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Download all the files
Environment to repeat
the experiments.
D-Wave account
Online IDE

OCEAN




To be prepared for the “livecoding”

g D-Wave subscription A
- https://cloud.dwavesys
.com/leap/signup/

\_ N J

- Online IDE Info

- https://ide.dwavesys.io/
workspaces/
- To Go Further

- https://www.youtube.co
m/watch?v=62qDQ14p;j
wM

Files

L

This presentation, python
codes, papers and other
files are available at:

- https://drive.google.co
m/drive/folders/1ELoZ
PO5SSHASTTPESMQDhy
YINg1D5w9rw?usp=sh

aring

[ - shorturl.at/goHIW



https://cloud.dwavesys.com/leap/signup/
https://cloud.dwavesys.com/leap/signup/
https://ide.dwavesys.io/workspaces/
https://ide.dwavesys.io/workspaces/
https://www.youtube.com/watch?v=62gDQ14pjwM
https://www.youtube.com/watch?v=62gDQ14pjwM
https://www.youtube.com/watch?v=62gDQ14pjwM
https://drive.google.com/drive/folders/1ELoZpo5sHA8TTPF5MQDhyYINq1D5w9rw?usp=sharing
https://drive.google.com/drive/folders/1ELoZpo5sHA8TTPF5MQDhyYINq1D5w9rw?usp=sharing
https://drive.google.com/drive/folders/1ELoZpo5sHA8TTPF5MQDhyYINq1D5w9rw?usp=sharing
https://drive.google.com/drive/folders/1ELoZpo5sHA8TTPF5MQDhyYINq1D5w9rw?usp=sharing
https://drive.google.com/drive/folders/1ELoZpo5sHA8TTPF5MQDhyYINq1D5w9rw?usp=sharing

Overview of the
Frameworks

Cirq AN
Google solution L/
https://cirg.readthedocs.io/en/Stable/

Qiskit | £ Qiskit

- IBM Quantum Experience
- https://guantum-computing.ibm.com/

Amazon Braket

https://aws.amazon.com/fr/braket/

and few others:
Rigetti (Forest/PyQuil),
Microsoft (AzureQuantum/LiQui/Q#),
From labs: PyTKET, ProjectQ, QuTip etc.)

D::\LWaule

The Quantum Computing Company™

-Wave Leap
- Ocean Library (python)
- Not Universal Quantum
Computer

- (no universal set of gates)
- "High Level” programming
- https://www.dwavesys.com/take-
leap



https://www.dwavesys.com/take-leap
https://www.dwavesys.com/take-leap
https://cirq.readthedocs.io/en/stable/
https://quantum-computing.ibm.com/
https://aws.amazon.com/fr/braket/

Some help to install the D-Wave Ocean AP on Debian based machine

- Linux commands :

sudo apt-get install python<version>

sudo pip install virtualenv

virtualenv ocean

pip install dwave-ocean-sdk

git clone https://github.com/dwavesystems/dwave-ocean-sdk.git
cd dwave-ocean-sdk ou cd ocean

python setup.py install ou ./python ./easy install install
Add to your cod the token available in your dashboard

AP Token

- More detail: https://docs.ocean.dwavesys.com/en/stable/overview/install.html

(ocean) spydel@spydel-NUC10i5FNH:~/D C [ $ 1s

activate activate.psl easy install easy_ install3.8 pip-3.8 python3 wheel3
activate.csh activate this.py easy install3 pip pip3.8 python3.8 wheel-3.8
activate.fish activate.xsh easy install-3.8 p1p3 python  wheel wheel3.8
(ocean) spydel@spydel-NUC10i5FNH:~/I n/bin$ dwave config create
Configuration file not found; the default locatlon is: /home/spydel/.config/dwave/dwave.conf
Configuration file path [/home/spydel/.config/dwave/dwave.conf]:

Configuration file path does not exist. Create it? [y/N]: y
Profile (create new) [prod]: spydel

API endpoint URL [skip]:

Authentication token [skip]:

Default client class [skip]:

Default solver [skip]:

Configuration saved.

(ocean) spydel@spydel-NUC10i5FNH:~/Docu



https://docs.ocean.dwavesys.com/en/stable/overview/install.html

Viling

Superposition
Measure
Entanglement
Decoherence



DIts

LOGIC GATES

D

Versus

quhits

Superposition 0-1
((|0> and | 1b)
or (/0> or | 1)

QUANTUM GATE



https://www.youtube.com/watch?v=JhHMJCUmq28&ab_channel=Kurzgesagt%E2%80%93InaNutshell

Qubit Superpaosition Electron Spin

(hardware example of a qubit)
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https://www.youtube.com/watch?v=JhHMJCUmq28&ab_channel=Kurzgesagt%E2%80%93InaNutshell

Measuring a qubit

From the superposition of states (0 and 1)
to the classical states (0 or 1)

Measure

o Measure
Su perp05|t|on 0-1 (before the end of the

coherence time)

Example:

One solution
Measure (20 qubits became 20 bits
with only one value)



https://www.youtube.com/watch?v=JhHMJCUmq28&ab_channel=Kurzgesagt%E2%80%93InaNutshell

The entanglement

(fr. intrication/enchevetrement)
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https://www.youtube.com/watch?v=JhHMJCUmq28&ab_channel=Kurzgesagt%E2%80%93InaNutshell

Decoherence

- Appears after a short amount of time because of:
- radiation, light, sound, heat, magnetic fields, etc.
- or...the measure!
- The system goes from a quantum system to a
classical one,
- Limit the time to work on qubits.

Example on a qubit: break the superposition state to ‘1 or ‘0".

Decoherence

4



https://www.youtube.com/watch?v=JhHMJCUmq28&ab_channel=Kurzgesagt%E2%80%93InaNutshell

utline

Quantum Computers
Focus: D-Wave machines

13



TRANSISTOR

D-Wave qubits among the quantum computing world
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https://atos.net/wp-content/uploads/2020/07/PR-Atos-opens-up-a-new-path-to-quantum-annealing-simulation.pdf
& hitps: //atos net/fr/2020/commun|ques de-presse 2020_07_07/atos-ouvre-la- v0|e a-la- S|mulat|on du reculit- quanthue



https://www.oezratty.net/wordpress/2020/comprendre-informatique-quantique-edition-2020/
https://atos.net/wp-content/uploads/2020/07/PR-Atos-opens-up-a-new-path-to-quantum-annealing-simulation.pdf
https://atos.net/fr/2020/communiques-de-presse_2020_07_07/atos-ouvre-la-voie-a-la-simulation-du-recuit-quantique

Models of quantum computing

Universal
Gate-Based t==: G
. . d stat
Adiabatic -------- o R b
- Not implemented yet
Variational
One-way
For optics

Not for all Hamiltonian (not for all
computational problems) => QA is
then not universal.

Non-Universal

Special-purpose L:vsoue

antum Computing Company™

» Quantum Annealing

- (Optical) coherent Ising Machine
- (noentanglement ()
- Full connectivity
- Neutral Rydberg atom Simulator
- can be used to solve the max
independent set pbm
- which corresponds to find
the minimal energy configuration

of an ensemble of Rydberg atoms.

- Boson Sampler
Quantum simulators

15



Quantum Computing: 2 main types of machine

Universal Quantum Gates

- Google/IBM/etc. ; <= 127 qubits
Algo:

e Shor (factorize an integer N in time O((log N)A3)))
o [Shor, 1994]

e Grover (quadratic acceleration to find a value)
o [Grover, 1996]

® QAOA (Quantum Approximate Optimization Algorithm)

o [Farhi et al., 2014]

o, —fi——g—

C 0 2 w 0 X

Quantum annealing

D-Wave/Qilimanjaro
<= 5k qubits.

Focus on a particular

Hamiltonian (ising model):

(we will come back on this process)
16



D-Wave over time D:\LJaAUC

The Quantum Computing Company™

1999 > birth

4 founding fathers: Geordie Rose, Haig Farris, Bob Wiens and Alexandre Zagoski.
2007| > 1st prototype (4 qubits) named “Calypso”
- 2011 >1st commercialized quantum computer (128 qubits)
- 2017 > D-Wave 2000Q (cost: $ 15 million)
- end2020> The 5k qubits Advantage machine is released

Notable Funders: InQTel (CIA funds), Lockheed Martin, NSA funds (see Research &
Technology Penetrating hard targets’ Snowden File) and others.

