, t) |2 dr

• De carré sommable : ∫ |ψ(r, t) |2 dr = 1

• Sous-espace de L2.

• Produit scalaire sur cet espace : (ϕ, ψ) = ∫ ϕ*(r)ψ(r)dr
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FONDEMENTS

• Base ortho-normée  : Ui ψ(r) =
n

∑
i=0

CiUi(r)
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FONDEMENTS

• Base ortho-normée  : Ui ψ(r) =
n

∑
i=0

CiUi(r)

• Fonction d’onde <=> vecteur «colonne » des Ci

• Probabilité d’obtention de l’état  : Ui |Ci |
2

• Des opérateurs unitaires (matrices unitaires) A.

• Des fonctionnelles linéaires (vecteurs « lignes »).
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UN QBIT ?

• Equivalent quantique du bit.

• QBit : système quantique à 
deux niveaux. 

• Deux états de base : 0 et 1.

• Pas nécessairement 
équiprobables !
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0 1

Bit classique
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10
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QBIT - DIRAC
• Un système à deux niveaux : ψ(r) = C0U0(r) + C1U1(r)

• Notation de Dirac

• Bra : = Vecteur.|ψ >

• Ket :  = Fonctionnelle linéaire.< ϕ |

• Produit scalaire : Bracket = < ϕ |ψ >

• Deux niveaux du Qbit : et |0 > |1 >

• Etat du QBit : combinaison linéaire de ces deux niveaux.

• |ψ > = C0 |0 > + C1 |1 >
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SPHÈRE DE BLOCH

• Représentation graphique 
de l’état d’un QBit.

• Tomographie complexe.

22
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The Weird and Wonderful World of the Qubit

The Bloch Sphere

Superposition (+i) Y-Measurement

 
  

Superposition (-i) Y-Measurement

 
  

Probabilities in the standard basis are not enough to specify
a quantum state because it cannot capture the phase of the
superposition. A convenient representation for a qubit is the
Bloch sphere; this depiction makes it easier to visualize qubit
states and gates.

If we define a
qubit state by 

, where  and  are
defined in the picture, we see that there is a one-to-one
correspondence between pure qubit states ( ) and the
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PORTES QUANTIQUES
• Opérateurs unitaires : 

• Matrice 2x2 unitaire A :

•  avec 

• Opérateurs de Pauli X, Y, Z :

• Rotation de π rad sur chaque axe.

• Opérateur Hadamard H:

• Provoquer une superposition d’état à partir 
d’un état stable.

|ψ′� > = A |ψ > A*A = I

23

X = (0 1
1 0)

Y = (0 −i
i 0 )

Z = (1 0
0 −1)

H =
1

2 (1 1
1 −1)
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PORTES QUANTIQUES

• Pour visualiser :

• X(α |0 > + β |1 > ) = β |0 > + α |1 >

• Z(α |0 > + β |1 > ) = α |0 > − β |1 >
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PORTES QUANTIQUES

• Pour visualiser :

• X(α |0 > + β |1 > ) = β |0 > + α |1 >

• Z(α |0 > + β |1 > ) = α |0 > − β |1 >

• H(α |0 > + β |1 > ) =
α + β

2
|0 > +

α − β

2
|1 >
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PORTES MULTIPLES
• Pour des systèmes 

quantique à QBits 
multiples.

• Porte Conditional Not 
(CNOT) :

25

+

Controle

Cible

Exemple : Base d’un système à 2 QBits

{ |00 > , |01 > , |10 > , |11 > }

UCN =

1 0 0 0
0 1 0 0
0 0 0 −1
0 0 −1 0



PORTES MULTIPLES
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PORTES MULTIPLES
• Pour visualiser  : CNOT sur les vecteurs de la base.
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PORTES MULTIPLES
• Pour visualiser  : CNOT sur les vecteurs de la base.

• UCN( |00 > ) = |00 >

• UCN( |01 > ) = |01 >

• UCN( |10 > ) = |11 >

• UCN( |11 > ) = |10 >
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INTRICATION

• Systeme à QBit multiple 
dans lequel chaque état ne 
peut être décrit comme 
une combinaison de QBits 
indépendants.

•

•

( |00 > + |01 > )/ 2

( |01 > + |10 > )/ 2
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26 Introduction and overview

understood via the equations

|βxy⟩ ≡
|0, y⟩ + (−1)x|1, ȳ⟩√

2
, (1.27)

where ȳ is the negation of y.

