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Superposition d’états




Notre chat de Schrodinger
est-il
mort ou vivant ?




Decoheéerence

Echelle microscopique Echelle macroscopique

Décohérence ou exclusif
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History of Quantum Computing

Event

Discovery of Quantum Mechanics

Note on “quantum information theory” from Charlie Bennett (today IBM Fellow)
and Stephen Wiesner

Richard Feynman suggests to build a quantum computer

Quantum key distribution Bennett/Brassard
Quantum Teleportation Bennett

Shor’s Factoring Algorithm

Quantum Error Correction

DiVincenzo Criterias to build an Quantencomputer
Experimentally factoring the number 15

Circuit QED

The Transmon Superconducting Qubit is invented

Qubit coherence time improvements

Shor Algorithmus with NMR Steffen/Chuang/Vandersypen

Error correction with superconductive Qubits
IBM Quantum Experience & 5 Qubits
The First Universal Quantum Computers for Business and Science with 20 Qubits

10 influential figures in the history of quantum
mechanics. Left to right: Max Planck, Albert Einstein,
Niels Bohr, Louis de Broglie, Max Born, Paul Dirac,
Werner Heisenberg, Wolfgang Pauli, Erwin
Schrodinger, Richard Feynman.




Superposition d’états

FALSE / OFF BITS TRUE /ON

Etats classiques

10) |e000d)

INV2 (10)+111))

INZ(10)+ 11))

|01119)

n) 111111)

BLOCH SPHERE (1 QUBIT) QSPHERE (5 QUBITS)

Etats guantiques

« Unbit: O, 1
* Un qubit. 0, 1, ou les deux a la fois

UN QUBIT

111110)



Classe de problemes NP
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. . Probleme SAT
Probleme PrObIe‘me (Résolution d’une formule
du voyageur de commerce du sac a dos logique propositionnelle)

Classe de problemes NP-COMPLET



R&D (“Sciences de Matériaux”)

Molecular Simulation et Quantum Chemistry
Material Sciences

Banques

Risques (M¢thode de Monte Carlo, ...)
Gestion de portefeuilles

Energie / Té¢lecom / Transport

Logistique, Géoloc, Sensing, Supply chain (optim)
Allocation de ressources

Santé

Génétique / Seéquencage (optim, graphe, ...)

Défense & Sécurité

Confidentialit¢ (Cryptographie, ...)

Applications eligibles par industrie

Chemistry
Big Data

S8

Security
Optimization

Machine g Weather
Learning Services
Materials :
Science Measurement




World’s first demonstration of modeling LiH Lithium
I ature hybride (LiH) and Beryllium hybride (BeH2)
using a quantum computer.

2 qubits 4 qubits 6 qubits

STRUCTURAL
SIMULATIONS
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Energy (Hartree)
Energy (Hartree)

Quantum computersextend
their reach to solve electronic 45,
make-up of small molecules

/ (Angstrom) / (Angstrom) / (Angstrom)
STRAP IN HEERE STRAP IN HEERE STRAP IN HEERE §3 HATURE GO IO

TWO LINE TWO LINE TWO LINE
TEASER HEERE TEASER HEERE TEASER HEERE

N electrons ~ N qubits



Bit

1 Bit Gates 2 Bit Gates
Do AL
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A
BD—out
LOGIC DIAGRAM
. . (1/2 of Device Shown)

%,

Qubit

IN

1-qubit Gate
— Rotation of Bloch-Sphere

— Adding to length and latitudee

2-qubit Gate: CNOT
— Controlled NOT

— Exchange of [10) and [11)

z = |0)
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Processeurs QUBITS IBM Q

+ Backend: QS1_1 (20 Qubits)

Q0 Q1 Q2 Q3 Q4 Q5 Q6

Frequency (GHz) 4.84 448 486 5.03 5.01 491 4.89
T1 (us) 77.79 90.08 7489 6323 70.35 5570 139.82
T2 (us) 365,56 2854 31.85 1987 3594 4316 4453
Gate errar (10°%) 2.01 2.56 6.64  7.27 1.96 1.95 1.96
Readout error (10 %) 8.30 31.50 20.70 2110 7.20 9.50 15.45
CXD1 CX1 0 CX21 CX3 4 CX4a3 CX50 Cxé6.1