<2013 * (S//SI/REL TO USA, FVEY) Conduct basic research in quantum
physics and architecture/engineering studies to determine if, and
how, a cryptologically useful quantum computer can be built. 17



https://eur02.safelinks.protection.outlook.com/?url=https%3A%2F%2Fedwardsnowden.com%2F2014%2F01%2F04%2Fpenetrating-hard-targets-and-owning-the-net%2F&data=04%7C01%7Csamuel.deleplanque%40junia.com%7Cc44f0b503d41442faee808d8c6a5b5d1%7C89734289a3cf40529021195a7bba4992%7C1%7C0%7C637477762307359769%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C1000&sdata=FT4Nrl6T2d%2BruAb%2FOsdfHMEK824eEZHGoMoBf7NGLeE%3D&reserved=0
https://eur02.safelinks.protection.outlook.com/?url=https%3A%2F%2Fedwardsnowden.com%2F2014%2F01%2F04%2Fpenetrating-hard-targets-and-owning-the-net%2F&data=04%7C01%7Csamuel.deleplanque%40junia.com%7Cc44f0b503d41442faee808d8c6a5b5d1%7C89734289a3cf40529021195a7bba4992%7C1%7C0%7C637477762307359769%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C1000&sdata=FT4Nrl6T2d%2BruAb%2FOsdfHMEK824eEZHGoMoBf7NGLeE%3D&reserved=0

Hardware

QPU
(Quantum Processing
Unit)

Set of D-Wave Nodium
superconductors (qubits
into the QPU)

18
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Qubits Graph
(Topology)

D-Wave's quantum computer hardware can
be modeled as a non-oriented graph. This
graph has:

Unit
Cell

- qubits as nodes, k‘
- quantum couplers as edges. el o</

- since end of 2020 (Pegasus topology), g

N
Y \ S
s o "(ﬁ““’h 2
the degree of the qubits is 15 (6 ' |
before).

e N
"‘ 3mple with al
AA H




Qubits Graph

(Pegasus Topology - 15 connectivity)




INPUT: Unconstrained Binary Quadratic Programs

Quadratic
Unconstrained
Binary
Optimisation
(QUBO)

Ising
Problem

¥ Quantum

21



General Process

INPUT > QUANTUM ANNEALING > QUTPUT

INPUT

Solver

=

OUTPUT




Ouuine Q The Quantum Annealing

process (overview)

“Physics can help solve [Optimization Problems] because we can frame them as energy
minimization problems. “

“The D-Wave system can be viewed as a hardware heuristic that minimizes [..] objective
functions using a physically realized version of quantum annealing.”

23



Hidetoshi Nishimori

D:\WaUC

The Quantum Computing Company™

D-Wave and Quantum Annealing

“Father” of the Quantum Annealing Metaheuristic
o) K., Tadashi, and H. Nishimori. "Quantum annealing in the transverse Ising model."
Physical Review E 58.5 published in 1998;

o From an idea of. Apolloni, B., Carvalho, C., & De Falco, D. (1989). Quantum stochastic
optimization. Stochastic Processes and their Applications, 33(2), 233-244.

Based on classical computer Metaheuristic Simulated Annealing

o Kirkpatrick, Scott, C. Daniel Gelatt, and Mario P. Vecchi. "Optimization by simulated
annealing." science 220.4598 (1983): 671-680;
Prove that the Quantum Annealing gives better results that the Simulated Annealing.

Starting the work in 1999, the 1st computer based on
guantum annealing released in 2007.

24



Th e H a m i ‘to n i a n during the quantum annealing....

- the Hamiltonian (H) includes 2 types of interaction:
- h.:the "programmable” external magnetic field called a biais,

- ./,-,- : the interaction between each neighboring qubits i and j (coupling).

weight

o
ubits
/q N

0=—=0]

coupler

|

| Initial

I Hamiltonian
1

|
Final (ising) |
Hamiltonian :

n
max zo =" | 2 - Z(i.j)eE Eils;
x binary.

25



Slow Final Hamiltonian Integration

(based on the Adiabatic Theorem)

Principle: we need to integrate slowly the H = (1-s)Hy+ sH;
final Hamiltonian (i.e., our model) step by

step avoiding the electrons (qubits) to
ujumpn |n an... A(\\/\/\/—\

...excited state M

... and staying in the ground state o N

.In some way: we map slowly the qubits
and couplers from our model to obtain the fio
optimal solution. hov2




| First Step |

| Last step |

Quantum annealing

The qubits start in a superposition state (zero and one). -

\
Work on the 0 and 1 states probabilities @mpiitudes).

\

The measure of each qubit make them going to either the zero state Or
the one state (according to their probability).

27



Superposition
State

Coupler makes mdiching
qubit states fa;o'urable.

1 Higher probability
of lower state.

| fes

applied magnetic field

28




An unconstrained problem:
the Max Cut

e Process
e Quadratic model
e Let'scodeit!

29




The Max-Cut Problem

Finding ¢ sets of nodes S1 and S¢,
such that the tatal cost of the
edges hetween the set S1 and the
set S is as large as possible.

10 -
: : \o
NPUT (here: no weighted) OUTPUT\\)




Problem formulation: 2 mathematically equivalent models

Choice n°1 Choice n°2

e 1 coupler/var prod. —

i ae R XY . (Hardware) the couplers

- ok I (making pairs of qubits)
corresponds to (software)

2 qubits/variables quadratic expressions.




/o

N

Max-cut Ising Model Formulation <

Let's take a Graph G=(X,E) where:
- Xis the set of nodes and E the set of edges.

- We can identify each node i of the graph with a binary

variable {-1;1} Zi such that;

- Zi = 1 ifiisinonegroups, (w(i,q)
- Zi = -1 ifiisinthe other group. weights)
- The Max-cut problem consists in minimizing: 2 Zi Zj

(ij)E€E

32



Examples

I
S

92

S So

%

cut = I edge.

—e

2 edges.

f(Solution 1) = 3

f(Solution i) = ZZZG +Z628 +Zglz

f(Solution 2) = -1

13



To solve the MaxCut

A quadratic formulation for
a D-Wave machine through
a Python Code.

34



How can | solve a problem on a D-Wave machine? hitps://cloud.dwavesys.com/leap/

Dashboard

Subscription

‘ What's New > Monthly Subscription Usage Summary @

Usage Details

Advantage_system1.1 D _Wave IVI a C h i n e

Choose the right plan for you

Plugin for Qiskit™ Sumcg‘gg’; kg 00,00.00.000.

020 TIME USED

0Oe

PROBLEMS SUBMITTED

[ s O 00:000 4 . | Remaining time

Updated every minute.
Samuel
Deleplanque
ACCOUNT TYPE
Developer Plan e MR Problem Status Q search by problem labe Y FILTER 5

SUBSCRIFTION'RENEWAL Status of your last 1000 problems

TO ke n S to U Se Mo gi20210Te) Problem Label $ & Submitted On (UTC) ¢ Ended ¢ Status
into you local

<unlabeled> 2021-02-05 18:23:23 2021-02-05 18:23:24

API Token

OCEAN code
(useless for ............................... o
online IDE)

<unlabeled> 2021-02-05 18:01:07 2021-02-05 18:01:08

Previous
’ Problems solved

<unlabeled> 2021-02-05 17:47:58 2021-02-05 17:47:59

<unlabeled> 2021-02-05 17:46:24 2021-02-05 17:46:25

RESET <unlabeled> 2021-01-28 19:44:34 2021-01-28 19:44:35

35


https://cloud.dwavesys.com/leap/

How can | solve a problem on a D-Wave machine?

Dawave @eap IDE Workspaces

D:\wave GEBP IDE Workspace esc ‘ Samuel Deleplang

Workspaces

Manage recent and stopped workspaces

Looking for your old workspaces? You can still access them on our previous workspaces page until April 30, 2022. Any workspace you

wish to retain can be migrated by going to the page linked above and clicking the Migrate Workspace button.