In Out
|00⟩ (|00⟩ + |11⟩)/

√
2 ≡ |β00⟩

|01⟩ (|01⟩ + |10⟩)/
√
2 ≡ |β01⟩

|10⟩ (|00⟩ − |11⟩)/
√
2 ≡ |β10⟩

|11⟩ (|01⟩ − |10⟩)/
√
2 ≡ |β11⟩

Figure 1.12. Quantum circuit to create Bell states, and its input–ouput quantum ‘truth table’.

1.3.7 Example: quantum teleportation
We will now apply the techniques of the last few pages to understand something non-
trivial, surprising, and a lot of fun – quantum teleportation! Quantum teleportation is a
technique for moving quantum states around, even in the absence of a quantum commu-
nications channel linking the sender of the quantum state to the recipient.
Here’s how quantum teleportation works. Alice and Bob met long ago but now live

far apart. While together they generated an EPR pair, each taking one qubit of the EPR
pair when they separated. Many years later, Bob is in hiding, and Alice’s mission, should
she choose to accept it, is to deliver a qubit |ψ⟩ to Bob. She does not know the state of
the qubit, and moreover can only send classical information to Bob. Should Alice accept
the mission?
Intuitively, things look pretty bad for Alice. She doesn’t know the state |ψ⟩ of the

qubit she has to send to Bob, and the laws of quantum mechanics prevent her from
determining the state when she only has a single copy of |ψ⟩ in her possession. What’s
worse, even if she did know the state |ψ⟩, describing it precisely takes an infinite amount
of classical information since |ψ⟩ takes values in a continuous space. So even if she did
know |ψ⟩, it would take forever for Alice to describe the state to Bob. It’s not looking
good for Alice. Fortunately for Alice, quantum teleportation is a way of utilizing the
entangled EPR pair in order to send |ψ⟩ to Bob, with only a small overhead of classical
communication.
In outline, the steps of the solution are as follows: Alice interacts the qubit |ψ⟩ with

her half of the EPR pair, and then measures the two qubits in her possession, obtaining
one of four possible classical results, 00, 01, 10, and 11. She sends this information to
Bob. Depending on Alice’s classical message, Bob performs one of four operations on his
half of the EPR pair. Amazingly, by doing this he can recover the original state |ψ⟩!
The quantum circuit shown in Figure 1.13 gives a more precise description of quantum

teleportation. The state to be teleported is |ψ⟩ = α|0⟩+β|1⟩, where α and β are unknown
amplitudes. The state input into the circuit |ψ0⟩ is

|ψ0⟩ = |ψ⟩|β00⟩ (1.28)

PROGRAMME QUANTIQUE

• Un enchainement de porte 
quantiques.

• Peut être représenté 
graphiquement.

• Plus facile quand on a 
plusieurs QBits.

• Exemple : obtention d’un 
Etat de Bell :

28
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PROGRAMME QUANTIQUE
• Exemple avec en input : |00 >

• Application de H sur le premier Qbit :

• <=> 
( |0 > + |1 > )

2
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( |00 > + |10 > )

2

• CNOT sur le résultat :

•
( |00 > + |11 > )
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IMPLEMENTATION AVEC 
QISKIT
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PLAN
• Quelques concepts de physique quantique.

• QBits, portes quantiques et programmation.

• Les algorithmes classiques.

• Les principaux acteurs industriels.

• Perspectives
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ALGORITHME DE GROVER
• Recherche d’un élément dans un tableau non trié, non 

structuré de N éléments.

• En informatique classique : en moyenne N/2 itérations, au 
pire N

• En informatique quantique : √N
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Quantum Algorithms

Grover's Algorithm
We are now in a good place to discuss our first quantum
algorithms and subroutines. Let's begin with Grover's search
algorithm (http://arxiv.org/abs/quant-ph/9605043) and the
amplitude amplification trick.

You have likely heard that one of the many advantages a
quantum computer has over a classical computer is its
superior speed searching databases. Grover's algorithm
demonstrates this capability. This algorithm can speed up an
unstructured search problem quadratically, but its uses
extend beyond that; it can serve as a general trick or
subroutine to obtain quadratic run time improvements for a
variety of other algorithms. This is called the amplitude
amplification trick. But before we start the simulations, let's
look at the unstructured search problem.

Unstructured search
Suppose you are given a large list of  items. Among these
items there is one item with a unique property that we wish to
locate; we will call this one the winner . Think of each item
in the list as a box of a particular color. Say all items in the list
are gray except the winner , which is pink.