MultiQubit gate error (10 %) 3.85 3.85 14.18 10.00 10.00 1.27 11.39

CXD5 CX1.2 CX2_6 CX3_9 CX4_8 CX56 CX6_2
1.27 7.64 12.85 5.05 4.69 2.21 12.85

Last Calibration: 2018-02-27 22:24:11

CX1 6 CX2_7 CX4 9 CX5.10 CX6_5
11.39 961 3.47 1.20 2.21
cX1_7 CX5_11 CX6_7
22.80 1.58 3.67
CX6_10
2.35
CX6_11
2.98

v Backend: ibmqgx5 (16 Qubits)

(o] : (o]
¢ e - %)~@~O~O ﬁe‘fw@ 01 Q2 03 04 05 06
% ﬂ;:r_i % | C-) O | Frequency (GHz) 5.26 540 528 5.08 498 515 531

& Nl T1 (us) 39.60 40.80 34.70 38.20 29.80 30.10 43.60

tof == (o] T2 (ps) 3490 7080 4160 60.70 59.60 1870 65.10
Last Calibration: 2018-02-27 13:40:32 Gate error (10 %) 219 3.37 381 261 1.34 4.07 1.55
Fridge Temperature: 0.0133997 K Readout error (10 %) 5.43 640 4.09 6.64 6.61 5.77 3.87
More details s . CX1.0 CX2_3 CX3.4 CX5.4 CX6_5
MultiQubit gate error (10 ) 521 4.92 3.90 560 5.36

cX1_2 £X3_14 CX6_7
Sl 5.50 2.73

CX6_11

3.34
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Chip with superconducting
gubits and resonators

\\‘ SRS, TN bl ]

Microwave electronics
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PCB with the qubit chip at 20mK
Protected from the environment by
multiple shields

0.02K

Dilution cryostat




Quantum Volume is a metric of computational value... IBM Q

Improving the crrer raic Qubits adcced: O

[}
Q u blt CO u n t will restlt ina more powerful Error Rate Cecrease: 10x
. quantum computer Quantum Volume increase: 24x
(more is better)

Errors
(less Is better)

Connectivity

(more is better) Py Py
tHﬂ ‘e(\l" 3,‘\ ;-l-"lp, P TS
QU;[-]M“Q_[,;LA”““ v >
o L% e -
Y Squbt T ,
Gate set SR =
(more Is better) NG 4
| . Do s J
Technical description: NG :
https'//lbm'bIZ/qISklt quantum volume A, . Increasing qubit numbar Qubits Added: 100
b S P P QQQ" does not improve a Quantum Error Rate Decrease: 0
// N ) Compuiter if 2-ror rate is kigh Quantum Volume Tncrease: O




IBM Q experience IBM Q@

80,000+ users tow v

| Switzeriand Quantum Goes Global
The IEM Quantum Experience S-qubat +—CiémmentChaisiian Javerzac-Galy is using the 10M QX as
machine is housed at the T) Watson | pactofshe curtcutum in Fe t formation science \ ;
Rc::::; éc_l::‘:”‘ Y: Ihluuv ; ':: ‘J\ : = - ’—f bf't ‘u\ ' fé)’ v ‘“"U'“T:vv 5 I]U.u)rl. g e \,lllld‘l\}ll <enCe Th‘.‘ IEH Qlanl.un EXD‘.‘TI(‘!TCO I‘asahrattod m (nthu-
- : . e = e { thes af L"‘(“‘"“‘ ! late delayzaie: siastic international following. Here's a campling of the

activities - from experiments and courses ‘o plenary
sessions - built around our 5-qub& machine.

All 7 continents =

> 1500 colleges and

universities, 300 high ,

schools, 300 private
institutions

for ndergraducat:

Austraia

Jaarna Batstone, director
of IEM’: Austiraba lab

in Brisbang, talks about
the potential of quanium

computing during a panel

al the World science

/ . Festval.
frica’ .

Thoee lng's schwots w300/
Afrnicz - Parklancs Collefé,
[nkwenkezi Seconddryand

Bloubergrant High<fap”/
2 quartum worksh
their studentsusin

I3

Texas

spperclasamen at the

Univcesity o Texas.