Q " EXPAND ALL NEW WORKSPACE

Sort order: 1t@L ast Started (ascending)

SAPLANQ/DWAVEQUANTUM - MAIN & Last started main

2
a few seconds ago No Changes o CN@PEN K ooy

https:/github.com/SaPlang/DWAVEQuantum



How can | solve a problem on a D-Wave machine?

ﬂ? Q Search

Selection
View

Go

Run
Terminal

Help

Open Workspace Context
Share Workspace Snapshot
Stop Workspace
3 CQM
t2 SampleSet
Binary

quicksum

~ TIMELINE

¢ Uncommitted Changes

TIPS P

A & [OT1oday

New File Ctrl+N

New Window Ctrl+Shift+N

Open File... Ctrl+O

Open Folder... Ctrl+K Ctrl+O
Open Workspace...

Open Recent

Add Folder to Workspace...
Save Workspace As...

Duplicate Workspace

Save Ctrl+S

Save As... Ctri+Shift+S

Auto Save

Preferences

Revert File
Close Editor Cerl+wW

Close Folder Ctri+K F

O JuNiA

10112 urn
1071-K25.vrp

1strainedQuadraticModel, CQM, Sampl
1ary, quicksum
LeapHybridCQMSampler

L ; Blpython ++v [0 W

$ /usr/local/bin/python /work
.QuantumbDays/quantumDaysCVRP.py
I 27, 27]

133.6616544756983
$ /usr/local/bin/python /work
.QuantumDays/quantumDaysCVRP.py

3576123629
32774366645
s [

DWAVEQuantum (Git) - Checkout branch/tag...

OEEP % main* < Python3.9.1064-bit ®SA2 Ln819,Col1 Spaces:4 UTF8 LF Python Layout:fr @ Noopenports @ 0




{{(0,1):1,(0,2)

Implementation of the hamiltonian

H(s) ¥ %Z A(s)ai + E(5) < Z hio? + 2 Ji; 0707

i<j

AL 3) 20, C 4 A 2,3

No external field Couplers / edges
(biais) no weight (:1')

model = dimod

[BinaryQuadraticModellfh, J), 6.0, dimod.SPIN)

quantumDays.MaxCut.0.py|

38



Implementation of the hamiltonian

sampler = EmbeddingComposite (DWaveSampler())

sampler = EmbeddingComposite(DWaveSampler (

sampler name = sampler.properties|'child properties’ chij .

num reads=5000) Number of anneals
print("The solution obtained by D-Wave's quantum annealer",sampler name,"is")
print(response)

quantumDays.MaxCut.0.py|




Problem Inspector

dwave.inspector as inspector

dwave.system 1

quantumDays.MaxCut.0.py|

t DWaveSampler, EmbeddingComposite

# blablacode

inspector.show(response)

40



®e=p File Edit Selection View Go

)

EXPLO.. ¢ @l =

DWave.Coloring
DWAVEandOpti
DWAVEandO... M
DWAVEandOpti
DWAVEandOpti
QuantumAnn.Ma
README.md

Debug Terminal Workspace Help

t numpy as np
t dimod

dwave.system.samplers import
from dwave.system.composites impor

3 ={(e,1):1,(0,2):1,(1,2):1,(1,3)
hi=5)

model = dimod.BinaryQuadraticModel(h, J, 0.6, dimod.SPIN)

print("The model that we are goi
print(model)
print()

model = dimod.BinaryQuadraticModel(h, J, 0.0, dimod.SPIN)

print("Le modele resolu est
print(model)
print()

from dimod.reference.samplers i
sampler = ExactSolver()

solution = sampler.sample(model)
print("Resultat de la resolutior
print(solution)

print()

sampler = dimod.SimulatedAnnealing

DwWaveSampler
t EmbeddingComposite

:1,(2,4):1,(3,4):1}

Jivant )

t ExactSolver

Sampler()

response = sampler.sample(model, num reads=10

print("The solution with simt
print(response)
print()

sampler = EmbeddingComposite(DWaveSampler(solver='A

sampler _name = sampler.properties|

response = sampler.sample(model, num reads=5000)

print("The soluti obt ed L
print(response)
print()

Wave's quantum annealer

r————-
How can |

|

| solvea

I problem on
Your github address ' aD-Wave
|

machine?

-— e = mm o=m o

You launch the
resolution directly here,
and you will have an
online terminal showing
the result.

The solution obtained by D-Wave's quantum annealer Advantage systeml.l is

®© 1 2 3 4 energy num _oc. chain_
0" -1 £l -4.0 1398 0
I +1 -4.0 1029 0
2 -1 -4.0 1487 0.
3 +1 -4.0 1084 0.
4 -2.98 1 0
5 =2.0 1 0
[ s i

0
0
0
0
0
.0
rows, 5000 samples, 5 variables]



https://ide.dwavesys.io/#https://github.com/SaPlanq/DWAVEQuantum

D-Wave Quantum Annealing results

= Problem Inspector X

Problem Details

Source - Force Directed

v

v

Solver Details

v

Target - QPU

Ising il Ising

Bias  Solution ( ) Bias  Solution
4 +1 + +1

0o @ 0 @
O - O -




lower cost

I For sure we did not

D-Wave Quantum Annealing results ="

The solution obtained by D-Wave's quantum annealer]Advantage systeml.1l,is
. chain .

iNumber
: .. occurrences
-1 +1 +1 +1 - -2. . € . during the 5000 :

+1 -1 -1 -1 +1

=2 i anneals
'SPIN', 6 rows, 500 '

H =-'-_Zoz1 YL L, AL L AL L L AL L= 5 @
 Zy=A 2,21 2,71 2211 Z=T >

43



RaLgueUM 0C. chain .

Max-cut-Problem: From the solution to the graph. ° |

0.0

0.0

1487 0.0
1084 0.0
0.0

0 0

We deduce
a

Cut.

H = ZZ +ZZ ./ +Z1Z +ZZZ +ZZ—-5+1 =-4

Z =-12=12=125=-12Z7

44



Max-cut-Problem: several optimal solutions

The solution obtained by D-Wave's quantum a
e _1.2..2 4 energy num oc. chain
=1 Al bl kel -4.0

['SPIN', 6 rows, 500

We obtained ALL the optimal solutions.

45




Observation: Problem of low connectivity

H = ZZZ6 + Z6ZS +ZSZZ + ..blablavar...

That requires the following K3 complete graph in
the hardware:

8 2

Daniel Vert. Etude des performances des machines a recuit quantique pour la résolution de problémes combinatoires. Thése.
Vert, D., Sirdey, R., & Louise, S. (2021). Benchmarking Quantum Annealing Against “Hard” Instances of the Bipartite Matching
Problem. SN Computer Science, 2(2), 1-12.

46



Problem of low connectivity

H = ZZZ6 + Z6ZS +ZSZZ + ._.blablavar...

That requires the following K3 complete graph in
the hardware:

- Daniel Vert. Etude des performances des machines a recuit quantique pour la résolution de problémes combinatoires. Thése.
- Vert, D., Sirdey, R., & Louise, S. (2021). Benchmarking Quantum Annealing Against “Hard” Instances of the Bipartite Matching
Problem. SN Computer Science, 2(2), 1-12.