To find the pink box -- the marked item -- using classical
computation, one would have to check on average  of
these boxes, and in the worst case, all  of them. On a
quantum computer, however, we can find the marked item in
roughly  steps with Grover's amplitude amplification

Source : QisKit.org

http://QisKit.org
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• Oracle :  si ,  sinon.f(i) = 1 i = ω 0

• Matrice oracle : Uf | i > = (−1) f(i) | i >
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COMMENT ?

• On part de l’état 
équiprobable :

• |x0 > =
1

N

N−1

∑
i=0

| i >
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If at this point we were to measure in the standard basis 
, this superposition would collapse, according to the

fifth quantum law, to any one of the basis states with the
same probability of . Our chances of guessing the

right value  is therefore  in , as could be expected.
Hence, on average we would need to try about 
times to guess the correct item. 

Enter the procedure called amplitude amplification, which is
how a quantum computer significantly enhances this
probability. This procedure stretches out (amplifies) the
amplitude of the marked item, which shrinks the other items'
amplitude, so that measuring the final state will return the
right item with near-certainty. 

This algorithm has a nice geometrical interpretation in terms
of two reflections, which generate a rotation in a two-
dimensional plane. The only two special states we need to
consider are the winner  and the uniform superposition 

. These two vectors span a two-dimensional plane in the
vector space  They are not quite perpendicular because 

 occurs in the superposition with amplitude  as
well. We can, however, introduce an additional state  that
is in the span of these two vectors, which is perpendicular to 

 and is obtained from  by removing  and rescaling. 

step 0 The amplitude amplification procedure starts out in
the uniform superposition .  (The uniform superposition is
easily constructed from , as was shown in a
previous section.) At  the initial state is . 

Source : QisKit.org

http://QisKit.org


COMMENT ?

• On applique la réflection 
de l’oracle :

• Uf |x0 > = |x′� >
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The left graphic corresponds to the two-dimensional plane
spanned by . The right graphic is a bar graph of the
amplitudes of the state  for the case . The
average amplitude is indicated by a dashed line.

step 1 We apply the oracle reflection  to the state 
. 

Geometrically this corresponds to a reflection of the state 
 about . This transformation means that the

amplitude in front of the  state becomes negative, which
in turn means that the average amplitude has been lowered.

step 2 We now apply an additional reflection  about the
state . In the bra-ket
(https://en.wikipedia.org/wiki/Bra%E2%80%93ket_notation)
notation this reflection is written . This
transformation maps the state to  and completes the
transformation .  

Two reflections always correspond to a rotation. The
transformation  rotates the initial state  closer
towards the winner . The action of the reflection  in the
amplitude bar diagram can be understood as a reflection
about the average amplitude. Since the average amplitude
has been lowered by the first reflection, this transformation
boosts the negative amplitude of  to roughly three times
its original value, while it decreases the other amplitudes. We
then go to step 1 to repeat the application. This procedure
will be repeated several times to zero in on the winner. 



COMMENT ?
• On définit un opérateur 

réflexif  de la manière 
suivante :

•

•

• Et on itère…

Ux

Ux = 2 |x > < x | − 1

Ux0
|x′� > = |x1 >
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COMMENT ?

• Au global : 

•

• En moyenne, au bout de   itérations, la mesure 
donne le bon résultat.

|xt > = (UxUf)t |x0 >

N
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DISCUSSION

• Ça marche en vrai ?

• Réponse courte : non.

• Réponse longue :

• Problème de l’implémentation de .f(x)
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PLAN
• Quelques concepts de la physique quantique.

• QBits, portes quantiques et programmation.

• Les algorithmes classiques.

• Les principaux acteurs industriels.

• Perspectives
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Quantum supremacy using a programmable 
superconducting processor