Over 3.0 M experiments

Antarctica

Cr. Chnstine Corbett Moran
runs expenments on the 1EM
(X hetwann measurements on

75+ external papers

the Sauth Pole Yu'-i'-c_rhr\\

® Umwversites with multigle Quantum E<pernence users

Recent upgrade to include e ——
an additional 20 Q backend




Access to the world’s most advanced quantum resources... Bisl4Re,

IBM Q will provide access to quantum systems
and the tools and enablement required to
support your quantum strategy

Access to Quantum Hardware Enabled with a Quantum Software Stack
*Shared systems *OPENQASM support

*17-qubit systems in 2017 *Accessible API

*50-qubit upgrades *Quantum QISKIT SDK

Example Jupyter notebooks
Quantum Simulator



IBM is building the larger ecosystem to ensure success... IBM Q

QISKit IBM Q Experience IBM Q Systems

Open SDK and Free public access to To support identification
libraries at giskit.org Introductory resources and launch of first
Ibm.com/ibmq@ commercial applications



IBM Q Network: QISKIit (Quantum Software Information Kit)

QISKIit underpins everything that we do. It must remain the
number one platform for quantum computing and win versus

the competition In the coming years.
http://www.lbm.com/quantumexperience

IBM QX Features

« Tutorial N \ )/
« Simulation \§\—-—- =
M

« Graphical programming
« QASM language

« API (SDK coming soon)
« Active user community

Latest version v0.3.6 Learn Run a quantum program
The Quantum Information Software Kit (QISKit for Use QISKit to create quantum computing programs, [python3] $ pip install qiskit
short) is a software development kit (SDK) for working compile them, and execute them on one of several
with OpenQASM and the IBM Q experience (QX). b.ackends (online Real quantum processors, and from qiskit import OuantusProgram
sumulators). qp = QuantumProgram( )
qr = qp.create_quantum_register( 'qr',2)
cr = qp.create_classical_register('cr',k62)
qc qp.create_ci-cuit('Bell’, [gr], [cr])
GitHub Tutarials qc.h(qri(@])
qc.cxiqr(@], qrll])
qc.measure(qri(el, crie])
qc.measurelqr(l], cr(1])
Road L Documentation result = qp.execute('Bell')print(result.get_counts('Bell




Création d’un compte IBM Q

https://www.research.ibm.com/ibm-q/

Q R =

IBM Q Network Learn Experiment  GitHub

.

I
I

IBM Q is an industry-first
initiative to build commercially
available universal quantum
computers for business and
science.

|

I

@ Watch video (04:46)

;

Get started Partner with IBM Q Try quantum Develop with QISKit




Création d’un compte IBM Q

https://www.research.ibm.com/ibm-q/

Home  Composer Devices Community GitHub

Welcome to the IBM Q Experience!

Explore the world of quantum computing! Check out our User Guides
and interactive Demos to learn more about quantum principles. Or,
dive right in to create and run algorithms on real quantum computing
hardware, using the Quantum Composer gid QISKit software
developer Kit.

~+ Start experimenting with a quantum computer

Introducing the IBM Q Visibility for your Priority and ea

: papers access to deviq
Experience for

Researchers




Name: tx; nemt #20170521093! J N ibmax2

Gates

GATES & W —_—

Quantum
— gates

BARRIER

OPERATIONS

5-qubits
Qo Q1 Q2 Q3 Q4 4/

C'TM 103 f:5.27 GHz f:5.21 GHz f:5.03 GHz f:5.30 GHz f:5.06 GHz EaCh a dlff
(iﬁo 2 : T:43.9 pus T::69.7 us T1:46.1 us Ty: AT ps T,:68.7 us ol freq .

eg . 847 x 10 Th: 20 us T 30.6 us T»: 59.8 us Ta:54.9 us T>:121.4 us

3;:';26,) 10~2 ey Tx 107" e:2.5x107°  e:6x107° es:3.3x1070 ;225 x107° B Good

CR3 2 er:d x 10°° er:84x10°° er:24%x10°° er:1.8 x 1072 er: 5.5 x 10”2

% : coherence

9 5.4 = 10 .
Fridge Temperature ] \
0.0162 Kelvin CR3. .