47



Problem Details Vv Solver Details Vv

Source - Force Directed v




Lets solve a weighted case



quantumDays.MaxCut.1.py|

A weighted case

30



A weighted case

Leap IDE . : $ /usr/local/bin/python /workspace/DWAVEQuantum/2022.05.QuantumD
ys/quantumDays.MaxCut.1l.py
Le modele resolu est le suivant
BinaryQuadraticModel({1: 0.0, 2: 0.0, 4: 0.0, 3: 0.0, 6: 0.0, 5: 0.0}, {(2, 1): 1.0, (4, 1): 3.0,
(3, 2): 3.8, (3, 4): 4.0, (6, 4): 4.0, (5, 4): 2.0, (5, 3): 5.0, (5, 6): 2.0}, 0.0, 'SPIN')
The solution obtained by D-Wave's quantum annealer Advantage system4.l is
3 4 5 6 energy num oc. chain
-1+1 +#1 -1 -20.0 2991 0
+1 -1 41 =20°0 2004 0
1 +1 -1 +1 -12.0 1 0
-1 -1 +1 +#1 -1 -12.0 p 0
-1 +1 +1 +1 -10.0 1 0]
-1 +1 -1 -1 -1 -8.0 1 0.
'SPIN', 6 rows, 5000 samples, 6 variables]
) IDE ‘ \

0
0
.0
.0
0
0
S

@
4
guantumDays.MaxCut.1.py @ | @




A weighted case

Source - Force Directed v Target - QPU

Ising Ising

Bias  Solution Bias  Solution
+ +1 + +1
o @ 0 @1

O - O -




To solve with an older machine (2k qubits)

EmbeddingComposite (DWaveSampler () )

|
A 4

EmbeddingComposite (DWaveSampler (solver="DWw 2000Q 6'))

23



To solve with an older machine (2k qubits)

Advantage (5k qubits) - - []2000Q (2k qubits)




Leap IDE jorksj DWAVEQuantum $ /usr/local/bin/python /workspace/DWAVEQuantum/2022.05.QuantumD

ys/quantumbDays. MaxCut 1.py

Le modele resolu est le suivant

BinaryQuadraticModel({1: 0.0, 2: 0.0, 4: 0.0, 3: 0.0, 6: 0.0, 5: 0.0}, {(2, 1): 1.0, (4, 1): 3.0,

(3, 2): 3.9, (3, 4): 4.9, (6, 4): 4.0, (5, 4): 2.0, (5, 3}: 5.0, (5, 6): 2.0}, 0.0, "SPIN')

The solution obtained by D-Wave's quantum annealer Advantage system4.1l is
3 4 6 energy num oc. chain .
=31 =R =2 B0 2991 0.0
+1 +1 . =200 2004 0.0
+1 +1 -12.0 1 0.0
-1 4 =1 =12.0 2 0.0
+1 -10.0 1 0.0
+1 -1 -8.0 1 0.0

['SPIN', 6 rows, 5000 samples 6 variables

Leap IDE rksp DWAVE um $ []

Advantage (5k qubits)

]

e

Leap IDE /wo P DWAVEQuantum $ /usr/local/bin/python /workspace/DWAVEQuantum/QuantumDays/quantumDays.MaxCut.1l.py
Le modele resolu est le su1vant :
BinaryQuadraticModel({1: 0.0, 2: 0.0, 4: 0.0, 3: 0.0, 6: 0.0, 5: 0.0}, {(2, 1): 1.0, (4, 1): 3. + 3.0, (3, 4)
: 4,0, (6, 4): 4.0, (5, 4): 2.0, (5, 3): 5.0, (5, 6): 2.0}, 0.0, 'SPIN')
The solution obtained by D-Wave's quantum annealer DW 2000Q 6 is

1 2 3 4 5 6 energy num oc. chain
© -1 +#1 -1 +#1 +1 -1 -20.0 3421
1+1 -1 +1 -1 +1 -20.0 1564
2 +1 +1 +1 -1 +1 =120
3 +1 -1 +1 -1 -12.0
4 -1 +1 -1 +1 -12.0
5 -1 -1 -1 -1 =-19.0
6 -1 -1 +1 +1 .0
7 +1 +1 -1 =1 -8.
['SPIN', 8 rows, 5000 samples, 6
Leap IDE pace/DWAVEQuantu

(LN o N oo RNo N oo N o R




s a n d 0 n ‘ ite I’atu I'e i n Sta n [ e S? quantumDays.MaxCut.LitInst.2.py,

Few sets of instances here:

- Set 2 from “ad hoc selection” on the density (according to the qubits degree),
- Test on sg3dl051000.mc (vertices: 125; edges: 375; weights in {-1;1}; max cut = 110).

Let’s try to obtain

‘110" with the
-1 -1 right number of
-1

anneals.

2 B

Festa, P., P. M. Pardalos, M. G. C. Resende, C. C. Ribeiro. 2002. Randomized heuristics for the max-cut problem. Optim. Methods
Software 7 1033—1058 (where the instances are coming from)

De Santis, M., Festa, P., Liuzzi, G., Lucidi, S., & Rinaldi, F. (2016). A nonmonotone grasp. Mathematical Programming
Computation, 8(3), 271-309 (where the optimal is given) 3


https://grafo.etsii.urjc.es/optsicom/maxcut/#best-known-values

Result on the sg3dl031000.mc instance

- Number of Anneals:

N UnberOfAnneals = 1

- The only cut obtain : 102

The solution obtained by D-Wave's quantum annealer Advantage

system4.1 is

1 2 3 4 5 6 7 8 910 11 12 13 14 15 16 17 ... 125 energy num ocC.
® -1 +1 -1 +1 +1 +1 +1 +1 +1 +1 -1 -1 +1 -1 -1 -1 +1 ... -1 -203.0 LG
['SPIN', 1 rows, 1 samples, 125 variables]
s Py A 1 by [ § s S s L L AR : = e ok s B W oy 1 R [

5
o e G B SR B (e S U R B § O L e 5 CUie A ER  Yr BG B PR e
2

265 SV 27s -1, 28: 1,29 v 308 1, 31 > =l 338 4, 340 -1 352 1, 363

38: -1, 39: -1, 40: 1, 41: -1, 42: 1, 43: - 44: 45: 1, 46: 1, 47: -1, 48:

s B0k Ry 5248 =1 053% =k 54 =1, 85 -150860 A, 57 =158 T, 59: =1
=150625 2 638 =1, 64v =X 65 X; 66: -1,-67: -1 68= -1, 69:01; 707 1; 71:

3 clndass Ly 155 X, 765172 1, 783 =1,0795. 05 88 =1; ‘811,082 1; 83: I,
1,:86:°1, 87: 1, 88: 1, 89: =1, 98: =1, 91z 1, 92: -1, 93:7-1,'94: -1, 95:

97: 1, 98: 1, 99: -1, 106: 1, 161: 1, 102: 1, 163: -1, 164: 1, 105: -1, 166: -1,
160821, 189200 1102 =1dd s =1 k122 -Fo 33 =q 1 s o1 el S e e a6 Y D el g
o I e 0 RO e IO G i B B e O [ . (e T B B RS Y i

:
- The only cut obtain : 108

quantumDays.MaxCut.LitInst.2.py



Result on the sg3dl031000.mc instance

Number of Anneals:
IR S ey
The only cut obtained : 110 (optimal)
Energy (min sum ZiZj) : -219

+H -0 +% -3 -3 -& -F -4 -% -219.
+lo-1 +L -2 -E -F -% -3 -1 = =219.
+1 -1 +41 -1 -1 -1 -1 -1 -1 o -219.
4 -1 +F -3 -3 -% -¥ -1 -1 o I =219
- AE - - -l R - T =219
+# -4 +I-% - -& - -1 -& - -219.
411 +E -F -X -4 - -& -& =219
4 -k +3 -2 -% -1 -3 -3 -1 -219.
-1+ -3 -3 -& -% -& -& =219
+1 -1 +1 -2 -F -& - -1 - - -219.
468321.16 1o 2 -7 -1 3 -3 -0 -1 ... -219.
+1 -1 +% -3 -3 -% -% -1 -1 o -219.
1507116 -1 +E % - - -F - =T + = =219
1 +1 -1 41 -1 -I - -1 -1 -1 -219.
-3 L -+ 41 1 43 41 41 + - =219,
453250 +1-1+1-1-1-1-1-1-1 -219.
+ -1 +F -3 -3 -& -% -3 - =219.
+Ho-E +E -2 -F -F -% -8 -1 -219.
7686 +1 -1 +1 -3 -3 -% -% -1 -1 -219.
1 -0+ -3 -F -& -% -1 -1 2 N =219
835 +1 -1 +% -%¥ -X -2 -% -3 -% o SR -219.
1 -0 +E - - -k -3 -3 -1 B .. - -2190
+1 -1+ - -3 -1 -3 -0 -1 -219.
+1 -2 -T -1 -1 -1 -1 =219
[7SPIN", 2500 rows, 2500 somples, 125 variables] . AR RS cee 412219
WL PR s =W et Y TR E T b SRS G ST b ok S b ST E B e U S s Ll 5 o -2 - -k % -% -4 z21 95
B e T T T TV T T T TP 1-1-1-1-1-1 s #1215,
S50, YRR SP ST 53 R 1L E5 424 55 =TI 56 57 51 588, 859518 66 5 0 -1 -1 -1-1-1-1 -215.