Frank Arute1, Kunal Arya1, Ryan Babbush1, Dave Bacon1, Joseph C. Bardin1,2, Rami Barends1, 
Rupak Biswas3, Sergio Boixo1, Fernando G. S. L. Brandao1,4, David A. Buell1, Brian Burkett1,  
Yu Chen1, Zijun Chen1, Ben Chiaro5, Roberto Collins1, William Courtney1, Andrew Dunsworth1, 
Edward Farhi1, Brooks Foxen1,5, Austin Fowler1, Craig Gidney1, Marissa Giustina1, Rob Graff1, 
Keith Guerin1, Steve Habegger1, Matthew P. Harrigan1, Michael J. Hartmann1,6, Alan Ho1, 
Markus Hoffmann1, Trent Huang1, Travis S. Humble7, Sergei V. Isakov1, Evan Jeffrey1,  
Zhang Jiang1, Dvir Kafri1, Kostyantyn Kechedzhi1, Julian Kelly1, Paul V. Klimov1, Sergey Knysh1, 
Alexander Korotkov1,8, Fedor Kostritsa1, David Landhuis1, Mike Lindmark1, Erik Lucero1,  
Dmitry Lyakh9, Salvatore Mandrà3,10, Jarrod R. McClean1, Matthew McEwen5,  
Anthony Megrant1, Xiao Mi1, Kristel Michielsen11,12, Masoud Mohseni1, Josh Mutus1,  
Ofer Naaman1, Matthew Neeley1, Charles Neill1, Murphy Yuezhen Niu1, Eric Ostby1,  
Andre Petukhov1, John C. Platt1, Chris Quintana1, Eleanor G. Rieffel3, Pedram Roushan1, 
Nicholas C. Rubin1, Daniel Sank1, Kevin J. Satzinger1, Vadim Smelyanskiy1, Kevin J. Sung1,13, 
Matthew D. Trevithick1, Amit Vainsencher1, Benjamin Villalonga1,14, Theodore White1,  
Z. Jamie Yao1, Ping Yeh1, Adam Zalcman1, Hartmut Neven1 & John M. Martinis1,5*

The promise of quantum computers is that certain computational tasks might be 
executed exponentially faster on a quantum processor than on a classical processor1. A 
fundamental challenge is to build a high-fidelity processor capable of running quantum 
algorithms in an exponentially large computational space. Here we report the use of a 
processor with programmable superconducting qubits2–7 to create quantum states on 
53 qubits, corresponding to a computational state-space of dimension 253 (about 1016). 
Measurements from repeated experiments sample the resulting probability 
distribution, which we verify using classical simulations. Our Sycamore processor takes 
about 200 seconds to sample one instance of a quantum circuit a million times—our 
benchmarks currently indicate that the equivalent task for a state-of-the-art classical 
supercomputer would take approximately 10,000 years. This dramatic increase in 
speed compared to all known classical algorithms is an experimental realization of 
quantum supremacy8–14 for this specific computational task, heralding a much-
anticipated computing paradigm.

In the early 1980s, Richard Feynman proposed that a quantum computer 
would be an effective tool with which to solve problems in physics 
and chemistry, given that it is exponentially costly to simulate large 
quantum systems with classical computers1. Realizing Feynman’s vision 
poses substantial experimental and theoretical challenges. First, can 
a quantum system be engineered to perform a computation in a large 
enough computational (Hilbert) space and with a low enough error 
rate to provide a quantum speedup? Second, can we formulate a prob-
lem that is hard for a classical computer but easy for a quantum com-
puter? By computing such a benchmark task on our superconducting 
qubit processor, we tackle both questions. Our experiment achieves 
quantum supremacy, a milestone on the path to full-scale quantum 
computing8–14.

In reaching this milestone, we show that quantum speedup is achiev-
able in a real-world system and is not precluded by any hidden physical 
laws. Quantum supremacy also heralds the era of noisy intermediate-
scale quantum (NISQ) technologies15. The benchmark task we demon-
strate has an immediate application in generating certifiable random 
numbers (S. Aaronson, manuscript in preparation); other initial uses 
for this new computational capability may include optimization16,17, 
machine learning18–21, materials science and chemistry22–24. However, 
realizing the full promise of quantum computing (using Shor’s algorithm 
for factoring, for example) still requires technical leaps to engineer 
fault-tolerant logical qubits25–29.

To achieve quantum supremacy, we made a number of techni-
cal advances which also pave the way towards error correction. We 
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D-WAVE

• Précurseurs ?

• Seul acteur qui 
commercialise les 
machines.

• 2000 QBits.

• Est limité à un type 
de problème.
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PLAN
• Quelques concepts de la physique quantique.

• QBits, portes quantiques et programmation.

• Les algorithmes classiques.

• Outils matériels et logiciels

• Perspectives
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PERSPECTIVES
• Domaines d’applications multiples :

• Cryptographie, Machine learning, Chimie, Finances…

• Progrès importants :

• Record actuel du nb de QBits : Google, avec 54 QBits.

• Mais pour l’instant : utilisabilité très limitée.

• Bruit omniprésent.

• NISQ.
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PERSPECTIVES

• Applications existantes chez IBM :

• Résolution de systèmes d’équations linéaires.

• Simulation de molécules.

• Optimisation combinatoire.

• Réseaux neurones hybrides quantiques / classiques.
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MERCI POUR VOTRE 
ATTENTION
Questions ? Remarques ?
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