e x 10 Low error
2. 438 x 1072 rates

L




Expérience IBM Q

Home  Composer Devices Community  GitHub

> Backend: ibmgx4 (5 Qubits) MAINTENANCE

> Backend: ibmqgx2 (5 Qubits) MAINTENANCE

New experiment
Switch to Qasm Editor Backend: ibmgx4 @ My Units: 72 @ Experiment Units: 3 @ m m

GATES @ 7 Advanced

BARRIER OPERATIONS




github
https://github.com/QISKit/qiskit-sdk-py

O This repository ~ Search Pull requests Issues Marketplace Explore + - -v

QISKIit / qiskit-sdk-py ® Watch~ 209 ¥ Star 1,434 Y Fork 383
<> Code Issues 30 Pull requests 13 Projects 0 Wiki Insights

Quantum Software Development Kit for writing quantum computing experiments, programs, and applications.
http://fwww.qiskit.org
guantum-computing qiskit sdk python guantum-programming-language Cpp

© 1,314 commits ¥ 2 branches © 25 releases 42 46 contributors sz Apache-2.0

Branch: master ~ New pull request Create new file Upload files Find file

.‘g LuhangYang and diego-plan9 Adding a Chinese translation of README (#304) - Latest commit dcf3284 4 days ago

.github Add templates for issues and pull requests /7 months ago
cmake Revise travis configuration, using cmake 5 days ago
doc Adding a Chinese translation of README (#304) 4 days ago
examples Circuit image plotter (#295) 9 days ago
Images Update Sphinx theme color and diagrams 4 months ago
qiskit Issue #264: __mklexer__" was not setting data. (#306) 4 days aqo

src/giskit-simulator * Add a previous step for pypi_package_sdit target, so the 11 days ago

test Issue #264: __mklexer__" was not setting data. (#306) 4 days ago



| Jjupyter Superposition+Entanglement+Bell+States+and+the+CHSH+inequality (unsaved changes) @ Logou

* vy M R C CellToolbar

Markdown E3

In [26]:

&= IBM Quantum

from IBMQuantumExperience import IBMQuantumExperience
from IPython.display import Image, display

import matplotlib.pyplot as plt

import numpy as np

import scipy as sp

import scipy.linalg

$tmatplotlib inline

Superposition, Entanglement, Bell states, and the (
with the Python Interface for the Web API
of the IBM Quantum Experience

© IBM Research

config = {"url": 'https://quantumexperience.ng.bluemix.net/api'} # base url for the
import Qconfig

apli = IBMQuantumExperience.IBMQuantumExperience(Qconfig.APIemail,Qconfig.APIpasswor

The latest version of this notebook is available on https://github.ibm.con

B
)

For more information about how to use the Quantum Experience consult the |IBM Qua

the community. labels):

"wan

def plotHistogramData(values,
"""Plot a histogram of data

len(values)

np.arange(N) # the x locations for the groups

width 0.35 # the width of the bars

fig, ax = plt.subplots()

rectsl = ax.bar(ind, values, width, color='r')

# add some text for labels, title and axes ticks

ax.set ylabel('Probabilities’)

ax.set xticks(ind + (width/2.))

ax.set xticklabels(labels)

N:
ind =

Introduction

Many people tend to think quantum physics is hard math. This is actually not true, qus
algebra classes you probably did in first year university or even at high school. What is
no simple underlying theory. Instead you need to accept counter-intuitive ideas and in

together we feel that these can be distilled into two principles.

1. A physical system in a perfectly definite state can still behave randomly.
2. Two systems that are too far apart to influence each other can nevertheless behay
random, are somehow strongly correlated.

def autolabel(rects):
# attach some text labels
for rect in rects:
height = rect.get height()
ax.text(rect.get x() + rect.get width()/2.,
'$f' % float(height),
ha='center', va='bottom')
autolabel(rectsl)
plt.show()

1.05*height,




Sphere de Bloch (ou de Poincare)

) = «0) + B|1)

) =cos (2)1]0) + e?sin (%) [1)




Définition des portes quantiques

The first physical gate of the

Quantum Experience. It is aone

narameter single-qubit phase
gate with zero duration.

QASM Matrix

The Pauli X gate is a r-rotation
around the X axis and has the
oroperty that X — X,

7 — — 7. Also referred to as a
nit-flip.

QASM

The Phase gate that is \/Z and
nas the property that it maps
X — Y and Z — Z.This gate
extends H to make complex
superpositions.