5: 6: - : S5y

0: 8

ONOOUL S WN MO

[l < Moo R o R oo R o o o B o o B o B o o B o B o o B o B o o B o B o Jo B o B o B o)
e i e T o e e I e e e R e e e S e S T o S S S S S )

-1, 1, 6 -1, ,.69:°1, 70: 1, 71: 1, 72: -1, 73:
2 -1, 81: 1, 82: 1, 83: 1, 84: -1, 85: 1, 86: 1, 87: 1, 88:
, 93: -1, 94: -1, 95: 1, 96: 1, 97: -1, 98: 1, 99: -1, 166: 1, 101: 1, 102:
-1, 107: 1, 168: 1, 19: 1, 116: 1, 111: 1, 112: 1, 113: -1, 114: 1, 115: -1,
-1, 120: 1, 121: -1, 122: -1, 123: -1, 124: -1, 125: 1}




Solution
NUMBER OF SOURCE VARIABLES 125
NUMBER OF TARGET VARIABLES 429

Source - Force Directed v Target - QPU

(o)
A
>‘:'
.4\(. o
\/ —
X o ®
s
NLAS®

() ‘;
’ L o
®
1
/ s [
. o .
‘ Ising Ising
Bias  Solution Bias  Solutior
“
o @ o e
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Future work on the max-cut problem

- Experiment other formulations

- Nguyen, V.H., Minoux, M. Linear size MIP formulation of Max-Cut: new properties,

links with cycle inequalities and computational results. Optim Lett 15, 1041-1060
(2021).

- BUT... Still bounded by either the density of the graph (connectivity of the
qubits -15-) or the number of the vertices (=5000 qubits)

61


https://doi.org/10.1007/s11590-020-01667-z

Q The Capacitated Vehicles
Routing Problem

g
A 4

b2




NEC experiment on the CVRP

(from David Garvin, Nec Australia at Qubits conf. 2021-10)

a2
“'-‘ ‘/L
N y,
\\ - & \
2 \" U 20
L SO,
a1\ 2\
C a {\) '
s :

Constraints: from one depot node, supply of the other nodes with 1 of the K vehicles with a capacity,

Objective: Min total distance.

63



NEC experiment Our XP

J
i

- Resolution Scheme:
- 1. Clustering
- quadratic formulation
- quantum computer
- 2. Routing (for each vehicle)
- quadratic formulation
- quantum computer

- Resolution Scheme:
- 1. Clustering
- quadratic formulation
- guantum computer
- 2. Routing (for each vehicle)
- basic heuristic solving the TSP
- classical computer

sbejuen

(A work with 4 Master Students (JUNIA):
Xavier Bertauld, Florent Descamps,
Téo Gras and Nicolas Tinel.)

b4



(VRP

(David Garvin, Nec Australia at Qubits conf. 2021-10)

NEC experiment

Christofides and Eilon 1969 - Set E

Standard benchmark problems

20.0 -

= Classical

B Quantum Hybrid

'
e
~
—

.
© w o w o w o
NN N O 9~ v N ©
- o~

% UoRN|Os 3539 3y3 03 3duelsiq

E-n76-k10

E-n30-k3

E-n76-k14

E-n101-k8

E-n51-k5

E-n101-k14

Instance

E-n33-k4

E-n76-k8

E-n76-k7

E-n22-k4

E-n23-k3

40000 -

Em Classical

B Quantum Hybrid

35000 -

(s1339W) 3507 2301

100-10-G
100-5-G
50-10-G
50-5-G
20-5-G
20-2-G
10-2-G
100-10-D
100-5-D
50-10-D
50-5-D
20-5-D
20-2-D
10-2-D




Approximate the CVRP

a Master/Slaves scheme

We denote by:

o K the set of vehicles and k a vehicle index such that k = 1..| K|,

o N the set of cities and i and j two city indexes such that i, j = 1..|N| while p denotes the city
position in the tour of the related vehicle.

o u; the size of the package to deliver in city i,
n is the number of cities of

o ('}, the capacity of the vehicle k, the related cluster

e ¢;; the cost for going from city i to city j.
The binary variables can be defined as follows:
o Variable ;. assumes value 1 if the vehicle & visits city ¢ and 0 otherwise.

e Variable r;, is equal to 1 if the city i is the ptt visited city and 0 otherwise.

Y3 cijzastsn

Min Z
k

i j<i
Z u;zik < Cr, Vk
i

Zx.,-k =1, Vi

k
)1
(3! v
Min L Z Z CijTipTjp+1
Pt j#i
¥ fp=1, Wi
P

Zrip = 1, Vp

BULIAISNN

uonejnw.o) 45|

(=2l

b




CVRP: let's code it!

(for D-Wave hybrid machines)



The D-Wave Hybrid machines and their mysteries
A N

Classical
Computer

Quantum
Computer

68



dimod ConstrainedQuadraticModel, CQM, SampleSet Libfﬂ“TES

dimod Binary, quicksum
dwave.system LeapHybridCQMSampler
dwave.cloud.client Client

dwave.cloud confi

QO

numpy

5

!

@)

-t
'C @0
0.

pandas

itertools
matplotlib.pyplot plt
matplotlib.colors mcolors

rando

scipy.spatial distance

(R}

Irl' —
O B V)
=] ct

1)) o)

quantumDaysCVRP.py
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cgm=ConstrainedQuadraticModel ()

Cluster

pour constrained
quadratic model

Variable z;;. assumes value 1 if the vehicle & visits city ¢ and ( otherwise.

Binary('x{} {}'.format (1,

range (nbOfPointToCluster)
d range (nbOfCluster) }

d) )

quantumDaysCVRP.py

70



o] CLuster
]

objective = quicksum (matrixOfCost[i][]] * x[(1i,d)] * x[(],d)]
)

for 1 in range (nbOfPointToCluster

for j in range(i+l, nbOfPointToCluster) Objective function
Min y‘ 7 Y CiiTikTik
k t <1

for d in range (nbOfCluster) )

cgm.set objective (objective)

eyt for  constrained
guadratic model

quantumDaysCVRP.py



CLuster

Constraints

subject to the constraints

for

adding the depot node in

each cluster.

quantumbDaysCVRP.pyR#



CLuster

d range (nbOfCluster) :

cgm.add constraint (quicksum (vectorOfVolume[i] * x[(i,d)]

range (nbOfPointToCluster)) <= vectorOfCapacity[d])

i range (1, nbOfPointToCluster) :
cgm.add constraint (quicksum (x[ (1,d) ]
d range (nbOfCluster)) == 1) E:zzr <C Jk
iLik > Uk, v

quantumDaysCVRP.py




CLuster

Resolution & data analysig

cgm sampler=LeapHybridCQMSampler ()

sampleset=cgm sampler.sample cqgm (cgm)

dataFrame sampleset.to pandas dataframe (sample column=True)

dataFrame = dataFrame[['sample', 'energy', 'is feasible']]

dataFrame = dataFrame.sort values (by = 'energy')

dataFrame.to csv ("clustering.csv")

quantumDaysCVRP.pylZ



CLuster

Some XP on “home” instancd

Break on the clusters

selfgeneration (numberOfVehicules, numberOfCity, capaConsumptionMin, capaConsumptionMax) :

Instance Generatio

- (X)Y) clients randomly generated in a [50 ; 50] square

= capacityOfCarInt = math.ceil( (capaConsumptionMax * numberOfCities) / numberOfCar

quantumDaysCVRP.pyE



EXPLORER

@ v DWAVEQUANTUM

Some XP on a “home” instance

Break on the clusters

quantumDaysCVRP.pyi



w

Some XP on a

Break on the clusters

“home” instance

Clustering pour 34 villes
Temps pour effectuer le clustering : 5.02s

40 - °
® °

,sample,energy,is feasible . e o :