QASM Matrix

The Phase gate that is the
transposcd conjugate of T

QASM Malnx

Prepare qubits in the |() state.

QASM Matrix

The second physical gate of the
Quantum Experience. It is a two
parameter single-qubit gate with
duration one unit of time.

QASM Matrix

The Pauli Y gate is a r-rotation
around the Y axis and has the
property that X — — X,

4 — —Z. Thisis both a bit-fup
and a phase-flip, and satisfies

Y =XZ.

QASM Matrix
The Phase gate that is the
transposed conjugate of S and

has the property that it maps

X — —Y.and 2 — Z.

QASM Malrix

The barrier prevents
transformations across this

source line.

QASM Matrix

The third physical gate of the
Quantum Experience. Itis a
three-parameter single-qubit
gate with duration 2 units of gate
time.

OASM Matrix

The Pauli Z gate is a r-rotation
around the Z axis and has the
property that X — — X,

7 — 7. Alsoreferred to as a

phase-flip.

QASM Malrix

Controlled-NOT gate: a two-qubit
gate that flips the target qubit
(i.e. applies Pauli X)) if the control
Is in state 1. This gate is required
ta generate entanglement and is
the physical two gubit gate.

QASM Matrix
Measurement in the

computational (standard) basis (

Z).

QASM Matrix

The identity gate performs an idle
operation on the qubit for a time
equal to ane unit of time.

QASM Matrix

The Hadamard gate has the
property that it maps X — Z,
and Z — X. This gate is
required to make superpositions.

QASM Matrix

The Phase gate that is 1/.S, which
is a 7r/4 rotation around the Z#
axis. This gate is required for
universal control.

QASM Matrix

Conditionally apply quantum
opecration

QASM Malrix




Quelques portes quantiques

Porte de Hadamard Porte CNot
1 1
M= " 1 0 0 0
0
v |0 100
1 — 10 0 0 1
1 1
|0>—>\/§(|O>+|1>) 0 O 0
1‘10 1
[1>= (0> =1]1>) Porte CCNOT (Toffoli)
Porte SWAP 100 0 0 0 0 0
0 1 00 000 0
0 010000 O
L 000 oo 01000 0
v |9 0 10 ~lo o 00100 0
010 0 00 00010 0
0 0 0 1 000 0O0O0O0 1
0 00 0O0O0 1 0

Portes réversibles et matrices unitaires (MM*=Id)

Porte de Pauli X

()

Porte de Pauli Y

Porte de Pauli Z

= 5)



Exemple mise en oeuvre porte Hadamard

Home Composer Devices Community  GitHub

Y Backend: ibmqx4 (5 Qubits) MAINTENANCE

y Backend: ibmqx2 (5 Qubits) MAINTENANCE

New experiment Save as

Switch to Qasm Editaor Backend: ibmgx4 @ My Units: 72 @ Experiment Units: 3 @ “ m

GATES @ v Advancec

BARRIER OPERATIONS

Quantum Scores (13 scores) Refresh Remave All

! 2




Exemple résultat porte Hadamard

Experiment #20180227223201

Device: ibmqx4

Quantum State: Computation Basis

U.504 0.496

Quantum Circuit

OPENQASM 2.0

include "qgelibl.inc”;

qredg q[5];
creqg c¢[5]);

h q[0];
measure g[0] => c[0];

=+ Openin Composer

<> Editin QASM Editor

W ~ & U & W N e




Différentes rotations suivant ’'axe Z




Exemples de sequences de portes

Create +X Change qubit Measure in
state ohase superposition basis
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Principaux algorithmes et librairies existants

e Algorithmes de Deutsch-Jozsa (1992)
e Déterminer si une fonction binaire a valeur binaire est constante ou
équilibrée

e Algorithme de Grover
» Recherche d’elements repondant a certains criteres dans des tables

e Algorithme de shor
e Factoriser un nombre composé

e Librairie HHL (Harrow, Hassidim, Lloyd)
e Algebre linéaire

 Traitement du signal
e Algorithme FFT



Exemples composition portes

Toffoli

Swap Gates

K




Exemple algorithme Deutsch-Josua

DJ N=3 Example

q[0] |0) —

g[l] |0) ==

ql2] |0) == e m—
al(3] [0

al4] 0

DJ N=3 Constant