9,"{'x0 0': 0.0, 'x0 1': 0.0, 20 4 ® © 0.0}",840.4336389858611,False
2,"{'x0 0': 0.0, 'x0 1': 1.0, 1.0}",845.5638189102174,False
11,"{'x0 0': 0.0, 'x0 1': 0.0, 0.0}",964.0347278487991,False
9,"{'x0 0': 0.0, 'x0 1': 0.0, ol 0.0}",1019.4741414887731,False
6,"{'x0 0': 1.0, 'x0 1': 0.0, : 0.0}",1039.2934751223584, False
1,"{'x0 0': 1.0, 'x0 1': 0.0, ® : 0.0}",1371.9205719732815, False
seln s B w1 61 O SRR .o, 1. e cnseiaos, rais
14,"{'x0 0': 1.0, 'x0 1': 1.0, S IRA T : False
3,"{'x0 0': 0.0, 'x0 1': 0.0, o® : 0.0}",1555.05315167783, False
7,"{'x0 0': 0.0, 'x0 1': 1.0, o ° : 0.0}",1695.0235017414536, False
8,"{'x0 0': 1.0, 'x0 1': 0.0, =40 : 0.0}",1766.7441848617127,False
32,"{'x0 0': 0.0, 'x0 1': 1.0, '» ® © P': 1.0}",1891.7526763314374,False
10,"{'x0 0': 1.0, 'x0 1': 1.0, " : . . y y P': 1.0}",2544.961282335161, False

-40 -20 0 20 40
X
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TSP

cgm=ConstrainedQuadraticModel ()
Varliables

th

visited city and () otherwise.

Variable r;, is equal to 1 if the city i is the p

|__#Preparation of our variables| (x in the code, r in the

model)

c, Binary ('x{} {}'.format (c, p))

range (nbOfPoint)

P range (nbOfPoint+1) }
#+1 cause depository take the first and last positidl

quantumDaysCVRP.py



TSP

n—1

Min SJ S‘ SJ(.",'J'I','I,I'j],*l
P

1 ji

objective = quicksum(matrixOfCost[cl] [c2] * x[(cl,p)] * x[(c2,pt 1)]

for cl in range (nbOfPoint)
for c2 1in range (nbOfPoint)

for p in range (nbOfPoint) )

cgm.set objective (objective)

quantumDaysCVRP.pyg



TSP

for p in range (nbOfPoint) :

cgm.add constraint (quicksum(x[ (c,p) ]
for ¢ in range (nbOfPoint)) (x in the code, r in the model)

E Tip = 1, Vi
| #Every city needs to have only 1 position] 2
for ¢ 1in range(l,nbOfPoint):

cgm.add constraint (quicksum(x[ (c,p) ] _
- Z rip=1, Vp

for p in range (nbOfPoint))

1

quantumDaysCVRP.pyjill



TSP

Resolution & data analysig

cgm sampler=LeapHybridCQMSampler ()
sampleset=cgm sampler.sample cgm(cgm)

dataFrame = sampleset.to pandas dataframe (sample column=True)

dataFrame = dataFrame[['sample', 'energy','is feasible']]

dataFrame dataFrame.sort values (by = 'energy')

dataFrame.to csv(fileName)

quantumDaysCVRP.pygh



for each TSP

A TSP for each cluster

for 1 1in range (len(listClusters)):

TSPTimer +=

TSP (len(listClusters|[i]),clusteurCostMatrix|[1],

str(1)+".csv")

82



numberOfCars = 3

w

numberOfCities = 33

capaConsumptionMin = 1
capaConsumptionMax = 4

Clustering pour 34 villes
Temps pour effectuer le clustering : 5.02s

40 - ®
® [
. @
@
@
20 - .
0_
D=
®
@
-20 ® . L .
@
®l o
° @
-40
@
-40 -20 0 Clustering Done
X

Feasible? =>

Some XP on “Yhome”

instances

LVRF pour >4 viles
Temps pour effectuer le TSP : 15.02s
Temps pour effectuer le CVRP : 163.59s

40 -

20 A

_20 .

—40

D-Wave Hybrid Resolution:

19

True

585.6540996201489




numberOfCars = 0

N

numberOfCities 00

capaConsumptionMin = 1
capaConsumptionMax = 4

Clustering pour 201 villes
Temps pour effectuer le clustering : 5.14s

Some XP on “Yhome”

instances

LVRF pour Zul vilies
Temps pour effectuer le TSP : 30.61s
Temps pour effectuer le CVRP : 348.15s

(<]

197 1&90132 41 ‘5.4130

%e ® o ®
40 7 .. o @
@ b °
o ® ®s
201+ % %
® o o ® : : o
>3v @
L 4 o &
> 01 e & a
L ] .‘ ﬂ;
®°® o @
- o® b :
—20 4 =] e _ D
° ® 3
(-] ®e @
-3 @ ] o
@ ° ® ® &% @
—40 4 I S e, . o.o. o .
®e o s " e %9
®
® ® ®
-40 -20 0 20 40

-40

-20 0 20 40
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numberOfCars = 0

w

numberOfCities 00

capaConsumptionMin = 1
capaConsumptionMax = 4

Clustering pour 301 villes
Temps pour effectuer le clustering : 5.12s

% o o0 o
(& 0 ©
40 - 2 e Sop
e [G3)
®e eo®
a ®
® @
20-4 ® _‘
®
® @
)
P @
> e e @ @ e L > ®
® @ ® .‘ =) {1‘3,” U"
o0 .
®o * e ? ®
20 ® 2% e of ¢ I : &
e . - 4 v 9 &
e a® o eo®?® )
® ® Sy @
] ® e o 8 ! St e -
° e ® ®e o0 ® °o %@;&
=40 e ,0 © 2O
g o, &
® @® 2® o o o ® o®

Some XP on “Yhome”

instances

“ VI pPUUL JUL VIIITD

Temps pour effectuer le TSP : 30.42s

Temps pour effectuer le CVRP : 378.07s

—40 -20 0 20 40



numberOfCars = 8

@)

numberOfCities = 500 Some XP on “home”
capaConsumptionMin = 1
capaConsumptionMax = 4

Clustering pour 501 villes
Temps pour effectuer le clustering : 5.69s

LVRr pour Jul viles
Temps pour effectuer le TSP : 41.15s
Temps pour effectuer le CVRP : 741.89s

20 A

—-20

—-40 4




Hybrid machine limits

number0fCars
number0fCities

Traceback (most recent call last):
File "/workspace/DWAVEQuantum/2022.05.QuantumDays/quantumDaysCVRP.py", line 768, in <module>
selfgeneration(number0fCars, numberOfCities, capaConsumptionMin, capaConsumptionMax)
File "/workspace/DWAVEQuantum/2022.05.QuantumDays/quantumDaysCVRP.py", line 630, in selfgeneration
ClusterTimer = Classification(number0fCity, len(capacityOfCar),c2,capacity0fCar,volume)
File "/workspace/DWAVEQuantum/2022.05.QuantumDays/quantumDaysCVRP.py", line 150, in Classification
sampleset=cqm sampler.sample cgm(cgm)
File "/usr/local/lib/python3.9/site-packages/dwave/system/samplers/leap hybrid sampler.py", line 731,
in sample cqgm

_—,

raise ValueError

B
ValueError: constrained quadratic model must have 5000 or fewer variables; given model has 8000. Contac
D-Wave at sales@dwavesys.com if your application requires scale or performance that exceeds the curren]
ly advertised capabilities of this hybrid solver.
——————————— NN S -

Leap IDE $

_—_—_—_—_—_—_—_J
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Solving some literature instances

You can download the
sets of instances here;:

- http://vrp.galgos.inf.puc-rio.br/index.php

/e n/ ﬂ E-n30-k3 v ‘j Instance Solution
Instance: E-n30-k3 1
= Number of Customers (n): 29 @ -

You can check the results
from the literature here;

- http://vrp.galgos.inf.puc-rio.br/index.php/en/plott

ed-instances?data=E-n30-k3 \

wSet E (Christofides and Eilon, 1969)

E-n13-k4 12 < 6000 247 yes
E-n22-k4 21 4 6000 375 yes
E-n23-k3 22 3 4500 569 yes
E-n30-k3 29 3 4500 534 yes
E-n31-k7 30 7 140 379 yes

= MIRIman waroer of Vehicles | E-n30-k3 (n=29, Q=4500)

= Capacity (Q): 4500

—e— Route 1
= Tigh: 0.94 X —e— Route 2
= Upper Bound (UB): 534 —e— Route 3

= Benchmark: Set E (Christofides and
Eilon, 1969) [E]

= Demand: [0,3100]

= Distance: EUC 2D

» Files: @ &

1 No description about the generation

2 Optimal

125 150 175 200 225



http://vrp.galgos.inf.puc-rio.br/index.php/en/
http://vrp.galgos.inf.puc-rio.br/index.php/en/
http://vrp.galgos.inf.puc-rio.br/index.php/en/plotted-instances?data=E-n30-k3
http://vrp.galgos.inf.puc-rio.br/index.php/en/plotted-instances?data=E-n30-k3

Into the code...

Comment the end of your code...

literatureGeneration("E
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Set A (Augerat, 1995

A-n32-K5 (n=31, Q=100)

—e— Route 1

—e— Route 2
—o— Route 3
—e— Route 4
—e— Route 5

ustering Done
ntum lut

LVRr pour 52 vilies
Temps pour effectuer le TSP : 25.07s
Temps pour effectuer le CVRP : 440.42s

5
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E-n30-k3 (n=29, Q=4500)

—e— Route 1
—e— Route 2
—e— Route 3
4
/
/
/
7
/
4
4
/
4 <
125 150 175 200 225

v

Quantum Resolution:
Optimal Resolution:

CVRF pour SU VIITeES
Temps pour effectuer le TSP : 15.1s
Temps pour effectuer le CVRP : 254.32s

410 1

400

390 A

380 1

370 1

360 A

350 A

8

200

220
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Set £ (Christofides and Eilon, 1969

Temps pour effectuer le TSP : 74.44s
Temps pour effectuer le CVRP : 1128.57s

E-n101-k14 (n=100, Q=112)

—e— Route 1
—e— Route 2
—=— Route 3
—e— Route 4
—e— Route 5
—e— Route 6
—e— Route 7
—e— Route 8
—e— Route 9
—e— Route 10
—e— Route 11
—e— Route 12
—e— Route 13
—e— Route 14




Set M (Christofides, Mingozzi and Tath, 1979

M-n101-k10 (n=100, Q=200)

—e— Route 1
—e— Route 2
*— Route 3
—e— Route 4
—e— Route 5
—e— Route 6
—e— Route 7
—e— Route 8
—e— Route 9
—e— Route 10

Quantum R
R

esolution:
esolution:

LVRF pour LUl vilies

Temps pour effectuer le TSP : 50.03s
Temps pour effectuer le CVRP : 662.94s

80 4

16412
19 15
181713

0097 932
9-

Optimal

40 60 80
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Set M (Christofides, Mingozzi and Tath, 1979

LVRr poul Zuvu vines
Temps pour effectuer le TSP : 86.7s
Temps pour effectuer le CVRP : 1198.74s

M-n200-k17 (n=199, Q=200)

A —e— Route 1 80/ —
43k —e— Route 2
: ~—Route3 |
—e— Route 4
—e— Route 5 60 4
—e— Route 6
—e— Route 7 50 4
—e— Route 8
—e— Route 9 - 40 1

—e— Route 10
—e— Route 11 30 A
—e— Route 12
—e— Route 13 20 1
—e— Route 14
—e— Route 15 10 4

UN

um P."f-.‘ t
Optimal R



Summary,
General Results, and
Conclusions
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min
s.t.

Not a relaxing... relaxation

\" S ki R | o= (1)

-
e xf"fl’" ec RE,.,TteR:e=1..n, —1, m
xend > gbegin L 4, e€ E, (3)

‘mgcgin o cnd > Az\l/\ |

::l:’Z'"-g'i'"' — .(—.nd > AF,\, A[(
‘l.l(fcig‘i‘n. s (nd = AF/\” s A[(

gledin > shegin.  oiE Fiig=1, (4)
Q,cn.d pinne Tcnd < z. e B (5)
‘e e — “ey - ;
ZtETH Qet = 1, € € SESsS (= S: (6)
Qet +Get — 1 < Aeg +Yee, e€,6€ SE,,teTs,s€ S:e<eé, (7)

p2eom: " > AMy o — M(1 —7ee),e < éin SE,, s € S,0. # 0z, (8)

1 — ')u) e<éin SE,,s € S,0. =0z (9)
1 —XAes),e< éin SE;, s € S,0. # 0s,/(10)
1—Xe2),e< éin SE,;,s € S,0. = 0z, (11)
Aee +Yee <1, e,ée€ SE;,s€S5:e<eé, (12)

(&

xbegin > yendg,, — Ma¥t, eec SE,,teT,,s€ S, (13)
zend < wi9mg, + M(1 — o¥t), e€ SE,,teT,,s€ S, | (14)
ZosTIn gEnd o >0, ecB, (15)

’}/(’.(A’.ﬂ A(-‘ﬁ: e {O* ]‘} ? (:3, ? E SES‘S E S' € < é’ (16)
getyag® € {0,1}, e € SE,;teT,,s€S, (17)
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Conclusions, Current and Future Works

Hardware Heuristic
- not properly fulfils Adiabatic Theorem :
QUBO & ISING o ———

- Not a relaxing relaxation... ) ) o
- What does the machine actually do for the - Work on Combinatorial Optimization
relaxation process? Problems such as:
Promising technology - Max Cut (more)

- Advantage for tailored problems

- An Anneal in microseconds,

- Different solutions?
Hardware Problem:

- Low connectivity ;

- Max independent set problem
- Max Clique problem
- Compare future results with quadratic
problems solved on classical machines

Daniel Vert. Etude des performances des machines a recuit quantique pour la résolution de problémes combinatoires. Thése
2021.

Vert, D., Sirdey, R., & Louise, S. (2021). Benchmarking Quantum Annealing Against “Hard” Instances of the Bipartite
Matching Problem. SN Computer Science, 2(2), 1-12.
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Mih& References & Co

e Some Help to install D-Wave Ocean API |
e Several types of references: |
o Books, Vidéos, Conf, Papers, Courses,
o From vulgarisation to theoretical.
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https://doi.org/10.1007/s11590-020-01667-z.
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Here the MaxCut problem is solved on DW2Q has 2048 qubits (lets try with a 5K!)
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https://en.wikipedia.org/wiki/Doi_(identifier)

literature: Some Resulis on a I'h and 2T qubits Machine

- D-Wave 2X again (1K qubits) runs up to 100M times faster than an optimized

implementation of the quantum Monte Carlo algorithm on a single core.
- Denchey, V.S., Boixo, S., Isakov, S.V., Ding, N., Babbush, R., Smelyanskiy, V., Martinis, J. and Neven, H.,
2016. What is the computational value of finite-range tunneling?. Physical Review X, 6(3), p.031015.
- D-Wave newsletter of the 18/02/2021 about results on 2K machine:

- “Today D-Wave marks a major milestone on the in a new
published in Nature Communications. The new research uses a D-Wave lower noise system to demonstrate 3
million times speed-up over classical alternatives in a real-world problem. [...]”

- The : King, A.D., Raymond, J., Lanting, T. et al. Scaling advantage over path-integral Monte Carlo in
quantum simulation of geometrically frustrated magnets. Nature Communication 12, 1113 (2021).
- They compared the QA against the best known classical simulation algorithm for this problem (PIMC).
- To know which CPU is used in comparison (also the number of threads used), we need to go in the
(they use a light i7-8650U on one core! To compare, if it is still possible, and if the
algo is fully parallelizable, the Fujitsu A64FX will win since it has more than 7 millions of (ARM) cores)!
- Be careful with all the announcements in the media...and also from the companies!

- But still... Waltlng for results on Adva ntage(Sk qubits and 15 connectivity) 0


https://eur02.safelinks.protection.outlook.com/?url=https%3A%2F%2Fgo2.dwavesys.com%2Fx0U000040K10R3B0Wq0lUX6&data=04%7C01%7Csamuel.deleplanque%40junia.com%7C630d5f5a35a745ac762f08d8d42ce12c%7C89734289a3cf40529021195a7bba4992%7C1%7C0%7C637492636520215877%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C1000&sdata=rVS7GOUH8n5932P3W2vBUHdf5R6r9TlZPX6Cx989PyQ%3D&reserved=0
https://eur02.safelinks.protection.outlook.com/?url=https%3A%2F%2Fgo2.dwavesys.com%2FkU0XR03004l00Bq6U10L00X&data=04%7C01%7Csamuel.deleplanque%40junia.com%7C630d5f5a35a745ac762f08d8d42ce12c%7C89734289a3cf40529021195a7bba4992%7C1%7C0%7C637492636520215877%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C1000&sdata=OwKKKqN%2B%2F9Aw2h5QdtCmpyPEtqGb7%2Bs9CO4RilyLlI0%3D&reserved=0
https://doi.org/10.1038/s41467-021-20901-5
https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-021-20901-5/MediaObjects/41467_2021_20901_MOESM1_ESM.pdf

General populanzatwn works

Article (100p):
Book (fr):
Book (fr):

Video:

Website article:

Slides:

Videos:

Book:

(from the easiesl to the

Quantum Computing as a High School Module
La quantique autrement. Julien Bobroff.
Mon grand mécano quantique. Julien Bobroff.

LA
QUANTIQUE I
AUTREMEN

“Les Ordinateurs Quantiques Expliqués - Limites de la technologie humaine” (so well done!)

“You don't need to be a mathematician to master quantum computing”

US Department of energy: How about quantum computing. Bert de Jong

Understanding Quantum Mechanics. Sabine Hossenfelder.

Quantum computation and quantum information. Nielsen & Chuang
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https://arxiv.org/abs/1905.00282
https://www.youtube.com/watch?v=JhHMJCUmq28&ab_channel=Kurzgesagt%E2%80%93InaNutshell
https://towardsdatascience.com/you-dont-need-to-be-a-mathematician-to-master-quantum-computing-161026af8878
https://cs.lbl.gov/assets/CSSSP-Slides/20190624-deJong.pdf
https://www.youtube.com/watch?v=XJSfgE9LUJw&list=PLwgQsqtH9H5djIfFhXE6We207beTgUnyL

Coutraes

Frederic Magniez, “Algorithmes Quantiques”, College de France, Chaire Informatique et sciences numériques
2020-2021.
“A practical introduction to quantum computing: from qubits to quantum machine learning and beyond (5/7)"

-7 courses from the CERN Quantum Technology Initiative.
(5/7): “Quantum algorithms for combinatorial optimization. Quantum adiabatic computing and quantum
annealing. Introduction to D-Wave Leap. Quantum Approximate Optimization Algorithm.”

John Preskill lectures:

Serge Haroche (collége de France lectures)
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https://www.college-de-france.fr/site/frederic-magniez/p50450224259060612_content.htm
https://cds.cern.ch/record/2746545
http://theory.caltech.edu/~preskill/ph229/
https://www.college-de-france.fr/site/serge-haroche/_course.htm

- D-Wawve ressource

https://cloud.dwavesys.com/leap/
Qubo & Ising Models
https://docs.dwavesys.com/docs/latest/c_gs_3.html
D-Wave examples on Github
https://github.com/dwave-examples
Tutos (Videos and articles) for developers
https://www.dwavesys.com/practical-quantum-computing-developers
Tuto for installing the Ocean AP
https://docs.ocean.dwavesys.com/en/stable /overview /install.html
A tons of videos from D-Wave:
https://www.youtube.com/user/dwavesystems /playlists
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https://cloud.dwavesys.com/leap/
https://docs.dwavesys.com/docs/latest/c_gs_3.html
https://github.com/dwave-examples
https://www.dwavesys.com/practical-quantum-computing-developers
https://docs.ocean.dwavesys.com/en/stable/overview/install.html
https://www.youtube.com/user/dwavesystems/playlists

Travelling Salesman?
\Z
(‘%}--* Go quantum!

(samuel.deleplanque@junia.com)



https://www.youtube.com/watch?v=JhHMJCUmq28&ab_channel=Kurzgesagt%E2%80%93InaNutshell
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Rejected slides...
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Th e H a m i |t0 n i a n during the quantum annealing....

Quantum

Annealing -

- The Hamiltonian (H) is (here) a mathematical description of the energy of
a physical system. (here we focus on the energy inside the QPU).

10001011001

It gives you out
f the

Goal?

To Find
the
minimum
energy
state
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Simulated Annealing & Quantum annealing: 2 Metaheuristics

Thermal Jump

Analogy

While the temperature is directly related to the probability of

— moving to a new solution in simulated annealing, in quantum

/" annealing, the strength of transverse field determines the

\ Global BeStw quantum-mechanical probability to change the amplitudes
Solution of all states in parallel.

Local Best
Solution

The advantage of QA compared to SA is due to the quantum mechanics allowing for an additional escape
route from local minima. While SA must climb over energy barriers to escape traps, QA can penetrate these
barriers without any increase in energy. This effect is known as quantum tunneling.
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Classical Bit quantum bit “qubit”

Binary system Arbitrarily manipulable two-state quantum system

SUPERPOSITION

Overlay of
different states

MEASURING

Clear definition
of the state

0




Future of the quantum annealing tech

- Several Projects in Europe: avacus
- AVaQus

- the  European  project developing the  first
superconducting quantum annealer

- https://www.quantaneo.com/AVaQus-the-European-proje @

ct-to-develop-the-first-superconducting-coherent-quantu G
m—annealer a479‘htm| clrc;mlfgct1,20205:;;:?10‘200’7230‘&% quantum annealing with superconducting

- Quantum Annealing

- Scope: Machine Learning

- https://atos.net/en/2020/press-release 2020 07 07/atos-
opens-up-a-new-path-to-qguantum-annealing-simulation

- Qilimanjaro

Atos opens up a new path to quantum annealing simulation
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https://www.quantaneo.com/AVaQus-the-European-project-to-develop-the-first-superconducting-coherent-quantum-annealer_a479.html
https://www.quantaneo.com/AVaQus-the-European-project-to-develop-the-first-superconducting-coherent-quantum-annealer_a479.html
https://www.quantaneo.com/AVaQus-the-European-project-to-develop-the-first-superconducting-coherent-quantum-annealer_a479.html
https://atos.net/en/2020/press-release_2020_07_07/atos-opens-up-a-new-path-to-quantum-annealing-simulation
https://atos.net/en/2020/press-release_2020_07_07/atos-opens-up-a-new-path-to-quantum-annealing-simulation

superposition

qublts

®:® opposite state, resp.: 0&0;1&1 or, ; .
the machine will “physically” make the equality (or the

coupler

&> = link the qubits together by couplers (entanglement)

Higher probability
of lower state.

Control the probability of the state with a
programmable external magnetic field
|

Superposition
State

|
\¥)

[ «> ‘
applied magnetic field

il

The couplers define how a pair of qubits ends up, in the same or in
1&0;0&1

inequality) “energetically favorable’, i.e., to “low the energy”
of those states.

Last
step

At the end, the measure of each qubit make them going to
(with a high probability) either the zero state O the one state.




1 coupler/var prod.
X

2 qubits/variables
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3k qubits... versus 127 277

Differences between a D-Wave machine and a gates quantum computer?

There is no match...they are not in the same competition
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- A new QPU with:

- more than 5,000 qubits

- 35,000 couplers
- To link pair of qubits
- qubits technology:
Superconducting qubits (SQUID)
Metal used:
We obtain quantum mechanical
effects when the
becomes a superconductor
(once it is cooled down to =0K).




